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BRIEF REPORT

Executed and Imagined Bimanual Movements: 
A Study Across Different Ages

Alessandro Piedimonte and Francesca Garbarini
University of Turin

Marco Rabuffetti
Found. Don Carlo Gnocchi IRCCS, Milan, Italy

Lorenzo Pia and Anna Berti
University of Turin

Movements with both hands are essential to our everyday life, and it has been shown that performing 
asymmetric bimanual movements produces an interference effect between hands. There have been many 
studies— using varying methods—investigating the development of bimanual movements that show that 
this skill continues to evolve during childhood and adolescence. In the current study we used a spatial 
bimanual task to delineate the development of bimanual movements not only during different stages of 
childhood but also during late stages of adulthood. Furthermore, we used the same task as a window to 
observe the involvement of motor imagery through the same age groups. For this study we recruited 
participants from 4 different age groups and asked them to perform congruent and noncongruent 
bimanual movements in a Real condition, where participants moved both hands, and in an Imagery 
condition, where they had to imagine 1 hand’s movements while actually using the other hand. Our 
results showed that, with actual movement execution, the interference between motor programs of the 2 
hands is higher in children (6-10 years old) than in younger adults (20-30 years old), while it tends to 
increase again in the elderly adults (60-80 years old). Interestingly, in the Imagery condition, the 
interference was present only among 10-year-old and 20- to 30-year-old participants, suggesting that 
motor imagery, not yet developed in young children and compromised by age in the elderly subjects, did 
not modulate motor performance in these last 2 groups.

Keywords: bimanual movements, coordination, motor imagery, development, aging

Bim anual m ovem ents are a peculiar feature o f the human 
m otor system, and many interactions w ith the surrounding 
environm ent are composed of actions perform ed with both 
hands w ithout any visible effort. However, it has been shown 
that moving each hand in an asym metric way produces in ter­
ference effects caused by the reciprocal influence of different 
m otor program s o f each hand (Chan & Chan, 1995). A funda­
m ental discovery is that bim anual coordination follows intrinsic 
dynamics where specific patterns are spontaneously adopted 
because they are m ore stable and efficient. An example of these 
dynamics is represented by in-phase (e.g., flexing both index 
fingers) or antiphase m ovem ents (e.g., extending one index 
finger and flexing the other). In-phase movem ents are well

executed at both low and high speed, while antiphase m ove­
ments are well executed only at low speed and tend to shift to 
in-phase movem ents at high speed (Kelso, 1984; Kelso & 
Schöner, 1988). This interference effect between hands is 
thought to reflect interactions between two different motor 
programs (Heuer, 1993; W olpert & Ghahramani, 2000), but 
also a conflict between perceptual goals related to each hand 
rather than intrinsic m otor conflicts (M echsner, Kerzel, 
Knoblich, & Prinz, 2001). A classic example of this interfer­
ence effect (also called coupling) in the spatial domain is the 
case in which one subject is asked to draw simultaneously 
circles with one hand and lines with the other (Franz, 1991; 
Franz, Zelaznik, & M cCabe, 1997). Kinematic components of 
both program m ed m ovem ents interfere with each other, and the 
result is that both hands’ trajectories tend to become oval (i.e., 
the lines tend to become circles and circles tend to become 
lines). Even if the ability to move both arms with simple 
sym metric m ovem ents is present during the first year of life, 
m ore complex bim anual asym metric movem ents seem to appear 
in 24-m onth-old children (Fagard & lacquet, 1989). This b i­
m anual skill tends to continuously develop during the teen and 
adolescence years. N ormative data on a classic dexterity test, 
the Purdue Pegboard, has shown a monotonic increase of b i­



m anual coordination from 2-year-old to 11-year-old children 
(W ilson, lacoviello, W ilson, & Risucci, 1982). W hile the Pur­
due Pegboard focuses on a general index o f coordination, other 
studies have explored selectively spatial aspects of bim anual 
coordination during developm ent. One of the first studies on 
drawing tasks in children showed that using both hands sim ul­
taneously led to errors in performing specific m ovem ents like 
copying parallel oblique lines (Abercrom bie, Lindon, & Tyson, 
1968). A fter this observation, different developm ental studies 
focused on the difference between m irror (i.e., each hand moves 
toward an opposite “m irrored” direction, for instance one hand 
toward the left and the other toward the right in respect to the 
body midline) and parallel (i.e., each hand moves toward the 
same direction, for instance both hands toward the left) bim an­
ual movem ents showing that drawing accuracy is higher in 
m irror versus parallel movem ents in 7-year-old children but that 
these differences decrease significantly in 8- to 10-year-old 
children (Fagard, 1987; Fagard, Hardy, Kervella, & Marks, 
2001; Fagard & Peze, 1992; H auert & Steffen, 1987); further­
more, developm ental advancements with m irror movem ents are 
earlier obtained than advancements with parallel bim anual 
movem ents during childhood (Fagard & Corroyer, 2003). In ­
deed, m irror movem ents are m ost prom inent in young children 
(Utley & Steenbergen, 2006) but tend to disappear during the 
first decade of life (Lazarus & Todor, 1987). O ther studies have 
used variations of the bim anual coordination task developed by 
Preilow ski (1972, 1975), in which each hand moves a handle 
linked to a specific coordinate axis (i.e., one hand for the x-axis 
and the other hand for the y-axis) to draw pictures. Results with 
this task showed that bim anual coordination, both in speed and 
accuracy, significantly increases w ith age, from 6 to 13 years 
old and from 6 to 15 years old (Steese-Seda, Brown, & Caetano, 
1995, and Marion, Kilian, Naramor, & Brown, 2003, respec­
tively). Furthermore, conditions requiring m ore asymmetric 
perform ance between hands and conditions w ithout visual feed­
back significantly worsen bim anual perform ance (M arion et al.,
2003). W ith the same task, it has been found that older adults, 
between 60 and 85 years old, did not perform  as well as the 
younger adults, between 19 and 29 years old (Moes, Jeeves, & 
Cook, 1995). In general, bim anual coordination in the elderly 
population, 6 0 -8 0  years old, tends to be poorer than in the 
younger population, 2 0 -3 0  years old (Serrien et al., 2000; 
Stelmach, Amrhein, & Goggin, 1988; Swinnen et al., 1998; 
Temprado, Swinnen, Carson, Tourment, & Laurent, 2009).

Functional imaging studies have shown that asymmetric biman­
ual movements, compared to symmetric ones, correspond to a 
greater activation in a right frontoparietal circuit including the 
supplementary motor area, premotor cortex, and inferior and su­
perior parietal lobules (Sadato, Yonekura, Waki, Yamada, & Ishii, 
1997; Wenderoth, Debaere, Sunaert, Van Hecke, & Swinnen,
2004). These areas seem to be involved in motor intention and 
planning (Fried, Mukamel, & Kreiman, 2011; Lau, Rogers, Hag­
gard, & Passingham, 2004) as well as in motor control and aware­
ness (Berti et al., 2005). From a developmental point of view, it is 
important to update this motor control system taking into account 
the height, weight, and musculoskeletal changes, especially during 
childhood and adolescence (Caeyenberghs, Wilson, van Roon, 
Swinnen, & Smits-Fngelsman, 2009). Indeed, different imaging 
studies have found that the primary sensory-motor cortex develops

early, within the first year after birth, while frontoparietal areas 
involved in motor control continue to mature between 6 and 10 
years of age, reaching their peak after puberty (Gogtay et al., 2004; 
for a review see Casey, Galvan, & Hare, 2005). On the other hand, 
frontal and parietal regions tend to deteriorate with age in terms of 
gray and white matter loss (Seidler et al., 2010), and it has been 
found that these areas show a greater decline compared to temporal 
and occipital regions even in healthy elderly adults (Resnick, 
Pham, Kraut, Zonderman, & Davatzikos, 2003).

Bimanual movement tasks are not only important tools to eval­
uate the maturity of motor coordination at different ages but can 
also be used to evaluate the development of other fundamental 
aspects of motor system function, such as the ability to imagine an 
action.

Motor imagery is defined as an active cognitive process in 
which movements are mentally represented without any overt 
body movements (Decety & Grezes, 1999), and it has been shown 
to be an important way for learning a new motor skill or improving 
motor abilities (Guillot et al., 2009; Reiser et al., 2011). Over the 
past decade, psychophysical and neuroimaging research on motor 
control have shown that there are striking similarities between real 
and imagined movement processes. For instance, in the behavioral 
domain, the time to complete an imagined movement is known to 
be similar to the time needed for the actual execution of that 
movement (Decety et al., 1989; Frak et al., 2001; Sirigu et al., 
1995), a phenomenon known as mental isochrony (for a review, 
see Parsons, 2001). According to the proposal that imagined move­
ments obey the same biomechanical laws as real movements, many 
neuroimaging studies have reported substantial overlap of brain 
regions activated during both motor imagery and motor execution 
(Fhrsson, Geyer, & Naito, 2003; Gerardin et al., 2000; Jeannerod, 
1994, 1997). Recently, using radial pointing and mental rotation 
tasks in a group of 7- to 12-year-old children, it has been shown 
that the relationship between motor imagery and motor skill be­
comes stronger with age (Caeyenberghs et al., 2009). Moreover, 
while timing correspondence between executed and imagined 
movements is poor in 6- and 8-year-old children, it improves 
around the age of 10 and tends to be robust in 22-year-old adults 
(Skoura, Vinter, & Papaxanthis, 2009). The skill to imagine body 
movements becomes weaker in older adults, after 64 years old, in 
particular for first-person (i.e., from the same point of view from 
which we see our performed movements) imagined movements 
(Mulder, Höchstenbach, van Heuvelen, & den Otter, 2007).

Although many studies have evaluated the development of 
motor imagery ability when unimanual action was requested, to the 
best of our knowledge, the effect of imaging movement of one 
hand on the motor execution of the other hand has never been 
explored in child populations. Therefore the question is how bi­
manual coupling develops through age and in particular when it 
becomes observable in imagery condition.

In the present study we addressed different experimental ques­
tions about the development of both execution and imagery ability 
in bimanual actions, using a specific task in which subjects through 
different age groups (between 6 and 80 years old) were asked to 
draw (or imagine drawing) circles with their left hand while 
simultaneously drawing lines with their right hand. Our assump­
tion was that if we observed a coupling effect in the imagery 
condition, then the amount of interference could be considered a 
direct indicator of imaging abilities. First, since the frontoparietal



network underlying motor control completely develops during 
adolescence and seems to deteriorate in elderly populations, we 
hypothesized that a bimanual coupling effect would be higher 
during childhood and old age while decreasing during adulthood. 
Second, if motor imagery triggers the same motor intention/pro­
gramming cascade of events as motor execution, we also expected 
to find a bimanual coupling effect when bimanual movements 
were characterized by an actual movement with the right hand and 
an imagined movement with the left hand. If this proved to be true, 
we also wanted to know whether the same development found in 
bimanual actual performance through different ages would be 
present in the Imagery condition.

Method

Participants

Child participants were recruited from a primary school in a 
middle-class area in Turin, Italy. Adult participants were recruited 
from undergraduate and postgraduate students, with a middle 
socioeconomic status, at the University of Turin. Elderly partici­
pants were recruited from families of undergraduate and postgrad­
uate students, with a middle socioeconomic status, in Turin. All 
groups’ populations were represented by white Caucasian people 
and were native Italian speakers. All participants had no history of 
psychiatric or neurological illness, and all were right-handed. 
From these populations four groups were formed: 6 years old 
group {n = 20; mean age =  5.45; SD = 0.5; males =  10; females = 
10), 10 years old group {n = 20; mean age =  9.45; SD = 0.49; 
males =  10; females =  10), 20 -30  years old group (n = 20; mean 
age =  24.5; SD = 3; males =  10; females =  10), and the 6 0 -8 0  
years old group {n = 20; mean age =  75.5; SD = 6.5; males =  10; 
females =  10).

Where possible, participants completed an explicit test for motor 
imagery skills. In order to assess the motor imagery subjective 
abilities in young participants (20-30  years old), we gave them a 
translated version of the Movement Imagery Questionnaire- 
Revised Second version (MIQ-RS; Gregg, Hall, & Butler, 2010). 
In this test, each item entails performing a movement, visually or 
kinesthetically imaging that movement, and then rating the ease or 
difficulty of generating that image on a 7-point scale ranging from 
1 {very hard to see/feel) to 7 (very easy to see/feel)\ the global 
score is calculated as a mean of the answers. According to the 
MIQ-RS, all young participants reported high motor imagery sub­
jective abilities (visual scale Mean ±  SD = 6.2 ±  0.2; kinesthetic 
scale Mean ±  SD = 5.8 ±  0.2). To assess motor imagery skills in 
the elderly group (6 0 -8 0  years old), we administered a translated 
version of the Kinesthetic and Visual Imagery Questionnaire 
(KVIQ-10; Malouin et al., 2007). Exactly as in the previous test, 
each item of the KVIQ-10 entails performing a movement, then 
visually and kinesthetically imaging it, and then rating the imagery 
performance on a 5-point scale ranging from 1 (very hard to 
see^eel) to 5 (very easy to see^eely, the global score is calculated 
as the total sum of the answers. According to the KVIQ-10, all 
elderly participants reported medium motor imagery subjective 
abilities (visual scale Mean ±  SD = 15.7 ±  0.9; kinesthetic scale 
Mean ±  SD = 14.9 ±  0.8).

No explicit standardized motor imagery test for children was 
found, so the 6-year-old and 10-year-old groups could not be 
tested.

Materials and Procedure

While blindfolded, each participant was asked to perform bi­
manual movements in different conditions that required continu­
ous drawing of vertical lines and/or circles, without interruption, 
for 12 s per trial. Each participant sat in front of a table, upon 
which we put the tablet PC positioned to the right of the partici­
pant’s sagittal midline. Subjects were always asked to draw ver­
tical lines with the right hand, and only right-hand movements 
were registered on the tablet. W hen bimanual movements were 
requested, the left hand had to draw on a sheet of paper. For each 
trial, movement trajectories were automatically recorded by the 
tablet PC for the right hand, and an Ovalization Index (OI) was 
calculated as the standard deviation of the right-hand trajectory 
from an absolute vertical line. The definition of the OI required 
that the raw measured trajectories be preliminarily elaborated by 
removing confounding factors (slow lateral drift and inclination of 
the vertical drawing direction). The drawing performance was then 
segmented by identifying each cycle. The OI was finally computed 
as the average of the percentage ratio between the standard devi­
ation of the horizontal drawing component and standard deviation 
of the vertical drawing component. The OI shows null values for 
drawings without ovalization and 100 values for circular trajecto­
ries (for a precise description of the OI computation, see Garbarini 
et al., 2012).

Conditions. Participants, blindfolded, were asked to perform 
bimanual congruent or noncongruent movements. In congruent 
movements, subjects were requested to draw lines with both hands, 
while in noncongruent movements the right hand drew lines while 
the left hand drew circles. Participants performed these tasks under 
two different modalities: real execution, where subjects were asked 
to actually perform the bimanual tasks with both hands, and motor 
imagery, where subjects were asked to actually perform right-hand 
movement and, simultaneously, to imagine performing movements 
with the left hand. Thus, the complete experimental design was 
composed of these four conditions (see Figure 1):

1. Real Congruent Lines-Lines (R-LL): Subjects were asked 
to simultaneously draw vertical lines with both hands.

2. Real Noncongruent Circles-Lines (R-CL): Subjects were 
asked to simultaneously draw vertical lines with the right 
hand and circles with the left hand.

3. Imagery Congruent Lines-Lines (I-LL): Subjects were 
asked to draw lines with the right hand while imagining 
that they were simultaneously drawing lines with the left 
hand.

4. Imagery Noncongruent Circles-Lines (I-CL): Subjects 
were asked to draw lines with the right hand while 
imagining that they were simultaneously drawing circles 
with the left hand.

For each condition, six trials were registered, for a total of 24 
trials, presented accordingly to the following counterbalanced se-
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Figure 1. Experimental design. All participants actually performed con­
gruent (lines-lines) movements (upper left comer), actually performed 
bimanual noncongruent (circles-lines) movements (upper right comer), 
imagined left-hand movements (lines) while performing actual movements 
(lines) with the right hand (lower left corner), and imagined left-hand 
movements (circles) while performing actual movements (lines) with the 
right hand (lower right comer).

quence: six Real (R-LL/R-CL randomized), six Imagery (I-LL/ 
I-CL randomized), six Imagery (I-LL/I-CL randomized), and six 
Real (R-LL/R-CL randomized). Because it might be difficult to 
imagine a particular movement never tried before, the Imagery 
condition always followed the Real bimanual condition in all 
participants, leading to a counterbalanced design. We also assessed 
the general understanding of the Imagery task, explaining the task 
again and asking questions about its comprehension before the first 
Imagery block.

It is worth noting that participants’ left arm, during the Imagery 
task, rested on their left side, aligned with their trunk, and partic­
ipants did not hold the pen with their left hand. They were 
instructed to do this because we observed that it is possible, 
especially in young children, to let an involuntary movement start 
(i.e., performing circles) when imagining to perform movements 
(i.e., imaging circles), so we wanted to prevent this situation from 
happening.

To analyze our data, we performed a mixed analysis of variance 
(ANOVA), with a significance threshold of 0.05, and to further 
analyze significant interactions or main effects, we used a Dun­
can’s multiple range post hoc test.

Results

We compared the four experimental groups, using the OI as the 
dependent variable and performing a 2 X 2 X 4 mixed ANOVA 
with Task (Real and Imagery) and Condition (Congruent LL and 
Noncongruent CL) as two-level within-subject factors and Age 
group (6, 10, 20-30, 6 0 -8 0 ) as a four-level between-subjects 
factor.

The ANOVA found main effects of Age group, F(3, 76) =  1L5; 
p  <  .001 ,1)1 = 31; Task, F (l, 76) =  46.2; p  <  .001, = .38; and 
Condition, F (l, 76) =  89.1;/? <  .001, T]p =  .54, and the significant 
interactions of Age Group X Task, F(3, 76) =  5.34; p  = .002, 
T]p = .17; Task X Condition, F ( l , 76) =  45.8; p  <  .001, T]p =  .38; 
and Group X Task X Condition, F(3, 76) =  63; p  <  .001, r\j = 
.20 (see Figures 2 and 3). The significant main effect of the Age 
group factor is explained by a reduction of the coupling effect, that

Ic
.2■M
(D
N

'• =  10

IR-LL

R-CL

JL

10 2 0 - 3 0 6 0 - 8 0

Figure 2. Real task results. The x-axis shows the four studied groups (6-, 
10-, 20- to 30-, and 60- to 80-year-olds), and the y-axis the calculated 
Ovalization Index. Dark gray bars represent the Congruent condition, 
where subjects drew lines with both hands (R-LL). Light gray bars repre­
sent the Noncongruent condition, where subjects drew lines with the right 
hand and circles with the left hand (R-CL). p < .01. Error bars represent 
the standard error of the mean.

is, a reduction of the OI, between children (6- and 10-year-old 
groups) and adults (20- to 30-year-old and 60- to 80-year-old 
groups). The significant main effect of the Task factor was ex­
plained by a reduction of the OI from the Real situation, where 
subjects actually performed movements with both hands, to the 
Imagery situation, where subjects imagined left-hand movements 
and performed only right-hand movements. Finally, the significant 
main effect of the condition factor was explained by an increase of 
the OI from the Congruent (LL) condition to the Noncongruent 
(CL) condition.

Since the Group X Task X Condition interaction encompassed 
all the other interactions, we further analyzed it using a Duncan’s 
post hoc analysis: Relevant results are discussed below. In the Real

ll-LL

I-CL

10 20 -  30 60 -  80

Figure 3. Imagery task results. The x-axis shows the four studied groups 
(6-, 10-, 20- to 30-, and 60- to 80-year-olds), and the y-axis the calculated 
Ovalization Index. Dark gray bars represent the Congruent condition, 
where subjects drew lines with the right hand and imagined lines with the 
left hand (I-LL). Light gray bars represent the Noncongruent condition, 
where subjects drew lines with the right hand and imagined circles with the 
left hand (I-CL). * p < .05. ** p < .01. Error bars represent the standard 
error of the mean.



task, Duncan’s post hoc comparisons confirmed the presence of 
the bimanual coupling effect (i.e., significant increase of the OI 
value in Noncongruent R-CL versus Congruent R-LL condition) in 
all four groups (for each comparison, p  <  .01), showing the 
presence of this effect through all the different ages analyzed. In 
the Real Congruent condition R-LL, no difference was found 
between the four groups (for each comparison, p  >  .08), while in 
the Real Noncongruent condition R-CL we found a significant 
difference between child (6- and 10-year-old groups) and adults 
(20- to 30-year-old and 60- to 80-year-old) groups (for each 
comparison, p  <  .004), showing a decrease of coupling effect from 
children’s groups to adults’ groups. No difference was found in 
R-CL condition between 6- and 10-year-old children (p = .1) and 
between the 20- to 30-year-old and 60- to 80-year-old groups, 
although, in this case, the comparison approached significance 
(p = .06; see Figure 2).

In the Imagery task, Duncan post hoc comparisons confirmed 
the presence of the bimanual coupling effect (i.e., significant 
difference between Congruent I-LL and Noncongruent I-CL con­
ditions) only in the 10-year-old {p = .004) and 20- to 30-year-old 
groups (p = .04). No significant differences between I-LL and 
I-CL were found in the 6 -year-old group or in the 60- to 80-year- 
old group (for each comparison, p  >  .5; see Figure 3).

Comparing Real with Imagery tasks, we found no significant 
differences in all four groups between R-LL conditions and I-LL 
conditions (for each comparison, p >  .5) suggesting that congruent 
bimanual movements have the same effect in real and imagined 
conditions through all the analyzed ages. In the 6, 10, and 60- to 
80-year-old groups, significant differences were found between 
R-CL and I-CL (for each comparison,/? <  .001) with R-CL having 
a higher Ovalization Index than I-CL. Only in the 20- to 30-year- 
old group was no significant difference observed between R-CL 
and I-CL (p = .6), suggesting that noncongruent movements have 
the same effect in both Real and Imagery conditions only in the 
young-adults group.

Finally, even though counterbalancing within participants is 
adequate for a complete repeated-m easure design like ours 
(Shaughnessy, Zechm eister, & Zechm eister, 2006), since con­
ditions followed a specific order we checked possible learning 
effects between them. Thus, we confronted the difference be­
tween C-L and L-L (i.e., the coupling effect) in the first block 
of trials versus the same coupling effect in the last block of 
trials, performing a Student pairw ise t test. The analysis showed 
that three out of the four groups presented a significant reduc­
tion of the coupling effect (i.e., a m otor learning component) 
between the first and the last trials of the experiment: the 
6-year-old group, i(19) =  3.5, p  = .002; the 20- to 30 -year-o ld  
group, i(19) =  3A , p  = .003; and the 60- to 80-year-old group, 
i(19) =  3.27, p  = .004. Only the 10-year-old group did not 
show a learning effect between the first and the last trials. Since 
two groups that showed a learning effect did not show any 
effect in the m otor imagery task (the 6- and 60- to 80-year-old 
groups), and one group that did not show a learning effect had 
a significant effect in the m otor im agery task (the 10-year-old 
group), we can conclude that learning components did not 
influence m otor imagery. This learning effect was, however, 
corrected by the counterbalanced design (i.e., the first, less 
precise, trials were balanced by the last, m ore precise, trials).

Discussion

In the current study we compared four different age groups 
(6-, 10-, 20- to 30-, and 60- to 80-year-olds) using a bim anual 
spatial task to better understand the developm ent of bim anual 
coordination. W e used the same task to also study the evolve- 
m ent o f m otor imagery, specifically the effect o f m otor imagery 
on bim anual movem ents, through the same four age groups. Our 
results showed that bim anual coupling effects are present in all 
the groups considered but were significantly higher in children 
and elderly adults and that the im pact of m otor im agery on 
bim anual movem ents had a significant effect only in 10-year- 
old and 20- to 30-year-old participants.

In particular, in the Real task, where participants actually 
perform ed m ovem ents with both hands, our results confirmed 
the presence of bim anual coupling in all four age groups con­
sidered, suggesting that interference between different motor 
programs is a consistent effect through all of one’s life. Fur­
thermore, our data indicated that the strength of this coupling 
effect changes across different ages: It was found to be signif­
icantly higher in children (6 and 10 years old) than in adults 
(2 0 -3 0  and 6 0 -8 0  years old), and it tends to be stronger in 
elderly than in young adults. The first finding is consistent with 
the previous research concerning frontoparietal netw ork and its 
im portance in m otor control developm ent. Indeed, it has been 
shown, in children between 8 and 16 years old, that frontal lobe 
epilepsy compared with tem poral and global epilepsy, leads to 
m ore coordination deficits, in particular for younger children 
between 8 and 12 years old (Lassonde, Sauerwein, Jambaqué, 
Smith, & H elmstaedter, 2000). Furthermore, frontoparietal ar­
eas mature and fully develop between 6 and 10 years o f age 
(Gogtay et al., 2004). Our results, showing a decrease in cou­
pling effect from children to young adults, can be explained by 
these neuro-anatom ical findings. W e also found that a bim anual 
coupling effect is still present in the elderly group (6 0 -8 0  years 
of age), and its effect tends to be higher than the young adults’ 
effect. This slight tendency could be linked to frontal-parietal 
deterioration shown in the elderly population (Temprado et al., 
2003) and could be related to a difficulty in suppressing the 
preferred (i.e., congruent) bim anual coordination modes ob­
served in this population (Swinnen et al., 1998). However, in 
our study, it seems that this deterioration did not lead to a 
significant variation in the coupling effect. This last result can 
be explained by a recent study in which it has been shown that, 
during complex bim anual m ovem ents, older adults (61-79 
years old) tend to overactivate the same frontoparietal areas 
active in younger adults (21-31 years old), presum ably as a 
com pensation m echanism  (Goble et al., 2010).

In the Imagery task, we asked participants to perform  m ove­
ments with their right hand and to simultaneously imagine 
movem ents with their left hand, w ithout actually executing 
them. This task let us investigate the influence of m otor im ag­
ery on this spatial bim anual task. O ur results showed that, when 
the m otor imagery ability is more developed and stable, as in 
young adults and older children, the im agined m ovem ent im ­
poses constraints on the real m ovem ent that are sim ilar to those 
encountered during the actual execution of the bim anual task. 
According to the literature, which has suggested striking sim i­
larities between real and im agined movem ents from both a



psychophysical and a neuroimaging point of view (Ehrsson et 
al., 2003; Jeannerod, 1994), our findings suggest that motor 
im agery triggers the same m otor intention/program m ing cas­
cade of events as does m otor execution. Furthermore, our 
experim ental paradigm  allowed us to quantify the participants’ 
m otor im agery ability and to compare different age groups with 
respect to it. In the Im agery task we found a significant bim an­
ual coupling only in the group o f 10-year-old children and in the 
young adults’ group (2 0 -3 0  years old). The lack of effect in the 
group of little children (6 years old) can be ascribed to the fact 
that during this age m otor im agery ability is not yet developed 
enough to cause a coupling effect. According to the literature 
(Bideaud & Courbois, 1998; Molina, Tijus, & Jouen, 2008), it 
has been suggested that there is a sort of age cutoff for motor 
im agery developm ent around 7 years o f age: Children younger 
than this have difficulty imagining them selves acting unless the 
simulated activity is sustained by their actual activity. In other 
words, once children stop acting, they also lose the ability to 
think about themselves acting. On the contrary, after 7 years of 
age, children seem to be able to evoke m otor im agery indepen­
dently o f any real m otor activity. O ur data confirmed the 
absence of a detectable influence on bim anual coordination, at 
least for the test we employed, before 7 years o f age and the 
emergence o f it after this age. Indeed, we did not find any 
coupling effect in the imagery condition in 6 -year-o ld  children; 
whereas older children (10 years old) showed a significant 
coupling effect, im plying a developm ent of the m otor imagery 
skill. This imagery coupling effect was still present in the 20- to 
30-year-o ld  group, but while in the 10-year-old  group we 
found a higher coupling effect in the Real condition versus the 
Im agery condition, the young-adults group showed no differ­
ences between real and im agined bim anual movements, sug­
gesting a m ore complete and stable developm ent of motor 
im agery during early adulthood. In a previous study, we did not 
observe a significant bim anual coupling effect for the Imagery 
condition in an elderly group, tested as age-m atched healthy 
controls for the brain-dam aged patients (G arbarini et al., 2012). 
Similarly, in this study we did not find a significant coupling 
effect for the Im agery condition in the elderly group between 60 
and 80 years old. These findings, suggesting that m otor imagery 
ability may decline with age, are consistent with a study of 
M ulder and colleagues (2007), who showed that elderly partic­
ipants, over 64 years old, were worse in m otor imagery ability 
than younger participants, particularly in relation to motor 
im agery from an internal (first-person) perspective, as in our 
bim anual test.

These final results show that actual and im agined bim anual 
movem ents only partially follow the same developm ent. In our 
view, the amount o f coupling/interference effect observed is an 
inverse m easure o f the m otor control during actually performed 
movem ents (i.e., the higher the effect, the low er the sim ultane­
ous control over both hands), but it could also be considered a 
direct m easure of the im agery skill of the subjects (i.e., the 
higher the effect, the higher the skill to use an imagined 
m ovem ent to elicit an effect on an actually perform ed m ove­
ment). From a cerebral point of view, frontoparietal areas 
involved in m otor control are already developed enough to 
elicit, by actually perform ed movem ents, a coupling effect of 
the same size between 6 and 10 years old. Instead, a coupling

effect in m otor im agery appears only around 10 years old, 
suggesting that the developm ent o f other critical structures 
could be involved in this latter cognitive process. In young 
adults, between 20 and 30 years old, the frontoparietal network 
is stable enough to m aintain the low er coupling effect observed 
through all groups that actually perform ed movem ents and is 
also developed enough to elicit the same effect during the 
Im agery task. Furthermore, even if frontal and parietal regions 
start to deteriorate in the elderly population, a coupling effect in 
these subjects is only slightly worse (higher) than the effect in 
younger subjects, probably because of an overactivation of the 
same areas linked to a m ajor effort during m otor control (Goble 
et al., 2010). In Im agery conditions, instead, the coupling effect 
tends to disappear in older adults, suggesting in this case that 
the overactivation o f these areas may not be enough to m aintain 
an intact m otor im agery skill. Yet, an imagery coupling effect 
depletion in elderly subjects could still be explained w ith the 
deterioration of other cortical structures w ithin this population.

As a lim itation o f the study, it has to be taken into account 
that other indirect measures o f m otor imagery (i.e., MIQ-RS 
and KVIQ-10) failed to correlate w ith our bim anual task results, 
thus making it hard to collect a second subjective m easure of 
the m otor im agery skill. Specifically, the ceiling effect found in 
adults and the difficulty found in applying a subjective test to 
young children could have both affected the validity of our 
results. Furthermore, we are aware that four age groups do not 
fully represent all the developm ental stages from childhood to 
old age, and more differentiation between groups could help us 
in better interpreting our results and generalizing them from the 
experim ental sample to the real population. Future developm en­
tal studies on coupling effect using methods, like functional 
magnetic resonance imaging, and more differentiation between 
age groups, especially in the critical younger and older groups, 
could furtherm ore enlighten the cerebral relationship between 
real and im agined bim anual movem ents through development.

References

Abercrombie, M. L. J., Lindon, R. L., & Tyson, M. C. (1968). Direction of 
drawing movements. Developmental Medicine & Child Neurology, 10, 
93-97. doi:10.1111/j.l469-8749.1968.tb02844.x 

Berti, A., Bottini, G., Gandola, M., Pia, L., Smania, N., Stracciari, A., . . . 
Paulesu, E. (2005, July 15). Shared cortical anatomy for motor aware­
ness and motor control. Science, 309, 488-491. doitlO.l 126/science 
.1110625

Bideaud, J., & Courbois, Y. (1998). Nouvelles approches de la psychologie 
cognitive: Quel apport à l’étude de I’image mentale chez I’enfant? [New 
approaches to cognitive psychology: What is the contribution to the 
study of the mental image of the child?]. In J. Bideaud & Y. Courbois 
(Eds.), Image mentale et développement [Mental image and develop­
ment] (pp. 157-184). Paris, France: PUF.

Caeyenberghs, K., Wilson, P. H., van Roon, D., Swinnen, S. P., & Smits- 
Engelsman, B. C. (2009). Increasing convergence between imagined and 
executed movement across development: Evidence for the emergence of 
movement representations. Developmental Science, 12, 474-483. doi: 
10.1111/J.1467-7687.2008.00803.X 

Casey, B. J., Galvan, A., & Hare, T. A. (2005). Changes in cerebral 
functional organization during cognitive development. Current Opinion 
in Neurobiology, 15, 239-244. doi:10.1016/j.conb.2005.03.012



Chan, T., & Chan, K. (1995). Effect of frequency ratio and environmental 
information on spatial coupling: A study of attention. Ecological Psy­
chology, 7, 125-144. doi:10.1207/sl5326969eco0702_3 

Decety, J., & Grèzes, J. (1999). Neural mechanisms subserving the per­
ception of human actions. Trends in Cognitive Sciences, 3, 172-178. 
doi:10.1016/S1364-6613(99)01312-l 

Decety, J., Jeannerod, M., & Prablanc, C. (1989). The timing of mentally 
represented actions. Behavioural Brain Research, 34, 35-42. doi: 
10.1016/80166-4328(89)80088-9 

Ehrsson, H. H., Geyer, S., & Naito, E. (2003). Imagery of voluntary 
movement of fingers, toes, and tongue activates corresponding body-part 
specific motor representations. Journal o f Neurophysiology, 90, 3304- 
3316. doi:10.1152/jn.01113.2002 

Fagard, 1. (1987). Bimanual stereotypes: Bimanual coordination in children 
as a function of movements and relative velocity. Journal o f Motor 
Behavior, 19, 355-366. doi:10.1080/00222895.1987.10735417 

Fagard, 1., & Corroyer, D. (2003). Using a continuous index of laterality to 
determine how laterality is related to interhemispheric transfer and 
bimanual coordination in children. Developmental Psychobiology, 43, 
44-56. doi:10.1002/dev.l0117 

Fagard, 1., Hardy, I., Kervella, C., & Marks, A. (2001). Changes in 
interhemispheric transfer and the development of bimanual coordina­
tion. Journal o f Experimental Child Psychology, 80, 1-22. doi:10.1006/ 
jecp.2000.2623

Fagard, 1., & lacquet, A.-Y. (1989). Onset of bimanual coordination and 
symmetry versus asymmetry of movement. Infant Behavior and Devel­
opment, 12, 229-235. doi:10.1016/0163-6383(89)90009-X 

Fagard, 1., & Pezé, A. (1992). Coupling and lateralization in bimanual 
coordination at 7, 8, and 9 years of age. Developmental Neuropsychol­
ogy 8, 69-85. doi:10.1080/87565649209540516 

Frak, V., Pauhgnan, Y., & leannerod, M. (2001). Orientation of the 
opposition axis in mentally simulated grasping. Experimental Brain 
Research 136, 120-127. doi:10.1007/s002210000583 

Franz, E. A. (1997). Spatial coupling in the coordination of complex 
actions. Quarterly Journal o f Experimental Psychology A: Human Ex­
perimental Psychology, 50, 684-704. doi:10.1080/713755726 

Franz, E. A., Zelaznik, H. N., & McCabe, G. (1991). Spatial topological 
constraints in a bimanual task. Acta Psychologica, 77, 137-151. doi: 
10.1016/0001-6918(91 )90028-X 

Fried, I., Mukamel, R., & Kreiman, G. (2011). Internally generated pre­
activation of single neurons in human medial prefrontal cortex predicts 
volition. Neuron, 69, 548-562. doi:10.1016/j.neuron.2010.11.045 

Garbarini, F., Rabuffetti, R., Piedimonte, A., Pia, L., Ferrarin, M., Frassi- 
netti, F., . . . Berti, A. (2012). “Moving” a paralysed hand: Bimanual 
coupling effect in patients with anosognosia for hemiplegia. Brain, 135, 
1486-1497. doi: 10.1093/brain/aws015 

Gerardin, E., Sirigu, A., Lehéricy, S., Poline, 1. B., Gaymard, B., Marsault, 
C., . . . Le Bihan, D. (2000). Partially overlapping neural networks for 
real and imagined hand movements. Cerebral Cortex, 10, 1093-1104. 

Goble, D. 1., Coxon, 1. P., Van Impe, A., De Vos, 1., Wenderoth, N., & 
Swinnen, S. P. (2010). The neural control of bimanual movements in the 
elderly: Brain regions exhibiting age-related increases in activity, 
frequency-induced neural modulation, and task-specific compensatory re­
cruitment//«man Brain 31, 1281-1295. doi:10.1002/hbm.20943 

Gogtay, N., Giedd, 1. N., Lusk, L., Hayashi, K. M., Greenstein, D., 
Vaituzis, A. C., . . . Thompson, P. M. (2004). Dynamic mapping of 
human cortical development during childhood through early adulthood. 
Proceedings o f the National Academy o f Sciences o f the United States o f 
America, 101, 8174-8179. doi:10.1073/pnas.0402680101 

Gregg, M., Hall, C., & Butler, A. (2010). The MIQ-RS: A suitable option 
for examining movement imagery ability. Evidence-Based Complemen­
tary and Alternative Medicine, 7 249 -257. doi:10.1093/ecam/neml70

Guillot, A., Nadrowska, E., & Collet, C. (2009). Using motor imagery to 
learn tactical movements in basketball. Journal o f Sport Behavior, 32, 
189-206.

Hauert, C.-A., & Steffen, C. (1987). Gestion des homologies musculaires 
dans la coordination bimanuelle: Une étude préliminaire chez 1’enfant de 
7 et 8 ans [Management of muscle homologies in bimanual coordination: 
A preliminary study in children between 7 and 8 years old]. Schweizer- 
sche Zeitschrift fü r  Psychologie/Revue Suisse de Psychologie, 46, 7-15. 

Heuer, H. (1993). Structural constraints on bimanual movements. Psycho­
logical Research, 55, 83-98. doi:10.1007/BF00419639 

leannerod, M. (1994). The representing brain: Neural correlates of motor 
intention and imagery. Behavioral and Brain Sciences, 17, 187-245. 
doi:10.1017/S0140525X00034026 

leannerod, M. (1997). The cognitive neuroscience o f action. Cambridge, 
MA: Blackwell.

Kelso, 1. A. (1984). Phase transitions and critical behavior in human 
bimanual coordination. American Journal o f Physiology, 246(6 Pt 2), 
R1000-R1004.

Kelso, 1. A. S., & Schöner, G. (1988). Self-organization of coordinative 
movement patterns. Human Movement Science, 7 27-46. doi:10.1016/ 
0167-9457(88)90003-6 

Lassonde, M., Sauerwein, H. C., lambaqué. I., Smith, M. L., & Helms- 
taedter, C. (2000). Neuropsychology of childhood epilepsy: Pre- and 
postsurgical assessment. Epileptic Disorders, 2, 3-13.

Lau, H. C., Rogers, R. D., Haggard, P., & Passingham, R. E. (2004, 
February 20). Attention to intention. Science, 303, 1208-1210. doi: 
10.1126/science.l090973 

Lazarus, 1. A., & Todor, 1. I. (1987). Age differences in the magnitude of 
associated movement. Developmental Medicine & Child Neurology, 29, 
726-733. doi:10.1111/j.l469-8749.1987.tb08817.x 

Malouin, F., Richards, C. L., lackson, P. L., Lafleur, M. F., Durand, A., & 
Doyon, 1. (2007). The Kinesthetic and Visual Imagery Questionnaire 
(KVIQ) for assessing motor imagery in persons with physical disabilities: A 
reliability and construct validity study. Journal o f Neurologic Physical 
Therapy 31, 20-29. doi:10.1097/01.NPT.0000260567.24122.64 

Marion, S. D., Kihan, S. C., Naramor, T. L., & Brown, W. S. (2003). 
Normal development of bimanual coordination: Visuomotor and inter­
hemispheric contributions. Developmental Neuropsychology, 23, 399- 
421. doi:10.1207/S15326942DN2303_6 

Mechsner, F., Kerzel, D., Knobhch, G., & Prinz, W. (2001, lune 18). 
Perceptual basis of bimanual coordination. Nature, 414, 69-73. doi: 
10.1038/35102060

Moes, P., leeves, M. A., & Cook, K. (1995). Bimanual coordination with 
aging: Implications for inter-hemispheric transfer. Developmental Neu­
ropsychology, 11, 23-40. doi:10.1080/87565649509540601 

Molina, M., Tijus, C., & louen, F. (2008). The emergence of motor 
imagery in children. Journal o f Experimental Child Psychology, 99, 
196-209. doi:10.1016/j.jecp.2007.10.001 

Mulder, T., Höchstenbach, 1. B. H., van Heuvelen, M. 1. G., & den Otter, 
A. R. (2007). Motor imagery: The relation between age and imagery 
capacity. Human Movement Science, 26, 203-211. doi:10.1016/j.humov 
.2007.01.001

Parsons, L. M. (2001). Integrating cognitive psychology, neurology and 
neuroimaging. Acta Psychologica, 107, 155-181. doi:10.1016/S0001- 
6918(01)00023-3

Preilowski, B. F. B. (1972). Possible contribution of the anterior forebrain 
commissures to bilateral motor coordination. Neuropsychologia, 10, 
267-277. doi:10.1016/0028-3932(72)90018-8 

Preilowski, B. (1975). Bilateral motor interaction: Perceptual-motor perfor­
mance of partial and complete “spHt-brain” patients. In K. 1. Ziilch, O. 
Creutzfeldt, & G. C. Galbraith (Eds.), Cerebral localization (pp. 115- 
132). Berhn, Germany: Springer. doi:10.1007/978-3-642-66204-l_9



Reiser, M., Busch, D., & Munzert, J. (2011). Strength gains by motor 
imagery with different ratios of physical to mental practice. Frontiers in 
Psychology, 2, 194. doi:10.3389/fpsyg.2011.00194

Resnick, S. M., Pham, D. L., Kraut, M. A., Zonderman, A. B., & Da­
vatzikos, C. (2003). Longitudinal magnetic resonance imaging studies of 
older adults: A shrinking brain. Journal o f Neuroscience, 23, 3295- 
3301.

Sadato, N., Yonekura, Y., Waki, A., Yamada, H., & Ishii, Y. (1997). Role 
of the supplementary motor area and the right premotor cortex in the 
coordination of bimanual finger movements. Journal o f Neuroscience, 
17, 9667-9674.

Seidler, R. D., Bernard, J. A., Buratolu, T. B., Fling, B. W., Gordon, M. T., 
Gwin, J. T., . . . Lipps, D. B. (2010). Motor control and aging: Links to 
age-related brain structural, functional, and biochemical effects. Neuro­
science & Biobehavioral Reviews, 34, 721-733. doi:10.1016/j.neubiorev 
.2009.10.005

Serrien, D. J., Swinnen, S. P., & Stelmach, G. E. (2000). Age-related 
deterioration of coordinated interlimb behavior. Journal o f Gerontology 
Series B: Psychological Sciences and Social Sciences, 55, P295-P303. 
doi: 10.1093/geronb/55.5.P295

Shaughnessy, J. J., Zechmeister, E. B., & Zechmeister, J. S. (2006). 
Research methods in psychology. Boston, MA: McGraw-Hill.

Sirigu, A., Cohen, L., Duhamel, J. R., Pillon, B., Dubois, B., Agid, Y., & 
Pierrot-Deseilligny, C. (1995). Congruent unilateral impairments for real 
and imagined hand movements. NeuroReport, 6, 997-1001.

Skoura, X., Vinter, A., & Papaxanthis, C. (2009). Mentally simulated 
motor actions in children. Developmental Neuropsychology, 34, 356- 
367. doi:10.1080/87565640902801874

Steese-Seda, B., Brown, W. S., & Caetano, C. (1995). Development of the 
visuomotor coordination in school-age children: The Bimanual Coordi­
nation Test. Developmental Neuropsychology, 11, 181-199. doi: 
10.1080/87565649509540612

Stelmach, G. E., Amrhein, P. C., & Goggin, N. L. (1988). Age differences 
in bimanual coordination. Journal o f Gerontology, 43, P18-P23. doi: 
10.1093/geronj/43.1.P18 

Swinnen, S. P., Verschueren, S. M. P., Bogaerts, H., Dounskaia, N., Lee, 
T. D., Stelmach, G. E., & Serrien, D. J. (1998). Age-related deficits in 
motor learning and differences in feedback processing during the pro­
duction of a bimanual coordination pattern. Cognitive Neuropsychology, 
15, 439-466. doi:10.1080/026432998381104 

Temprado, J. J., Swinnen, S. P., Carson, R. G., Tourment, A., & Laurent, 
M. (2003). Interaction of directional, neuromuscular and egocentric 
constraints on the stability of preferred bimanual coordination patterns. 
Human M ovement Science, 22, 339-363 . doi:10.1016/S0167- 
9457(03)00049-6

Utley, A., & Steenbergen, B. (2006). Discrete bimanual co-ordination in 
children and young adolescents with hemiparetic cerebral palsy: Recent 
findings, implications and future research directions. Pediatric Rehabil­
itation, 9, 127-136. doi:10.1080/13638490500155573 

Wenderoth, N., Debaere, F., Sunaert, S., Van Hecke, P., & Swinnen, S. P. 
(2004). Parieto-premotor areas mediate directional interference during 
bimanual movements. Cerebral Cortex 14, 1153-1163. doi:10.1093/ 
cercor/bhh075

Wilson, B. C., lacoviello, J. M., Wilson, J. J., & Risucci, D. (1982). Purdue 
Pegboard performance of normal preschool children. Journal o f Clinical 
Neuropsychology, 4, 19-26. doi:10.1080/01688638208401113 

Wolpert, D. M., & Ghahramani, Z. (2000). Computational principles of 
movement neuroscience. Nature Neuroscience, i(Suppl), 1212-1217. 
doi:10.1038/81497


