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The positive effect of mirror visual feedback on arm control
in children with Spastic Hemiparetic Cerebral Palsy is dependent
on which arm is viewed
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Abstract Mirror visual feedback has previously been

found to reduce disproportionate interlimb variability and

neuromuscular activity in the arm muscles in children with

Spastic Hemiparetic Cerebral Palsy (SHCP). The aim of

the current study was to determine whether these positive

effects are generated by the mirror per se (i.e. the illusory

perception of two symmetrically moving limbs, irrespec-

tive of which arm generates the mirror visual feedback) or

by the visual illusion that the impaired arm has been

substituted and appears to move with less jerk and in

synchrony with the less-impaired arm (i.e. by mirror visual

feedback of the less-impaired arm only). Therefore, we

compared the effect of mirror visual feedback from the

impaired and the less-impaired upper limb on the bimanual

coupling and neuromuscular activity during a bimanual

coordination task. Children with SHCP were asked to

perform a bimanual symmetrical circular movement in

three different visual feedback conditions (i.e. viewing the

two arms, viewing only one arm, and viewing one arm and

its mirror image), combined with two head orientation

conditions (i.e. looking from the impaired and looking

from the less-impaired body side). It was found that mirror

visual feedback resulted in a reduction in the eccentric

activity of the Biceps Brachii Brevis in the impaired limb

compared to the condition with actual visual feedback from

the two arms. More specifically, this effect was exclusive

to mirror visual feedback from the less-impaired arm and

absent when mirror visual feedback from the impaired arm

was provided. Across conditions, the less-impaired arm

was the leading limb, and the nature of this coupling was

independent from visual condition or head orientation.

Also, mirror visual feedback did not affect the intensity of

the mean neuromuscular activity or the muscle activity of

the Triceps Brachii Longus. It was concluded that the

positive effects of mirror visual feedback in children with

SHCP are not just the result of the perception of two

symmetrically moving limbs. Instead, in order to induce a

decrease in eccentric neuromuscular activity in the

impaired limb, mirror visual feedback from the ‘unaf-

fected’ less-impaired limb is required.

Keywords Cerebral palsy � Hemiparesis � Mirror visual

feedback � Neuromuscular activity � Electromyography �
Bimanual coordination

Introduction

Children with Spastic Hemiparetic Cerebral Palsy (SHCP),

who have unilateral motor impairments in both their arm
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and leg due to brain and/or pyramidal tract damage (Miller

2007),1 perform tasks requiring only the less-impaired

hand reasonably well (e.g. Steenbergen et al. 1996; Utley

and Sugden 1998). In contrast, tasks requiring bimanual

coordination pose a huge challenge because of the inevi-

table involvement of the impaired arm and hand. In recent

years, bimanual reaching and grasping has been thoroughly

investigated in individuals with SHCP (e.g. Utley and

Sugden 1998; Volman et al. 2002; Sugden and Utley 1995;

Steenbergen et al. 1996). Interestingly, these studies sug-

gest that, despite the unilateral impairment, bimanual

actions of children with SHCP seem to be facilitated by

bilateral connections at multiple levels of the central ner-

vous system similar to what has been found in typical

populations (e.g. corticospinal, cerebellar, brain stem, and

propriospinal; Wiesendanger et al. 1994). For example,

Volman et al. (2002) showed that when drawing circles in

an in-phase (symmetrical) coordination mode, the spatio-

temporal interlimb variability decreased. Furthermore,

movement smoothness of the impaired limb increased

compared with single-handed performance. Steenbergen

et al. (2008) observed close temporal synchrony of the

hands when grasping an object bimanually, which con-

trasted with the timing differences between both hands

when they performed separately. It should be noted that

some of these findings indicate adaptations of the less-

impaired side to the behaviour of the affected side (e.g.

Steenbergen et al. 1996), but combined these studies sug-

gest that bilateral interactions exist in children with SHCP

and that they can lead to favourable effects in the impaired

arm.

A paradigm that has been used to further our under-

standing of how visual and spatial processes influence

coordination and perception of the two hands is the ‘mirror

box illusion’ (e.g. Franz and Packman 2004; Holmes and

Spence 2005). This illusion is manifested when a mirror is

placed in between the two upper limbs along the midsag-

ittal plane. The reflection of the arm viewed in the mirror

seems superimposed on the visual image of the arm behind

the mirror. When the arm facing the reflective side is

moved, this creates the illusory perception of a zero lag

symmetrical movement of the two limbs. The effects of

mirror visual feedback were first investigated by Rama-

chandran and Rogers-Ramachandran (1996) in amputees

with phantom pain. After a short period of ‘mirror box’

therapy, which involved (bilateral) mirror-symmetric

movements, amputees reported a decrease in phantom pain.

These encouraging findings led to the adoption of mirror

visual feedback in treating other acquired unilateral motor

or pain disorders where the illusion appeared to result in

positive effects on motor performance and pain perception

(for a review see Ramachandran and Altschuler 2009). For

instance, it was found that chronic stroke patients could

benefit from therapy using mirror visual feedback, showing

increases in the range of motion, speed and accuracy of

arm movements (Altschuler et al. 1999; Stevens and

Stoykov 2003), an improved functional use and a recovery

of grip strength (Sathian et al. 2000). Likewise, in patients

with Chronic Regional Pain Syndrome 1 (CRPS1) mirror

visual feedback of the unaffected limb reduced the per-

ception of pain and stiffness (McCabe et al. 2003).

Interestingly, Feltham et al. (2010a, c) demonstrated that

the positive effects of mirror visual feedback may poten-

tially be extended to individuals with congenital disorders

such as SHCP, a finding that was recently supported by

Gygax et al. (in press) who showed that mirror therapy in

children with hemiplegia may improve strength and

dynamic function of the impaired arm. Feltham et al.

(2010a, c) used a task where participants performed con-

tinuous symmetrical circular movements with both upper

limbs in three visual conditions (glass: seeing the two arms;

screen: seeing only the less-impaired arm; mirror: seeing

the less-impaired arm and its mirror reflection). An effect

of mirror visual feedback was found on the nature of the

bimanual coordination (Feltham et al. 2010a) and on the

neuromuscular activation in children with SHCP (Feltham

et al. 2010c). More specifically, in the first study, it was

demonstrated that movement variability of the interlimb

coupling was lower in the mirror condition in comparison

with the screen condition. In addition, mirror visual feed-

back resulted in a reduction in the neuromuscular intensity

in the shoulder muscles of the less-impaired limb and a

shortening of the duration of eccentric and concentric

activity in the elbow muscles of the impaired limb. In

accordance with Perry et al. (2001), a phase where a flexor

muscle (e.g. Biceps Brachii Brevis, BBB) was actively

contributing to a flexion movement was defined as con-

centric, whereas flexor activity was eccentric when it

contributed to an extension movement. For extensor mus-

cles (e.g. Triceps Brachii Longus, TBL), the opposite

classification was used. Note that an earlier study showed

that children with SCHP performed this bimanual coordi-

nation task with higher levels of neuromuscular intensity in

elbow and wrist muscles and longer periods of concentric

and eccentric activity in elbow and shoulder muscles

compared with typically developing children (Feltham

et al. 2010b). More eccentric activity of the BBB might

suggest more counteraction to the extension movement and

hence indicates that the neuromuscular control is less

1 Cerebral Palsy (CP) is a group of permanent disorders of movement

and posture due to a non-progressive lesion in the foetal or infant

brain (Miller 2007). CP is the most common cause of childhood

disability and has an incidence of 2–2.5 per 1,000 living births (Lin

2003). A common form of CP is Spastic Hemiparetic Cerebral Palsy

(SHCP). Children with SHCP have a brain lesion in one hemisphere

and as a result have spasticity on the other side of the body.
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efficient in children with SHCP. The finding of a decrease

in interlimb variability and a reduction in eccentric and

concentric muscle activity in a condition with mirror visual

feedback thus shows that the mirror has the capacity to

induce a general improvement of the kinematics and the

neuromuscular efficiency during bimanual movements in

children with SHCP.

A pertinent question is, however, whether the mirror

effects observed in these children are caused by the illusory

perception of seeing two arms moving in perfect symmetry,

irrespective of which arm is seen in the mirror, or by the

illusion that the impaired limb has been substituted with a

less-impaired limb, which is not spastic. The studies by

Feltham et al. (2010a, c) described above have only

investigated the effect of mirror visual feedback from the

unaffected arm and therefore were not able to discriminate

between these two explanations. When Franz and Packman

(2004) found that mirror visual feedback was powerful

enough to enhance spatial coupling of the two hands in

healthy adults performing a circle drawing task in a similar

manner as actual vision of both hands, this effect was

independent of the laterality of the mirror visual feedback.

In a condition where only one hand was visible, the circles

drawn by the hand in vision were found to be significantly

larger than for the hand hidden behind the screen. Mirror

visual feedback, regardless of which hand was viewed, had

the capacity to wipe out this between-hand difference in

circle size. Franz and Packman (2004) hypothesised that

the illusion of the perfect symmetry between the two hands

created by the mirror promoted the sensorimotor coupling

at the central level.

In children with SHCP, however, the movement pro-

duced by the impaired and less-impaired arm is qualita-

tively different, and hence, the mirror visual feedback

created by either arm is considerably different as well.

Whilst there is an illusion of perfect symmetric movement

in both situations, the mirror visual feedback of the

impaired arm shows a less smooth movement hampered by

the motor deficits. This discrepancy between the two sides

and the mirror visual feedback they elicit enables us to

investigate the mirror box illusion in this group of children

in more detail. More specifically, the aim of the present

study was to determine whether the mirror effects as found

previously by Feltham et al. (2010a, c) are the result of the

perception of visual symmetry per se, irrespective of which

arm is viewed, or by the illusion that the impaired arm has

been substituted and appears to move smoother and in

synchrony with the less-impaired arm. For this purpose, we

compared the effect of mirror visual feedback generated by

the less-impaired and the impaired arm on the bimanual

coupling and the neuromuscular activity in children with

SHCP during a bimanual coordination task similar to the

one used in Feltham et al. (2010a, c). Based on the studies

of Feltham et al. (2010a, c) we anticipate that mirror visual

feedback from the less-impaired arm will result in smaller

interlimb variability and reduced eccentric activity in the

arm muscles of the impaired limb compared to the visual

feedback of both arms (glass condition). If the illusion of

visual symmetry is the main trigger for the changes

induced by the mirror, mirror visual feedback of the less-

impaired arm is expected to induce similar effects on the

kinematics and the neuromuscular activity as compared to

mirror visual feedback of the impaired arm. Alternatively,

if the mirror effect in children with SHCP is caused by a

mechanism involving substitution of the visual information

of the impaired arm by visual feedback from the less-

impaired arm, we expect to find less favourable changes to

the control of the movement when viewing the impaired

upper limb and its mirror reflection than when viewing

mirror visual feedback of the less-impaired limb.

Methods

Participants

Ten children (eight males and two females) with SHCP

participated in the study (mean age 12.7 ± 3.2 years).

Further participant characteristics can be found in Table 1.

A subset of the data from seven children who took part in a

previous study (Feltham et al. 2010c) was identified to be

included in the present analysis. The participants did not

have impaired vision or any neuromuscular disorders other

than SHCP. Written informed consent was obtained from

all participating children and their parents. The experiment

was conducted in accordance with the Declaration of

Helsinki, and all experimental procedures were approved

by the institutional research ethics committee.

Test procedures

Each participant was seated on a height adjustable chair at

a table with both feet flat on the floor and the knees 90�
flexed. The elbows were flexed over 90�, and in each hand,

the participant grasped a handle attached to a wooden disc

(radius 0.10 m) which spun freely 360� around a vertical

axis. The axes were fixed to a wooden plateau and were

located 0.31 m apart.

Participants were asked to perform a continuous inward

symmetrical circular bimanual movement (the right arm

rotated anti-clockwise and the left arm rotated clockwise).

Starting at the inner most part of each circle (9 o’clock for

the right arm and 3 o’clock for the left arm), children were

asked to rotate the discs continuously at a self-selected

speed until they were instructed to stop. Additionally, they

were instructed to keep the movement time per cycle (i.e.
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movement frequency) constant across the experimental

trials and the different conditions.

The type of visual feedback was varied so that the

participant (1) viewed both arms, (2) viewed only one arm

and (3) viewed one arm and its mirror reflection, by placing

a glass, opaque screen or mirror divide, respectively (all:

width 0.06 m, depth 0.75 m, height 0.39 m), between the

arms along the midsagittal plane (Fig. 1). The glass and the

screen conditions were added as control conditions. In

addition, in order to examine the difference between mirror

visual feedback of the less-impaired arm (referred to as

‘uncompromised’ mirror visual feedback) and mirror visual

feedback of the impaired arm (referred to as ‘compro-

mised’ mirror visual feedback) on the nature of the

bimanual coupling and the neuromuscular activity in the

BBB and TBL muscle, the orientation of the head (i.e.

viewing side) was varied; the participants orientated their

head either towards the impaired side of the body (Vie-

wImp) or to the less-impaired side of the body

(ViewLessImp).

The six conditions (3 visual feedback 9 2 viewing side

conditions) were presented in a random order and per

condition, three trials, each lasting approximately 15 s,

were recorded. Prior to data collection, practice trials were

conducted to familiarise the participants with the test setup.

Short breaks were given between the trials in order to

recover from any fatigue or decrease in concentration that

might have occurred during the performance of the

experiment. In order to keep the participants motivated,

they were told that rotating the discs more symmetrically

resulted in more points. At the end of the experiment, the

children could trade their points for a small gift.

Recording and analysis procedures

The 3D position of the wrist, elbow and shoulder was deter-

mined by two serially connected units containing three

infrared cameras at 200 Hz (3020 Optotrak, Northern Digital

Inc., Waterloo, Canada). Light emitting diodes were bilater-

ally attached to the skin with double-sided tape over the dorsal

Table 1 Participant characteristics

Participant Age Sex Hand dominance MAS GMFCS WeeFIM Aethiology

1 12.8 M Left 1 I 90 Unknown

2 9.3 F Left 1? I 89 Cerebral haemorrhage

3 13.2 M Left 1 I 91 Unknown

4 14.3 M Left 1? I 91 Cerebral haemorrhage during birth

and meningitis just after birth

5 11.0 M Left 1 II 55 Meningitis just after birth

6 6.8 M Left 1 I 83 O2 shortage during birth

7 17.1 M Left 2 I 91 Cerebral haemorrhage

8 11.1 M Right 1 I 91 Unknown

9 14.7 M Right 2 II 62 Schizencephaly

10 16.3 F Right 1 I 79 O2 shortage during birth

Severity of the impairment was assessed by a single experimenter with the Modified Ashworth Scale (MAS; spasticity levels increase from 1 to

4), Gross Motor Function Classification System (GMFCS; function deteriorates from I to V) and the functional independence measure for

children (WeeFIM; motor items only, with a possible score range of 13–91. A higher score denotes a better functional independence of the child)

Fig. 1 Experimental setup showing one of the experimenters dem-

onstrating the task during the glass (left panel), screen (middle panel)
and mirror (right panel) condition. The participant viewed the

bimanual task either from the impaired or from the less-impaired side

of the body. Note that the participants were considerably smaller than

the experimenter and that their posture was more erect than shown in

this picture
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tuberculum of the radius (wrist), lateral epicondyle of the

humerus (elbow), greater tubercle of the humerus (shoulder)

and the trochantor of the femur (hip). The phase of each limb

was calculated according to the following formulas:

uD ¼ arctan dSD � dt�1
� �

=SD

� �
;

and

uND ¼ arctan dSND � dt�1
� �

=SND

� �
;

where uD and uND are the phase of the dominant (less-

impaired) and the non-dominant (impaired) hand,

respectively, SD and SND are the position time series, and

dSD�dt-1 and dSND�dt-1 represent the instantaneous

velocity. Before the calculation of uND, the sign of the

position time series of the non-dominant arm was inversed

to an anti-clockwise trajectory. The continuous relative

phase (CRP) indicating the degree of coupling (i.e.

synchronicity) between the arms is then:

CRP ¼ uD� uND;

where a positive value for CRP implied the less-impaired

arm lead and a negative value the impaired arm lead.

Superficial EMG (electromyography) was bilaterally

recorded from the main muscles around the elbow: the

Biceps Brachii Brevis (BBB) and the Triceps Brachii

Longus (TBL), according to the SENIAM guidelines for

surface EMG measurement (Hermens et al. 2000). The

ground electrode was placed over the acromion on the side

of the less-impaired hand. Disposable Ag/AgCl surface

EMG electrodes with a gel-skin contact, active detection

area of 15 mm2 for each electrode and a 20 mm centre to

centre inter-electrode distance, were placed in parallel with

the muscle fibre direction over the muscle bellies after

cleaning and gentle abrasion of the skin. The EMG signals

were amplified 20 times, high-pass pre-filtered at 10 Hz

and AD-converted at 1,000 Hz with a 22-bit resolution and

stored on a computer. The EMG signals were band-pass

filtered with a zero lag 2nd order Butterworth filter between

10 and 400 Hz and then full-wave rectified. Finally, the

EMG signals were smoothed with a zero lag 2nd order low-

pass Butterworth filter at 6 Hz.

Bilateral EMG recordings were analyzed from the first

two cycles of each trial.2 Typically, EMG amplitudes are

scaled to the activation levels recorded either during an

isometric maximal voluntary contraction or a specified

steady-state sub-maximal contraction. However, this

procedure is likely to be unreliable in people with neuro-

logical conditions since they are often unable or unwilling to

perform maximum contractions (van Dieën et al. 2003;

Smith et al. 2008). Therefore, to determine the intensity of

the mean neuromuscular activity of each muscle during the

bimanual movement, the mean amplitude was calculated

from the smoothed raw EMG signals. In addition, the amount

of concentric and eccentric muscle activity was determined.

To this end, the EMG profile of each muscle was broken

down into active and inactive phases, after the threshold for

muscle contraction was determined. Consistent with Perry

et al. (2001), it was assumed that a purposeful activation of a

muscle causes an increase in the EMG signal within the

frequency range of 0–160 Hz. The active/inactive threshold

value was then calculated as follows: T = 15 ? 1.5R, where

T is the threshold value, R is the mean value of the EMG

signal above 160 Hz and the constants are derived from

Perry et al. (2001). A muscle was classified as active if the

smoothed raw EMG signal was above the threshold level.

Subsequently, the active phases were classified as eccentric,

concentric or isometric depending on the observed elbow

movement and the primary mechanical function of the

muscle (i.e. flexion or extension). For example, BBB muscle

activity above threshold was classified as concentric when

the elbow was being flexed and as eccentric when the elbow

was being extended. Above threshold, TBL muscle activity

was classified as concentric for elbow extension and as

eccentric activity for elbow flexion. If the muscle was active

but no change in elbow angle was observed, it was classified

as isometric activity. However, this isometric activity was

not included in further analysis of this study since the task

involved a dynamical movement with accordingly very short

relative durations of isometric activity (1.25% of the total

muscle activity). The duration of all eccentric and concentric

phases was summed and expressed as a percentage of the

total movement time (i.e. the movement time of the first two

cycles), giving the relative duration of eccentric activity and

the relative duration of concentric activity for each muscle.

Statistical analysis

The effect of viewing side and visual feedback condition on

the bimanual coupling, EMG intensity and the phases of

muscle activity in each arm, was tested using a repeated

measurement ANOVA with three within factors: Limb

(impaired, less-impaired), Viewing side (view impaired

[ViewImp], view less-impaired [ViewLessImp]) and Visual

condition (mirror, screen, glass). These analyses were con-

ducted using mean data calculated from the three trials per

combination of independent variables. In the event that the

sphericity assumption was violated, Greenhouse-Geisser

adjustments were applied. Fisher’s LSD tests were used for the

post hoc analysis, and the level of significance was set at 0.05.

2 Only the first two cycles of each trial could be analyzed since some

children with SHCP could only fulfil 2 cycles before they adopted a

different coordination mode than the one they were instructed to

produce. Moreover, for some children the movement time allowed

them to complete only 2 cycles within the allocated time of each trial

or the hand slipped off the handle at which point the trial had to be

terminated.
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Results

Bimanual coupling

The CRP did not differ in the three visual conditions (mir-

ror = 6.6� ± 6.3�; screen = 13.2� ± 7.2�; glass = 10.8� ±

7.4�) and the viewing side did not have an effect on the in-

terlimb coupling either (ViewImp = 11.1� ± 6.4� and

ViewLessImp = 9.3� ± 7.0�; see Table 2 for values per

individual condition). The overall mean was 10.2� ± 6.6�,

indicating that the less-impaired arm was the leading limb.

Intensity of the mean neuromuscular activity in BBB

and TBL

There were no significant main or interaction effects on the

mean neuromuscular activity in BBB and TBL of either

Viewing side or Visual condition (see Table 3). This means

that the EMG intensity in BBB and TBL did not change as

a function of viewing side or the nature of visual feedback.

Viewing the impaired arm and its mirror reflection did not

result in higher levels of EMG intensity (BBB: 24.1 ± 3.1;

TBL: 9.9 ± 1.2) than viewing the less-impaired arm and

its mirror reflection (BBB: 21.7 ± 3.6; TBL: 11.2 ± 2.0).

Inspection of Table 3 seems to indicate a trend

(F2,18 = 2.76, P = 0.09) towards lower intensities of

neuromuscular activity in the mirror condition compared

with the glass and the screen conditions (especially in the

BBB of the less-impaired limb in the ViewLessImp con-

dition). In addition, the mean neuromuscular activity ten-

ded to be higher in the impaired than in the less-impaired

arm for both the BBB and TBL muscles (BBB: 29.0 ± 4.9

vs. 19.5 ± 3.9; TBL: 14.7 ± 3.3 vs. 8.5 ± 1.1); however,

the ANOVA indicated that this effect of Limb was not

statistically significant (BBB: F1,9 = 2.29, P = 0.17; TBL:

F1,9 = 3.40, P = 0.10).

Relative duration of concentric and eccentric activity

in the BBB muscle

No significant main or interaction effects were found for

the concentric activity of the BBB muscle (see Table 4).

Mirror visual feedback, irrespective of which arm was

viewed, did not have an effect on the relative contribution

of concentric BBB activity to the execution of the move-

ment in the impaired or less-impaired arm (F2,18 = 0.36;

P = 0.70). Additionally, there tended to be more concen-

tric activation in the impaired limb than in the less-

impaired limb (25.8 ± 3.9 vs. 17.2 ± 4.4), but this dif-

ference was insignificant (F1,9 = 2.74, P = 0.13).

For the eccentric activity of the BBB muscle, a signifi-

cant main effect of the Limb was found (F1,9 = 7.53,

P = 0.02) with the impaired limb having 16.3% more

eccentric activity than the less-impaired limb. This effect

was accompanied by a three-way interaction between

Limb, Viewing side and Visual condition (F2,18 = 4.67,

P = 0.02). Figure 2 illustrates this interaction using the

difference in eccentric activity between the two viewing

sides (i.e. ViewImp and ViewLessImp) for the impaired

and less-impaired limb and for each visual condition. This

difference score was determined by subtracting the

eccentric activity in the ViewImp condition from the

eccentric activity in the ViewLessImp condition. A nega-

tive difference score then indicates lower eccentric activity

in the ViewLessImp condition, whereas a positive differ-

ence score represents higher eccentric activity in the

ViewLessImp condition. Inspection of Fig. 2 and post hoc

examination of the three-way interaction indicated that

there were no effects of Visual condition or Viewing side

Table 2 Mean and SE values of the continuous relative phase (CRP)

in degrees for each visual condition and viewing condition

ViewImp ViewLessImp

Mirror 8.1 ± 7.7 5.0 ± 6.6

Screen 17.2 ± 7.1 9.3 ± 8.6

Glass 8.0 ± 6.6 13.6 ± 8.6

Table 3 Mean and SE values of the intensity of mean neuromuscular

activity (lV) for the BBB and the TBL muscle of the impaired and the

less-impaired limb presented for each viewing condition (ViewImp,

ViewLessImp)

BBB

ViewImp ViewLessImp

Impaired limb

Mirror 29.9 ± 4.2 27.4 ± 5.7

Screen 27.9 ± 4.2 27.3 ± 5.6

Glass 31.0 ± 6.3 30.6 ± 5.2

Less-impaired limb

Mirror 18.2 ± 3.8 16.2 ± 3.2

Screen 17.6 ± 3.4 21.3 ± 4.4

Glass 17.5 ± 4.5 26.2 ± 7.2

TBL

ViewImp ViewLessImp

Impaired limb

Mirror 12.4 ± 2.2 13.9 ± 3.5

Screen 12.4 ± 2.0 17.3 ± 5.4

Glass 15.4 ± 4.3 16.8 ± 3.9

Less-impaired limb

Mirror 7.3 ± 1.1 8.4 ± 1.4

Screen 8.8 ± 1.3 8.8 ± 1.4

Glass 6.8 ± 1.1 10.6 ± 1.9

398 Exp Brain Res (2011) 213:393–402
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on the eccentric activity of the less-impaired arm. For the

impaired arm, however, mirror visual feedback from the

impaired arm resulted in 10.3% more eccentric activity

than mirror visual feedback from the less-impaired arm

(P = 0.007). Furthermore, a significant effect of Viewing

side was also present in the glass condition, where looking

from the less-impaired side resulted in more eccentric

activity than looking from the impaired side (mean dif-

ference score = 8.7%, P = 0.02). Viewing side did not

have an effect on the eccentric activity of the BBB in the

screen condition. Finally, focusing on the differences in

eccentric activity between the visual conditions (see

Table 4), it was found that mirror visual feedback of the

less-impaired arm resulted in less eccentric activity in the

impaired arm than the glass condition when viewing from

the same side (mean difference = 12.8%, P = 0.001). In

addition, the glass condition was performed with more

eccentric activity in the impaired arm than the screen

condition (mean difference = 8.2%, P = 0.02).

Relative duration of concentric and eccentric activity

in the TBL muscle

For the concentric activity of the TBL muscle, a significant

interaction effect between Limb and Viewing side was found

(F1,9 = 10.47, P = 0.01; see Table 4). The concentric

activity in the impaired limb was larger than in the less-

impaired limb for both the ViewImp and the ViewLessImp

condition (mean difference = 8.56 and 4.56%, respec-

tively). Furthermore, viewing from the less-impaired side

resulted in longer durations of concentric activity in the less-

impaired limb than viewing from the impaired side, irre-

spective of the visual condition (mean difference = 3.49%).

Table 4 Mean and SE values

of the eccentric and concentric

muscle activity, expressed as a

percentage of the total

movement, of the Biceps

Brachii Brevis (BBB) and the

Triceps Brachii Longus (TBL)

in the impaired and less-

impaired limb for theViewImp

(viewing the movement from

the impaired side of the body)

and ViewLessImp (viewing the

movement from the less-

impaired side of the body)

conditions

BBB (%muscle activity)

Eccentric Concentric

ViewImp ViewLessImp ViewImp ViewLessImp

Impaired limb

Mirror 34.2 ± 4.9 23.9 ± 6.5 26.6 ± 3.7 26.1 ± 4.2

Screen 30.2 ± 5.5 28.5 ± 7.2 25.7 ± 4.7 22.5 ± 3.6

Glass 28.0 ± 6.1 36.7 ± 6.3 25.1 ± 5.4 28.6 ± 4.1

Less-impaired limb

Mirror 12.5 ± 4.1 13.2 ± 4.5 16.4 ± 5.1 16.2 ± 4.5

Screen 12.2 ± 4.1 16.3 ± 4.3 17.4 ± 5.0 18.8 ± 4.6

Glass 15.1 ± 5.6 14.5 ± 3.7 16.2 ± 5.3 18.3 ± 5.2

TBL (%muscle activity)

Eccentric Concentric

ViewImp ViewLessImp ViewImp ViewLessImp

Impaired limb

Mirror 7.3 ± 2.8 11.6 ± 4.2 10.5 ± 3.7 9.9 ± 4.9

Screen 9.1 ± 3.4 11.7 ± 4.0 11.8 ± 3.4 13.5 ± 5.2

Glass 10.8 ± 4.6 13.0 ± 4.8 12.7 ± 4.5 13.0 ± 4.7

Less-impaired limb

Mirror 3.4 ± 1.6 4.9 ± 2.3 1.7 ± 0.7 3.8 ± 1.4

Screen 5.2 ± 1.8 3.2 ± 1.2 4.3 ± 1.5 5.7 ± 2.0

Glass 2.2 ± 1.5 8.3 ± 2.6 1.8 ± 1.2 8.8 ± 3.0
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Fig. 2 Difference scores of the relative duration of eccentric activity

(in percentage) in the BBB muscle of the impaired (left side of the

figure) and the less-impaired limb (right side of the figure) for the

mirror (black bars), screen (white bars) and glass (dashed bars)

condition. A positive difference score means that the eccentric

activity is higher in the ViewLessImp compared with the ViewImp

condition, and a negative difference score means that the eccentric

activity is lower in the ViewLessImp condition compared with the

ViewImp condition
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For the eccentric activity of the TBL, no effect of Limb,

Visual condition or Viewing side was found.

Discussion

This study investigated the effect of mirror visual feedback

from the impaired arm (‘compromised’) compared with the

mirror visual feedback from the less-impaired arm

(‘uncompromised’) on the interlimb coupling and the neu-

romuscular control during a bimanual coordination task in

children with SHCP. In doing so, we wanted to determine

whether previously found effects of the mirror box illusion

in these children (Feltham et al. 2010a, c) were the result of

the mirror and the related perception of visual symmetry per

se or of the illusion that the impaired arm appears to move

with less jerk and in synchrony with the less-impaired arm.

While the former would mean that ‘compromised’ as well

as ‘uncompromised’ mirror visual feedback can trigger an

improvement of the bimanual coupling and/or the neuro-

muscular activation, the latter can only be elicited by

‘uncompromised’ mirror visual feedback.

The CRP, which gives an indication of the nature of the

bimanual coupling during this task, i.e., the synchronicity

of the two limbs, indicates that the less-impaired arm was

‘leading’ the impaired arm across all conditions. This is in

congruence with earlier studies on bimanual coordination

in typically developing children (Pellegrini et al. 2004) and

adults (e.g. Amazeen et al. 1997; Stucchi and Viviani 1993;

Treffner and Turvey 1995). The asynchrony of approxi-

mately 10� falls within the higher range of previously

reported values in children with SHCP (Feltham et al.

2010a: -0.3�; Volman et al. 2002: -5� to 9�), but is still

acceptable given the unilateral impairment of the children.

Note that the phase lag between the two hands may indicate

that the movement of the lagging impaired hand may be

guided by visual feedback from the less-impaired hand.

However, the CRP did not change as a function of visual

condition or viewing side, which suggests that the biman-

ual coupling is clearly not solely governed by a visual

feedback mechanism and that processes relying on central

representations of action do contribute to the coupling as

well (addressed below).

It thus seems that mirror visual feedback did not influ-

ence the interlimb coupling, and there was no difference

between ‘compromised’ and ‘uncompromised’ mirror

visual feedback. Interestingly, however, the mirror did

have an effect on the neuromuscular activity required to

perform the task. This suggests that, although the move-

ment performance itself remained the same, the muscular

effort responsible for this movement did change in

response to the available visual information. Our results

demonstrate that mirror visual feedback led to a reduction

in eccentric BBB activity in the impaired arm compared

with the glass condition, and importantly, this effect was

exclusive to ‘uncompromised’ mirror visual feedback, i.e.,

viewing the less-impaired arm and its mirror reflection

(ViewLessImp). In the impaired arm, mirror visual feed-

back of the less-impaired arm appears to have the capacity

to improve the neuromuscular efficiency by reducing the

disproportionally high eccentric activity. The finding that

‘compromised’ mirror visual feedback did not elicit a

similar effect shows that the mirror effect in children with

SHCP is not just a response to the visual symmetry, but is

also dependent on the type of visual information generated

by the mirror. The latter nuances the findings of Franz and

Packman (2004) who found that mirror visual feedback

enhanced the bimanual coupling (i.e. similarity in range of

motion of the two hands) in typical adults, irrespective of

viewing mirror feedback from the left or the right hand.

However, unlike in typical adults, in children with SHCP,

the nature of mirror visual feedback from the left and right

hand is qualitatively different, which might explain the

apparent discrepancy between the two studies.

The finding from the present study that mirror visual

feedback of the impaired arm has the opposite effect of

‘uncompromised’ apparent symmetrical motion in children

with SCHP qualifies the findings of Feltham et al. (2010c)

who only looked at the effect of mirror feedback from the

less-impaired arm. We demonstrated that the favourable

results (i.e. the reduction in eccentric BBB activity in the

impaired arm) are not just due to the visual perception of

apparent bimanual symmetry per se. Instead, children with

SHCP appear to benefit specifically of mirror visual feed-

back from the less-impaired arm, which seems to be in line

with the notion of Ramachandran (2005). Ramachandran

hypothesised that mirror visual feedback may assist the

central control of movement in people with unilateral

motor problems by restoring the congruence between dis-

rupted sensory information and the central motor command

signals. According to this view, the information provided

by the mirror could assist in the neuromuscular control of

the movement by replacing conflicting visual feedback of

the impaired limb with feedback that is in accordance with

the intended movement (i.e. ‘uncompromised’ visual

feedback of the less-impaired limb). By showing that the

mirror effect on motor performance in children with SHCP

is specifically related to mirror visual feedback of the less-

impaired arm, the current study provides a valuable con-

tribution to the discussion about the underlying mecha-

nisms of this effect. Nevertheless, the actual neural

underpinnings will only be revealed using advanced neuro-

imaging techniques. In addition, it may be surprising that a

short exposure to the mirror already induces these effects

on the neuromuscular activity and future studies should

examine the impact of longer exercise or interventions with
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mirror feedback. Related to this issue is the fact that no

(major) effect of the mirror was observed on the bimanual

coupling or neuromuscular measures such as the intensity

of mean neuromuscular activity, the eccentric activity in

the TBL muscle and concentric activity in the BBB muscle.

Furthermore, we cannot exclude the limited number of

trials (three per condition) and the large age range of the

participants to affect the precision and generalisation of the

results. The precision of the measurement might be

enhanced with larger number of trials, but in the current

study, it was high enough to reveal significant differences

between the conditions. One can expect that a larger

number of trials will enhance the actual results but one

must also consider that the limited attention span and

fatigability of the participants with cerebral palsy might

interfere. Considering that the present study used a repe-

ated measures design each participant was his own control

and the variability that the large age range may have

introduced was nevertheless small enough to show a sig-

nificant effect of the experimental conditions. While we did

not anticipate an age effect, we cannot exclude it and

suggest that this should be further investigated.

In conclusion, this study provided more insight into the

effects of mirror visual feedback in children with SHCP.

We showed that the effects found by Feltham et al. (2010a,

c) on neuromuscular activity and bimanual coordination

are likely not caused by the perception of two symmetri-

cally moving limbs per se. Instead, for an increase in

neuromuscular efficiency of bimanual movement (i.e. a

decrease in excessive eccentric activity in the arm flexors),

children with SHCP require mirror visual feedback of the

(‘unaffected’) less-impaired limb.
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