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ABSTRACT

Sex- and experience-related differences in bimace@ildination have been found
previously but are often reported separately. Heee¢characterize visuomotor skill performance
in relation to age, sex, and athletic experiencarder to indirectly gain insight into the neural
processes that underlie this advanced level ohayel coordination. We use a novel precision
bimanual task composed of a modified washer-peglbd¥e recruited three age and two
experience groups (9-10, 11-12 and 13-15, eliteusshouse league). We also developed a
Whole-hand bimanual task in order to account for manual dexterity discrepancies. The
results show that the effect of skill and sex areseen until later years developmentally, at that
point there is a strong effect of sex on bimangalrdination. Future research that aims to look

at the development of motor skills and control dtd@lso look at sex and experience effects.
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Introduction

Whether one is lifting a box above one’s head, ingl@é container to remove the lid, or
buttoning up a shirt, most bimanual tasks are duatfeease. In humans, asymmetric bimanual
coordination is first seen at 10-12 months of &gegard & Peze, 1997). However, those at 1
year of age often relapse to mirror bimanual movem@-agard & Peze, 1997). This type of
coordination is not fully understood, especiallyanht comes to understanding how it is
developed. An abundance of research has been deddut young or older adults but little
research has been carried out with adolescentsnVWgbking at motor development in the
pubertal years, one must acknowledge the importahgaantifying any sex differences that
may occur. Another important factor is personaldmg more specifically, athletic exposure and
experience. Performing coordinated movements inengsport is commonly attributed to years
of systematic training. Generally, elite level ates spend a greater amount of hours training
resulting in a high degree of athletic experiemdegn compared to recreational athletes. To date,
the model ‘experienced’ population that has beeically used in the bimanual coordination
literature uses musicians (Fujii, Kudo, OhtsukiQ&la, 2010; Fujii & Oda, 2009). Their years of
dedication to skilled bimanual performance haventlsf®wn to not only lead to functional
differences, but also structural brain differen@agii, Kudo, Ohtsuki, & Oda, 2010; Fujii &
Oda, 2009). To our knowledge, however, researclstilbaot looked comprehensively at the
effects of both biological sex and athletic expeceeffects on the normal development of

bimanual coordination.



Previous Studies of Bimanual Coordination and Related Brain Changes

It is difficult to compare findings across the bimual coordination literature because each
study tends to use different bimanual tasks. Thexted task can greatly influence one’s results.
There are a few different general categories ofabmal tasks. First, in-phase or symmetrical (de
Boer, Peper & Beek, 2012) tasks require the usmoifologous muscles (ex. hands clapping).
Anti-phase or asymmetrical tasks are those in wthiehaction is produced by non-homologous
muscles such as doing wrist flexion on one handenthie other is doing extension (de Boer et
al., 2012). The term asymmetrical can also be tseescribe more complicated movements,
whereby each hand has an independent task buthookhtogether for a common goal (Otte &
van Mier, 2006). Lastly, there are independent biuah movements where each limb has an
independent task (Otte & van Mier, 2006). An exaasrgflthis would be one hand drawing a
circle while the other hand draws a square. Thellef/difficulty increases when moving from
in-phase to independent. It has been suggestdad/themost stable types of tasks are in-phase
followed by anti-phase, meaning that in order tdgren these tasks there is not a great deal of
procedural learning that needs to occur (Zanonee&sds 1992; Swinnen et al., 1998). There are
other aspects of a bimanual task that can alsatéffe difficulty, such as timing (temporal) and

location of targets (spatial).

Aside from understanding where a bimanual task fall the large spectrum, it is equally
important to specify if participants are given titoerain and learn the task or if it is a novel
task. Andres et al. (1999) used both unimanualbémanual tasks and recorded neural activity
using electroencephalography (EEG). They recor@éoré and during skill acquisition using
various combinations of finger tapping sequencés. duthors observed that there was a

significantly greater amount of coherency in thenfocentral mesial cortex when learning the
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bimanual task relative to when learning the uninahtask. Once the 30 minutes of training was
completed, the level of coherence had decreasentlasto those levels seen when performing
novel or learnt unimanual tasks. The reductionoinecence was also observed in the parietal and
frontal areas. It was concluded that interhemisphleEmmunication during bimanual task
learning depends on the intact callosal connectiohis finding was further supported by
magnetic resonance imaging (MRI) studies (Sun,dvliRao & D’Eposito, 2007). Sun et al.
(2007) contrasted early versus late learning & bimanual sequence, showing greater
activation in the primary somatosensory area. heeific cortical areas that exhibit a decrease
with training were superior parietal cortex, riglursal premotor cortex, right dorsolateral
prefrontal cortex, right ventral premotor cortexddeft cerebellar (Debaere, Wenderoth, Sunaert,
Hecke & Swinnen, 2003). Figure 1 shows the amotideoreased activation at the end of
training in the superior parietal cortex (Debadralg 2003). In the these two studies, a novel
task was given and the results showed that thetdéan some learning that was reflected in
changes in the activation of the brain’s cortexokow up study sought to test for further
changes in brain activation when training was cargd after having learnt the task (Puttemans,
Wenderoth & Swinnen, 2005). Automatization (thorelgarning with only minimal use of on-
line feedback to monitor performance) is somethireg we would expect to see in more
experienced musicians or elite athletes. We knawwhen a skill is acquired, such as a
bimanual task, that the supplementary motor arb®jSand cingulate motor area (CMA) show
greater activation. In a study conducted by Puttens al. (2005), bimanual performance was
stable with significantly reduced errors from tiaghcommencement, but the authors wished to
see if they could push training further and docunasisociated brain changes. The participants

continued to train with the addition oflaal-task. To show that learning occurred as iniptes
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Figure 1. Brain activity associated with motor lgag. Note decrease in IPS activation
displayed in bottom right graph (adapted from Deba al., 2003).

studies, they saw a decrease in ventral and dorsalotor area, right supramarginal gyrus and
ventrolateral prefrontal cortex. When scanned dfterautomatization of the task, there was a

decrease in SMA activation (SMA-proper). The awshmncluded that there was a decreased

necessity to inhibit pre-existing movement tendesi.cAlso at this stage of skill there is a

feedforward-driven execution mode.
The Corpus Callosum and Bimanual Coordination

The corpus callosum (CC) is a structure that cotsrtée two hemispheres together. As
such, it plays an important role in bimanual cooation and has been the focus of much study.

Before performing analyses of coordination develeptor looking for differences across




groups, the CC is often divided into the regionsvahin Figure 2. The size of the CC will
depend on size and amount of axons, packing deigityee of myelination, vasculature and

extravascular fluid (Giedd et al., 1996).

Figure 2. Midsagital view of the corpus callosumtesior corpus callosum (ACC) and posterior
corpus callosum (PCC). 1. Rostrum, 2. Genu, 3.rebBbdy, 4. Anterior Midbody, 5. Posterior
Midbody, 6. Isthmus, and 7. Splenium. (Fling et 2011)

Thompson and colleges (2000) performed a magretaniance imaging (MRI) study looking at
the myelination of the CC from ages 6 to 15 ye&lsBhe tem “rostro-caudal wave” was coined
to describe these peak myelination results. Dutiegyounger years there is a greater rate of
myelination in the rostral part of the CC. Followsga peaking of the caudal CC (isthmus and
splenium) myelination around 11 to 15 years of &fber research was done with an age range
of 4 to 18 years of age, with similar results (Giexd al., 1996). This latter study noticed that

when looking at the size of the CC across theirragge there was a large increase in size



(Giedd et al., 1996). However, once they separidtedostral from the caudal portions they
noticed that there was very little developmentia tostral potion of the CC and that the age
increase in the CC as a whole was being driveméyaudal portion development (Giedd et al.,
1996). These findings suggested that the rostraigmoof the CC reaches adult size very early
(Giedd et al., 1996). Notably, the caudal porttdthe CC, or more specifically the splenium,
was larger and more bulbous in females (Figure(3Bgn, Richey, Chai & Gorski, 1991).
Although they found an apparent sex differencehifdeen, the sex difference was more obvious
in the adult group (Allen et al., 1991). In partem) these authors observed a drastic increase in

CC growth which plateaued nearing the second deaflife.

Figure 3. Midsaggital view of the brain showing thierent size and shape of the splenium. A.
Male B. Female (Allen et al. 1991)

As discussed above with the studies on bimanuklliéasning, one must rely heavily on
regions of the parietal cortex initially, but thitrese areas become less active when there has
been some training. With a larger splenium therddcbe a potential for females to have better

inter-hemispheric communication when learning. fihdings from Thompson et al. (2000)




demonstrate that girls, ages 6 to 15, tend to dpvdle posterior portion of the CC at an earlier
age than boys. Having a larger splenium and alsmbahis area myelinated at an earlier age
could suggest a female advantage for the learmdgarformance of bimanual skills. Aside

from looking at the CC size, there are other waysxamine the CC. Using Diffusion Tensor
Imaging (DTI), one can look at the integrity of whimatter tracts, a measure called “fractional
anisotropy” (FA). An increase FA is related to dezantegrity of white matter tracts that is, a
“stronger connection” for information to travel froone brain area to another. Looking at the FA
in the posterior cortical regions, Heidi JohanseamgBand her colleagues used DTI to address the
guestion if having an increased FA in the whiteteratacts in the CC resulted in increased
bimanual abilities (Johansen-Berg, Della-Maggi@ehrens, Smith & Pause, 2007). The
participants were to perform an asymmetric taskvaee scanned. Their bimanual performance
was then correlated to FA data. Using a regiomtfrest at the midbody of the CC, they found
connections to the SMA and the CMA. As expectedéhibat had a greater FA showed

enhanced bimanual performance.

Lastly, much has been learnt about the relationséiveen bimanual coordination and
the CC from callosotomy studies. Persons that wud#re resection of the CC often do so as a
treatment for intractable epilepsy (Kennetly et 2D002). In one study, persons that were about to
undergo callosotomy were recruited for a bimanoardination experiment. They were asked to
perform an asymmetrical drawing task that was qoeesurgery, post-anterior callosotomy, and
post-posterior callosotomy (Eliassen et al., 199e-surgery and post-anterior callosotomy
performed similarly on the task. However, this wastrue for the post-posterior callosotomy

(PPC), whose performance deteriorated markedlgwatig surgery. The author’s , conclusion



was that the PCC is more important for spatialittdsl and that tasks such as asymmetrical or

independent bimanual tasks would be challenginghiese patients.

Normal Bimanual Development

The development of asymmetrical bimanual coordameis first seen in infants of 7 to
months old, and use of both hands continues torbegnore frequent with age (Fagard & Peze,
1997). In a study of infant coordination, Fargand #eze (1997) used three unique objects that
required the infant to use both hands with indepahthsks for a common goal. An example
was the tube in a container task. The infant wdstd the container with one hand and the other
hand would reach inside and grab the tube. Thegdesfants over a number of months and
noticed the greatest increase in performing ttsk tesing both hands was most evident at 10
months old. This use of a bimanual coordinatioatstiy continued to increase in frequency until
they concluded their study at 1 year of age. A sdaiudy looked at the development of
bimanual coordination across a wider age range,13 tyears of age (Barral et al., 2006).
Researchers observed an increase in performaniceagat with 11 year olds performing
superiorly. They relate their findings to the depenent of the CC, suggesting that it is
important to be able to inhibit movements acrossibpheres in order to perform a parallel
movement but also to perform with a faster reacéind movement time. The issue is not that 5
year olds cannot produce the movement, but thgtdhenot done in an efficient and timely
manner until full development of certain brain stiues. One of their most notable findings was
that performing independent hand movements was thamgethat was last to develop in terms of
being able to create a motor plan and initiat€his seems to occur between the ages of 8 and 11
years of age. The authors concluded that althatidh years of age children are able to initiate

movements fast, their time to complete the movensestill not fully developed because of their



decreased ability to receive feedback and makesadgnts during movement. Along the same
lines, Olivier et al. (2007) were trying to undarsd the development of reaching and grasping in
a bimanual task (Olivier, Hay, Bard & Floury, 200They noticed that when performing a
bimanual task there was a decrease in peak velomiypared to the unimanual movements in
the younger children aged 6 — 11 years of age (@Iet al., 2007). They observed that the 11
year olds had similar grasp aperture abilitiesgaieined by the distance between the index
finger and thumb, as the adults that participatédppeared that all other ages would over-
estimate the size of the object and have a laggentae. Olivier and colleges (2007) believed
that the over-correction seen in the younger greagp due to their lack of tuned proprioception.
These factors could conceivably strongly affectgbgormance for a bimanual task that
included the act of reaching and grasping, let@l@hen trying to learn a new skill. In summary,
based on the literature, children younger thanedrs/ of age have slower movement times and
will over estimate the size of the object that Wil grasped. This is not to say that 11 years olds
have reached their plateau, there is still furtherelopment of this motor skill (Olivier et al.,

2007).

Sex Differencesin Bimanual Coordination

It is evident that there are sex differences inGwhich could change the development
and performance of several motor outputs. The Mole-Peg Test is a standard bimanual task
that is more focused on fine motor control. In piast, this test has revealed an age and sex affect
(Poole, Burner & Torres, 2005). As expected, wittadvancement of age children performed
better, but interestingly females outperform méRsole et al., 2005). When looking at manual
dexterity the question that often comes up is the af female hands compared to males. Peter

and colleges (1990) addressed this issue usingda®peg board and found a female advantage
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until they had controlled for index finger and thuuhfferences. In contrast, there are other tests
such as the Moberg pick-up test that demonstratalfs having enhanced manual dexterity
(Amirjani, Ashworth, Gordon, Edwards & Chan, 200@}jher theories that attempt to explain
sex differences in motor coordination have propdeatimales might be quicker in producing a
single movement but when given a series of movesnéermales will be faster suggesting that
females have the ability to cope with the rapidngfes of position and programming speeds for
motor tasks (Nicholson et al., 1996). Cohen, Pog@iold and Secular (2010) found that when
given a series of hand gestures, females werd@bdarn faster and perform series of hand
gestures with greater accuracy then males. Théisezwuld be attributed to the female
advantage in motor planning (Cohen et al., 201i@glfy, a study looked at the spatial abilities

of collegiate athletes in different sports (Lordz&arrison, 1998). They selected participants from
a variety of sports and compared the performandgonasks that were measures of spatial
abilities (spatial visualization and spatial orggian) (Lord & Garrison, 1998). They found that
females performed better at both of these taskswagh this varied when looking at each
individual sport (Lord & Garrison, 1998). The auth@cknowledged however that this
conclusion was based on the use of only two spais&k and that further investigation should be
done with a larger array of tasks (Lord & Garrisv898). Lord and Garrison (1998) reiterate the
importance of understanding that sex differencest @xad should be considered when attempting

to makes comparisons of performance across sexes.

Experience Advantages in Bimanual Coordination

Aside from normal development of bimanual coordorait also important to look at
factors that could influence development. For gxlamexperience must play a role as seen in

musicians who have spent years of deliberate pmdypically with instruments requiring
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coordination of both hands. A study conducted byi Bad colleges (2010) compared the
unimanual and bimanual performance of both profesdidrummers (determined by >13 years
of practice) versus non-musicians. They found itn#tte unimanual task, non-musicians showed
a greater difference between left hand and rightil@erformance when compared to musicians,
which they believed was the reason for the mussckaving a superior performance in the
bimanual task. The authors speculating that an antgd symmetry of motor areas would allow
for greater bimanual performance. A previous stoglyuji and Ode (2009) saw a correlation
between years of experience and participants’ padace on the bimanual task. With increased
training they noticed more stable and rapid bim&onaardination. Using MRI data, it has been
found that trained individuals have a more effitierain activation compare to untrained when
given a bimanual task (Janacek, Shah & Peters,)2@@0er studies that have used musicians
and looked at the structural differences in thedd@pared to controls (Schlaug, et al., 1995).
Schlaug et al. (1995) found that the anterior portf the CC was significantly larger when
compared to both controls. When the authors condpaaidy or late commencement of training,
categorized by before or after the age of 7 yelakstloose that were classified as early beginner

had larger anterior CC.

Purpose of the Present Study

Using an independent bimanual task, we aim to pgeinsight on two important factors,
experience and sex, and how these factors carenduthe development of bimanual
coordination. One objective is to examine if onetda has a greater influence over the other, or
whether there is a combination of both that canlt&s superior performance on the selected
bimanual task. In a preliminary study, our laborateas found that young female adults, ages 17

to 23, can outperform males in the selected bimamask (McCullough et al. 2006).
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Interestingly, the female advantage is further eckd if they are elite level athletes. Due to the
superior ability of elite level female athletes, were motivated to examine at what point during
development this enhanced performance is firstaable. In order to examine these changes
we undertook to analyse males and females nedinteof adolescenc®ur hypothesis, based

on previousfindings and known brain differences, is that females will outperform males

and that this difference will increase with age and experience. These data will provide

insight into how the development of bimanual cooadion occurs. Taking a step further, it is of
interest to see if development is enhanced, indexhiimanual performance, when using elite
study participants. The task used in a prelimirgingly required a certain amount of finger
dexterity. Therefore we will also use an additiot@ak that is similar to the initial task but
without the high finger dexterity component, in @rdo differentiate this component between
age and experience. We do not makeapsiori assumptions about the relative influence of sex
versus experience on coordination developmentjeme this as an exploratory component of

the present study.

M ethods

The study design was separated by age groups Bt1T and 13-15. Each group was
further divided by sex and the level of experie(a#e and non-elite). The classification of elite
or non-elite was predetermined by the clubs andrirgtion of the study participants. Non-elite
groups participated at the house league level,wisicnore recreational that requires less
amount of hours spent practicing skills. Elite leathletes are at a more competitive level and
require some sort of skill assessment. Elite |latieletes will often have team practice most days
of the week. We collected data on 303 participémtshe Precision bimanual task and 256

participants for the Whole-Hand bimanual task. lrerrinformation on group sizes is shown in
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Tables 1 and 2. The age group separation is irapbid see how development occurs through

puberty, a time that children are going throughougs physiological changes, not just in stature.

Table 1: Participant Groups for Precision Bimantesk

Boys Girls
Non-Elite Elite Non-Elite Elite
9to 10 19 25 13 8
11to 12 35 27 37 42
13to 15 12 31 17 37

Table 2: Participant Groups for Whole-Hand Bimanagk

Boys Girls
Non-Elite Elite Non-Elite Elite
9to 10 19 26 15 6
11to12 26 28 29 33
13to 15 9 33 16 16

We recruited these athletes through contactindeidgues or coaches of various team
sports (hockey, soccer, lacrosse, etc.). Therenwdsas towards one sport over others, this was
part of a larger study and therefore a conveniampde. If there was interest from an
organization then information of our study was derthe coach to be distributed to the parents.

In both bimanual tasks there was a greater pergerdfour participants that played hockey

13



(Precision bimanual: 58.8% hockey, 29.6% soccerldn@% lacrosse, Whole-Hand bimanual:
62.3% hockey, 24.5% soccer and 13.2% lacrosseeered that the consent form clearly
states that participation in this study would né¢a the parents’ relationship with the league,

team or coach.

Once we found teams that were interested in paatiag in the study we organized a
day that we can meet them before a practice or g@nnedevice gave us the flexibility to go to
any field or arena without the need for an eleatrsource. Once at the field/arena we met with
the team and thoroughly explained the two taskdowing a brief demonstration done by
myself or a trained volunteer the study particisgrgrformed half of the task or until the
participant felt comfortable, making this a nowask. Some took longer than others. We needed
to ensure that all participants demonstrated aenstahding of the tasks. The order of the two

tasks was randomized to remove any learning effect.

Precision Bimanual Task

Along the end of the board closest to the studyigpant were a series of six pegs
equally spaced. Each peg holds a larger washern{2&iameter) sitting directly on top of a
smaller washer (22mm diameter). This order waseatts make it easier to grasp one washer at
a time. There were two spring-loaded hinges thaed placement pegs for the washers located
along the midline of the board. The first placemeey is located 18cm from the edge of the
board, and the second placement peg is 31cm fremehr edge of the board. The arrangement
of the hinges is such so that the first hinge wnlly open when lifted towards the left and the
second hinge opens towards the right. A digitaktimith start and stop buttons is located to the

left of the placement pegs.
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Study participants began the trial with the indexgérs of each hand touching the board
immediately to the left and right of the six peg§tudy participants used the digital timer to start
and stop their own trial located to the left of gemgys. This task required the study participants to
lift a washer from a removal peg with their riglaina, while lifting the spring-loaded hinge that
is closest to them with the left hand to reveplacement peg, and then to place the washer on
the peg. The study participants were instructa@gpeat the placement pattern, using the left

hand to lift the next washer off the same remoeg while using the right hand to lift the

Figure 4. Precision bimanual task.

hinge furthest away from them, and continuing gaquencing until all twelve washers are
sequentially placed on the six placement pegselfstudy participants performed an error in
hand sequencing they were notified and correchedhe case that a washer fell on the ground

the test was terminated and restarted.
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Whole-Hand Bimanual Task

This task is made to be identical to the washesdayTo replace washers there were two
buttons at the edge closest to the subject. Atbbstare the same size (20mm diameter). There
are two spring-loaded hinges that cover each bsittOne located 18 cm and the other 30 cm
from the edge closest to the study participant. fihges are arranged so that the hinges will
open out towards the sides of the board. The Istditon is located to the left. Once the trial is

completed the timer will automatically stop.

The study participant was to press and hold a butince this is released the timer
began. The object is to first hit the right butteith their right hand, at the same time lift thé le
hinge and press the button underneath with thegt hand. This was to simulate one grabbing a
washer from the peg and placing it under the hiipes action was repeated but with left hand
pressing the button closest to them and the rightlhifting the right hinge. Each sequence was
carried out 6 times to simulate the placing of Exhers. This was indicated by the lights
illuminating at the bottom of the board. Once thst button is pressed the timer stops
automatically. The board is programed so that luttcs pressed before 2, if this order is not

followed then it did not count as a completed cycle
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Figure 5. Whole-Hand bimanual task.

Data Analysis

The analysis was done using Kruskal-Wallis TeshwBM SPSS software. Post-hoc test

will be performed using Bonferroni corrections.

Results

In this study we examined bimanual coordinatioa iarge number of children over a
range of ages and abilities. Overall, we obseri#drdnces in performance and variability as a
function of our controlled factors (age, sex, atidedic experience level). For all of our data, we

first applied a Levene’s Test to determine the hgemeity of variance for both bimanual tasks.
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The group variances were significantly differerfteiefore we were unable to apply parametric
methods to analyse these data, including analysiarance (ANOVA). We thus used a
Kruskal-Wallis Test for our timing analyses andoaparametric test (Levene’s) for our variance

analyses.

Precision Bimanual Task

We observed that children ages 9 and 10 took sogmifly longer to perform the task
when compared to the 11 to 12 age group (n = 206,28.03, p < 0.001) and the 13 to 15 age
group (n = 162, %= 29.13, p < 0.001) (Figure 6). However, theredsevidence that the 11 to
12 year olds performed more slowly than the 135gdar olds (n = 2382% 2.56, p > 0.05).
Interestingly, we observed an increase in perfoadar athletes that were participating in
sports at an elite level (n = 303,=x5.45, p < 0.05) (Figure 7). Although increased@rmance
is expected from elite level athletes, it was umeted to see a training effect at such early ages.
Also, we have selected a task that is not spodipand yet we still see a clear relationship
between skill and bimanual performance. As menticzealier, our group’s previous work has
found that females, ages 17 to 23, have an inadeatsiéty to perform more quickly on the
Precision bimanual task relative to age-matchessmadere we find that this relationship still
exists at younger ages as shown in figure 8 (n3; $0- 34.67, p < 0.001). However, we cannot
conclude that females have superior bimanual esliintil we look at their performance on the

whole-hand bimanual task.
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Figure 6. A comparison of group mean performanaea@ured in seconds) separated by age (9
to 10, 11 to 12 and 13 to 15) on the Precision himhtask. Standard error bars represent +/- 1
standard deviation. Asterisks indicate (**) p<0.001
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Figure 7. A comparison of group mean performancea@ured in seconds) separated by Skill
(Elite and Non-Elite) on the Precision bimanuakt&tandard error bars represent +/- 1 standard
deviation. Asterisks indicate (*) p<0.05.
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Figure 8. A comparison of group mean performanacea@ured in seconds) separated by Sex on
the Precision bimanual task. Standard error bgmesent +/- 1 standard deviation. Asterisks
indicate (**) p<0.001.
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Whole-Hand Bimanual Task

The time it takes to complete the Whole-Hand bin@task (median = 16.54 seconds) is
faster than the precision bimanual task (mediaB.83@seconds) because we have removed the
precision aspect of the task, grasping washergpkuihg them on peg (n = 457x162.83, p <
0.001). As we observed for the Precision bimanasit,there we see a step-wise increase in
bimanual performance, indicated by a decreasena to complete task, as a function of age
(Figure 9). Bonferroni Corrected post-hoc tests alestrate that the fastest group is the 13 to 15
year olds, when compared to 9 to 10 year olds {46 ¥ = 41.35, p < 0.001) and 11 to 12 year
olds (n = 190, %= 21.30, p < 0.001). Thus in contrast to what we waéth the precision
bimanual task, there is not a plateau in the pevéorce of the two older age groups (11 to 12 and
13 to 15). Further, in the Whole-Hand bimanusaktae still retain our skill effect. That is,
Elite-level athletes are able to perform this bioedrtask faster than Non-elite-level athletes (n =
256, ¥ = 8.73, p < 0.01) (Figure 10). Lastly, we were ablsupport the argument that females
perform better than males on our bimanual taskenEvhen we removed the fine motor skill
component - the requirement to grasp and placesaevdrom one peg to another - the sex-
related difference persists in the Whole-Hand bimatask (n = 256,53 4.40, p < 0.05)

(Figure 11).
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Figure 9. A comparison of group mean performancea@ured in seconds) separated by age (9

to 10, 11 to 12, and 13 to 15) on the Whole-Hamdaniual task. Standard error bars represent
+/- 1 standard deviation. Asterisks indicate (*§0001.
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Figure 10. A comparison of group mean performaneeaured in seconds) separated by Skill
(Elite and Non-Elite) on the Whole-Hand bimanuakteStandard error bars represent +/- 1
standard deviation. Asterisks indicate (*) p<0.01.
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Figure 11. A comparison of group mean performaneeaured in seconds) separated by Sex on
the Whole-Hand bimanual task. Standard error lepresent +/- 1 standard deviation. Asterisks
indicate (*) p<0.05.
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Further analyses

Throughout our data collection we asked participdiné age at which they first started to
play their particular sports. This was done witl #im of continuing with the work done by
Schlaug, et al. (1995). In that study the authtyseoved a change in the structure of the corpus
callosum with musical training that commenced bette age of 7. In the current study, we did
not observe a correlation between the age of peommset and bimanual time, in either task. In
addition we recorded the handedness of the playgng a modified Edinburgh Handedness
Inventory (Oldfield, 1971). The majority of athésttested were right handed with only 12 left
handers and 18 mix handers. Interestingly, theeawsignificant difference for the Precision
bimanual task but not with the Whole-Hand bimartask (Figure 12) as a function of
handedness. With further investigation, using Boofe Corrected post-hoc tests, we found that
mix handers performed the Precision bimanual tastef than right handed subjects (n = 240, x
= 6.51, p < 0.05). There were no significant défezes when we compared right handed and left

handed groups (n = 2342 0.276, p > 0.05).
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Figure 12. A comparison of group mean performaneeaured in seconds) separated by

Handedness on the Precision bimanual task. Staedandbars represent +/- 1 standard
deviation. Asterisks indicate (*) p<0.05.
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Discussion

This study represents the first time that bimamoalrdination development has been
systematically studied in a large group of childaenoss a range of ages and athletic experience.
From these data came three main findings, thedfrathich supported our initial hypothesis.
First, we observed that females were significafaster at performing the bimanual coordination
tasks when compared to males. This finding wae@alty prominent in the Precision bimanual
task which included a larger dexterity componeldtiee to our other bimanual task. Second, we
characterized the age-related development in wrattne performance in both bimanual tasks.
Interestingly, there was a huge leap in terms gkbigpment in going from 9/10 to 11/12 years of
age. For the whole-hand bimanual task there walsdudevelopment past the ages of 11 and 12.
Lastly, we found that elite-level athletes wereedbl complete both tasks at faster times relative
to non-elite athletes across all age ranges arfddetes. Although not a main objective of this
project, we also looked at how handedness influgtivese children’s performance. To this end
we found that individuals that were classified as-handers completed the Precision bimanual
task faster than those that were right-handed. Mewé¢here was no significant difference
between left-handers and mix-handers. Also, themewo significant differences between the

three handedness groups with the Whole-Hand binhaasia

Age-Based differences and the influence of handedness on perfor mance

Bimanual coordination relies heavily on the integaf the CC, the main fibre bundle
joining the cerebral hemispheres. For example, danoaremoval of the CC results in the
inability to perform previously learned bimanuadka (Eliassen et al., 1999). Prior research
shows that near the end of 10 years of age thei@anp®rtion of the CC reaches a stable state in

myelination (Thompson et al., 2000; Giedd et &#94d). The posterior portion of the CC which
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joins left and right parietal regions, however, twomes to develop further into the late teenaged
years and into the early twenties (Thompson e28D0; Giedd et al., 1996). The anterior
portion of the CC allows for interhemispheric commuation between the left and right SMA
regions in the frontal lobe, which is important filanning and performing bimanual movements
(Obhi et al., 2002). Interestingly, researchersehaosticed an increase in SMA activation when a
task demanded the use of both hands in differemdmaations (Obhi et al., 2002). However,
until myelination in the posterior CC is fully ddgped inter-hemispheric communication
between parietal areas is limited. An importantical area for the control of reaching and
coordination of limb movements is the superior @aitilobule (Debaere et al., 2003), part of the
posterior parietal cortex (PPC). The PPC providéximation of limb location that is important
for motor programs such as visually guided reaemekis also active for during bimanual
coordination tasks (Kermandi et al., 2008gcause in this study we used a novel task, odystu
participants likely needed to rely on the inforroatprovided from these parietal areas (Debaere
et al., 2003). Presumably, the older subjects medtgr myelination of the CC which likely
resulted in a more efficient transfer of informatimom one hemisphere to the other. This more
highly developed CC myelination might explain tihgngficant decreases in task completion

times we observed in older subjects.

Interestingly, when the study participants compulétee Precision bimanual task there
was only a significant increase in performance wé@mparing ages 9 and 10 to 11 and 12 years
of age. There was no statistically significantlfiert development with age. In contrast, looking at
the Whole-Hand bimanual task performance we séepairscrease in performance when going
from ages 9 and 10 to 11 and 12 but also an inereas 11 and 12 to 13 and 15. We believe

that the differences between the two tasks coulidhéiethe Precision bimanual task was more
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difficult for all groups, and thus our participaméached a plateau in performance. That is, a
really difficult task might not give any one groaplevelopmental advantage, whereas an easier
task could allow us to see that something thaniple at 15 years of age but less so at 9 years of
age. Creating a task that is challenging but ndtasd that everyone performs equally poorly is
something that takes a lot of trial and error. divd be interesting to see what the time to
complete both tasks would look like if we extendleel ages to 21 years of age. At 21 years of
age the CC development would be nearing its completvhich could potentially be at peak

performance because CC integrity decreases witliQigeet al., 2006).

Our findings indicate that mix-handed participantse significantly faster with the
Precision bimanual task than right-handers, acgss and experience levels. Since this result
was not observed in the Whole-Hand bimanual tagksuggest that this enhanced performance
is attributable to the additional manual dexteciynponent of the precision task (i.e.
manipulating washers and pegs). Thus, the aldditpanipulate small objects with one hand
while manipulating a large object with the othepegrs to benefit from a brain that does not
have pure unimanual dominance. The underlying hetnactures that are related to handedness,

and their contribution to eye-hand coordinatiomaé open questions for future study.

With respect to motor behaviour, researchers fawved that there are a greater amount
of mix-handers within 8 to 15 year-olds (Brito &r8as-Morales, 1999) relative to older age
groups. After this time period we start to seesdritiution of handedness that is similar to adults
(Brito & Santos-Morales, 1999). For the curreneaesh, the Perdue pegboard test (PPT) was
kept in mind when designing the bimanual tasks.deed to have a task that would force the
individuals to use both their hands in a coordidatenner. To add to the level of difficulty we

had participants alternate their hands. Reseasthhds been done with the PPT has shown that
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left-handers have an advantage over right-handees\performing the assembly portion of the
test (Judge & Stirling, 2003). Judge et al. (200d8)eves this is attributed to left-handers having
a greater ability to use their non-preferred haigh{ hand). The assembly task requires the
participant to grab a peg, place it in the boardntwith the other hand to grab and place the
washer onto the peg, this continues with altergat@nds. Placing the washer onto the peg
requires great control and coordination. Left-haadeem to be able to use both hands equally
well during this portion of the PPT and do not ltisee when having to grab and place the
washer with their non-preferred hand. Unfortunatiis study only looked at right- or left-
handers and did not classify participants in a harder group. Based on our findings, one
might expect that mix-handers would have an eveatgr advantage with the PPT than left-
handers. With our task, it seems that having apreferred hand that is less coordinated
increases the time and effort to perform our taBki®r literature suggests that around the ages
of 5 we have a lower degree of left-right handet#hce in coordination (Roeder et al., 2008).
However this gradually changes as we are introdtwe@wer tasks and start to prefer the
dominate hand. At this point we have increasedthigy of one hand and the other has been
left behind. The last developmental change relaidthndedness is an increasing ability of the
non-preferred hand which results in a decreaseditgft hand difference and therefore aids in
better bimanual coordination. Therefore the fhat the slowest group was ages 9 and 10, in
both of our tasks, is likely attributable to bolle tack of coordination in their non-preferred
hand and the incomplete myelination of the CC,udised above. It is also worth mentioning
that we did not see that left-handers perform fasn right-handers, but there was a statistical
trend for this behaviour. Perhaps if we had equalig sizes this result would have resembled

previous research.
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Experience-Based Differ ences

There is evidence of structural changes in thenbsdien children commence musical
training before the age of 7 years old (Schlaugj.etL995). In this study it was observed that the
anterior half of the CC was significantly largemnusicians with early commencement of
training when compared to those that started tigiaiter 7 years of age (Schlaug et al., 1995).
Although, the results were not included in thissiegwe asked all participants at what age they
started playing their sport. We predicted a positi@rrelation when looking at the relationship
between the age the child started training and theianual total time. However, we did not find
a statistically significant correlation between #ge they started to play their sport and their

bimanual task times.

There is empirical evidence that when learningwa task, more specifically a bimanual
task, there is an increase in neural activatiom avaroad range of brain regions. Once a large
amount of practice is attained, the level of attoradecreases and becomes more lateralized and
localized. One question that arises is whetheethes individuals that are better (faster) at
learning a new task, and can this be related tenyidg neurophysiology? A study conducted
by Fattapposta et al. (1996) looked at the amolibtadn activation when giving two groups a
novel task. The trained group that they used welected from the Italian Modern Pentathlon
Federation (trained for longer than 10 years). Mogeentathlon comprises five Olympic events:
fencing, swimming, show jump, pistol shooting antt@ss-country run. Using EEG they
monitored the level of activation in target brareas. After only one block of trials the trained
group were performing better, which was measuredusgber of correct performances. After
the completion of four blocks they had noticed thattrained group performed better overall

and also that the last block for the untrained griowked like the first block of the trained
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group. This indicates that trained individuals hameadvantage when it is pertains to learning a
new task. Not to say that those of us who are litetathletes are not capable of learning to the
same degree, this was not the aim of the studythatithey required a greater amount of
practice. In addition they found that the trainedup had a lower amount of activation in the
premotor cortex just before initiating the task,antcompared to the untrained group. Also, they
had a slight decrease in activation with high lgaeformance. Conversely, the untrained group
had a positive correlation, where an increaseémpoitor activation resulted in better
performance. They suspect that these effects wemfally localized in the SMA. Regardless
of the complexity of the task, trained individulbd lower levels of premotor activation,
indicating perhaps greater neural efficiency. Altbb we did not see a correlation with the age
at which the child started training in their pripai sport, we did see that elite level athletes
performed better on our bimanual tasks. Perhapssidue to the increased ability to learn new
motor tasks. Such an ability may be related tonadijumore efficient brain networks activated
when learning a new motor skill. Again, while thegent study was behavioural in nature, these
data point to future neurophysiology studies thatiM get at the basis to elite performance. In
the present case, an examination of brain conngchetween premotor cortex and sensorimotor
control regions such as parietal cortex and maamdhregions (using neuroanatomical imaging
technigues such as diffusion tensor imaging) ireeliersus non-elite level athletes learning a

bimanual coordination task might prove insightful.

Sex-Based Differencesin Bimanual Coordination

Our present study supported our initial hypothesthat we showed a significant sex
effect in both bimanual tasks, with females perfogithe task faster than males. We speculate

that this may be due to structural differences iwithe CC. Myelination of the CC develops in a
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rostral to caudal direction in both boys and ginigywever, myelination seems to occur at an
earlier age in girls (Allen et al., 1991; Thompsdral., 2000). Such callosal myelination may be
a reason behind our observation that performanéenadles is improved when compared to age-
matched males simply because at any given age ésrtexid to have greater interhemispheric

connectivity.

Other studies have shown sex-based differencesuomotor behaviour. For example, a
simple bimanual and unimanual tapping task wagdest children ages 5 to 7 (Denckla, 1973).
They noticed that the speed of tapping increas#d age. Interestingly, they also found a sex
effect showing that in each age group females Wester, suggesting an earlier development of
coordination. After performing an alternating taygptask there was a small percentage of boys
aged 5 and 6 that were unable to complete the wdskh was not the case with girls in any age
group. The fact that 5 and 6 year old boys wereabt# to alternate tapping indicates a
development delay. The task of alternating haedsires the use of both hemispheres, inability
to perform the task might be a result of poor catinggy. The advanced development of
coordination in girls for this task could be a fesfi earlier CC myelination. In addition to
being further along in myelination there is diregtdence of a greater amount of inter-
hemispheric connectivity in females. Regardlessanhing, females tend to have a more bulbous
splenium, suggesting the presence of more conmsc{fllen et al., 1991). Other research has
shown that males have greater within hemispheraezdivity which starts at an early age
(Ingalhalikar et al., 2013). In contrast, femalesdgreater interhemispheric connectivity in the
frontal area relative to males in early adolescerabthis greater inter-hemispheric connectivity
in females continues to develop and increase ittl@ood (Ingalhalikar et al., 2013). This may

be beneficial for increased efficiency of commuticmaacross hemispheres, which is important
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when performing bimanual tasks. This is espectallg when the task used is novel to the
participants. A novel task requires greater bikdtactivation, something that females appear to

be at a structural advantage.

It is well known that there are sex differenceghia performance of some motor skills. In
general, boys have better ability in ball skillglagirls are often better at manual dexterity tasks
(Junaid & Fellowes, 2006). Boys also tend to penfbetter in tasks that require a great amount
of force production (Thomas & French, 1985). Thag difference increases after puberty
because of the relatively larger increase in musess in males (Flatters et al., 2014). It is
important to note, however, that there are alseradipinions that state this increased
performance in ball skills could be by becausenefamount of positive reinforcement that boys
received (Barnett et al., 2010). Thus some of tipestormance findings may be more

sociocultural in nature than strictly biological.

Taking together, the sex differences that we olesbemr our study is likely attributed to a
combination of the earlier age of development ofr@¢&lination in females, the larger CC and
greater number of inter-hemispheric connectiorfemmales, and lastly the increased ability that
females tend to have when performing dexteroustddksed on the literature we predicted that
females would have an advantage in the Precisioarnnial task. Interestingly, although the
Whole-Hand bimanual task lacked the fine motor skimponent of the precision bimanual task,
we still saw a sex effect. This finding suggebtd bur observation of faster bimanual task times
in girls cannot be entirely attributed to betteefimotor skills. Even so, it is important to point
out that the significance level of the sex-basé@inces was lower in the Whole-Hand

bimanual task compared to the precision task. mbeease in effect size between the Precision

35



bimanual task and the Whole-Hand bimanual taskifsi@gnce values of p<0.001 and p<0.05,

respectively) suggests that dexterity was a fdctothis analysis.

Limitations

One of the issues that could have affected outtesuthe fact that we had several
testers. This was because we would only have téanasshort period of time and needed to
collect data as quickly as possible. Testers wessotighly trained on how to teach the tasks and
were given a guideline of how much practice sulsjeould have before performing the task.
Regardless we did not have a script that the gesisd to follow which could have created a
discrepancy in the amount of instruction that oadipipant received compared to another.
Also, at times participants would start the Preciddimanual task and drop the washer from the
testing surface and when this occurred testingst@sped and restarted which inadvertently
provided some participants with more practice tbders. Also, there were several testing
locations because we went to where the practices nadd (soccer fields, football fields, and
hockey arenas) adding unavoidable inconsistentygtaata collection environment and levels
of potential distractions. At times data collecsatcurred in a hockey arena where noises of
other teammates and parents were unavoidable cdhld have distracted participants but in
other cases the pressure of nearby teammates ltavtdmotivated them to get a faster time. In
either case we tried to eliminate distractionsthattests sites were not in a controlled
environment. In other bimanual studies there igalusion of a unimanual task that is
performed with each hand to compare the performahaaimanual and bimanual coordination.
The benefit of having this information is to enstirat there are no individual issues that might

have resulted in a slower bimanual time. This isunmggful because we know that bimanual time
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could decrease, meaning better performance, dae lacreased control of the non-preferred

hand. We did not include a unimanual task becafigedime constraints of our data collection.

Lastly, the classification of elite versus nonelg difficult to define. In this study we
separated the two based on their level of compatition-elite participants played in house
league and elite participants played in select, RERA/AAA. These classification criteria were
chosen because higher levels require a lot moreititheir sport then lower levels. Higher level
players also receive more one-on-one attentiortaltiee greater amount of coaches and other
support. These criteria however, cannot accommddafgarticipants that play in house league
because they cannot afford or do not have thefttiaehigher levels demand. In addition, other
than age at which participants commenced trainiagligd not take any other information on
prior history. We are aware that earlier exposarearious tasks can influence result but this
could only be accurately addressed by conductingrastudy, which was outside the scope of

this study.

Conclusions - | mplications and Future Studies

The results presented here are important for cuatdmental understanding of motor
development. We now understand that there aréiffexences not only in motor output but
also in how the brain behaves when men and woneepaforming the same task (Gorbet &
Sergio, 2007; Gorbet & Staines, 2011). This is &lse when looking at functional MRI data of
how experience can change the brain networks thaised (Granek, Gorbet & Sergio, 2010).
By increasing the research within these age graugpean then determine what is classified as
normal development. This type of information is orant to clinicians who determine if a child
is developing properly. Some conditions that asmeisited with delayed motor skill

development are fetal alcohol syndrome, prematutiesh attention deficit hyperactive disorder,

37



autism, schizophrenia, and traumatic brain injigligrove et al., 2001; Caeyenberghs et al.,
2011). Conversely, individuals in physical educatmd coaches could benefit from this
information as well. This information will give asbetter understanding of potential limits and
reasonable target expectations within a given agepy These results can also extend to product
development. For example, if we know that bimaroeairdination is poor in 10 year olds then
perhaps the games that are developed need to adootims potential limitation. Lastly, we can
use this information to help rehabilitation clirinos. A prime example is people that have
undergone cerebrovascular accident. With continunetbrstanding of sex differences in motor
control we could start to cater to each sex. Ijeneral, females tend to have more
interhemispheric communication than males thengustithey could benefit more from
bimanual training rehabilitation approaches. Treerealready studies showing improvement in

hand force control with the addition of bimanualting (Kang & Cauraugh, 2014).

To get a better understanding of what occurs dute critical ages of 9 to 15 and to
gain further insight into sex-related effects, wawd like to adapt our tasks to examine the
removal of the alternation of hands. This wouldwllus to see the effect of using the preferred
hand for the more difficult aspect of the Precidiask (grasping the washer) compared to the
non-preferred hand. This way we can get a closse & the true effects of handedness and
begin to disentangle whether some of the increiasieisnanual coordination with age that we

found here were a result of increasing the alslitEthe non-preferred hand.

We noticed that some participants tried to develsgrategy for the Precision bimanual
task. There instruction of the Precision bimanasktwas to grab a washer then place it on the
peg. In order to place the washer on the peg ther diand must lift it up. This was then repeated

but the role of each hand was alternated. Interglgtisome participants assigned each hand a
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task, for example one hand would grab the wash#p&ace it on the peg and then the other
hand had to open the hinge. Therefore, by doingatsiein this manner they tried to assign the
more dexterous task to their dominant hand. Tidesjy could have been to try to decrease the
complexity of the task. Other research suggestsithan performing a bimanual task people
will often assign the more complicated or leadh@it dominate hand (Amazeen et al., 2005).
Performing this type of error or any error in gexievas not recorded. Perhaps if we recorded
errors there might have been a trend for indivigitiadt wanted to assign the more complicated
task, grasping the washer with their dominate htrete may have been a correlation with

handedness and this desire to simplify the task. .

In conclusion, our research increases our undetistg of the normal development of
bimanual coordination in children aged 9 to 15adidition our data show that females and elite
athletes tend to be better able to coordinate ttaids in a bimanual task when compared to
males and non-elite athletes. Future researclatinst to look at the development of motor skills

and control should also look at sex and experiefieets.
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