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1. Literature Review 

 

1.1 Motor Imagery as the “Backdoor” to Motor Circuits 

 

The claim that motor imagery has potential to access the motor programming 

processes without the actual movement execution bases on the assumption that motor 

imagery includes the covert stimulation of the movement. Motor imagery might be 

defined as “a dynamic state during which the representation of a specific motor action 

is internally reactivated within working memory without any overt motor output, and 

that is governed by the principles of central motor control” (Sharma, Pomeroy, & 

Baron, 2006, p. 1942) 

 

In other words motor imagery involves the mental representations of movement. 

Cognitive representation of the movement consists of motor action planning and 

internal rehearsal of the motor performance (Sabaté, González, & Rodriguez, 2004). 

Although motor imagery does not involve the motor execution, it was reported to 

induce kinaesthetic sensations and changes in the respiration rates in a similar manner 

to the actual movement (Jeannerod, 1995). Similar conclusions were posited by 

neuroimaging studies suggesting functional overlap between imagery processes and 

actual action performance in terms of brain activation (Johnson-Frey, 2004). Also 

brain lesions that result in motor execution disability were reported to cause the 

decrement of motor imagery capacities (Thobois et al., 2000). In the line with these 

findings, it was suggested that motor imagery stimulates the brain regions responsible 

for motor output.  

 

The Funct ional Over lap between the Cover t  St imulat ion of the Movement  

and the Overt  Motor  Execut ion.  

An important issue in the recent years of research was to establish the degree of 

correspondence between the covert stimulation of the movement and the actual motor 

performance. In other words how vivid and accurate is stimulation of internal motor 

representation achieved with motor imagery. Application of prospective action 

judgement occurred to be an optimal method to investigate this issue. Johnson-Frey 
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(2004) used implicit motor imagery paradigm to explore whether the motor imagery 

task actually excite the motor cortex regions exactly as the actual motor behaviour. To 

elicit motor imagery rehearsal participants were asked to perform a grasping 

movement decision in order to properly grasp a displayed 3-D object. The prospective 

judgements of the participants were proven to hold a perfect correspondence with the 

actual movement execution decision (Johnson-Frey, 2004). 

 

Moreover, even chronic hemiplegic patients were capable of performing the 

prospective judgement of grasp regardless of their actual capability of this performing 

this movement. Both covert stimulation of the movement and overt motor 

performance for the upper limb movement induced the excitement of overlapping 

brain regions – parietal premotor areas, in the fMRI examination. 

 

The correspondence between covert stimulation of the movement and its overt 

execution was also established for the temporal characteristics of the motor 

performance (Sharma, Pomeroy, & Baron, 2006). Sabaté, González, and Rodriguez 

(2004) reported a significant correlation between real and internal motor rehearsal in 

finger-sequencing tasks, both for the dominant and non-dominant hand. The time 

needed for actual and virtual task performance was highly correlated, although the 

virtual task performance in average consumed up to 10-15% (approx. 20 seconds) 

more than real movement in the neurologically healthy participants and after-stroke-

patients. Authors defended the validity of their results claiming that this virtual delay 

is due to the precise virtual simulation of motor activity and therefore is more time-

consuming. 

 

Similarly, Parkinson patients with the symptoms of asymmetrical bradykinesia were 

reported to manifest the same difficulties during the motor imagery task – measured 

as longer time needed to perform the task – as during the overt motor performance. In 

the functional framework motor imagery is defined as an internal rehearsal of mental 

reproduction of the movement (Sharma, Pomeroy, & Baron, 2006). However, motor 

imagery may be placed in a broader framework of general motor system of internal 

representations and programs of motor movements. Even in neurologically healthy 
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individuals these motor programs are constantly developing to enable learning 

through external stimulation (Sharma, Pomeroy, & Baron, 2006). 

 

Pract ica l Appl icat ions of  Motor  Imagery  Tra in ing.  

 

Taken together, motor imagery is believed to be “a backdoor” to accessing the motor 

system circuits (Sharma, Pomeroy, & Baron, 2006). The first widely established 

application of motor imagery training was found in the enhancement of sport 

performance (Jackson, Lafleur, Malouin, Richards, & Doyon, 2001). Motor imagery 

with physical practice was reported to enhance subsequent action performance - on 

the dimensions of aim, precision, endurance and strength (Page, Sisto, & Johnston, 

2001). On the clinical ground, Fairweather and Sidaway (1993) reported a significant 

improvement in the posture of patients with abnormal curvature of the spine, after 

being submitted to 3-week program of combined mental practice with physical 

exercise. Therefore a growing body of research suggests that motor imagery may be 

regarded as a promising approach in facilitating functional recovery of paretic limb in 

stroke patients. 

 

Motor Imagery  Train ing as a Promis ing Approach in Fac i l i tat ing the Paret ic  

L imb Recovery . 

 

Motor impairment is considered as the most debilitating post-stroke disability (Page, 

Sisto, & Johnston, 2001). It is reported that almost a 45% of patients within a year 

after a stroke suffer from long-term impairments in the upper limb functions and 

therefore their social and everyday activities are restricted to a significant level 

(Dijkerman, Ietswaart, Johnston, et al., 2004). Bringing back patients to their optimal 

level of functioning is a crucial matter, both for individual and social benefit. 

 

Neuroimaging studies indicate that post-stroke recovery of paretic limb function is 

tightly dependant upon reorganization of motor brain areas to compensate for 

damaged neurons (Kolb, 1992). The process of substitution may be enhanced by 

external stimulation (Sharma, Pomeroy, & Baron, 2006). In order to stimulate neural 

areas of motor programming traditional methods of rehabilitation involve the 
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repetitive physical exercising of the paretic limb (Stevens, Philips, & Stoykov, 2003). 

The main assumption of this approach is that voluntary driven performance of the 

movement will excite the neural circuits responsible for motor control. However, the 

effects of the therapy were demonstrated to be dependant upon the actual motor 

capacity of the limb – some of the patients are simply unable to voluntary attempt a 

movement. Interestingly, the passive mobilization of the limb without voluntary drive 

was reported to be ineffective despite having a potential to access the motor circuits 

by providing the proprioceptive input (Stevens, Philips, & Stoykov, 2003).  

 

In the line with these findings, voluntary driven motor imagery is considered as an 

alternative way of facilitating the recovery of the limb especially for the patients with 

severe or chronic paresis of the limb, where conventional methods based on voluntary 

attempt to move the limb may cause additional stress and increase the frustration 

(Sharma, Pomeroy, & Baron, 2006). 

 

Several studies have already reported a promising effect of motor imagery training on 

paretic limb recovery (Butler, & Page, 2006). The interventions based on motor 

imagery training lasting more than 8 weeks were demonstrated to significantly 

enhance after-stroke patients motor capacities (Dijkerman, Ietswaart, Johnston et al. 

2004). Therefore, motor imagery training is suggested to have a potential of 

facilitating redistribution of neural resources therefore enabling the functional 

recovery of the limb. Butler and Page (2006) hypothesize that motor imagery can 

stimulate synaptic transmission in various brain areas and therefore enhance the 

processes of substitution by unmasking the pre-existing connections. This claim is 

supported by the evidence provided with the brain imaging studies that show post-

intervention increase in activity of motor regions contralateral to the paretic limb, in 

the lack of increment of excitability in the ipsilateral regions.  

 

Methodological Constra ints and Future Direct ions in the Motor Imagery  

Tra ining Eff icacy Studies. 

 

There is not a consistent empirical evidence regarding efficacy of motor imagery 

training in facilitating the recovery of the paretic limbs. Liu, Chan, Lee, & Hui-Chan 
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(2004) argue that although motor imagery training has a potential to exercise the 

planning and motor execution of the everyday tasks of hemiplegic patients, it does not 

improve the general motor capability of the paretic limb. On the other hand, 

Dijkerman, Ietswaart, Johnston et al. (2004) posit that motor imagery training can 

enhance specific task performance, but the effect has poor relevance to the other 

motor tasks. An important issue in assessing the progress of recovery is the validity of 

neuropsycholgical assessment measures in relation to actual gain in everyday 

functioning. Although the majority of motor imagery training studies show significant 

improvement on neuropsychological scales, their results may be not clinically 

meaningful (Butler,& Page, 2006). 

 

In conclusion, motor imagery training in after-stroke rehabilitation although is 

regarded as a promising approach in facilitating the recovery of paretic limb; it still 

awaits convincing studies conducted in large clinical populations and cross-validation 

with neurologically healthy controls (Butler, & Page, 2006). Also there is an 

increasing interest in the methods of enhancing the motor imagery therapy by virtual 

visual stimulation. One of the most widely considered directions in improving the 

efficacy of motor imagery stimulation in hemi paretic patients is application of mid-

sagittal mirror technique. 

 

1.2 Mirror Technique in the Clinical Setting – Rehabil itat ion of 

Phantom Limb Pains. 

 

Mid-sagittal mirror technique was introduced for the first time to the clinical ground 

in phantom limb studies. In 1996 Ramachandran and Rogers-Ramachandrans 

proposed a method of rehabilitation of phantom limb clench pains and “learned 

paralysis syndrome” in single upper-limb amputee’s patients, based on mid-sagittal 

mirror visual stimulation. The origin of phantom pains is believed to derive from the 

cortical motor commands sent to an amputated, yet sensed limb. As there is no 

feedback response from the limb, the commands from the motor and premotor cortex 

are being amplified and cause an experience of pain. Ramachandran and Rogers-

Ramachandran reported that provision of the intact limb reflection from mid-sagittal 

mirror, aligned with the midline axis of the body that separates the left side from the 
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right side, relieved clenching spasms in the phantom limb as patients could release the 

clench by manipulating the intact limb and internalizing the visible mirror reflection 

as the phantom limb movement. After exposition to the mid-sagittal reflection in the 

virtual reality box four out of five phantom limb patients reported a significant 

decrease of pain with vivid sensation of the movement capacity. Therefore mirror-box 

technique was suggested to stimulate the sensory motor regions of the amputated limb 

and create the vivid illusion of the phantom limb “resurrection” (Ramachandran and 

Rogers-Ramachandran, 1996, p. 377).  

 

The powerful effect of mid-sagittal mirror manipulation was also confirmed in studies 

of lower limb single-amputees. Brodie, Whyte, & Waller (2003) investigated the 

impact of fake visual feedback created by mirror technique on the motor control. They 

aim of the study was to establish, whether visual feedback significantly enhances the 

motor control over the phantom limb and facilitates the attempt of the movement. As 

reported by authors patients that underwent rehabilitation therapy based on mental 

practise declared a significant increase in the reported capability of motor control over 

the amputated limb. Additionally, the provision of virtual visual feedback from mid-

sagittal mirror was reported to enhance this effect. 

 

The Mystery  of Mirror  Technique. 

 

Brodie, Whyte, and Waller (2003) hypothesized that subjects are likely to internalize 

the mid-sagittal mirror reflection as the image of their own limb due to the 

congruency of visual signals with their spatial orientation of the body. This 

explanation bases on theoretical framework of feed-forward model of motor control 

on internal, memory representations (Blakemore, Wolpert,& Frith, 2002). 

Simultaneously with motor command a representation of desired limb position 

activated and if provided a congruent visual or proprioceptive feedback the sensation 

of the movement is reckoned as vivid and the change in limb’s position is successfully 

updated.  

 

The mirror technique efficacy can also be explained by the multi-sensory binding 

between proprioception and visual feedback. The binding hypothesis states that visual 
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feedback is merged on the cortical level with proprioception and binding occurs 

almost immediately (Rossetti, Desmurget, & Prablanc, 1995). Therefore the same 

processes might be elicited when the illusion of bimanual symmetrical movement is 

created by mid-sagittal mirror reflection. 

 

A theoretical framework that might account for the cortical response to mid-sagittal 

mirror is the mirror neurons concept (Franz, & Packman, 2004). Mirror neurons are 

believed to provide an interface between observed and produced actions. However if 

this hypothesis is true, it would mean that mirror reflection is treated as external agent 

not as internalized hand, and that cannot fully account for the observed effects in 

rehabilitation of phantom limb patients. 

 

Motor Imagery Enhancement with the Provis ion of Mid-sagi t ta l  Mirror  on the 

Sample of  Hemipares is Pat ients . 

 

There is one acknowledged study investigating the efficacy of motor imagery training 

combined with application of mid-sagittal mirror, conducted by Stevens, Philips and 

Stoykov (2003). Two patients suffering from paretic arms were submitted to daily 

motor imagery training for the period of 9 weeks. The first task involved the virtually 

facilitated imagery task of grasping 3-d objects. The second task involved mirror-

facilitated imagery, based on mirror-box technique. Provision of the mid-sagittal 

aimed to create an illusion of motor control over the movement and smooth 

performance of the paretic limb. The assessment comprised of three 

neuropsychological batteries: Jebsen Test of Hand Function, the Fugl-Meyer Upper 

Extremity Motor Function Test, Physical Impairment Inventory of the Chedoke-

McMaster Stroke Assessment. The measurable effects of the motor-imagery therapy, 

described as an increment in the grip force, were visible after 4 weeks. The observed 

pattern was irregular - one of the patients demonstrated increased grip force, whereas 

the second one presented enhanced general performance of the limb. One month after 

the intervention the neuropsychological assessment did not indicate changes that were 

significant during the intervention. Authors speculated that the gains from the training 

seemed to diminish with time (Stevens, & Philips Stoykov, 2003). The mechanism 

underlying the observed pattern remains unknown. 
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1.3 Bimanual advantage paradigm as a tool for measuring the 

motor behaviour parameters. 

 

This study proposes to investigate whether motor imagery activates the motor system 

circuits as the actual motor behaviour with the use of the bimanual advantage 

established in the spatial and temporal coupling paradigm. The rationale behind this 

approach is based on the well-elaborated literature on the bimanual task interference 

patterns that provide strong grounds of reference for further research. 

 

Assuming that motor imagery activates the motor system circuits as overt movement 

execution as revealed by previously cited studies, it should also induce the patterns of 

within hands interference characteristic for bimanual task performance. Therefore, 

even if the task engages only the unimanual overt motor execution of the task, but the 

voluntary driven motor imagery stimulates the covert bimanual performance 

representations, the observable pattern of motor performance should resemble the 

bimanual interference scheme.  

 

Previously Franz and Ramachandran (1998) denied that bimanual coupling can be 

elicited with motor imagery stimulation. If indeed motor imagery fails to produce 

patterns of within hand interference, it would contradict the general neuroimaging and 

neuropsychological findings demonstrating motor imagery potential to access motor 

system circuits as actual motor execution.  

 

Additionally this study aims to verify whether motor imagery may be enhanced by 

virtual visual feedback induction from mirror technique. Using the assumption that 

mid-sagittal mirror technique activates the sensimotor representation by providing the 

virtual visual feedback from the hand movement it should also induce or enhance 

pattern of bimanual interference. This hypothesis might be supported by two 

encouraging findings positing a cortical response to virtual visual feedback. 
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Established effects of mirror technique as a tool of enhancing the spatial coupling patterns. 

 

The first one concerns a report of enhancement to bimanual spatial coupling under 

mirror technique manipulation. In 2004 Franz and Packman used bimanual circle 

drawing paradigm to investigate the impact of visual feedback from mid-sagittal 

mirror on the motor behaviour parameters. The objective measure of the performance 

was the size of the drawn circles. Participants in open-loop conditions (with visible 

hand) were reported to draw larger circles than in the closed-loop conditions (with 

prevented hand’s vision). Application of the mirror technique implicated a significant 

decrement or the differences in the circle size between visible and hidden hand, both 

for left and right hand conditions. Moreover, for the right-hand vision conditions the 

effect was more pronounced, suggesting a bias of handedness on the coupling 

processes. Authors posited that application of mirror technique may mislead the brain 

that both hands are in the view as in actual vision and therefore enhance bimanual 

coupling (Franz, & Packman, 2004). In the line with this hypothesis it was suggested 

that perception of bimanual symmetrical movement activates corpus collosum 

structures that are believed to be neural basis for spatial coupling processes.  

 

Although authors demonstrated promising results, the presented study has a few 

limitations that need to be mentioned. During all the task conditions, both hands were 

performing the actual bimanual movement, therefore there was no disparity between 

proprioceptive and visual feedback. Although mirror technique significantly boosted 

the performance, the reported enhancement was referred only to the prevented and 

open vision hand conditions.  

 

Therefore, results reported by Franz and Packman (2004) are not conclusive whether 

mid-sagittal mirror manipulation can induce bimanual coupling patterns in the 

conditions of the disparity between virtual visual feedback and proprioception. In this 

study a bimanual interference will be induced by application of motor imagery and 

mirror technique, in unimanual conditions when the second hand will not perform any 

movement. This situation will exactly address the context of hemiparetic patients, 

where their capability to move their paretic limb is significantly decreased. Therefore 
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if neurologically healthy participants demonstrate the patterns of within hands 

bimanual interference, it would suggest that there is a generalised potential of motor 

imagery to access the motor circuits system, despite the lack of congruency between 

feedback processes. Also, application of mirror-technique might significantly 

facilitate achieving these results. This courageous hypothesis might be supported by 

the second crucial report that even the unimanual movement combined with mirror 

technique can result in excitement both in contralateral and ipsilateral M1 for the 

muscles normally engaged in this action. 

 

Neural response of motor cortex to the visual feedback from mid-sagittal mirror. 

 

Garry, Loftus and Summers (2005) conducted a study on eight neurologically healthy 

participants with the use of transcranial magnetic stimulation (TMS) and 

measurement of motor evoked potentials (MEPs). Application of TMS generates 

changes in MEPs to the level that enables recording of changes in MEPs. The motor 

task utilized by authors comprised of discrete, opposition movement of the thumb and 

index finger. Authors reported that unilateral movement of ipsilateral limb 

accompanied by the observation of reflection created by mid-sagittal mirror induces 

additional facilitation in the excitability of primary motor cortex (M1) beyond the 

baseline level established for unimanual ipsilateral movement without the application 

of mid-sagittal mirror (Garry, Loftus, & Summers, 2005). The effect was significant 

both for the dominant and non-dominant hand. Therefore, the M1 cortex of each 

hemisphere can be excited by both ipsilateral limb movement as well as “passive 

observation of movement of the contralateral limb” (Garry, Loftus, & Summers, 

2005, p. 118). Taken together, it was suggested that visual feedback from mid-sagittal 

mirror is processed as the actual feedback from the moving limb 

 

Therefore, if an observable change in the motor behaviour parameters is to be 

observed with motor imagery stimulation, with or without the virtual visual feedback 

manipulation, it would bring a promising approach to after-stroke rehabilitation for 

two reasons. Firstly, mirror technique can induce the illusion of “enhanced movement 

capability of the impaired limb” (Garry, Loftus, & Summers, 2005, p.118). Patients 

may observe the movement of the healthy arm in the mirror, whilst the impaired arm 
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is unseen, and internalize the reflection as the movement of the impaired arm. That 

manipulation can significantly boost the sensed control over the limb and therefore 

reinforce the motivation for training (Brodie, Whyte,& Waller, 2003). Secondly, both 

motor imagery and mirror technique were proven to stimulate the brain areas regarded 

as responsible for motor execution and motor programming. These changes in 

excitability are suggested to be involved in the processes of neuroplasticity and 

substitution that contribute to neurorecovery (Ziemann, Muellbacher, Hallett, et al., 

2001). 

 

Theoretical background for the spatial and temporal coupling. 

 

The term of coupling and bimanual advantage refers to the interference patterns 

between hands in regard to their spatial and temporal phase relations. In other words 

the coordination of bimanual (two hand) movement was reported to vary in the 

accuracy parameters depending whether the hands perform the same or different task 

(Franz, 2003). The coupling effect might be observed as an improved performance 

(bimanual advantage) in the unified and synchronised bimanual task or a drop in 

performance when the bimanual task imposes different temporal and spatial demands 

on each hand. 

 

By bimanual task we understand a motor task that involves congruent (parallel) or 

incongruent (orthogonal) movement between the left and right hand. The highest level 

of bimanual coordination occurs when the hands hold in-phase relation, which means 

a unified and synchronic movement in respect to the midline axis of the body (Franz, 

2004). An antiphase relation of motor behaviour characterises movements that are 

performed in alternating or segregated pattern (Kelso, 1984). In the most popular 

approach to phase relations between hands is referred to one’s own body – that means 

the egocentric coordinate frame. 

 

Concurrent approach describes the phase-relations between hands’ movement in 

external coordinate frames of reference – that means allocentric coordinate frame. The 

direction of the movement is related to an external system of coordinates. Thus, in the 

allocentric framework the highest coordination ratio of the body movements occurs 
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when they are executed in same spatial orientation. Similarly, the movements 

performed in the incongruent orientation or direction are claimed to be more variable 

in terms of motor performance parameters.  

 

Both egocentric and allocentric frameworks of coordinates for the motor behaviour 

regard spatial coupling. In spatial coupling the interference – drop in performance 

accuracy, occurs when hands have different spatial trajectories with regard to the 

coordinate frame of reference (Franz, 2004). However, not only the orientation of the 

bimanual movements is being impacted by the coupling effects. Also the amplitude of 

performed movements was demonstrated to pivot on the spatial coupling. Franz 

(1997) in the circle-drawing paradigm study reported that participants when asked to 

perform movements (circle-drawing and line-drawing) with different amplitude they 

have shown a significant tendency unify their performance. That means the smaller 

circles gained larger amplitudes. Therefore the spatial coupling was suggested to be 

dependant upon two different forms coupling: amplitude and orientation coupling 

(Franz, 2004). 

 

Bimanual coupling is also referred to the time-keeping processes responsible for 

maintaining the temporal accuracy in movement performance. Increased temporal 

accuracy is reported when both hands perform a unified and synchronic movement in 

comparison to unimanual performance. When the task performance requires 

concurrent movements temporal accuracy of motor parameters drops (Franz, 2004). 

 

The continuation paradigm. 

 

Probably the most popular paradigm for exploring the phenomena of temporal 

coupling is the continuation paradigm originally created by Stevens (1886). 

Continuation paradigm bases on the repetitive finger-tapping task, initially paced with 

a metronome signal, then requiring self-paced continuation of the finger tapping at the 

target rate. Peters (1985) made an assertion that a paced tapping to metronome is 

relatively automatic, whereas unpaced tapping requires attention.  

 



 13 

The most significant study based on continuation paradigm was conducted by 

Helmuth and Ivry (1996). Participants performed the task in three conditions: 

unimanual left, unimanual right and bimanual conditions (tapping with both hands), 

on the external signal rate at 400 ms interval in the paced phase. The main target of 

analysis was the unpaced phase. As reported by authors in bimanual conditions the 

with-in hands temporal accuracy was increased, that means in unimanual conditions 

participants had shown greater variability in maintaining the target rate. The right 

hand performance in unimanual conditions for right-handed participants was proven 

to be more stable than unimanual performance with the left-hand (Helmuth, & Ivry, 

1996). Authors also investigated whether bimanual advantage will emerge if the 

unimanual tapping is performed with another person in synchronisation. As reported 

by authors, unimanual co-tapping does not bring decrement in the temporal variability 

of hand performance. 

 

The rate-keeping mechanism in the self-paced phase was modelled by Wing and 

Kristofferson in 1973. They assumed that a central timing mechanism is responsible 

for stable rate keeping and triggers the motor command to perform the tap at a certain 

rate. The delay that occurs between motor command signal and motor reaction 

(understood as onset of tap) was formulated as peripheral (motor) delay. Following 

their model, the variability of peripheral component and central component may be 

estimated separately, if their independency is assumed. It is noteworthy that 

peripheral variance does not only account for the time elapsed between implementing 

the motor command and muscular response, but also for cortical coordination 

processes of movement execution (Wing, 1980). The Wing-Kristofferson model 

(1973) also enables an estimation of autocovariance functions between successive 

motor delays. Authors posited that the length of each motor delay is partly dependant 

upon the length of the preceding motor delay (motor response lag), or its random error 

(Wing, 1980). Therefore, implementation delays for following motor reponses should 

be negatively correlated with each other and regulated by the central-time keeping 

processes. If the motor response was belated in regard to the centrally trigged signal 

of motor response, the next motor delay shall be shorter in order to maintain the target 

rate of tapping, and the opposite holds. If the covariance functions between motor 

responses are significantly greater than zero, the assumption of central and 

implementation variance is violated (Wing, & Kristofferson, 1973). 
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The neural basis for coupling. 

 

A growing body of research claims that temporal and spatial coupling has a strong 

neural basis. Planning of spatial movements and memory representations of bimanual 

movements is believed to rely on direct neural connection between hemispheres. One 

of the neural structures believed to be involved in spatial coupling is corpus collosum. 

Patients after surgical severing of the corpus callosum in order to disconnect the 

cerebral hemispheres (callosotomy) exhibit reduced spatial coupling in bimanual task 

performance (Franz et al., 1996). Callosotomy patients (“split-brain patients”) are 

resistant to spatial interference in dual-task performance caused by orthogonal hand 

movements. As previously mentioned neurologically healthy participants show spatial 

interference when asked to draw different shapes during bimanual task. However, the 

temporal coupling has been reported to remain unaffected in the callosotomy patients. 

In the line with these reports Franz, Eliassen, Ivry, and Gazzaniga (1996) suggests 

that spatial coupling is dependant upon intact functions of corpus collosum, whereas 

the temporal coupling does not. The temporal coupling processor is hypothesized to 

be independent from spatial coupling structures. 

 

The structure regarded as responsible for eliciting temporal coupling is cerebellum 

(Helmuth, & Ivry, 1996). Lesions of cerebellum significantly decrease the time-

keeping capacity, measured as an increase of variability of the ipsilateral limb 

movement temporal accuracy. Also neuroimaging studies indicate that intercelleberal 

processes are the basis for temporal coupling. Pollok, Butz, Gross, & Schnitzler 

(2007) utilized repetitive tapping task at a 500msec pace. With the use of 

magnetoencephalography (MEG) authors monitored cortical activity patterns in 

bimanual – parallel and orthogonal conditions and in the unimanual condition. 

Authors report that bilateral cerebello-thalamo-cortical network is responsible for the 

generation of temporal coupling processes. The network was registered to oscillate at 

alpha (8-12 Hz) and beta (13-2 Hz) frequencies in the repetitive tapping task 

performance only in bimanual conditions (when temporal coupling behaviourally 

occurred) but did not activate for antiphase movements in alternated pattern, rest and 

unimanual conditions. 
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The increase of variability parameters in the anti-phase movements may be due to 

conflicting signals send from ipsilateral and contralateral M1 to the subcortical 

structures which cause interference. In light of this theory if the signals are unified the 

accuracy increases as the signals overlap (Pollok, Butz, Gross et al., 2007). 

 

Ivry, Franz, Kingstone, and Johnston (1998) examined in the tapping task four 

patients with lateral-cereberral lesions and three with medial-cereberral lesions. 

Output of cerebellum is doubly crossed that means the lesion in the cerebellum affects 

the ipsilateral side of the body. Indeed, the lateral lesion in the cerebellum affected the 

ipsilateral hand performance in the tapping task, leaving the contralteral hand 

performance unaffected. Importantly the performance of the impaired hand improved 

in bimanual conditions. A similar pattern of results was reported for the Parkinson 

patients (Wing, Keele, & Margol, 1984). Right hand performance, although 

significantly affected by bradykinesia symptoms in unimanual task condition, 

improved in bimanual condition. Authors posit that in bimanual conditions time-

keeping mechanisms interact with each other. However, there is a lack of unified 

approach why interference in orthogonal conditions occurs. 

 

The cognitive processes underlying the bimanual advantage. 

 

Helmuth and Ivry (1996) claim that time keeping processes are effectors-specific, that 

mean for each hand there is a separate timer. Therefore, in parallel task performance 

the output signals for motor commands are integrated and temporally averaged. Using 

this bottle-neck paradigm the overlap of the timers may minimise the number of 

programming errors. Indeed, the most recent studies demonstrate that multiple-

effectors tapping, tapping with more than two effectors, enhances the temporal 

accuracy even more than the bimanual condition (Ivry and Richardson, 2002).  

 

An interesting body of research suggests the spatial coupling effect may be 

intermediated and dependant upon cognitive strategies and representations of the 

movement. Franz (2004) investigated the issue of conceptual representations of the 

tasks. The aim of the study was to establish whether dual task can be unified as single 

task if a common spatial pattern is used for bimanual action. Franz (2004) used the 
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semicircular patterns and measured the participants’ performance under unimanual 

and bimanual conditions, manipulating the orientation of the stimuli. The main 

interference in the bimanual conditions was due to opposite spatial orientation of the 

movement on the z axis. On this basis, Franz speculates that two levels of spatial 

coupling interference may be operating. One level is related to the cognitive processes 

of spatial representations. The other is due to “the coordination dynamics between the 

limbs” that means previously mentioned orientation and amplitude of the movement 

with regard to coordinate frame of reference (Franz, 2004, p.110). The conclusion 

from the study was that the interference effects in orthogonal tasks might be 

overcome by a unified pattern of motor trajectories. In conclusion, cognitive strategies 

may attenuate the interference effects and preserve the spatial accuracy in motor 

performance even in anti-phase pattern tasks. 

 

Feedback processes and coupling. 

 

To understand fully the dynamics of coupling a feedback processes need to be taken 

into account. In the past it was assumed that coupling processes operate independently 

from sensory feedback (Franz, Zelaznik, Swinnen, & Walter, 2001). As previously 

mentioned visual feedback plays significant role in the accuracy of movement. 

Although coupling can occur without visual guidance, it seems to be alternated by 

visual feedback. This intuitively is rational argument is supported by a body of studies 

of visual guidance mediation of motor performance. Visual guidance and intrinsic 

processes of attention were reported to be significant factor mediating the motor 

performance (Franz, 2004). Studies investigating issues of visual attention for 

coupling processes clearly indicate that visual processes are highly significant for the 

precision and other motor performance parameters. 

 

For instance, Sabaté, González, and Rodriguez (2004) examined healthy participants 

and after-stroke patients in finger sequencing task. In healthy controls, placement of 

visual attention was found to be a significant independent variable for the velocity of 

the movement. In bimanual movement the attention directed on the right hand 

(dominant hand for right handed participants) improved the task performance in 

comparison to left-sided placement of attention. Also previous studies conducted by 
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Franz (2004) reported that visual attention directed towards dominant hand induced 

enhanced performance in the circle-drawing task (measured as more pronounced 

circles). Both authors posit that visual attention plays a significant role in adjusting 

motor programming. Moreover Sabaté, González, and Rodriguez (2004) 

demonstrated that right-handed patients with left-sided brain lesions have more 

pronounced motor difficulties on both hands than those with right-sided lesions, who 

show deficits mostly of the left-side of body. Therefore, the observed pattern of 

results might suggest an attentional and handedness bias of neural origin that affects 

the unequal unimanual performance within hands. 

 

Sensory reafferences were also demonstrated to contribute to the time-keeping 

processes (Drewing, & Aschersleben, 2003). Both auditory and tactile additional 

feedback increased the overall gain from bimanual movement in the tapping task. 

Drewing, Stenneken, Cole, Prinz, and Aschersleben (2004) posited that sensory 

reafferences are anticipated in-between the tap intervals and modulate the time-

keeping processes. The additional auditory feed-backing increased the magnitude of 

bimanual advantage for the tapping task. Also bidigital finger movement (with two 

fingers of right hand) increased the temporal accuracy in comparison to unidigital 

tapping. In conditions with contact-free tapping temporal accuracy for each hand 

decreased (Drewing, Hennings, & Aschersleben, 2002). 

 

Similarly to the visual feedback findings, the proprioceptive and sensory feedback 

was denied to be essential for occurrence of coupling processes. Drewing, Stenneken, 

Cole et al. (2004) tested a patient IW that suffers from sensory fibre peripheral 

neuropathy that led to complete loss of tactile and kinaesthetic sensibility. Patient IW 

in the open-loop condition demonstrated a bimanual advantage far more pronounced 

than in healthy individuals, although his unimanual performance was reported as poor 

in terms of target-rate keeping. Taken together, sensory feedback processes seem to 

modulate the motor performance, but not in a coupling-specific manner. 

 

Taken together, if structures responsible for facilitation of coupling remain intact the 

coupling processes should operate regardless of the lack of visual and proprioceptive 

feedback. Indeed a fascinating body of evidence is provided with the case-studies of 
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single limb amputees suffering from phantom limb syndrome. The coupling effect 

might be elicited even if prolonged lack of visual or proprioceptive feedback occurs. 

 

Coupling patterns in phantom limbs patients. 

 

Franz and Ramachandran (1998) compared performance of the phantom limb patients 

and healthy subjects in line/circle-drawing paradigm. The direction of the movement 

across the task conditions was either different for both hands (orthogonal) or 

congruent (parallel). Under control conditions subjects were to perform line drawing 

with one hand with no task assigned to the other hand (alternatively phantom limb). In 

the parallel conditions simultaneously with line drawing with one hand, participants 

were to produce finger tapping movements of the second hand following the same 

orientation in the space. The design of third condition – orthogonal movement, 

included drawing lines with the one hand (intact) and performing the twirling 

movements of the index finger of the other hand (alternatively stimulating the 

movement with phantom limb). In all conditions participants were deprived from 

visual feedback in order to engage their internal motor representations (Franz, 

Ramachandran, 1998). The dependant variable was the spatial interference in the line 

drawing task compared across conditions. Healthy participants demonstrated 

significant spatial interference in circle/line drawing task in orthogonal condition in 

comparison to parallel and unimanual conditions. As reported by authors, there was a 

tendency to unify the character of the movements, for instance circular twirling 

movement became more line like, and respectively performed lines gained circular 

characteristics in the line drawing task. A similar pattern of results was reported for 

the amputee patients’ performance. In the line with the findings Franz and 

Ramachandran (1998) hypothesized that spatial coupling is generated by feedback-

independent cortical processes and persists even in the absence of visual monitoring 

of action execution. As previously mentioned the callosotomy case studies and 

neuroimagining studies indicate that coupling processes have a strong neural basis 

and are partially independent from biomechanical properties of limb movement. It is 

noteworthy that spatial coupling continues to operate despite the prolonged absence of 

any proprioceptive or visual reinforcement as reported in phantom limb patient’s 

studies, even after years after the amputation. 
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Another finding from the phantom limb patients studies revealed that spatial coupling 

is tightly dependant upon the subjective experience of the movement. Franz and 

Ramachandran (1998) examined amputee patients with the “learned paralysis 

phenomenon”. Learned paralysis phenomenon is a result of peripheral nerve injury 

applied prior to surgery of limb amputation. Although sensation of pain and limb is 

present, there is not an experience of limb movement. And indeed, amputees with no 

movement sensation in the phantom limb did not show coupling effects as did the 

healthy participants (Franz, & Ramachandran, 1998). In the line with results authors 

posited that subjective experience of the movement is essential for occurrence of 

coupling. 

 

There is a hypothetical possibility that subjective sensation of the movement is 

associated with the efference copy processes. Efference copy is a theoretical term for 

a mental representation of motor command that is updated with the feedback 

processes about the actual stage of action execution. Ramachandran and Franz (1998) 

argue that elimination of the subjective experience of movement creates a mismatch 

between expected sensory feedback in the efference copy and the lack of sensory 

information about the movement.  
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2. The Purpose of Presented Study 

 

There is a significant need to continue scientific investigation over the potential of 

motor imagery training and feedback manipulation for enhancing existing methods of 

clinical rehabilitation of motor disabilities. This project addresses the issue of the 

objectively measurable effects of motor imagery and mirror technique on motor 

behaviour parameters in neurologically healthy individuals. The purpose is to verify 

whether the temporal and spatial accuracy of the movement may be increased by 

motor imagery stimulation. To answer this question the spatial and temporal coupling 

paradigm will be utilized. The first two experiments are designed to replicate 

bimanual advantages for continuation paradigm (Helmuth, & Ivry, 1996) and finger 

sequencing task (Sabaté, González, & Rodriguez, 2004). Bimanual advantage will be 

revealed by enhanced performance within a single hand when making bimanual 

movements in comparison to unimanual movements. Provided that bimanual 

advantages are replicated, Experiment 3 will verify whether motor imagery enhanced 

by ‘mirror technique’ may induce a similar bimanual advantage in unimanual 

conditions. The studies investigating whether motor imagery can elicit coupling effect 

are not consistent. For instance, Franz and Ramachandran (1998) reported that motor 

imagery conditions did not produce coupling effects in healthy individuals. This 

project assumes that objective enhancement of temporal and spatial accuracy brought 

by motor imagery that would be similar to the gain observable in bimanual advantage 

will be demonstrated. The aim is to empirically establish whether the visual signals 

provided by mid-sagittal mirror may facilitate this effect. Also an impact of the 

external agent, anatomically incongruent mirror plane on motor performance will be 

verified. In anatomically incongruent and congruent mirror conditions a second hand 

will remain static creating a disparity between visual feedback and proprioceptive 

feedback. If the mid-sagittal mirror reflection will be internalized as synchronic 

movement of the second hand, the coupling effect should occur.  
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2.1 Hypotheses 

 

Experiment 1  

 

A bimanual advantage will be observed, such that total temporal variability of the 

each hand (separately left and right) will be reduced in the bimanual conditions 

relative to the unimanual condition for that hand. In accordance to Wing-Kristofferson 

(1973) we expect the decrement of variability to be attributed to central time-keeping 

component, whereas the peripheral variability will not be influenced. 

 

 

Experiment 2 

 

A bimanual advantage will be observed, such that performance of the each hand 

(separately left and right) will improve (having more correct movements per trial 

and/or fewer errors) in the bimanual conditions relative to the unimanual condition for 

that hand.  

 

 

Experiment 3 

 

A bimanual advantage understood as enhancement of temporal and spatial accuracy in 

the task performance may be induced by the motor imagery in unimanual conditions 

and the effect will be significantly enhanced by mirror technique engaging 

anatomically congruent mirror. An anatomically incongruent mirror shall not elicit a 

decrease in the total temporal variability under unimanual conditions. 

 
 
 
 
 
 
 
 
 
 
 



 22 

3. Methodology 

 

3.1 Experiment 1 

 

The Tapping Task was a replication of the original task used by Helmuth and Ivry in 

1996, based on the continuation paradigm of Wing and Kristofferson (1973). 

Participants in the Tapping Task were asked to repetitively reproduce the rate of a 

regular tone by tapping either unimanually or bimanually in anatomical mirroring. In 

the synchronization phase of the task participants were to synchronize their tapping 

performance with a regular tone presented 12 times; in the continuation phase, they 

were to continue tapping at the same rate for a further 16 seconds until the beep sound 

announced the end of the trial. Participants performed the task in three conditions: (i) 

unimanual left, (ii) unimanual right and (iii) bimanual (both hands together) 

 

3.1.1 Participants 

 

Participants were 12 right-handed, healthy adult volunteers, 7 females and 5 males. 

The age of the subjects ranged from 19 to 37 years (mean=27.50). Participants were 

strongly right-handed (range 0.6 – 1 on the Laterality Quotient) according to the 

Edinburgh Handedness Inventory (Oldfield, 1971). All procedures of the experiment 

were approved by Ethics Committee of the University of Edinburgh, Psychology 

Department. 

 

3.1.2 Apparatus 

 

The experiment was conducted in the VisuoMotor Lab in the University of 

Edinburgh. Wooden response board (49cm x 68,5cm x 2 cm) with two oval hand 

props (5,5cm x 7 cm) was used to provide control over the position of the hands 

across the participants and trials. The distance between right and left prop’s center 

was 29,5 cm. Props were anatomically shaped to facilitate the finger movement and 

protect the hand from straining during the experiment. Sponge rectangles (10,5cm x 

125 cm) were attached to the response board in the line of participants’ fingertips to 

attenuate the auditory and sensory feedback from the tapping.  
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The external pacing signal was provided by wireless noise isolating headphones 

(HAUPPAUG XPones PC-2400 2.4Ghz) that enclosed the ear. To mask auditory 

feedback from tapping a continuous stream of pink noise was delivered both in the 

synchronization phase and self-paced phase. 

 

The finger movement of each hand in the self-paced phase was recorded with the use 

of Optotrak Certus Motion Capture System, at the frequency of 200Hz. An optotrak 

marker has been attached to participants’ index fingers in order to provide a signal for 

monitoring the changes of finger’s position with the reference frame of response 

board (see Fig. 1) 

�

�

Fig. 1. Response board setting 

 

3.1.3 Procedure  

 

Participants were asked to comfortably sit with feet on the floor and hands placed on a 

desk. Palms were directed down and rested on the response board during all the three 

experimental conditions. Participants were instructed to prevent trunk movements and 

to maintain a stable posture during all trials.  

 

Before the start of the experiment, instruction explaining the purpose and procedures 

of the task was read by participant (see Appendix A). The experiment commenced 

with the demonstration of the task. Participants were given an opportunity to 

Optotrak 

marker 

Marker ’ s 
wire 

Hand ’ s prop 
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familiarize themselves with the apparatus. When the participant was ready, custom 

timer generated a series of sixteen 50ms tone signals at the frequency of 750Hz, 

separated by the intervals of 500ms. Participants were to synchronize their finger-

tapping with the pacing signal as soon as they manage. After the offset of signal 

participants were to continue tapping at the fixed-pace with the instruction of keeping 

the original rate as accurate as they manage. After 16 seconds a short beep signal 

announced the end of a trial.  

 

3.1.4 Design 

 

Trials were grouped into blocks of eight. There were two blocks per condition 

summing up to 16 trials per condition (unimanual left, unimanual right, bimanual). 

Before the first trial of each condition, the participant was given two training trials to 

familiarize with the task and to minimize practice effects during the experimental 

trials. After completing first three blocks, participants had a short break to relax and 

prepare for the next trials. In total 48 trials were collected per participant. 

 

To control for the order effects, the schedule of conditions was completely 

counterbalanced across participants in the form of 6 schedules. For instance, 

Participant 1 followed consecutive order of trials: UR, UL, B – first row of blocks; B, 

UL, UR – second row of blocks (where UL is left hand only, UR- right hand only, B- 

both hands at once). 

 

3.1.5 Data analysis (scoring) 

 

The raw scores for statistical analysis were inter-tap intervals (ITIs) produced during 

unpaced phase of each trial. The ITI was defined as the time interval between the two 

points of the onset and end of tap, registered as crossing the beam level of 1 cm above 

the baseline. The main dependent measure was the mean ITI and the ITI variance per 

trial. The dependent measures were further transformed by calculating the standard 

deviation from a trend line fitted to 29 data points for each trial (as in the previous 

studies, e. g. Helmuth, & Ivry, 1996). The transformation of mean and standard 

deviation for each variable was applied to reduce the global changes created by 

irregular tapping during the trial. ITI variance was further on decomposed into ‘clock 
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variance’ (variance attributable to central timing processes) and ‘motor variance’ 

(variance attributable to motor implementation processes), according to the Wing- 

Kristofferson model (1973). If assumed that at interval C the timekeeper is sending 

signals that trigger motor response. A motor delay D intervenes between the 

timekeeper tigger of reponse and motor output. Each ITI (I) can be decomposed as a 

sum of timekeeper interval and the difference between the consequent motor delays 

initiating and terminating the tap. 

������������������	�

�

Basing on the assumption that central and motor variance are independent from each 

other, we can compute each of the variances: 

 


������
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Where cov (ITIjITIj-1) was used as a Lag 1 value. Lag 0 was the total variability score. 

The correlation between adjacent ITI was computed by diving cov (IjIj-1) by cov (IjIj): 

���������	������	�������
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�������
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The recordings of the static hand (in unilateral conditions) were screened to check that 

the hand did not perform any tapping movements. Trials in which participant 

produced interval less than 200 ms or more than 700 ms were excluded from the 

dataset and treated as mistake in task performance. 

 

3.1.6 Results 

 

Overall, 8 trials were excluded from the analysis due to recording errors or errors 

during the task performance (e.g. the tap missed the beam level). In total 568 out of 

576 Optotrak record files were used in the statistical analysis. Mean ITI and 

variability measures were extracted per trial. Further a median values were extracted 

per participant and each condition, as a robust measure of central tendency. Median 

values were entered into Anova Repeated Measures design. The unimanual and 

bimanual task performance and the hand were used as within-subject factors. 
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In unimanual conditions, the average mean ITI for the right hand was 483 ms and 489 

ms for the left. The mean ITI in bimanual conditions was 484ms for the right and for 

the left hand. In unimanual conditions participants had a tendency to produce more 

precise ITI in terms of the target rate of 500ms with their left hand in relation to their 

right hand performance. Also, there was a significant interaction between task 

condition and active hand on the mean ITI value F (1, 11)= 4.94, p<0.05. However 

the condition alone did not reveal significant effect on the mean value ITI  

 F (1, 11) =0.646, p>0.05. 
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Fig.2. Mean estimates of temporal variability between unimanual and bimanual condition with 

respect to hand��

��

As for total variance of ITIs, averaged for all participants, in unimanual conditions the 

left hand was more variable than the right hand in terms of mean variance. In the 

bimanual conditions there was visible a drop of variance both hands, more 

pronounced for the left hand (see Fig. 2). The decrease in temporal variability of the 

task performance was highly significant for bimanual condition in comparison to the 

unimanual conditions F (1, 11) = 15.83, p<0.01. The hand effect on the temporal 

variability was close to the significance level F (1, 11)=4.17, p=0.07. The interaction 

between hand and task did not reveal significant effect on the total variability measure 

F (1,11)=0.245, p>0.05. 
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�

In other words participants demonstrated higher temporal precision in the bimanual 

conditions in comparison to unimanual conditions, exactly as assumed in the 

Experiment 1 research hypothesis. According to Wing-Kristofferson (1973) model 

total temporal variance was decomposed into central and peripheral components, that 

means central clock variance and motor delay variance. The was effect of the task on 

central timing variance F (1, 11)=12.542, p<0.01. Both hands have shown an 

enhancement in the central time-keeping process in bimanual conditions (see Fig. 3). 

The hand did not influence obtained results, F (1,11)=0.084, p>0.05. The interaction 

between the hand and the task and condition did not show significant effect on clock 

variance F (1, 11)=0.002, p>0.05. Two participants did not show advantage for the 

left hand in bimanual conditions (understood as a drop in the central variability in 

bimanual conditions in comparison to the unimanual condition) and for the right hand 

three participants did not show bimanual advantage effect. 

�
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Fig. 3. Mean estimates of central timing variance across the task condition. 

 

The mean peripheral variance equaled 104 ms
2 

for the left hand in unimanual 

conditions and 66 ms
2 

for the right hand. In bimanual conditions mean peripheral 

value averaged for all participants were 112 ms
2 

for the left hand and 106 ms
2 

for the 
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right hand. The task did not have significant effect on the motor variance F (1, 11)= 

1.94, p>0.05. The effect of the hand was close to the level of significance, F (1, 11)= 

3.33, p=0.095. The interaction between the hand and the task condition did not reveal 

significant effect on peripheral variance, F (1,11)= 1.884, p>0.05. 

 

A separate analysis was carried out for the Lag 1-5 covariance. The task did not have 

significant effect on Lag 1-5 covariance, nor did the active hand. The overall pattern 

of mean Lags covariance values was analog to the sawtooth pattern previously 

reported by Helmuth and Ivry (1996) (see Fig. 4. and Fig. 5.). The Lag 1-5 

covariances oscilated between positive and negative values, however none of them 

was greater than 1.  

�

Covariance functions for the right hand in unimanual and bimanual 
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Covariance functions for the left hand in unimanual and bimanual 

conditions in Experiment 1
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3.1.7 Discussion 

 

The main focus of carried out analysis was the within-hand temporal variability of ITI 

across the unimanual and bimanual conditions. In line with previous studies (Wing,& 

Kristofferson, 1973; Helmuth, & Ivry, 1996) the bimanual advantage was replicated, 

such as temporal variability of each hand (separately left and right) was reduced in 

bimanual conditions relative to unimanual condition for that hand. This decrease in 

total variability may be solely attributed to the drop in the central timing variance as 

the task and hand condition did not show significant effect on the peripheral variance. 

 

Second evidence supporting the hypothesis that decrement in total variability of the 

tapping movement is due to more accurate timekeeping processes is the difference in 

the mean ITI between unimanual and bimanual conditions. Both hands were coupled 

in bimanual condition as the mean ITI averaged between unimanual rate of the right 

and left hand. As previously mentioned, right hand in unimanual condition produced 

shorter ITI than the more target rate keeping left hand. The peripheral variability did 
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not change across the task conditions however the effect of the hand was close to the 

significance level. The obtained “sawtooth” pattern of autocovariance functions 

between adjacent ITI responses was consistent with the Hemluth and Ivry (1996) 

reports. To account for the differences between original model and observed 

discrepancies authors suggested that Wing-Kristofferson model (1973) was based on 

enhanced feedback processes. In the original continuation paradigm study participants 

received a continuous graphical feedback from their performance to boost their rate-

keeping. In our project we tried to attenuate the auditory and sensory feedback by 

application of pink noise and sponge pads. The main assumption standing behind this 

methodological decision was to address the pure intrinsic time-keeping processes 

without the additional components. Therefore, as our pattern of covariance functions 

between subsequent motor responses oscillates between positive and negative values, 

a violation of Wing-Kristofferson model (1973) assumptions needs to be taken into 

account. 

 

Conclusions.  

 

Overall, the continuation paradigm occurred to be a valid tool for capturing bimanual 

advantage in terms of temporal and spatial coupling. The task does not seem to 

overload the coordination processing resources. Participants did not report tiredness 

or discomfort during the task performance and after the end of experiment. The 

bimanual advantage was replicated as it was assumed in the research hypothesis. 

Therefore, The Tapping Task will be utilized for the Experiment 3, in the conditions 

addressing the issues of motor imagery and mirror technique in eliciting the bimanual 

advantage in unimanual movement.  
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3.2 Experiment 2 

 

Experiment 2 was an adaptation of The Sequence Task originally designed by Sabaté, 

González, & Rodriguez (2004). In our version of the task, participants were to 

reproduce a difficult four-finger sequence of movements either unimanually, with the 

left or right hand, or bimanually in anatomical mirroring. As reported by authors The 

Sequence Task is a sensitive tool for capturing the differences between the left and 

right hand performance in the terms of temporal parameters, as well as capturing a 

bimanual advantage. 

�

3.2.1 Participants 

 

Participants were 12 right-handed, healthy adult volunteers that took part in the 

Experiment 1. Experiment 2 was conducted in the same session as Experiment 1, after 

short break. 

 

3.2.2 Apparatus 

 

The experiment was conducted in the VisuoMotor Lab in the University of 

Edinburgh. Used response board was the same as in Experiment 1.  

 

Participants’ performance was videotaped by a camera directly facing the two hands. 

Recordings were digitalized and assessed using the U-lead software. Each trial 

commenced and terminated with a beep signal generated by a custom timer and 

delivered by the loudspeakers (the loudspeakers’ volume was stable across the 

participants). 

 

3.2.3 Procedure 

 

Procedure was exactly the same as in Experiment 1 except that participants were 

instructed to slightly raise their hand and keep their fingers slightly flexed (resembling 



 32 

the posture of the hand on the piano keyboard) so that the fingertips rest upon sponge 

rectangles on the response-board (see Appendix B). 

 

To reproduce a sequence of finger movements in each trial, participants had to lift and 

lower independently first one finger and then another in a cycling sequence, one by 

one. The full sequence comprised of 6 finger movements coded as 1-2-3-4-3-2 (see 

Fig. 6). The experiment commenced with the demonstration of the task, each 

participant was given opportunity to check whether they are capable of reproducing 

the sequence. 

�

�
Fig. 6. Finger coding scheme 

�

�

Participants performed the task in three conditions: (i) unimanual left, (ii) unimanual 

right and (iii) bimanual (both hands together). In each trial, the sequence was to be 

performed continuously for thirty seconds, starting and ending with a ‘beep’ signal. 

The participants were told to perform the sequence as fast as they can comfortably 

manage without making mistakes. In case mistakes were made they were advised to 

pick up the sequence again immediately and continue the task. Participants were not 

instructed for the direction of gaze or attention. 

 

3.2.4 Design 

 

Trials were grouped into blocks of three. There were two blocks per each condition 

(left hand- unimanual condition, right hand- unimanual condition, both hands at once 
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– bimanual condition). After completing first three blocks, participants had a short 

break to relax and prepare for the next trials. Before the first trial of each condition, 

the participant was given two training trials to familiarize with the task and also to 

minimize practice effects during the experimental trials.  

 

To control for the order effects, the order of conditions was counterbalanced across 

participants in the form of 6 schedules. For instance, Participant 2 performed trials in 

the following order of blocks (UL, B, UR – first row of blocks ; UR, B, UL – second 

row of blocks, where UL is left hand only, UR- right hand only, B- both hands at 

once). 

 

3.2.5 Data analysis (scoring) 

 

For each hand separately, each finger movement was coded as correct or incorrect 

according to whether it is executed at a correct point in the sequence and whether an 

individuated movement has been achieved (movements in which multiple fingers 

were lifted simultaneously were coded as incorrect). For each trial, the key dependent 

measures per trial were: (i) the number of correct movement performed; (ii) the 

number of errors made. 

 

3.2.5  Results 

 

To carry out statistical analysis median values for each variable and hand were 

extracted for each condition and participant. The median values were basis for the 

repeated-measures ANOVA analysis. The unimanual and bimanual task performance 

and the hand were used as within-subject factors.  

 

The mean number of the correct sequence movements in unimanual and bimanual 

condition are presented on Fig. 7. In the terms of accomplished sequences – on 

average participants reached 8,6 repetition of a sequence in unimanual trials with left 

hand, and 9.2 of sequence repetition in the unimanual trials with right hand. The 

difference between number of correct movements and task condition was significant - 

F (1, 110)= 28.778, p <0.001. In bimanual conditions both hands were performing the 

task slower (decreased number of finger movements) than in unimanual conditions. In 
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average, in bimanual conditions participants accomplished 7.75 of full sequence 

repetition for the left hand and 7.8 for the right hand. There was almost significant 

effect of the hand on the number of correct movements, F (1, 11) =3.24, p=0.09. In 

unimanual conditions participants on average performed faster with the right hand 

than with the left hand. The interaction between the hand and the task on the number 

of correct finger movements was not significant F (1, 11)=2.74, p>0.05. 
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Fig. 7. Mean estimates of correct finger movements across The Sequence Task conditions. 

 

 The mean number of movements out of sequence in unimanual conditions, 

understood as errors, was 5.1 for the left hand and 4.0 for the right hand. There was 

no effect of the task – comparison of the bimanual and unimanual conditions F (1, 11) 

= 0.057, p>0.05, or of the hand – F (1, 11), p>0.05, on the number of error 

movements. The number of movements out of sequence in bimanual conditions 

reached the mean of 5.5 for the left hand and 3.8 for the left hand. The interaction 

between the hand and the task on the number of error movements was not significant 

F (1, 11)= 1.49, p>0.05. 

 

The test of between-subjects effects revealed that participants significantly differed in 

the speed of performance, measured by the number of correct movements, F (1, 11)= 
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200.07, p<0.001, and the number of errors made, F (1, 11)= 14.47, p<0.01  

(see Table 1). 

 

Table 1 

The range of the scores for the correct and incorrect finger movement across The Sequence 

Task conditions 

Condition Number of movements Min. Max. Mean 

     

UL  In the sequence 23 97 51.7 

  Out of sequence 0 35 5.1 

     

BL  In the sequence 21 82 46.5 

  Out of sequence 0 32 5.5 

     

UR  In the sequence 37 95 55.3 

  Out of sequence 0 18 4.0 

     

BR  In the sequence 25 82 46.9 

   Out of sequence 0 22 3.8 
 

Note. UL- unimanual left; BL- bimanual left, UR- unimanual right, BR – bimanual right. 

�

�

3.2.7  Discussion 

 

Although the pool of participants was the same as in the Experiment 1 bimanual 

advantage for The Sequence task was not replicated. An increase in the number of 

correct finger movements in bimanual conditions for both hands was expected. In 

contrast, in the bimanual condition participants demonstrated a decrement in overall 

number of finger movements. Reported results may be also interpreted as decrement 

in the speed of task performance. In bimanual conditions the number of correct finger 

movements- was equal across both hands. The qualitative analysis of the recordings 

also indicated that bimanual task was performed in the temporal mirroring. Also a 

pattern of mistakes, observed as number of incorrect movements provides more 

insight into observed pattern of performance. 

 

The plausible interpretation for the obtained results might be provided by attention 

framework for guiding actions. Right hand performed better in comparison to 

unimanual left conditions, as in previously reported findings regarding investigating 
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spatial and temporal coupling (Franz, 2003, 2004). As mentioned in the procedures 

section, we did not control for the direction of gaze and attention. Hypothetically the 

right hand as the dominant hand was more attended than the left hand, and therefore 

performed better. A decrease of performance in terms of speed was previously 

reported for the tasks of high complexity (Franz, 2003). Indeed, the Sequence Task 

was reported by participants to be difficult and tiring. Therefore the observed pattern 

of results might suggest that The Sequence task overloads the attention resources and 

coordination processes. Thus the bimanual advantage did not occur. Coupling studies 

mostly base on simple, discrete motor movement that is not requiring high attention 

resources and sophisticated coordination processes (Wing, 1980). However, there is a 

possibility the bimanual advantage could be captured for the Sequence Task, if the 

task was previously trained and the sequencing finger movement was automated to 

certain level. 

 

Another framework that addresses the issue of bimanual advantage is the conceptual 

representation theory in determining the coupling effects. As reported by Franz 

Zelaznik, Swinnen et al. (2001) if the cognitive representation of the movement might 

be unified for the hands, a significant reduction of the dual-task interference occurs 

allowing the enhancement of coupling. In other words, the dual-task is merged into a 

single task and therefore the bimanual advantage is observed. In the Sequence Task 

the four finger movement sequence in bimanual conditions required symmetrical 

mirroring, and therefore the task might have induced higher interference than 

expected, as covertly it required dual-task processing.  
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3.3  Conclusions from Experiment 1 and 2 

 

The pilot study was an important part of presented study. An aim was to replicate a 

bimanual advantage in the Tapping Task and The Sequence Task that are based on 

spatial and temporal paradigms. Although the Sequence Task provided interesting 

data that may be referred to previous studies investigating the issues of motor 

programming lateralization and attentional resources, it was proven to be unsuitable 

for capturing bimanual advantage. In the Experiment 3 – the essential part of the 

project, only the Tapping Task will be utilized. The Tapping Task was verified to 

capture the bimanual advantage and bring objective and valid measurement of 

temporal aspects of motor control across the unimanual and bimanual conditions. The 

aim of Experiment 3 is to investigate whether motor imagery and mid-sagittal mirror 

technique bring objective enhancement to unimanual movement as observed in the 

bimanual condition. 

�
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3.4  Experiment 3 

 

The Experiment 3 was based on the Tapping Task that was used in Experiment 1 to 

establish the bimanual advantage for both hands in terms of increased temporal 

precision in bimanual conditions. In Experiment 3 participants performed the task in 

five conditions: (i) unimanual, (ii) bimanual, (iii) unimanual with motor imagery of 

bimanual movement, (iv) unimanual with motor imagery of the bimanual movement 

and the view on anatomically congruent mirror, (v) unimanual with motor imagery 

and with the view on anatomically incongruent mirror. 

 

3.4.1. Sample size determination for Experiment 3 
�
�

Calculation of the effect size for differences in overall variability of ITIs between the 

unimanual and bimanual condition obtained in Experiment 1 allowed to conduct an 

estimation of necessary sample size for Experiment 3.  

 

The G*POWER 3.0.10 Software (Erdfelder, Faul, & Buchner, 1996) was used for 

Repeated Measures ANOVA design and within-between interaction. The effect of 

variability within task in the Experiment 1 equalled partial �2 =.995. This highly 

significant effect can be interpreted as that 99,5 % of the variation of variability may 

be explained by the task’s condition. The effect size f for overall variability amounted 

to 14.1. To calculate the necessary sample size an assumption was made that the 

decrease in the variability in motor imagery conditions in comparison to unimanual 

condition may be half smaller than the one established for the bimanual advantage. 

Using this assumption an effect size=7 was chosen with 5 group conditions, a error 

probability = 0.05, Power (1- � error probability) – 0.95, and correlation between 

repeated measures – 0.7 (averaged between left and right hand). 

 

The total sample size necessary to reveal the effect was calculated by G*POWER to 

equal 10 participants. Therefore two groups of participants were introduced to 

Experiment 3 with regard to unimanual hand condition (separately left and right 

hand), each of 10 subjects. This manipulation allows to control for the effect of the 

hand along with the effect of task condition. 
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3.4.2. Participants 
 

Participants were 20 right-handed, healthy adult volunteers, 11 females and 9 males. 

Subjects were randomly assigned to two groups with respect to the active hand in 

unilateral hand conditions. The group with right-handed unilateral conditions 

comprised 5 males and 5 females, whereas the group with left-handed unilateral 

conditions comprised 4 males and 6 females. The age of the subjects ranged from 21 

to 30 years (mean=24.80) in the left hand group, and from 22 to 37 (mean=26.40) in 

the right hand group. All participants were strongly right-handed (range 0.66- 1 

Laterality Quotient– left hand group; range 0.66 – 1 Laterality Quotient – right hand 

group) according to the Edinburgh Handedness Inventory (Oldfield, 1971). All 

procedures of the experiment were approved by Ethics Committee of the University 

of Edinburgh Psychology Department. 

 

3.4.3 Apparatus 
�

The experiment was conducted in the VisuoMotor Lab in the University of 

Edinburgh. The apparatus from the Experiment 1 was modified to adjust to 

Experiment 3 demands. The wooden response board was split into two parts (49cm x 

33,5cm x 2 cm) that were fixed to the table. The distance between hand and left 

prop’s center was 36 cm. A mirror plane (38,5 cm x 38,5 cm) in a metal frame (3 cm 

x 3 cm) was supported with a metal bar (68 cm) with holder in the midspan that 

enabled the changes in location of the mirror (from mid-sagittal setup to anatomically 

incongruent for left and right sided conditions). In the anatomically congruent 

conditions the mirror was placed between the wooden boards (in a distance of 3 cm 

from either side) keeping the symmetry of the setting (see Fig. 8). 
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�

Fig. 8. Motor imagery condition with anatomically congruent (mid-sagittal) mirror 

for the left hand setup. 

�

In anatomically incongruent mirror conditions, the mirror was placed on the external 

edge of one of either wooden boards (in a distance of 3 cm). Additionally a free 

standing blind (45 cm x 45 cm) was placed in-between the wooden boards to prevent 

the vision of the static hand in mirror anatomically incongruent conditions  

(see Fig. 9).  

�

Fig. 9. Motor imagery condition with anatomically incongruent mirror for the left  

hand setup. 
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The finger movement of each hand was recorded for the self-paced phase with the use 

of Optotrak Certus Motion Capture System (for 7 participants), at the frequency of 

200Hz. Due to technical problems with Optotrak camera the MiniBird system was 

introduced to collect data for further 13 participants, at a frequency of 100 Hz. To 

track the changes in the fingers’ position with reference to response board, a 

Optotak/MiniBird markers were attached to participants’ index fingers. 

 

To verify whether both tools of measurement are compatible a brief validation was 

conducted between the data of one participant (left hand group) collected with the use 

of Optotrak (in the Experiment 1) and Minibird System (in the Experiment 3). None 

of the differences in dependent variables (mean, total variance, central variance, 

motor variance) between both measurements were significant for bimanual or 

unimanual conditions, pair Bimanual 1- Bimanual 2 (for the left hand) – t(3)= -2.1, 

p>0.05, Unimanual 1 – Unimanual 2 (for the left hand) – t(3)= 2.003, p>0.05.  

 

To obtain insight into subjective vividness of the motor imagery across three different 

imagery conditions – we implemented a short questionnaire (see Appendix C) based 

on the MIQ-RS scheme (Gregg, Hall, & Butler, 2007). The imagery evaluation 

comprised of two intuitive 5-point scales – measuring subjective kinesthetic and 

visual vividness of the imagery experience. After the end of each trial in conditions III 

– V, participants were asked to rate the vividness of their imagery experience.  

 

3.4.4 Procedure 

 

Procedure was the same as in Experiment 1. Additionally participants were asked to 

remove all the jewelry and watch from the hand and wrists to prevent identification of 

the hand in the mirror conditions. Before the start of the experiment instruction 

explaining the purpose and procedure of the task was read by participant (see 

Appendix D). Each participant was given two bimanual trials before the start of 

proper trials, to familiarize and internalize the feeling of bimanual tapping. 
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3.4.5  Design 

�

Trials were grouped into blocks of eight. There were two blocks per each condition 

summing up to 16 trials per condition (unimanual, bimanual, unimanual with motor 

imagery of bimanual movement, unimanual with motor imagery of bimanual 

movement and application of mid-sagittal mirror, unimanual with motor imagery of 

bimanual movement and application of anatomically incongruent mirror). Before the 

first trial of each condition, the participant was be given a two training trials to 

familiarize with the task and to minimize practice effects during the experimental 

trials. After completing first five blocks, participants had a short break to relax and 

prepare for the next trials. In total 80 trials were collected for each participant. 

 

To control for the order effects, the order of conditions was counterbalanced across 

participants with the use of Latin squares design. Due to Latin-squares design we 

obtained 5 different schedules for conditions and each schedule was additionally 

reversed in the second block of trials (see Appendix E). For example, Participant 3 

performed trials in the following order of blocks (MI, CM, ICM, UM, BM – first row 

of blocks , BM, UM, ICM, CM, MI – second row of blocks, where UM is unimanual 

condition, BM – bimanual condition, MI – unimanual condition with motor imagery 

of bimanual movement, CM - unimanual with motor imagery of bimanual movement 

and application of mid-sagittal mirror, ICM - unimanual with motor imagery of 

bimanual movement and application of anatomically incongruent mirror). 

 

3.4.6 Data analysis (scoring): 

�

Applied data analysis and scoring procedures were exactly the same as in  

Experiment 1. 

 

3.4.7 Results 

 

One participant was excluded from the analysis pool due to high variability within all 

trials (exceeding almost 20 times the mean variability of other participants) and was 

replaced with a new participant. Overall, 8 trials were excluded from the analysis due 
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to recording errors or errors during the task performance (e.g. the tap missed the beam 

level). In total 1592 out of 1600 records were used in the statistical analysis. 

 

Mean ITI and variability measures were extracted per trial. Further a median values 

were extracted per participant and each condition, as a robust measure of central 

tendency. Median values were entered into Anova Repeated Measures design. The 

task condition and the active hand were used as within-subject factors. Levene's Test 

of Equality of Error Variances was not significant for used within subjects factors. 

Mauchly’s Test indicated that assumption of sphericity was violated for Mean and 

Peripheral (motor) variance, and Lag 1, therefore the degrees of freedom were 

corrected using Greenhouse-Geisser estimation. 

 

The left hand group in average performed slower, reaching the ITI mean values more 

relevant to the target rate of 500ms. The differences between ITI mean values across 

the conditions were not significant - F (2.8, 50.6) = 0.309, p>0.05. The interaction 

with hand group were not significant F (2.8, 50.6)=0 .184 p>0.05. Contrasts did not 

reveal any dependency. Participants’ performance was stable across the conditions – 

the average mean values of inter-tap performance are presented in the table below. 

 

Table 2 

Table of mean inter-tap values across hand group and conditions 

Hand Condition Mean 
 

L Unimanual 486.44 ms 

 Bimanual 487.12 ms 

 Motor imagery 488.56 ms 

 Congruent Mirror 488.38 ms 

 Incongruent Mirror 488.72 ms 

R Unimanual 481.60 ms 

 Bimanual 480.59 ms 

 
Motor imagery 481.72 ms 

 
Congruent Mirror 481.79 ms 

  
Incongruent Mirror 481.84 ms 

Note. R – right hand group, L – left hand group. 
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Four participants in the left-handed conditions did not show reduced variability in 

bimanual conditions, whereas only one participant in the right sided conditions did 

not show reduced hand variability in bimanual conditions. The task condition had a 

significant effect on the total variability estimates F (4, 72,)=4.63, p<0.01. Post hoc 

contrasts revealed significant effect of the bimanual task on the decrement of 

variability in comparison to unimanual conditions F (1,18) = 10.64, p<0.01. As in 

Experiment 1, the average ITI variability was significantly lower in bimanual 

condition in comparison to unimanual performance, for the left hand the average 

variability score in unimanual conditions was 660 ms
2
 and in bimanual conditions 554 

ms
2
. For the right hand the average variance value was 651 ms

2
 in unimanual 

condition whereas in bimanual one the averaged variance was 535 ms
2
. 
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Fig. 10. Mean estimates of total variability across the conditions for both hand groups 

 

Application of simple contrast revealed the most important findings for the aim of 

study. All motor imagery conditions produced a significant increase in the temporal 

precision of the tapping – congruent mirror condition F (1,18)=7.98, p<0.05, 

incongruent mirror condition F (1,18)=4.89, p<0.05 and motor imagery conditions, F 

(1,18)=9.52, p<0.01, in relation to unimanual task performance (see Figure 10). 
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All motor imagery conditions reduced the temporal variability of task performance. 

The interaction between the hand and task did not have effect on the total variability 

across the task’s conditions F (4, 72)=0.84, p>0.05. 

�

To investigate the source of the decrease in total movement variability across 

conditions the total variability was split into central and peripheral component in 

accordance to Wing-Kristofferson model (1973). There was a significant effect of the 

task on central time-keeping component, F (4,72)=4.63, p<0.01. Interaction with the 

hand was not significant for central component, F (4, 72) = 0.421, p<0.05. However, 

the applied simple contrast revealed that only bimanual conditions have provided a 

decrement in central time keeping component F (1,18)= 7.37, p=0.01. Surprisingly 

other conditions did not produce a gain in terms of increased temporal precision of 

central time keeping (Fig. 11).  

�
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Fig. 11. Mean estimates of central variance for both hand groups. 

 

The task condition had a significant effect on the peripheral variability component, F 

(2.6, 45.6)= 3.9, p<0.05, whereas the effect of hand group was not significant, 

 F (2.6, 45.6) = 1.073, p>0.05. This result was unexpected and confusing, as 

peripheral variance should not significantly vary across conditions (Wing, 1980). 

Application of simple contrast revealed that only congruent mirror condition in 
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comparison to unimanual conditions induced a significant decrease in variability of 

the motor component F (1,18)=6.3, p<0.05 (see Fig. 12.). The mirror imagery 

conditions and incongruent mirror condition did not produce significantly pronounced 

effect on motor variance, respectively F (1, 18)= 2.18, p>0.5; F (1, 18)= 1.89, p>0.5, 

in comparison to the unimanual performance. 
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Fig. 12. Mean estimates of peripheral variance for both hand groups across conditions. 

 

A separate analysis was conducted for the Lag 1-5 covariance. The pattern of Lag 

covariance values was similar to the one obtained in Experiment 1, creating a 

‘sawtooth’ pattern. Conditions did not differ significantly in terms of Lag 1-5 values, 

all missed the significance level of p>0.05 None of the Lag covariance mean was 

greater than 0. As revealed by simple contrasts only motor imagery with anatomically 

congruent mirror significantly different Lag 1 value F (1,18)= 6.31, p<0.05, in 

comparison to unimanual conditions (see Table 3). The effect of hand on the Lags 1-5 

was not significant, p>0.05.  
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�

Table 3 

Lag 1 covariance values across the conditions and hand group 

Hand  Condition Min. Max. Mean   

L UNIMAN -231.9 -9.5 -115.4 ms
2
 

 BIMAN -249.6 -32.8 -134.4 ms
2
 

 CONG -181 17 -67 ms
2
 

 INCONG -206.9 0.6 -92.2 ms
2
 

  IMAGERY -159.4 5.9 -91.3 ms
2
 

R UNIMAN -387.5 -5.2 -100.5 ms
2
 

 BIMAN -227.3 -7.9 -99.9 ms
2
 

 CONG -185.4 -27.3 -81.2 ms
2
 

 INCONG -274.6 -22.8 -90.7 ms
2
 

  IMAGERY -171.9 -3 -80.9 ms
2
 

 

Note. L – left hand group, R – right hand group, UNIMAN – unimanual condition, BIMAN – bimanual 

condition, CONG – unimanual condition with motor imagery and view on the anatomically congruent 

mirror, INCONGR- unimanual condition with motor imagery and view on the anatomically incongruent 

mirror, IMAGE – unimanual condition with motor imagery; SD – standard deviation. 

�

Interesting results were obtained from the analysis of Motor Imagery Vividness 

responses. There was significant effect of the condition – motor imagery, motor 

imagery combined with anatomically congruent mirror and motor imagery combined 

with the anatomically incongruent mirror, on the subjective judgement of the 

vividness of the imagery F (2, 36)= 41, p<0.001 (see Fig. 13). Contrast comparison 

provided insight into direction of this dependency. Congruent mirror induced the 

highest vividness sensation in comparison to simple motor imagery F (1, 18) =63.046, 

p<0.001 and incongruent mirror conditions, F (1, 18)= 36.946, p<0.001. The 

interaction between hand and task was not significant both across scales, F (2, 36)= 

1.289, p>0.05; and conditions, F (2, 36)= 2.250, p>0.05. 
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Motor Imagery Vividness assessment
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Fig. 13. Averaged scores for both groups in Motor Imagery Vividness Questionnaire. 

�

 

To establish whether the decrement in total variability in motor imagery conditions 

can be attributed to the same processes that cause a bimanual advantage a partial 

correlation was computed for variability decrement across the bimanual and motor 

imagery conditions, controlling for unimanual performance. The variability decrement 

in motor imagery conditions (pooled) correlated with effect of bimanual advantage 

was approaching to the significance level, r=0.45, p=0.77. However, the performance 

in motor imagery conditions showed significant correlation between conditions (see 

Table 4).  

�

Table 4 

The temporal precision advantage obtained in Bimanual Condition and Motor Imagery 

Condition in comparison to Unimanual Condition. 

Temporal precision 
advantage per 

condition 
Bimanual 

Congruent 
Mirror 

Incongruent 
Mirror 

Motor 
Imagery 

Bimanual 1.00 0.30 0.37 0.47* 

Congruent Mirror 0.30 1.00 0.71 ** 0.57* 

Incongruent Mirror 0.37 0.708** 1.00 0.58** 

Motor Imagery 0.47* 0.57** 0.58** 1.00 

Note. Partial correlation for temporal precision advantage controlling for unimanual 

performance of the participants; *p<0.05; **p<0.01. 

�
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3.4.8. Discussion 

 

Experiment 3 was designed to verify whether motor imagery can induce similar 

patterns of bimanual interference as overt movement execution, measured by 

temporal parameters in the Tapping Task. The study also sought to answer the 

question whether the application of mirror technique may enhance this effect. To 

address these issues the continuation paradigm was used and the Wing-Kristofferson 

model (1973) of decomposing temporal variability of the tapping was applied. 

 

Experiment 3 revealed that in all conditions involving motor imagery stimulation 

there was a significant drop in the total variability of the task performance, in 

comparison to unimanual conditions. The observed pattern of results confirms the 

assumption that bimanual interference patterns might be activated with motor imagery 

stimulation. However, statistically none of the conditions involving motor imagery 

was more effective than the others. This way suggests that motor imagery was not 

significantly enhanced by the application of mirror technique. Also the position of the 

mirror did not result in significant differences between observed changes of the 

performance. It was expected that anatomically incongruent mirror would not elicit 

coupling effect as the anatomically congruent mirror, based on the Hemluth and Ivry 

(1996) study report, that unimanual co-tapping does not amount to increases in 

tapping precision. Moreover, the increase of temporal precision in all motor imagery 

conditions was significantly correlated with each other, suggesting the common 

underlying mechanism of the observed patterns. The obtained advantages for motor 

imagery conditions were independent from the magnitude of bimanual advantage. 

Thus, it must be taken into account that the obtained increase in temporal precision in 

motor imagery conditions has different functional source than the advantage from 

bimanual movement. 

 

Along with these findings, after decomposing the total variance into the motor and 

central processes, the central timing variance explained the decrease of temporal 

variance only for bimanual tapping. Motor imagery did not induce the decrement of 

clock variance as it was established for bimanual conditions in Experiment 1 and 2. 

The observed decrement in the temporal variability in motor imagery conditions was 

attributed to the decrement in peripheral variance. The observed tendency however 
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was statistically significant only for congruent mirror conditions in comparison to 

unimanual condition. Accordingly, Lag 1 value was significantly lower in 

anatomically congruent mirror conditions in relation to other task conditions, 

suggesting decreased motor correction processes. 

 

Finally, the mid-sagittal mirror application significantly enhanced the subjective 

vividness of motor imagery sensation in comparison to motor imagery and 

incongruent mirror conditions. The effect was significant both on visual and 

kinaesthetic scale of motor imagery vividness questionnaire. Therefore, it might be 

assumed that mirror technique at least subjectively provided a vivid illusion of 

bimanual movement and facilitated internal bimanual movement stimulation in 

neurologically healthy individuals. 

 

In conclusion, although the main study hypothesis was confirmed, the obtained 

pattern of results is ambiguous and imposes serious questions about the interpretation 

of observed dependencies. 
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4. General Discussion 

 

4.1 Summary 

 

In Experiment 1, the bimanual advantage for the repetitive finger tapping task was 

replicated, such as decrease in temporal accuracy of task performance was observed. 

The other bimanual task - The Sequence Task (Experiment 2), did not capture similar 

advantage, which was attributed to high coordination constraints of the task. By 

addressing the efficacy of motor imagery stimulation with bimanual advantage 

paradigm established in Experiment 1, a significant decrease was obtained in time-

keeping variability in the motor imagery conditions. Experiment 3 confirmed the 

hypothesis that motor imagery can alternate the motor behaviour parameters in the 

way that resembles the actual movement execution. The findings from the presented 

study confirm the assumption that motor imagery can bring objective effects on 

coupling that correspond to the overt motor behaviour. The reported effect was 

significant for both dominant and non-dominant hand task performance. Importantly, 

presented findings undermine the previous results reported by Franz and 

Ramachandran (1998) that have denied that motor imagery can elicit coupling 

interference patterns.  

 

Establishing the subjective impact of virtual visual feedback provided by mid-sagittal 

mirror technique was the second aim of investigation. An anatomically congruent 

mirror condition significantly enhanced the subjective vividness of motor imagery, 

both on kinaesthetic and visual dimension. Two participants reported facilitation in 

performing the movement in bimanual and anatomically congruent mirror conditions 

in terms of decreased trembling of the finger and sensation of tiredness. These reports 

might be accounted by the neuroimaging findings of cortical response to mid-sagittal 

mirror reported by Garry, Loftus and Summers (2005). As revealed by authors, 

passive observation of the reflection provided by mirror technique induced the 

activation of both ipsilateral and contralateral M1 regions. Assuming that 

anatomically congruent mirror elicited stimulation of the motor regions of both 

hemispheres a subjective facilitation of the task might have occured. Another 

interesting finding concerned the kinaesthetic vividness during the mid-sagittal mirror 
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conditions. Participants claimed that the illusion of symmetrical bimanual tapping was 

so vivid they were strongly tempted to check whether the static hand was actually not 

tapping. Reported sensations can be accounted by multi-sensory binding between 

proprioception and visual feedback (Rosetti, Desmurget, & Prablanc, 1995). The 

binding hypothesis was also previously referred to observed effects of mirror 

technique f.e. in phantom limb patients. Assuming that these reports are valid, it 

might be suggested that the power of mirror technique can overcome the disparity 

between the proprioception and visual feedback providing both visual and 

kinaesthetic illusion of the bimanual, symmetrical movement. These findings present 

an optimistic perspective for further investigations to verify these assumptions. 

 

4.2. Limitations of the Study 

 

The observed pattern of results was inconsistent with the assumptions of decomposed 

model of total variance posited by Kristofferson-Wing (1980). The two-component 

model of total variability assumes that observed variance in the finger-response 

tapping is both induced by motor delays and time-keeping processes. In all imagery 

conditions the decrease in total variance in relation to unimanual and bimanual 

conditions was attributed to the peripheral variance. However it was only in the 

anatomically congruent conditions that the decrement in peripheral variance reached 

level of statistical significance.  

 

These results are ambiguous. In Experiment 1 significant difference was not found 

between the unimanual and bimanual task conditions in terms of motor variance, 

assuming negative correlations between motor responses. None of the acknowledged 

studies based on the continuation paradigm reported similar pattern of results. 

Helmuth and Ivry (1996), although found an effect of increased peripheral variance in 

left hand unimanual conditions, a consistent pattern of results emerged suggesting that 

bimanual advantage is solely due to the increase in central time-keeping. 

Interestingly, Drewing and Aschersleben (2003) using the same paradigm, reported 

increase of motor variance for the left hand, and decrease of motor variance for the 

right hand in bimanual conditions. Moreover, in the conditions with enhanced 

auditory feedback from tapping, the peripheral variance estimates significantly 

increased, although the magnitude of bimanual advantage in central-time keeping 
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variance increased in relation to regular bimanual tapping. The original Wing-

Krisofferson model (1973) of temporal variability does not account for the role of 

feedback processes in regulation of time-keeping processes.  

 

Therefore, the increase in peripheral variance is surprising. Wing (1980) posited that 

peripheral variance does not only account for the time needed to implement a motor 

response, but also accounts for high-cortical processes responsible for coordination of 

the movement. Thus, it was suggested that negative correlations between motor 

delays are not caused by time-keeping processes, but by the motor coordination 

processes accounting for organisation of the movement.  

 

Taken together, the source of the temporal advantage in mirror imagery conditions 

might be suggested to derive from different source than during the bimanual 

movement execution. This implies different processes than overlapping efector-

specific timers as was suggested by Ivry and Richardson (2002). There is a possibility 

that the provision of the congruent mirror resulted in a decrease of the motor variance, 

due to enhanced visual feedback. The mirror technique might have induced the 

coupling processes, however, as the second hand remained static, there was no need 

for increased coordination demands of the movement. Another possibility is that 

virtual visual feedback created an illusion of enhanced regularity of tapping and this 

attenuated the correction processes. However, the similar trend was reported for the 

motor imagery and incongruent mirror conditions, although it missed the level of 

significance. 

 

A substantial body of research demonstrates that cognitive strategies and visual 

attention significantly boosts the precision of coupling (Sabaté, González, & 

Rodriguez, 2004; Franz, 2004). Thus, it might be possible that motor imagery exerted 

attentional demands, which was reflected in the increased precision of tapping. These 

hypothesises are speculative and require further investigation.  
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4.3 Future directions 

 

In Experiment 3 a similar pattern of increase in temporal accuracy as in bimanual 

conditions in Experiment 1 was elicited with the motor imagery and mirror technique. 

These findings support the rationale for using imagery training and mirror technique 

for the neurorecovery of motor impairments. However, with regard to the Wing-

Kristofferson model (1973), the source of the obtained advantage was different. In 

bimanual advantage the decrease in the temporal variability is attributed to boosted 

time-keeping processes that in theory are due to the overlap between effectors-

specific timers (Helmuth, & Ivry, 1996). In motor imagery conditions the reduction in 

variance was solely attributed to the decrease in motor variability. As peripheral 

variability is not adequately researched in the literature, the validity of obtained 

findings must be verified.  

 

Future directions for expanding this study should concentrate on empirical 

verification of whether the obtained results are artefacts due to increases in attentional 

focus during the motor imagery conditions. Motor imagery, by its essence, requires 

enhanced mental activity. Although the positive verification of this hypothesis would 

be surprising, it needs serious consideration.  A possible direction for testing this 

hypothesis would involve replication of this study with control imagery conditions. 

For instance, an unrelated imagery task to the tapping movement could be introduced, 

requiring stimulation of non-motor representations – concentration on objects, or 

autobiographical memories. Alternatively, an additional condition may include 

fixation of visual attention on the one point in the space, to prevent monitoring the 

hand performance. As reported by Drewing, Stenneken, Cole et al. (2004) the 

deprivation from feedback processes might induce increased coupling performance in 

terms of temporal parameters. There is also a need to reformulate the Wing and 

Kristofferson model (1973) to account for the observed interaction between enhanced 

feedback processes and changes in peripheral variability estimates. The motor 

variance processes seem to be accounting for more than pure transfer from the signal, 

triggering the motor command to the muscular execution of the movement. 

 

Another interesting suggestion for further investigations is to establish whether a 

decrease in the temporal precision would occur if participants were to imagine 
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orthogonal performance of the static hand in relation to their unimanual tapping.  In 

line with the coupling paradigm, anti-phase relation within hands movement should 

induce decrease in temporal parameters estimates (Franz, 2004). 

 

Also the influence of the mirror condition on variability measures needs further 

investigation, although the subjective reports were encouraging. The incongruent 

mirror induced similar decrease in temporal variance as the mid-sagittally placed 

mirror. The presented study did not investigate the impact of the sole mirror 

conditions without motor imagery on motor behaviour parameters. Introducing the 

mirror conditions with the instruction of observing the reflection, without the motor 

imagery stimulation, might provide interesting insights into evidence established in 

this study. 

 

 

4.4. Final Conclusions 

 

In line with our experimental hypothesis motor imagery simulation of the movement 

induced similar changes in the motor behaviour as the overt bimanual task 

performance. The temporal precision of the finger-tapping task increased in all 

conditions involving motor imagery. These results suggest that there is a significant 

resemblance between covert stimulation of the movement and actual motor 

performance as posited by previous authors (Johnson-Frey, 2004, Sharma, Pomeroy, 

& Baron, 2006).  However, the source of the observed changes in motor parameters 

seems to be different from the actual motor performance, according to Wing-

Krisofferson model of total variance decomposition (1973). The gain from the motor 

imagery stimulation was attributed to boosted implementation processes, whereas in 

the actual bimanual condition the increase in temporal precision is attributed solely to 

the central-time keeping processes. Although the mechanism underlying observed 

difference remains unknown, further research might contribute to reformulation of 

Wing-Kristofferson model (1973).  

 

Finally, the applied motor imagery vividness rating scales suggest that mirror 

technique in anatomically congruent alignment can significantly enhance the 

subjective vividness of motor imagery stimulation. In other words, virtual visual 
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feedback was confirmed to boost the motor imagery stimulation in the neurologically 

intact participants. This finding exactly addresses practical application of mid-sagittal 

mirror technique in rehabilitation of motor impairments. Therefore, as suggested in 

the literature review, this technique might be considered as promising for improving 

the methods of neurorecovery of hemiparetic patients that are incapable to undergo 

traditional rehabilitation. 
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APPENDIX A 

 

 

The Tapping Task 

 

Instruction: 

 

The Tapping Task measures your ability to tap at a regular interval. In each trial you 

will be asked to tap with your index finger in the rate established by external signal. 

 

( Researcher is showing the tapping movement of the index finger) 

 

The movement of your index finger will be recorded by Optotrak – motion capture 

system. That is why during the experiment you will have markers attached to your 

fingers. During this experiment you will wear headphones, and both hands will be 

rested on the hands’ props. At the beginning you will hear external, repetitive signal. 

As soon as you manage to internalize the signal start tapping with your index finger 

keeping the rate of the signal. After 16 signals you have to continue tapping unpaced 

(on your own), keeping the rate as accurate as you can. After 16 seconds you will hear 

another beep, announcing the end of trial. Before each condition, you will have two 

trials, for training purposes. These trials will not be recorded.  

 

Please check if your position and task setting is comfortable for you. The experiment 

comprises two blocks of trials, after the first block you will have short minutes break. 
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APPENDIX B 

 

The Sequence Task. 

 

Instruction: 

 

You will take part in experiment investigating the speed and accuracy of sequential 

finger movements with one or both hands. In each trial you will be asked to repeat the 

four-finger movement. I will show you the sequence, so you can check if you can 

repeat it.  

 

1-2-3-4-3-2 (Researcher is showing the sequence of finger movements) 

 

Your task is to repeat that sequence as quickly and accurately as you comfortably 

manage for 30 seconds. During the experiment both hands will rest on the hands’ 

props. Your performance will be recorded on the video camera, but your face will not 

be visible.  

 

Before each condition, you will have two trials, for training purposes. These trials will 

not be recorded. Before each trial you will hear a beep sound informing about the start 

of the trial. After 30 second you will hear another beep, announcing the end of trial. 

 

The experiment comprises two blocks of trials, after the first block you will have 

short break. [If you want to withdraw or start feeling uncomfortable before the break 

you can stop the task and feel free to communicate will to do so.] 
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APPENDIX C 

 

 

 
 

Visual Imagery Scale 

 

 

How vivid was your impression of ‘seeing’ your right hand move? 

 

 

1 2 3 4 5 

Not at all 
vivid 

   Very vivid 

 

 

 

 

 

 

Kinesthetic Imagery Scale 

 

 

How vivid was your impression of ‘feeling’ your right hand move? 

 
 

1 2 3 4 5 

Not at all 
vivid 

   Very vivid 
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APPENDIX D 

 
 

Instruction for The Tapping Task – Experiment 3 

 

The Tapping Task measures your ability to tap at a regular interval. In each trial you will be 

asked to tap with your index finger at the rate established by external signal. 

 

(Researcher is showing the tapping movement of the index finger) 

 

The movement of your finger will be recorded by Optotrak – motion capture system. That is 

why during the experiment you will have markers attached to your fingers. During this 

experiment you will wear headphones and both hands will rest on the hands’ props. Please 

check if your position and the task setting is comfortable for you. 

 

At the beginning you will external, repetitive signal in your headphones. As soon as you 

manage to internalize the rate of the signal start tapping with your index finger at the same 

rate. After 16 signals you have to continue tapping unpaced (on your own), keeping the 

original rate as accurate as possible. After 16 seconds you will hear another beep announcing 

the end of trial. 

 

You will perform this task in five different conditions: (a) with one hand, (b) with both hands, 

(c) with one hand and imagining the movement of both hands, (d) with one hand and 

observing the mirror reflection of the movement on your right, (e) or left side. 

 

Before each condition, you will have two trails, for training purposes, so you can familiarize 

with the task. These trials will not be recorded. The experiment comprises of two blocks of 

trials and after the first block you will have a short break.  

 

 

Instruction for motor imagery condition: 

 

This task will involve your motor imagery ability. Your will be asked to perform the 

repetitive tapping movement with the index finger of one hand. At the same time you are to 

imagine that you are performing the movement with both hands. Try to visualize and feel the 

bimanual movement the best you can, but remember to keep the proper rate of the tapping. 

The second hand must remain static (you should not perform any movement with this hand 

during the task duration). 

 

 

 

Instruction for motor imagery and mirror conditions: 
 

This task will involve your motor imagery ability. Your will be asked to perform the 

repetitive tapping movement with the index finger of one hand. At the same time you are to 

observe the mirror reflection of the movement and imagine you are performing the movement 

with both hands. Try to internalize the reflection as your second hand, but remember to not 

perform any real movements with that hand – it must remain static during the task duration. 

Remember to keep the rate of tapping as accurate as possible. 
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APPENDIX E 

 

 

 

Schedule Experiment 3 - Latin Square Design 

I UM BM MI CM ICM  ICM CM MI BM UM 

II BM MI CM ICM UM  UM ICM CM MI BM 

III MI CM ICM UM BM  BM UM ICM CM MI 

IV CM ICM UM BM MI  MI BM UM ICM CM 

V ICM UM BM MI CM  CM MI BM UM ICM 

 
Note. UM - unimanual condition, BM – bimanual condition, MI – unimanual condition with motor 

imagery of bimanual movement, CM - unimanual with motor imagery of bimanual movement and 

application of anatomically congruent mirror, ICM - unimanual with motor imagery of bimanual 

movement and application of anatomically incongruent mirror. 

 


