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1. ORIGIN OF LATERALITY: ASYMMETRY, CHIRALITY
AND PARITY

The word laterality is derived from the Latin word latus, meaning “side” (Smith
& Lockwood, 1976; Kabrt, Kucharsky, Schams, Vranek, Wittichova, & Zelinka, 2001).
This meaning of side (or rather, side preference) was informed by the finding that most
manifestations in living nature result from the spontaneous violation of symmetry.

We recognise two types of symmetry — spherical symmetry (static) and
functional symmetry (dynamic). A lot of objects, even planets or stars, seem to be
spherically symmetrical. This means that if we produced their mirror image, nothing
would change from the structure perspective — we would just see a perfect mirror image
(we do not consider its magnetic field properties, space orientation like south, north,
west, east) (Fig. 1). We talk about their spherical symmetry. Nevertheless, this kind of

symmetry exists only provided our observed object is not moving.

Figure 1. Examples of spherically symmetric object

Once we consider that the object performs some movement, for instance a spin, from
this moment on it is necessary to assign handedness — laterality to this object (Gardner,
2005 p.47).

From the perspective of physics, the functional symmetry state is generally
considered to be unstable (Coleman & Weinberg, 1973; Imry & Ma, 1975; Hambye &
Teresi, 2016) because nothing is being produced. From the perspective of
thermodynamics, the balance state of entropy represents a very good example of a
symmetrical state. If an open system reaches an entropy thermodynamic balance

(symmetry), this system produces zero energy. If we applied this state to a human or a
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plant, this individual or plant would be dead (Aoki, 1995). Therefore, violation — a loss
of symmetry due to a transition from one energy state to another energy state (some
symmetry is conserved in a certain energy state, but after the transition to a lower state,
this symmetry disappears: spinning flywheel, stopping flywheel or vice versa) allows to
spend or produce energy.

Possibly a more precise description of asymmetry was given from a molecular
perspective (Decker, 1974; Peng et al., 1998). This asymmetry was well described by
Pasteur in the 19th century on crystals of grape acid. When, for instance, the two types
of crystals from industrially produced acid are separated, it was found that the crystals
in one type of acid rotated polarised light clockwise, while the crystals in the other type
rotated polarised light counter-clockwise. It is interesting to note that the acid-
containing crystals that rotated polarised light clockwise enabled implemented
microorganisms to reproduce and metabolize, while in the second type of acid
(containing crystals that rotated polarised light counter-clockwise), microorganisms
were not able to start the metabolism (Flack, 2009; Gal, 2011; Musalek, 2014). In other
words, we have two molecules which contain the same elements — particles related to
the same atoms. However, each of these molecules has a different property. This
difference is due to different space distribution of atoms of which the molecule is
composed, (Fig. 2), and refers to the specific kinds of asymmetry called chirality

(Rauchfuss, 2008; Riehl, 2010)

(S)-alanine (R)-alanine

Figure 2. Chiral molecule of Alanin

At present, it is known that most molecules in laboratory conditions occur in two

forms that are of a mirror character (stereoisomer) to each other (Nicolle, 1962). These
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are also known as chiral molecules (Woolley, 1976; Salam & Meath, 1998; Barron,
2009). It has been revealed that a certain property of molecules that depend on their
spatial distribution of atoms is very important for living systems — including humans.
Let’s focus on proteins, which have many different functions in living organisms (e.g.,
building, transportation and storing, muscle contraction, protection). Proteins are
composed of amino acids. Interestingly, these amino acids are almost exclusively L-
amino acids, which rotate polarised light to the left. This selective preference of one
specifically space distributed molecule is called homochirality (Huggins, 1952). It is
important to note that there is also one amino acid without L or D polarisation — glycin.
Glycin, which gives it a plane of symmetry about its a carbon (Fig. 3) (Lodish et al.,
2000; Rauchfuss, 2008; Riehl, 2010; Michal & Schomburg, 2012).

Glycin

COOH

Figure 3. Glycin, amino acid without L or D polarisation

Another example of selective chirality is related to sugars where nature prefers D-
sugars like D-glucose. Thus we can conclude that life is necessarily chiral. Just try to
image what happens whether we reverse some things known for our daily life. How fast

you would deal with them (Fig. 4)?

Figure 4. Different directions can imply in different behaving: Examples of reverse direction of
thread in screw or side for driving car from left to right
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The selective preference for almost exclusively one type, such as D- sugars or L-
amino acids, prompted scientists to ask why life does not use D- amino acids or L-
sugars. When we talk about compounds in both L and D forms, we talk about a racemic
structure — for instance, the existence of amino acids in L and D form. This “sameness”
is called parity which represents another type of symmetry. Therefore, violation of
parity — sameness (Riehl, 2010) is crucial in order to understand how important it is to
realize that life is full of asymmetry.

There were hypotheses 60 years ago that universe was perfectly symmetrical —
conservation of parity: sum of the particles before and after each physical process must
be equal. During decomposition of the 60Co nuclei, Wu, Ambler, Hayward, Hoppes,
and Hudson, (1957) and Chien-Shiung Wu (1959) found that electrons are mainly
emitted in the direction of the magnetic poles. Results showed that more electrons were
set free at one pole than at the other. It was the first time when breaking of parity was
verified. Spontaneous violation of symmetry leads to the creation of asymmetry
(Senjanovic & Mohapatra, 1975; Viedma, 2007).

Asymmetry can be seen as spatial asymmetry — chirality; dynamic asymmetry —
spin; movement preference, or violation of parity, etc. All these manifestations of
asymmetry determine the property of higher systems and are common for open living
systems — like humans. Therefore, when we look at the best known and continually
investigated functional and structural asymmetry in humans — the handedness — we can
look at it as a human property with different aspects like maturation, development,
strength of handedness and its manifestation in different populations with different

frequencies.

Summary:

In the past, numerous studies have been dedicated to human laterality, which
represents a multidimensional, not only human trait/property (Corballis, 2010). It is well
known, for instance, that in the adult population 90% of people prefer to use their right
hand for common manual tasks, whereas about 10% of the population are so-called left-
handers (Annett, 1994; Raymond et al., 1996; Bryden et al., 1997; McManus, 2004).
Another important finding is that throughout human life, the development of laterality is

a very active process affected by both genetic and environmental factors (see: Porac et
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al., 1980; Geschwind and Galaburda, 1987; Halpern & Coren, 1991; Annett, 2002;
McManus, 2004).
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2. STRUCTURE OF MOTOR LATERALITY: CONCEPTS OF
HANDEDNESS AND FOOTEDNESS THROUGH OPTIC OF
CONFIRMATORY FACTOR ANALYSIS

Before we start to describe and assess the main outcomes of factor analysis
studies in human laterality that offer interesting views on the structure of motor
laterality, we should briefly explain the idea of confirmatory factor analysis.

Confirmatory factor analysis (CFA) represents one approach to data analysis
from a wide range of structural equation modelling (SEM). The concept of SEM or
casual modelling can be perceived as a complex statistical methodology consisting of
many procedures which usually aims to find common factor/s (construct/s) for certain
test items or verify relations or diagnostic quality of a test tool within a certain research
domain. When someone wants to use the principles of CFA, it must be emphasized that
the formulation of a structural hypothesis is always required. The formulation of a
structural hypothesis means that based on a theoretical background and empirical
experience the researcher determines a structural model (names of factors and relations
with corresponding items) which they then compare with empirical data. In other words,
the researcher looks into how well empirical data (results of tests, answers to
questionnaires, etc.) fits the suggested structural model. In CFA as well as in other
procedures within SEM, there are two kinds of variables. The first group represents a
so-called indirectly measurable characteristic that determines the field and objective of
the investigation. We usually call this variable a construct; a factor in mathematics.
When considering our research, human laterality could be perceived as a very wide
construct describing certain indirectly measurable human properties.

The construct is sometimes also called a “hypothetical construct” or a “latent
variable” (Bollen, 2002). The second group of variables are directly measured indicators
(test, task, questions from questionnaires) from which we get real data. These variables
can have the nature of categorical, ordinal or continuous data. Each indicator used in

research is composed of several parts.

X; = u+MF + E; (1.1)
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In this model, X;is a directly measured value — indicator (score in test, answer on Likert
scale from questionnaire) on ith item, u represents a possible difficulty of indicator, F is
an indirectly measurable characteristic (common attribute), 4; is labelled as factor
loading. Its values show the indicator sensitivity of attribute F, a so-called indicator —
common factor relationship. The higher the factor loading, the better the indicator
characterizes the indirectly measurable construct. The last symbol E; covers indicator

uniqueness which comprises random error and item specificity.

As Brown put it (2006, p.7): “In the typical CFA, indicators are defined as linear
functions of the latent variable, plus error; that is indicators are considered to be the

effects of the underlying construct.”

We should remember that factor analysis is basically a method that reduces or
divides certain amount of tests or items to several domains called factors. These factors
can represent human properties, e.g. anxiety, movement ability, skills or laterality.

The use of factor analysis in handedness is nothing new. In the following part we
will summarize the main findings and conclusions mostly related to the area of
handedness. In the 1970s, the interest to use factor analysis for handedness grew.
Between the 1970s and the turn of the millennium, the majority of authors used
exploratory factor analysis or principal component approach. This approach does not
require formulation of any structural hypothesis. In other words, you just have a group
of items which you assume measure somehow a certain domain or property. However,
you are not able to say or cluster them to common domains. Sometimes even
researchers did not know how they should name these common domains (factors) which
covered certain group of items with strong convergent validity. Nevertheless, it is
important to note that “handedness” was also used as a good example for explaining the
principles of factor analysis, see Smith (1950). Smith was one of the earliest researchers
who described advantages of factor analysis using an example of a questionnaire that
looked into the development of handedness. Later on, different authors used a variety of
items and tests for assessing and modelling of the human laterality. In the past 60 years
or so, diversity of test approaches along with the development of new and more precise
statistical methods has shown that human laterality is a complicated multidimensional

trait, within which left and right is by no means black and white.
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Using exploratory factor analysis (EFA), Leonard (1960) verified the factor
structure of hand performance and hand-eye coordination tests. He concluded that the
results of the hand performance factor which consisted of tests of accuracy and speed
were significantly related to the results of hand-eye performance tests. A thorough
investigation of how many factors human handedness contains was done, for instance,
by Barnsley and Rabinovitch (1970). Although these authors worked with a rather small
research sample of just 50 males and 50 females who scored 61 independent variables
in 32 tests of hand preference as well as hand performance, they revealed 9 interpretable
factors of hand performance. Moreover, they pointed out that handedness questionnaires
that assess hand preference cannot adequately represent the range of handedness or the
degree of difference in manual proficiency between the preferred and non-preferred
hand. In 1971, Oldfield (1971) published one of the most famous inventories assessing
handedness. The Edinburgh handedness inventory (EHI), which has been cited more
than 28,000 times (google scholar Autumn, 2018), is composed of 10 items (the
activities include writing, drawing, throwing, scissors, toothbrush, knife (without fork),
spoon, broom (upper hand), striking match (match) and opening box (lid) and many
researchers use this inventory to determine the structure of handedness. White and
Ashton (1976) was one of the first researchers who investigated structure of EHI by
EFA and they found two factors within EHI. One was named ‘“handedness” and
contained items which have the character of preference for using a tool (in which hand
you hold spoon, pen, knife, etc.). The second factor was dependent on the formulation
of the task. Bryden (1977) arrived at very similar results; he assessed more than 1,000
participants, 620 men and 487 women, using both the Crovitz-Zener (1962) and EHI
Oldfield (1971). EFA of the items from both questionnaires revealed three factors: a
primary handedness these items had the character of preference for using a tool; and
two factors that are specific to the wording of the questions. Further information about
the usefulness of the factor analysis in the field of handedness was presented by
Richardson (1978), who explained that factor analysis was valuable as a means of
appraising multivariate instruments for measuring handedness and made a rather strong
assumption to the effect that there is a single underlying dimension of handedness.
McFarland and Anderson (1980) were the first authors who verified on adult population
a psychometric quality of some handedness inventories, in particular EHI. They pointed
out that EHI is a single factor inventory where certain portion of unimanual items

(assessing the hand preference when using some tool in daily life) are stable but some of
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the original items, specifically those with bimanual character (using broom, opening
lid), did not load well on the handedness factor and were generally unstable in relation
to this factor. Moreover, it was suggested for the first time in this study that scores
weighted by corresponding factor loading should be used. Slightly different approach
was used by Williams (1986), who also investigated diagnostic properties of EHI, this
time, though, using the principal component analysis. Results showed that EHI is rather
a single factor diagnostic tool, which is in line with McFarland and Anderson (1980),
who suggested that bimanual items broom and opening lid did not represent the
handedness factor well and that they should be excluded from EHI.

Roszkowski, Snelbecker and Sacks (1981) assessed the item consistency of 15
preference tool items (like writing, drawing, cutting) in a wide age range population (8—
70 years) and found high reliability Cronbach alpha = .96. Also these authors used EFA
approach and found that hand preference tool indicators form a single dimension. A
similar single dimension of handedness was reported by McFarland and Anderson
(1980) and by Richardson (1978). Healey, Liederman and Geschwind (1986) used EFA
on a wide range (61 items) of manual activities called hand preference tasks. Results
showed four separate factors. Interestingly, one of the factors was composed of items
that involved more strength than dexterity. It means that hand preference dimensions
can be distinguished on the basis of those requiring movement of the distal musculature
(fingers and hand) and those requiring movement of the proximal musculature.
According to the authors, hand preference for items on this factor was less laterally
biased than on factors which included such fine motor behaviours as writing or drawing.
This represented a new finding in factor analysis which suggested that manual
preference could involve more than one neural system and that these systems may be
independently lateralized. Moreover, Healey, Liederman and Geschwind (1986)
suggested that handedness is not a unidimensional trait. In the same year, a publication
by Liederman and Healey (1986) also supported the suggestion that handedness in not
unidimensional when a factor analysis used on a new sample confirmed the results of
the previous study.

In contrast to both previous studies, Steenhuis and Bryden (1989) did not find
any support for the aforementioned hypothesis that the handedness domain contains two
independent factors related to 1) movement that requires proximal muscle groups and 2)
movement of distal muscle groups. Instead, Steenhuis and Bryden determined, based on

EFA factor, 1) “skilled” activities — the use of tools and manipulation of other objects
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writing, drawing, hammering, needling, scissors, knife when cutting, strike match,
erasing, using tooth brush, using spoon, throw by ball, deal card Second and third factor
“less skilled” or “unskilled” activities that included, for example, picking up objects
were therefore linked to the 2nd and 3rd factor in the given model. A significantly lower
level of lateralization was revealed for activities such as picking up objects, from small
to relatively large ones. However, the involvement of strength in the given activity
played a significant role that affected the level of preference. A fourth factor relates to
the use of bats and axes, a bimanual activity.

Steenhuis, Bryden, Schwartz and Lawson (1990) verified the psychometric
properties of the Waterloo Handedness Questionnaire (WHQ). The main aim was not to
verify its structure but to show the applicability and reliability of this 32-item tool. This
study also showed that left-handers were less consistent in test-rest scoring. In addition,
the importance for determining the hand direction (hand preference) as well as the
degree of handedness was emphasized. An interesting comment was offered by Peters
and Murphy (1993), who claimed that previous research analysed handedness by factor
analysis mainly by pooled data. “The factor structure and item loadings that result from
pooled data are misleading and cannot inform meaningfully about the relation of hand
preference to handedness. Similar problems can be anticipated in other
neuropsychological | applications of factor analysis, where data from heterogeneous
groups is pooled” (Peters & Murphy, 1993).

The structure of handedness was also analysed in relation to nationality. Possible
differences in the structure of handedness assessed by WHQ between Indian and North
American populations were analysed by Singh and Bryden (1994), who did not reveal
any significant deviations from the previously suggested structure Steenhuis and Bryden
(1989), where hand preference consists of two main factors — skilled activities and
unskilled activities of hand preference. However, in this study the fact that Indian
population had significantly lower prevalence for left-handedness compared to North
American population can be attributed to social pressure. Nevertheless, in another study
Bryden, Ardila and Ardila (1993) the structure of handedness in native Amazonians
assessed by WHQ was significantly different compared to North American populations.
In addition to skilled and unskilled factors, other handedness factors related to specific
tool use and to strength were revealed in Amazonians. According to the authors, this

data showed “that hand preference can be modified through positive reinforcement at
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an appropriate age, and that hand preference is the precursor of skill differences rather
than vice versa”.

Investigations of structure of handedness was not constrained only to hand preference
tasks. Hurley and Foundas (2001) aimed to verify whether principal component analysis
carried out on hand preference items from EHI and Briggs and Nebes inventories in
combination with cluster analysis of hand performance tests (grooved pegboard, finger-
tapping and grip strength) will show reasonable categorisation of people according to
their handedness with respect to the direction of hand preference and the degrees of
handedness. They found that “skilled activities”, mostly unimanual, had the strongest
relation to hand preference. On the other hand, a single measure of hand performance
tests did not always correctly classify an individual as right- or left-handed.
Nevertheless, using both approaches — hand preference items along with hand
performance tests — proved to be an optimal way to assess human handedness.

Van Strien (2003), like other authors before him, pointed out that some tasks or
questions are influenced by social pressure, for instance writing. Therefore, this author
excluded this item from the evaluation of hand preference. Nevertheless, other included
indicators of hand preference questionnaire were strongly linked to the use of tools. The
test, which includes 16 tool skilled preference items, revealed one single handedness
dimension. This conclusion supported the suggestion of Steenhuis and Bryden (1989) to
the effect that skilled motor activities form one/separate handedness factor.

Kang and Harris (2000) offered an extensive view on human laterality when
they added information about the structure of footedness. These authors used two
inventories — EHI and Waterloo footedness questionnaire (WFQ-R). Results of EFA of
the EHI revealed two handedness factors, which is in conformity with previous studies.
In addition, results from WFQ-R showed two footedness factors 1) skilled unipedal
actions and 2) balancing-stabilizing.

We must not also forget that previous studies have mostly perceived human
laterality as a continuous latent variable with a certain direction and certain degrees
(strong, consistent, inconsistent). In contrast, McManus (1985), who proposed a genetic
model of handedness with a single right-handedness gene, considers laterality as a
dichotomously scored variable. Therefore, it is currently not absolutely clear whether
human laterality represents discrete categories or rather a continuous domain (Annett,

1985; McManus 1991; Corey et al., 2001; Dragovic, Milenkovic, & Hammond, 2008).
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At the beginning of the 21st century, further studies verifying the structure of
handedness and using principal component analysis or EFA approaches confirmed
previous findings about the existence of two or one factor in the handedness domain.
The results mainly depended on the kind of indicators that were used — skilled or
unskilled — and whether preference indicators were or were not combined with a
performance test. This stagnation phase was interrupted by the use of new approaches
linked to a wider methodology called structural equation modelling (SEM) which began
to be used for assessing the structure of human laterality or re-evaluating the quality of
previously developed diagnostic tools. The family of SEM methods also includes the
confirmatory factor analysis (CFA) which by some authors (e.g. McDonald, 1991,
1999; Kline, 2011) represents a more suitable approach for verification of a defined
structure because it enables to test structural hypotheses or theories. According to
Costello and Osborne (2005), CFA, “can allow researchers to test hypotheses via
inferential techniques, and can provide more informative analytic options”.

This method requires knowledge or an assumption about a certain structure of
the modelled domain. We can say that if we want to use CFA, it is necessary to develop
a structural hypothesis about the relations within the modelled structure. Therefore,
according to some psychometricians CFA is a more rigorous statistical technique than
EFA (Joreskog, Sorbom & Du Toit, 2001).

The first studies where CFA was used were focused on handedness
questionnaires and still kept handedness is a latent continuum. Since items in
handedness questionnaires are scored on two-, three- or five- point Likert scale, it was
necessary to take into account a special type of correlations. In case of dichotomy
scored items the tetrachoric correlations were used: (see Brown & Benedetti, 1977;
Divgi, 1979; Muthén & Hofacker, 1988). In case of polytomous scored items
Polychoric correlations were used (see Muthén, 1984; Joreskog, 1994). One of the first
researchers who used a more specific approach derived from factor analysis rather than
EFA was Dragovic. Dragovic (2004) evaluated the structure of the Edinburgh
Handedness Inventory (EHI) using CFA. For the first time the results showed a strong
co-linearity between the items writing and drawing. It means that both these items
assess handedness with almost the same power and their correlation is close to “1”.
Further, Dragovic encountered the same problems with items that were based on
bimanual activity (broom, open lid) and supported the conclusions of previous studies

which also found some problematic items (Bryden, 1977; McFarland & Anderson,
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1980; Williams, 1986). Musalek (2012) analysed by CFA the structure of selected
unimanual and bimanual hand preference tasks in a population of young adults. His
results showed that unimanual items focused on hand preference when using tools like:
knife, hammer, scissors, brush, pen; develop a very strong factor in contrast to unskilled
— non-tool or bimanual — items. In addition, working with over 3,300 participants (data
from Falnders study) Nicholls, Thomas, Loetscher and Grimshaw (2013) also found that
the hand preference indicator could be divided to tools and object control factors. The
main aim of this study was to show that questions in hand-preference questionnaires are
time-dependent. It means that the type of questions must correspond to “technological
progress”. For instance, the question “which hand do you use to wind the clock” was
perfectly OK in the 1970s but now, at the beginning of the 21st century, participants, in
particular children, might find it difficult to understand what winding the clock actually

means.

2.1 Reaching Tasks as Appropriate Indicator for Assessing of Handedness in
Middle Age School Children

Even though it is clear that a lot of work has been done in modelling and
investigating of the laterality structure, only a very small part of research has been
devoted to the analysis of the structure in child population. One of the possible reasons
is that laterality preference or side dominance in motor tasks and tests develop as the
brain hemispheres mature and that the development of laterality is a very active process
(Annett, 2002; McManus, 2004). Further, according to several theories, this maturity
process can be influenced by genetic factors and many environmental factors can affect
handedness, such as antenatal maternal stress (Talge et al., 2007; Reissland, Aydin,
Francis & Exley, 2015), and prematurely born children, newborns or children who had
problems in prenatal period are more likely to become non-right handers (Geschwind &
Galaburda, 1987; Ross, Lipper, & Auld, 1987; Schwartz, 1988; Fride & Weinstock,
1989; Powls et al., 1996; Domell6f, Johansson, & Ronnqvist, 2011).

These factors, along with gradual brain maturation, imply that laterality
preference or performance may not to be so clear in children. Research of laterality in
children has shown that it has different phases. McManus et al. (1988) suggested that

handedness in children contains one handedness factor which can be recognised and
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better fixed around the age of 3. After that the stabilization of handedness usually
happens between 3 and 7 years of age. Surprisingly, according to the authors,
stabilization gradually weakens between 7 and 9 years of age (McManus et al., 1988).
Whittington and Richards (1987) or Cavill and Bryden (2003) proved that the direction
of handedness (right or left) can be clinically observed in children relatively early;
however, the strength/degree and consistency of handedness can vary significantly.
Lateral consistency — mainly handedness in children was significantly clarified by
researchers who used so-called reaching tasks (e.g., Bishop, Ross, Daniels, & Bright,
1996; Bryden & Roy, 2006; Carlier, Doyen, & Lamard, 2006). In this case, reaching
tasks are focused on whether a child would also manipulate with a tool using the
preferred upper limb in case the tool was placed counter-laterally to the preferred hand.
These tasks are also called crossing midline tasks and previous research done on
children aged 2 to 12 (Schofield, 1976; Cermak, Quintero, & Cohen, 1980; Stilwell,
1987) showed its association to handedness and the degree of the development of
handedness. Results from reaching tasks, therefore, showed that consistency of
handedness is age-dependent and complexity-dependent (Leconte & Fagard, 2004).
Bryden and Roy (2006) and Carlier et al. (2006) found that 6- to 10-year-old children
demonstrate a significantly more stable consistency of upper limb preference compared
to younger children. In other words, consistency of handedness increased with age and
with the level of motor demands. Highly complex, e.g. fine motor tasks, showed a
higher handedness consistency. This complexity of certain motor tasks was also shown
as major variable which influences the degree of performance differences between the
preferred and non-preferred upper extremities (Annett, 1992). Research in the area of
using Quantification of Hand Preference (QHP) also revealed that the degree of
handedness is also complexity-dependent. In other words, it is necessary to consider the
difficulty (pointing versus placing) of the task when assessing hand preference (Calvert,
1998; Pool, Rehme, Eickhoff, Fink, & Grefkes, 2015).

In summary, reaching tasks seem to represent a suitable approach to fine
assessing of handedness in children. Overall, the findings reveal that younger children
(i.e., 3- to 5-year-olds) have weaker cerebral lateralization and hand preference
tendencies and are therefore less likely to cross the midline in comparison to older
children (i.e., 7- to 12-year-olds), who are strongly lateralized, and thus reliant on their
preferred hand. Nevertheless, the place of QHP in the structure of the hand preference

domain remains unclear.
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Based on the aforementioned observations, we identified two questions which
had not been clearly answered yet: 1) what structure of the hand preference domain will
be revealed in middle age school children when using common hand preference tasks;
2) whether the card reaching task usually used as a single test for assessment of
handedness is valid in the structure of hand preference in middle age school children.
Even though literature provides a sufficient amount of validated laterality
questionnaires or inventories, their usefulness in children is questionable, mainly with
respect to understanding the questions and being able to imagine what each scale point
(always, rather, both equally) means. Therefore, some authors suggest that
performance-based measures are more objective for the evaluation of hand preference in

children (Bryden, Roy, & Spence, 2007, Scharoun, & Bryden, 2014).

Research question:

Will the reaching task in middle age school children be a sufficiently valid

indicator together with other unimanual tasks used for the assessment of hand
preference?
In our case, we first had to select a proper item bank of preference tasks and verify its
diagnostic quality. This selection of tasks and hand preference battery composition was
carried out in line with the rules for validation studies (gtochl & Musalek, 2009; Lane,
Raymond, & Haladyna, 2015). All steps included evaluation of content validity of
indicators; the sample selection of children and data analysis are described in details in
Musalek (2014).

Two of the selected tasks were reaching tasks. According to (Bishop et al.,
1996), these motor tasks enable to quantify hand preference because they assess hand
preference in reaching throughout the regions of hemispace. In fact, any hand
preference task with repetition (e.g., throw three times ball on target, kick three times
ball on goalie, throw dice in three attempts, etc.) quantifies the degree of hand
preference. During the reaching task, participants repeat a movement under space
constrained requirements because participants work in both ipsilateral and contra lateral
hemispace, which often leads to manual midline crossing. Various authors claim that
such behaviour corresponds to a shift from extracallosal to callosal control of
interhemispheric communication (Liederman, 1983) and in this way it plays a crucial

role in the development of a skilled preferred hand (Bochner, 1978; Provine, &
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Westerman, 1979; Ayres, 1980). Originally, QHP was limited to one task (i.e.,
Bishop’s card reaching task).

Bishop’s card reaching tasks contained seven coloured cards placed at 30-degree
intervals within hemispace in definite space. The task is to point or turn a card
according to instructions by the examiner. The examiner usually repeats the instruction
five or seven times. In this task the examiner investigates which hand worked as first
when touching, pointing or turning the middle card, and if the participant also uses this
hand when the examiner asks them to work with a card placed contralateraly to this

hand (Fig. 5).

Figure. 5 lllustrative scheme of Bishop’s card reaching tasks

Research sample:

For the purpose of this study, middle age school children aged 8 to 10 years
were selected. Participants were pupils of state elementary schools of the Capital City of
Prague, Czech Republic, and were selected using an intentional selection process. More
specifically, participants were selected from schools without art, sport, language or
technical specializations. Furthermore, children could not be enrolled in integrated
classes for children with special needs. Nevertheless, we have to admit that other factors
which may influence performance (e.g., activities outside of school, including sports,
hobbies and activities) were not considered and we realize this is a limitation of the
study. Participants were selected using the following purposeful method of sampling.

In cooperation with the Institute of Educational and Psychological Counselling, a
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complete list of primary schools from each district in the City of Prague was obtained.
Only those schools that were attended by at least 50 individuals of the given age were
selected, the number of the participants per school was set at 40. Out of these schools, a
list was created from which one primary school was randomly selected from each
district of Prague. In total, 10 primary schools were selected. The Ethics commission of
the Faculty of Physical Education and Sport, Charles University, granted an ethics
approval. Written parental consent was obtained for all children. Research sample

finally consisted of 376 children (184 boys and 192 girls), (Muge = 9.2, SD = 0.4).

Procedure:

In order to determine hand preference, five unimanual motor tasks and one reaching
task were selected. These hand preference tasks have been validated for use with Czech
children (Musalek, (2014).

The tasks included: (1) draw a leaf according to the model (Draw);

(2) take the bell in one hand and ring it (Ring);

(3) take the ball in one hand

and throw it at the target (three attempts; Throw);

(4) show how many points you can roll

with the dice (three attempts; Cube);

(5) demonstrate how you brush your teeth (Brush).

All hand preference tasks were scored dichotomously, where 0O indicated the task was
performed with the left hand and 1 indicated performance with the right hand. Throw,
Cube, Cards and Matches tasks included repetition; therefore, the scores comprised of a

sum of attempts performed with the right hand.

(6) Reaching task
Bishop’s card reaching task (Bishop’s).

Participants sit on a chair at a desk for the duration of the task. The researcher
places a sheet of paper (42 cm x 29.7 cm; divided in half by a vertical line) on the desk
in front of the participant. The paper contains seven rectangular boxes (6 cm x 3 cm) at
successive 30 degree intervals forming a semicircle. There were three boxes in left
space, one at the midline, and three boxes in right space. Each box is
labelled from -3 (far left) to +3 (far right), with the box at the midline labelled 0. The

researcher placed a card (all different colours) in each box and asked the participant to
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turn the card of a designated colour using one hand. The card placed at the midline was
selected first. If the participant used the right hand, selection progressed in the following
order: +2, £2, +3, £3. If the participant used the left hand, selection progressed in the
following order: £2, +2, £3, +3. After each trial (i.e. after each card was selected) hand
selection was recorded on a score sheet. A

value of 0 indicated left hand selection whereas a value of 1 indicated right hand

selection. Musalek et al. (2016).

The hand used to pick up the card in each region of hemispace was recorded
(Bishop et al., 1996). In previous studies the Bishop’s card reaching task displayed high
homogeneity and sufficient test-retest reliability (.78 - .80) (Doyen & Carlier, 2002).
Furthermore, Bishop et al. (1996) were able to successfully identify right-handers based

on the degree of hand preference.

Statistical analysis:

Since we wanted to evaluate a certain structure and investigate the relationship
between manifest indicators (hand preference tasks) and a theoretical concept — hand
preference, we used a specific approach from the “family” of Structural Equation
Modelling (SEM). All hand preference tasks were dichotomous (or ordered categorical
type) scoring items; therefore, categorical confirmatory factor analysis (CCFA) was
selected as an appropriate psychometric approach from SEM. If we model a definite
structure, it is also important to consider the criteria for acceptance of the model. In
other words, it is essential to know when to decide that a suggested theoretical model
explains sufficiently our empirical data. Literature contains many different fit indices
(see Tucker, & Lewis, 1973; Muthén, 1984; Bentler, 1990, Steiger, 1990; McDonald,
1999) that are used to express the quality of a model. In this study, the quality of
structural models was evaluated according to the recommended cut-off lines using five
fit indices: (1) Chi-square test (Sattora-Bentler scaled chi-square) and significance of
model p>0.05; (2) Comparative fit index (CFI) , >.95; (3) Root mean square of
approximation (RMSEA) , < .06; (4) Tucker-Lewis index (TLI), >.95; and (5)
Weighted Root Mean Square Residual (WRMR) < .80. Sensitivity of the QHP Bishop’s
card reaching task was evaluated using chi-square contingency tables. The data was
analysed in M-plus 6 (Muthén & Muthén, 2010) and NCSS2007 (NCSS, LLC,
Kaysville, UT).
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Results:

The proposed unidimensional model with six indicators displayed very good values of
fit and high factor loading of all six indicators of hand preference (Fig. 6, Tab. 1). In
this one-factor structure, Bishop’s card

reaching task proved to be a suitable indicator of hand preference (factor validity = .89)
(Fig. 6, Tab. 2)

Table 1. Fit of the one-factor model.

Model Chi-square VP-vaIue df CFl U RMSEA WRMR
1-factor .58 08 9 a7 97 051 52

do0i:10.1374/oumalpone. 1683371001
Table 2. One-factor model.

Six items
Items Factor Loadings Uniqueness
Draw a leaf according to the model-Draw 96 08
Take the bellin one hand and ring it-Ring 90 A9
Take the ball in one hand and throw it at the target-Throw 92 | 15
Show how many points you can roll with the dice on three attempts— 98 04
Cube |
Demonstrate how you brush your teeth-Brush 94 12
Bishops' card reading task-Bishop’s 89 21
Cronbach’s a 89

d0i:10.1371/journal pone.0166337.1002

Figure 6. Fit of the one factor model with factor loadings
Adapted from Musalek, Scharoun and Bryden (2016). Using Bishop’s Card Reaching Task to
Assess Hand Preference in 8-to 10-Year-Old Czech Children. PloS one, 11(11)

So the first impression was that the results were exactly as expected. In
conformity with previous findings it was revealed that tool using tasks (using pen,
throwing ball, ringing by bell, tooth brushing) strongly discriminate handedness.
Further, we can see that Bishop’s reaching task corresponds sufficiently to the hand
preference structure A=.89. However, when the structure of definite concept is analysed,
it is important to check whether high factor loads are not in conflict with possible
multicollinearity of some motor tasks (i.e., excessive mutual correlation). The question
of multicollinearity is linked to the redundancy of some items/indicators/tests in the
model which can artificially inflate the model fit. It is a common methodologist
question: Why have three or four tests which measure exactly the same? For this reason
a correlation matrix was created to verify the discriminant and convergent validity of

each used indicator. In this case, based on the data character, the polychoric correlations
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were used for ordered categorical data, and tetrachoric correlations were used for

dichotomously (binary) scored data (Fig. 7).

Table 3. Correlation matric of six motor tasks (including Bishop’s card reaching task).

ltems Brush Throw Ring Draw Bishop's Cube
Brush [

Throw 988

Ring 956 968 |

Draw 985 983 LW

Bishop's 2 896 859 868

Cube 959 918 897 918 864

(0i:10.1371/joumal pone. 0166337 1008

Figure 7. Correlation matrix of had preference tasks

Adapted from Musalek et al. (2016). Using Bishop’s Card Reaching Task to Assess Hand
Preference in 8-to 10-Year-Old Czech Children. PloS one, 11(11)

The correlation matrix clearly displays a strong (>.90) correlation between the
individual indicators (Fig. 7). On average, the weakest correlations (though still at high
levels) were recorded for Bishop’s card reaching task. A detailed analysis showed that
two motor tasks, Brush and Draw, displayed the strongest correlations with other tasks.
Previous research showed that hand preference in some daily motor activities could be
caused by socio-cultural pressures on hand preference (Harris, 1990; Medland et al.,
2004; Zverev, 2006). Therefore, we decided to exclude Brush and Draw items and thus
verify their redundancy in the proposed one-factor model. After excluding the Brush
and Draw motor tasks, the one-factor model with four indicators showed improvement

in fit values (Fig. 8).

Table 4. Fit of the one-factor model without Brush and Draw tasks.

Model Chi-square P-value df CFl Y] RMSEA WRMR
1factor 6.58 % 2 @ 9 0% 31
doi:10-1374/oumalpane 0166337 1004

Table 5. One factor model without Brush and Draw tasks.

SixItems Four ltems

Items FactorLoadings  Uniqueness  Factor Loadings  Uniqueness
Draw a leaf according to the model-Draw | 9% | . |«
Take the bellin one hand and ring it-Ring 90 019 9 |7

Take the ball in one hand and throw it at the target-Throw 2 15 2 15

Show how many points you can roll with the dice on three attempts-Cube U 12 9 13
Demonstrate how you brush your teeth-Brush 98 04

Bishop's card reaching task-Bishop's 8 2 89 2
Cronbach's a 89 8

doi:101371/oumalpone 01663371006

Figure 8. Fit of the one-factor model and factor loadings after removing Brush and Draw hand
preference tasks
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Adapted from Musalek et al. (2016). Using Bishop’s Card Reaching Task to Assess Hand
Preference in 8-to 10-Year-Old Czech Children. PloS one, 11(11)

In this abridged model, chi-square did not change significantly from the
statistical point of view; however, model significance increased markedly from p = .08
to p = .25. The reliability, with its lowerbound estimate expressed as Cronbachs a,
decreased non-significantly (Fig. 8). We can conclude that the items that are highly
dependent on socio-cultural environment like Brush and Draw can bias the degree of
handedness in this study. Therefore, these tasks might be redundant in the presented
model. Moreover, the conditional probability that a person who uses one hand for
brushing will use the same hand for drawing is enormously high r=0.985. From this
perspective, when handedness is not the main aim of a study, researchers sometimes use
only one socio-culturally dependent variable, usually which hand a participant uses for
writing or drawing. However, as shown above, this approach for identification of
human laterality may not be sufficient.

In addition to the sufficient discriminative property and suitability of Bishop’s
card reaching task within hand preference structure we found that Bishop’s card
reaching is also sensitive enough for the identification of right-handers and left-handers.
Further, we investigated the sensitivity of Bishop’s card reaching task in comparison to
the composite score achieved by children from the five hand preference used tasks.
Children who performed all five tasks with the right hand were described as strong
right-handers whereas those who performed all tasks with the left hand were described
as strong left-handers: right-handers (n = 306) and left-handers (n = 31). Results showed
that the sensitivity of Bishop’s card reaching is sufficient mainly in field testing for
identification of both right- and left-handers. In addition, the sensitivity was
approximately 7% lower (right-handers = 97.4% and left-handers=90.3%) in identifying
left-handers compared to right-handers. Nevertheless, chi-square criterion showed that

this difference was not significant.

Summary:
Bishop (2005) argues that her task is a measure of developmental maturity.

Groen, Whitehouse, Badcock and Bishop (2013) found in children aged 6-16 a

significant association between hemispheric asymmetries during speech production (as
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measured with functional transcranial Doppler ultrasonography) and handedness
determined by reaching card task r=0.40 in contrast to low association r=0.16 in the
long version of the Edinburg inventory; and peg moving r=0.13 performance test. Since
in assessing of handedness we can talk about visual motor integration in the Bishop’s
card reaching task, there is one novelty compared to the standard task “throwing,
drawing, etc.” — the participant must be space-oriented during performance. This
connection between visual spatial function and motor executive function along with
bigger portion of attempts can provide the Bishop’s card reaching task with unique
properties in the process of assessing the handedness which was supported in its
sensitivity when revealing an abnormal handedness pattern in children with specific
language impairment (SLI) or developmental coordination disorder (DCD). These
children did not differ in laterality quotient when inventory or unimanual tasks like
writing by hand were used. However, when planning and space orientation were added,
right-handed children with SLI, DCD, and the younger controls reached predominantly
with the right hand to spatial positions located to the right of their body’s midline and
with the left hand to positions situated to its left. Right-handers in the age-matched
control group showed a significantly greater tendency to use their right hand to reach to
all spatial positions. The increased tendency of the children with SLI to use the non-
preferred hand was particularly striking because it was seen both in those with and
without recognised motor difficulties. The QHP task appears to be a sensitive, but non-

specific, indicator of developmental disorders. (Hill & Bishop, 1998).
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Abstract

Hand preference is one of the most apparent functional asymmetry in humans. Under con-
tralateral control, performance is more proficient with the preferred hand; however, the dif-
ference between the two hands is greater in right handers, considering left handers
generally display less cerebral lateralization. One method of evaluating hand preference is
Bishop’s card reaching task; however, information regarding validity and sensitivity with chil-
dren in limited. This study assessed the relationship between Bishop’s card reaching task
and five hand preference tasks in 8- to 10-year-old typically-developing children from the
Czech Republic (N = 376). Structural equation modelling identified a one factor model as the
most suitable, including Bishop's card reaching task and three hand preference tasks (ring-
ing, throwing, and rolling with dice). The factor validity (.89) and sensitivity of Bishop’s card
reaching task (90% to 97%) provided a very good identification of hand preference. These
results support the suitability of Bishop’s card reaching task as a separate test for determin-
ing hand preference in children. Accordingly, we suggest that the assessment of handed-
ness, particularly in neurodevelopmental disorders where the proportion of right-handers
and left-handers is disrupted (e.g., children with DCD or ADHD), should make use of Bish-
op’s card reaching task alongside other unimanual tasks.

Introduction

Handedness represents the most apparent and studied functional asymmetry in humans [1].
Under contralateral control, the left hemisphere is responsible for right hand function, and the
right hemisphere for left hand function [2, 3]. Our understanding of cerebral lateralization
dates back to the work of Paul Broca, who observed the effects of left hemisphere lesions in the
posterior part of the third frontal convolution in right handers. Broca proposed that cerebral
control for speech was specific to one hemisphere, and mirrored an individual’s handedness
[4, 5]. It has since been observed that the left hemisphere is stereotypically responsible for lan-
guage and motor skills, and the right hemisphere is responsible for processing visuospatial
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information. Nevertheless, despite 87-96% of the population displaying left hemisphere later-
alization for language, not all are right-handed. Approximately 60-73% of left-handers also fall
under this distinction; whereas others display bilateral distribution across hemispheres, or
right hemisphere lateralization [6, 7]. The aforementioned distributions have been confirmed
using functional transcranial sonography [6, 7], repetitive transcranial magnetic stimulation
[8] and functional magnetic resonance imaging (fMRI)[9].

Defined behaviourally in terms of preference (i.e., the preferential use of one of the hands)
and performance (i.e., differentiating based on abilities in a particular task)[10], 90% of the
population is right-handed and 10% is left-handed [11, 12]. This distribution has remained rel-
atively consistent for approximately 5000 years [11]. Examining the relationship between pref-
erence and performance, it is commonly reported that performance is more proficient with
the preferred hand [13]. However, the difference between the two hands is typically greater in
right than left handers, considering left handers generally display less functional asymmetry
than right handers [14, 15]. In one example, Jincke et al. [16] have reported, with fMRI, that
right handers require an increase in effort to perform with their left hand. As such, right hand-
ers display greater activation in the right hemisphere when using the left hand, than in the left
hemisphere when using the right hand [16]. Other researchers have similarly identified greater
activation in contralateral motor areas [17, 18].

Numerous behavioural tools are available for the evaluation of hand preference. Question-
naires are the most widely used, where participants record their response to a series of unim-
anual tasks. Questionnaires such as the Edinburgh Handedness Inventory [19], the Waterloo
Handedness Questionnaire [20], and the Annett Handedness Questionnaire [13] are com-
monly used in the literature; however, this method of evaluating hand preference comes with
certain limitations. More particularly, limitations include the subjective nature of responses
[21] and the consideration that no single questionnaire was explicitly designed to assess chil-
dren. Therefore, some authors suggest that performance-based measures of preference repre-
senta more objective approach to evaluate hand preference, especially with children [22, 23].

One of these performance-based measures is the Quantification of Hand Preference (QHP)
task [24], which assesses hand preference in reaching throughout regions of hemispace. Also
assessed in reference to manual midline crossing, it has been suggested that the emergence of
such behaviour reflects a shift from extracallosal to callosal control of interhemispheric com-
munication [25] and is thus a prerequisite from developing a skilled preferred hand [26, 27,
28]. The original version of the QHP was limited to one task (i.e., Bishop’s card reaching task).
Here, seven coloured cards were placed at 30-degree intervals within hemispace. Participants
were seated at a table with the task in front of them, and asked to grasp a card of a certain col-
our and place it into a box located at the midline. The hand used to pick up the card in each
region of hemispace was recorded [24]. The QHP displays high homogeneity and test-retest
reliability (.78 - .80) [29]. Furthermore, Bishop et al. [24] were able to successfully identify
right handers based on degree of hand preference [1]. A reflection of how strongly a person
prefers one hand, degree of hand preference is a behavioural reflection of cerebral lateraliza-
tion for handedness. This has been reported in several studies assessing both structural and
functional cortical organization [30, 31, 32]. For example, using resting-state fMRI, Pool et al.
[32] identified stronger interhemispheric functional connectivity in right handers. As such,
the authors suggested functional connectivity between left primary motor cortex and right
dorsolateral premotor cortex may be used as an indicator of handedness [32]. Extending
Bishop et al.’s [24] findings, Calvert and Bishop [32] repeated the QHP with right- and left-
handers to investigate whether left-handers mirror right-handers, or display less cerebral later-
alization. Two additional tasks were added to the QHP (pointing to a letter and placing/
posting a marble) to examine the role that skill played in the degree of preference. Overall, the
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QHP was sensitive to degree of hand preference both within and between groups of left- and
right-handers; however, the pointing and placing tasks proved to be more effective assessments
[24, 32]. This finding clearly outlines the need to consider the difficulty of the task when assess-
ing hand preference [32, 33].

More recent investigations have examined the QHP task from a developmental perspective.
It is generally reported that the shift from immature to mature motor control strategies at
approximately age 10 to 12 may reflect maturation of the corpus callosum [9, 34, 35, 36, 37].
Failure to cross the midline by age 3 to 4 has thus been identified as a marker for potential per-
ceptual-motor difficulties later in life [38]. With respect to the QHP, some [39, 40] have limited
inquiries to the card-reaching task, and others [41] have examined all three components (i.e.,
reaching, pointing and posting). Overall, findings reveal younger children (i.e., 3- to 5-year-
olds) have weaker cerebral lateralization, and hand preference tendencies; therefore, are less
likely to cross the midline in comparison to older children (i.e., 7- to 12-year-olds) who are
strongly lateralized, and thus reliant on their preferred hand. Adults, in comparison, will reach
into ipsilateral space with either the preferred or non-preferred hand reflecting acquired
motor skills, which decrease complexity [23].

Whereas the aforementioned studies utilized the QHP to investigate hand preference in
manual midline crossing, other studies have modified the task to include other objects. In one
example, Bryden et al. [42] placed everyday tools (e.g., pen, toothbrush, hammer, paint brush,
spoon) at 45-degree angles in peripersonal space. Adult participants were first asked to lift an
object and demonstrate the action as if it were a tool. Hand preference was stronger in the
tasks that involved demonstration [42]. These findings have been replicated with both adults
and children [43]. Overall, results of these studies exemplify the link between hand preference
and manual midline crossing over the course of development, where children in the 7- to
10-year-old age range cross the midline significantly more than other age groups (both youn-
ger and older) [23, 39, 40, 43].

In summary, the previous literature suggests that the QHP is a suitable measure of human
handedness in children and adults. Nevertheless, the quality of the card reaching task (i.e.,
validity) has not been verified in children. Differences in performance have been shown to
reflect changes in cerebral lateralization with age, and midline crossing has been used to infer
maturation of the corpus callosum. As such, it is of utmost importance that behavioural mea-
surements tools are both valid and reliable. Therefore, the aim of this study was to examine the
factor validity of Bishop’s card reaching task. Furthermore, a secondary aim of this study was
to assess discriminant and convergent validity between the task, and a selection of five stan-
dard assessments of hand preference in 8- to 10-year-old children. It was hypothesized that the
task would be identified as a valid assessment for children and be highly correlated (r > .80)
with other measures of handedness, considering children in this age range are strongly lateral-
ized and thus display consistent hand preference tendencies. The research was focused specifi-
cally on describing the defined phenomenon and therefore the study was observational in
nature [44].

A threshold of r > .80 was selected based on several considerations, including work by
Kline [45], descibing convergent validity as a correlation at least of moderate strength. There
are several guidelines which can be used to identify a sufficiently high correlation. For exam-
ple, Cohen [46] and Hendl [47] identify a large effect as >.50 or >.70. Brown [48] discussed
sufficient convergent validity in the range of .676 to .749. With respect to reliability, when
observing the correlation between the card-reaching task and other validated measures of
handedness, this can be expressed similar to internal consistency, where the generally accept-
able level is recommended to be greater than .80 [49, 50].
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Materials and Methods
Participants

The current study included 376 children (184 boys and 192 girls) between 8 and 10 years of
age (Mg = 9.2, SD = 0.4). Participants were pupils of state elementary schools of the Capital
City of Prague, Czech Republic, and were selected using an intentional selection process. More
specifically, participants were selected from schools without art, sport, language or technical
specializations. Furthermore, children could not be enrolled in “integrated classes” for chil-
dren with special needs. Beyond the aforementioned inclusion criteria, other factors which
may influence performance (e.g., activities outside of school, including sports, hobbies and
activities) were not considered. This was a limitation.

Participants were selected using the following purposefully method of sampling. In cooper-
ation with the Institute of Educational and Psychological Counselling, a complete list of pri-
mary schools from each district in the City of Prague was obtained. Only those schools that
were attended by at least 50 individuals of the given age were selected, the number of the par-
ticipants per school was set at 40. Out of these schools, a list was created from which one pri-
mary school was randomly selected from each district of Prague. In total, 10 primary schools
were selected. The Ethics commission of the Faculty of Physical Education and Sport, at
Charles University granted ethics approval. Written parental consent was obtained for all
children.

Apparatus and Procedures

Hand preference tasks. To determine hand preference, five unimanual motor tasks were
implemented [51]. Assessments have been used in previous studies [13, 19, 52], and have been
validated for use with Czech children [51]. The tasks included: (1) draw a leaf according to the
model (Draw); (2) take the bell in one hand and ring it (Ring); (3) take the ball in one hand
and throw itat the target (three attempts; Throw); (4) show how many points you can roll
with the dice (three attempts; Cube); and (5) demonstrate how you brush your teeth (Brush).
Tasks were scored dichotomously, where 0 indicated the task was performed with the left hand
and 1 indicated performance with the right hand. Throw, Cube, Cards and Matches tasks
included repetition; therefore, scores comprised of a sum of attempts performed with the right
hand.

Bishop’s card reaching task (Bishop’s). Participants were seated on a chair at a desk for
the duration of the study. The researcher placed a sheet of paper (42 cm x 29.7 cm; divided in
half by a vertical line) on the desk in front of the participant. The paper contained seven rect-
angular boxes (6 cm x 3 cm) at successive 30 degree intervals forming a semicircle. There were
three boxes in left space, one at the midline, and three boxes in right space. Each box was
labelled from -3 (far left) to +3 (far right), with the box at the midline labelled 0. The researcher
placed a card (all different colors) in each box and asked the participant to turn the card ofa
designated color using one hand. The card placed at the midline was selected first. If the partic-
ipant used the right hand, selection progressed in the following order: +2, -2, +3, -3. If the par-
ticipant used the left hand, selection progressed in the following order: -2, +2, -3, +3. After
each trial (i.e., after each card was selected) hand selection was recorded on a score sheet. A
value of 0 indicated left hand selection; whereas, a value of 1 indicated right hand selection.

Data Analysis

To analyse the relationship between manifest indicators and latent variables with continuous
characters, structural equation modelling (SEM) is recommended [45, 53]. Therefore, SEM
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Table 1. Fit of the one-factor model.

Model Chi-square

P-value df CFI TLI RMSEA WRMR

1-factor | 21.58

.08 9 97 .97 .051 .522

doi:10.1371/journal.pone.0166337.1001

was used to assess the relationship between data obtained from the hand preference tasks and
Bishop’s card reaching task. One SEM approach includes factor analysis, which has been used
in previous studies to determine the structure or diagnostic quality of handedness question-
naires [54, 55, 56]. In this study, hand preference was defined as a latent continuous variable
with dichotomous (or ordered categorical type) scoring; therefore, categorical confirmatory
factor analysis (CCFA) was selected as an appropriate psychometric approach from SEM. This
method is sometimes called IRT [57] or item factor analysis (IFA) [58]. It is suitable to test or
verify structural theories, and to test the validity of a certain tool [48, 58, 59]. The weighted
least-squares (WLSMV) approach was selected as the estimation parameter as recommended
in Muthén [60].

The quality of structural models was evaluated according recommended cut-off lines using
five fit indices: (1) Chi-square test (Sattora-Bentler scaled chi-square); (2) Comparative fit
index (CFI) [61], >.95; (3) Root mean square of approximation (RMSEA) [62], < .06; (4)
Tucker-Lewis index (TLI) [63], >.95; and (5) Weighted Root Mean Square Residual (WRMR)
[60], < .80. Sensitivity of the QHP Bishop’s card reaching task was evaluated using chi-square
contingency tables. Data were analyzed in M-plus 6 [64]and NCSS2007 (NCSS, LLC, Kaysville,
UT).

Results and Discussion

Six indicators evaluating the latent variable “hand preference” were modeled using CCFA. The
proposed uni-dimensional model displayed very good values of fit and high factor loading of
all six indicators of hand preference (see Table 1). In this one-factor structure, Bishop’s card
reaching task proved to be a suitable indicator of hand preference (factor validity = .89; see
Table 2); however, high factor loads revealed a possible multicollinearity of some motor tasks
(i.e., excessive mutual correlation). A correlation matrix was created to verify the discriminant
and convergent validity of individual indicators. Polychoric correlations were used for ordered
categorical data, and tetrachoric correlations were used for dichotomously (binary) scored
data.

The correlation matrix clearly displays a strong (>.90) correlation between the individual
indicators (see Table 3). On average, the weakest correlations (though still at high levels) were
in Bishop’s card reaching task. Detailed analysis showed that two motor tasks, Brush and

Table 2. One-factor model.

Six items

Items Factor Loadings Uniqueness
Draw a leaf according to the model-Draw .96 .08
Take the bell in one hand and ring it-Ring .90 19
Take the ball in one hand and throw it at the target-Throw 92 15
Show how many points you can roll with the dice on three attempts— .98 .04
Cube
Demonstrate how you brush your teeth-Brush .94 12
Bishops' card reading task—-Bishop’s .89 .21
Cronbach's a .89
doi:10.1371/journal.pone.0166337.t002
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Table 3. Correlation matric of six motor tasks (including Bishop’s card reaching task).

Items Brush Throw Ring Draw Bishop’s Cube
Brush

Throw .988

Ring .956 .968

Draw .985 .983 957 |

Bishop's .921 .896 .859 .868

Cube .959 .918 .897 | .918 .864
doi:10.1371/journal.pone.0166337.1003

Table 4. Fit of the one-factor model without Brush and Draw tasks.

Model Chi-square P-value df CFl TLI RMSEA WRMR
1-factor 6.58 25 2 .99 .99 .039 .351

doi:10.1371/journal.pone.0166337.1004

Draw, have the strongest correlations with other tasks. Based on the analysis of motor activity
and with regard to possible sociocultural pressures on hand preference in these two tasks, we
decided to exclude Brush and Draw items and thus verify their redundancy in the proposed
one-factor model (see Table 4).

After excluding the Brush and Draw motor tasks, the one-factor model with four indicators
showed a significant improvement in fit values (see Table 5). The most marked proved to be
changes in significance of the model (p = .25) and chi-square, whose value was considerably
lower statistically, at the level p < .001, even with the relevant number of degrees of discretion.
This improvement in fit in spite of the model restriction (which means a certain loss of infor-
mation) indicated that the Brush and Draw tasks were highly redundant in the model.

To evaluate sensitivity of Bishop’s card reaching task, participants were divided into two
groups based on an absolute preference for the right (n = 308) and left (n = 31) hand. This divi-
sion was based on performance of the five hand preference tasks previously standardized for
use with Czech children [50]: Draw, Brush, Cube, Ring and Throw. Participants who per-
formed all tasks with the right hand were described as having an absolute preference for the
right hand; whereas, those who performed all tasks with the left hand were described as having
an absolute preference for the left hand. Chi-square tests with contingency tables revealed the
Bishop’s card reaching task had sufficient sensitivity for identifying absolute right-handers
(n =306) and left-handers (n = 31; see Table 6). In addition, these results showed that the

Table5. One factor model without Brush and Draw tasks.

Six ltems Four Items
Items Factor Loadings Uniqueness Factor Loadings Uniqueness
Draw a leaf according to the model-Draw .96 .08 - =
Take the bell in one hand and ring it-Ring .90 .019 91 A7
Take the ball in one hand and throw it at the target-Throw .92 15 .92 A5
Show how many points you can roll with the dice on three attempts—-Cube .94 12 .93 13
Demonstrate how you brush your teeth-Brush .98 .04 - -
Bishop's card reaching task-Bishop’s .89 21 .89 .21
Cronbach’s a .89 .84
doi:10.1371/journal.pone.0166337.1005
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Table 6. Sensitivity of Bishop's card reaching task according to the instructions “turn the cards of
the given colour placed on the sheet of paper.”

How the task was proved Right handers Left handers
All cards were taken by right hand 298 0

All cards were taken by left hand 0 28

At least one card was taken by non-preferred hand 8 3

Total 306 31

doi:10.1371/journal.pone.0166337.t006

sensitivity of Bishop’s card reaching task is approximately 7% lower (right-handers = 97.4%
and left-handers = 90.3%) in identifying left- handers compared to right-handers. Neverthe-
less, chi-square criterion showed that this difference was not significant.

The current study aimed to assess the factor validity of Bishop’s card reaching task. Further-
more, to examine discriminant and convergent validity between Bishop’s card reaching task
and a selection of five standard assessments of hand preference in Czech children. Structural
equation modeling was used to determine the diagnostic value of Bishop’s card reaching task,
along with select unimanual indicators, with the defined latent variable “hand preference.”
Confirming our hypothesis, the factor validity of Bishop’s card reaching task indicated it was a
suitable indicator of hand preference (.89), and successfully identified hand preference in chil-
dren. More specifically, assessments of sensitivity revealed identification of 90.3% of left-hand-
ers and 97.4% of right-handers. It is important to note that, although sensitivity levels were 7%
greater in right-handers, the difference was non-significant. This finding supports previous
results that left-handers represent a more heterogeneous population in terms of cerebral later-
alization for handedness [65, 66].

Findings of the current study are in agreement with previous reports. In the original study,
Bishop et al. [24] used the card-reaching task to distinguish between right-handed young
adults based on degree of hand preference. Carlier et al. [39] has used Annett’s Questionnaire
and Bishop’s card reaching task to assess the hand preference of 3- to 10-year-olds (right- and
left-handed); however, did not assess the correlation between the two measures. Nevertheless,
regardless of the method used to classify hand preference, analysis of the number of midline
crossings remained the same for both handedness groups. Using the same methods, Doyen
et al. [40] identified a significant, yetlow (.23) correlation between measures with right-
handed individuals ages 6 to 66, in line with findings from the current study. Likewise, Hill
and Khanem [41] reported, “a child’s age and peg-moving speed had a significant influence on
the likelihood of using their preferred hand to point and reach” (p. 105). The Edinburgh
Handedness Questionnaire [19] and an unspecified peg-moving task were used in their study
with 4- to 11-year-olds [41]. Taken in light of the current findings, where greater than 90% of
participants (90.3% of left-handers and 97.4% of right-handers) were successfully identified
according to their hand preference, it can be argued that using Bishop’s card reaching task is a
suitable and valid method to measure handedness.

That said, although the aforementioned work used Bishop’s card reaching task to distin-
guish between handedness groups, it is important to highlight discrepant findings in the litera-
ture as well. In a follow-up to Bishop et al. [24], Calvert and Bishop [33] added two tasks
(point, place) to extend the QHP, and assess the relationship with Annett’s peg moving task as
a traditional assessment. All QHP tasks were significantly correlated with Annett’s peg moving
task; however, only point and placing were able to separate strong and weak right- and left-
handers. For card reaching, there was an evident trend in this direction, where the task was
able to differentiate between left-handers based on degree of hand preference, but not right-
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handers. Doyen and Carlier [29] were also unable to replicate Bishop et al.’s [24] findings.
Although homogeneity and test-retest reliability were revealed, the ability to sort participants
into subgroups of hand preference was not achieved by Bishop’s card reaching test, in particu-
lar with left-handers. Doyen and Carlier [29] thus suggested that both preference and perfor-
mance tasks should be implemented to ensure a complete assessment of handedness,
considering differences in cerebral lateralization between right and left handers. Nevertheless,
it was also acknowledged that differences are likely attributed to the way in which handedness
groups are classified, and the tasks used to divide participants based on degree of handedness
(29].

As evidenced in the current study, tasks must be carefully considered when assessing hand
preference. Findings revealed that the one factor model which included all five unimanal tasks
(see Table 1) showed acceptable fit values (P = .08, RMSEA .051, CFA .97, WRMR .522); how-
ever, psychometric problems with strong multicollinearity were also revealed. A correlation
matrix was thus created in order to determine the relationship between individual motor tasks
in order to identify any potential redundancies. Strong correlations emerged for Brush and
Draw tasks (>.90; see Table 3), similar to Komarc and Harbichova [67] who also noted possi-
ble redundancy of some motor tasks in their model. These tasks (i.e., Brush and Draw) were
thus excluded from further analysis, even though the restriction of the model means a certain
loss of information [58]. Despite both of these tasks recognized as most relevant in the handed-
ness literature [11, 19], removing these tasks significantly improved the fit of the unidimen-
sional model (see Table 4). More specifically, chi-square values decreased and the model
significance increased (P = .25).

On the basis of these findings, it can be argued that Draw and Brush motor tasks are likely
more influenced by sociocultural pressures than other tasks, and consequently were redundant
in the model. Cultural influences have been shown to play a role in the development of hand-
edness. In particular, western cultures typically show a higher incidence of left handedness
than eastern cultures. For example, comparisons of hand preference in India and North Amer-
ica [68], and Japan and Canada [69] have noted the number of left-handers is considerably
lower due to social constraints limiting left hand use [69]. Relevant to the current study, socio-
cultural pressures have been reported to have primary effects on skilled activities such as writ-
ingand eating [69]. As such, it is likely that Draw and Brush tasks may not accurately reflect
handedness and cerebral lateralization in everyday settings. Furthermore, these differences
may explain why the sensitivity for left-handers was 7% lower than right-handers.

Conclusions

Taken together, findings from the current study revealed that Bishop’s card reaching task dis-
played a significant relationship with the latent variable “hand preference” and previously veri-
fied unimanual tasks. Moreover, Bishop’s card reaching task was found to have high sensitivity
in discriminating between right-handers and left-handers. That said, it is important to notice
that Bishop’s card reaching task expressed higher sensitivity for right-handers in comparison
to left-handers. In summary, these findings support the idea that Bishop’s card reaching task is
a suitable and valid approach to assess hand preference in 8- to 10-year-old children. Notwith-
standing the previous, it is important to acknowledge that the current study assess hand prefer-
ence in a relatively homogenous narrow age range (i.e., 8 to 10), stereotypically known to
display consistent hand preference, indicative of strong cerebral lateralization. Furthermore,
participants were recruited using purposeful sampling. It is also important to acknowledge
that the unimanual tasks used in the current study was not a fully exhaustive battery; however,
do reflect the most commonly used assessments of hand preference in the literature. Future

PLOS ONE | DOI:10.1371/journal.pone.0166337 November 11,2016 8/12

41



@. PLOS | ONE

Bishop’s Task with Czech Children

research should thus aim to replicate findings in a broader age range of children, to provide a
foundation for examining neurodevelopmental disorders (e.g., Autism Spectrum Disorders,
Attention Deficit Hyperactivity Disorders, etc.), where the proportion of right- and left-hand-
ers is disrupted in comparison to typically-developing peers. For example, neural deficits char-
acteristics of Autism Spectrum Disorders are stereotypically of left hemisphere functions;
therefore, a link between non-right-handedness, learning disability and left hemisphere dys-
function has become prevalent in the literature [10, 70]. In another example, Hill and Bishop
[71] used the QHP to compare 7- to 11-year-olds with specific language impairment and
developmental coordination disorder to their age-matched peers and younger control group.
Findings revealed the ability to be a more sensitive, albeit not specific, indicator of develop-
mental disorder than a traditional handedness questionnaire (i.e., Edinburgh Handedness
Questionnaire) [19].
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2.2 Highly Complex Tests for Assessing of Footedness — Does It Make Sense?

Motor laterality is, however, not only a question of limb preference. It is
important to note that also proficiency and performances tests play a significant role in
the process of appropriate determination of the degree of laterality. The above-
mentioned diagnosis of preference (previous part) allows only a limited detailed
expression of the strength of motor laterality like handedness or footedness. Motor
proficiency tests are more time-consuming and therefore generally less attention has
been paid to them in literature (Rigal, 1992; Corballis, 2009). In past decades mainly
performance tests for upper limb have been created and verified. These tests primarily
focus on the differences in speed, precision or correctness of execution between the
preferred and non-preferred upper limbs (see more in Scharoun & Bryden, 2014). In
both children and adults these aspects of hand proficiency to a significant degree
correspond with upper limb preference (Peters, 1976; Rigal, 1992; Cornish &
McManus, 1996; Nalcaci et al., 2001). Nevertheless, we have to note that the degree of
association between hand preference and hand proficiency highly depends on the type
of performance test. In this context Annett (1992) Roy, Kalbfleisch and Elliott (1994)
or Sainburg and Kalakanis (2000) emphasize that higher skilfulness of the preferred
upper limb is observed primarily in complex motor activities in which higher demands
are put on coordination and integration of more segments of the limb involved in the
activity (e.g., shoulder and elbow joints).

Although there are different types of peg moving tests, manual dexterity tests
and tests of hand-eye coordination, much less attention has been paid to investigating
the question of whether also foot performance tests are useful in determining the degree
of footedness. Some performance tests for evaluation of different skilfulness of the
lower limbs have been created (see Knights & Moule, 1967; Beling et al., 1998).
However, their congruency with foot preference showed to be significant only in adult
population. One suggested answer to why foot performance shows inconsistencies is
that laterality of the upper and lower limbs does not develop in parallel as has been
observed particularly in children. Compared to handedness, footedness stabilizes later in
life. For instance, Coren, Porac and Duncan (1981) found a significant right-hand
preference in preschoolers and selected population of high-school students.
Nevertheless, pre-school children had a significantly less distinct lower limb preference.
Also Gabbard et al. (1991), Gabbard (1992) and Gentry and Gabbard (1995) found that

foot preference in 3- to 5-year-old children is much less consistent than hand
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preference. In particular, according to Gabbard (1996), who carried out a systematic
review focused on the relationship between handedness and footedness in pre-school
age, mixed-footedness appears twice as often as mixed-handedness. According to
Gentry and Gabbard (1995), significant stabilization of lower limb preference happens
later, between 8 and 11 years of age. However, in connection with this finding we have
observed that there are not enough studies attempting to verify whether later
stabilization of the lower limb preference is also manifested in the results of
performance tests for lower limbs that are used to diagnose laterality in the child
population. The difference in motor laterality of the upper and lower limb is also
explained by the fact that the primary role of the upper limbs is manipulation, whereas
the lower limbs’ primary function is postural and body transportation Woodburne and
Burkel, 1994, p. 87; Christou et al., 2003; Palastanga and Soames, 2011, p. 202).
Musalek (2014) investigated the SEM link between foot preference and foot
performance/proficiency in middle school age children and adolescence population. The
aim was to compare the discriminatory power — factor validity of the same foot
proficiency tests for both children and adolescents). These were complex motor
activities which integrated more body systems: (1) moving a small object by the lower
limb in a limited space and (2) slalom with a tennis ball between obstacles and (3) an
activity which focused primarily on speed while performing a simple task — foot
tapping. Although in middle school children, foot proficiency tests showed to have poor
relation to foot proficiency factor, the same tests fit well into the foot proficiency
structure in adolescents. Only simple speedy test foot tapping had acceptable validity
A=0.84 in middle school children. These results suggested that the development of fine
motor foot proficiency tests is not particularly important for assessing of footedness.
Together with the hypothesis that laterality of the upper and lower limbs does
not develop in parallel, a large body of studies exists which also found significant
differences in laterality, particularly consistency, between males and females
specifically in handedness. Males are significantly more frequently left-handers and
mixed-handers (e.g., Whittington and Richards, 1987; Sommer et al., 2008; Johnston et
al., 2009). So there is also the question whether motor laterality preference and
proficiency develop in parallel with respect to sex. Research has provided some
evidence that from the neurology perspective boys’ and girls’ brains develop in a
slightly different manner. From the point of view of ontogenesis, a very interesting

difference between males and females has been revealed in the strength of neural
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pathways leading into the cerebellum. These pathways which are involved, among other
things, in realization of fine motor skills are according to Gurian et al. (2010)
significantly stronger in females. Moreover, Amunts et al., (2000) revealed significant
differences related to handedness in interhemispheric asymmetry of the central sulcus
between males and females. In female brains, the interhemispehric asymmetry between
right and left central sulcus was much lower compared to males. These results suggest
that anatomical asymmetry might be associated with handedness only in males and not
in females. In other words, the authors assume that differences exist between sexes in
the cortical organization of hand movements. Another view on brain structural
asymmetries was provided by Savic (2014). In this research, the asymmetry of cerebral
gray and white matter and structural volumes in relation to sex hormones and
chromosomes was assessed. Results showed that the asymmetry in the planum
temporale area and the occipital cortex seem related to the processes associated with the
male hormone testosterone, whereas the observed cerebellar asymmetries suggest a link
with X-chromosome escapee genes.

Based on these findings, the second question studied in this research is whether
the level of laterality assessed as a difference in skilfulness between the preferred and
the non-preferred limb will differ significantly in males and in females. We suppose that
such a difference might be revealed in the form of a different level of relationship factor
loadings — in selected performance tests to modelled factors: (1) hand performance, (2)

foot performance.

Research question

Based on this information we designed a study to answer two questions: 1) usefulness
of motor complex tests assessing the degree of footedness in middle school age
children; 2) whether foot proficiency tests modelled in the structure of footedness
concept will be sex-dependent.

Since we accepted previous suggestions that laterality of lower limbs is: 1) delayed
compared to upper limbs laterality; 2) function of lower limbs is different (also seen in
different neural pathways) compared to upper limbs we assumed that in the given
category of 8- to 10-year-olds skilled foot performance tests (spiral tracing by small
cube, slalom with ball between obstacles) will show fewer differences and more
inconsistencies (i.e., weaker lateralization) than complex tests designed for the upper

limbs.
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A total of 210 typically developing 8- to 10-year-olds (» = 107 males and n = 103
females; Mage = 9.1, SD = £ (0.78) from the Czech Republic whose parents signed an
informed consent were recruited for this study. The main reason for the selection of
middle age school children aged 8 to 10 was because at this age children’s motor skills
are harmoniously developed along with stable somatic development and stable
coordination patterns (Ljach, 2002). All participants were from three state primary
schools in the capital of Prague. The same schools also participated in the validation
study of tests and tasks for the determination of motor laterality the results of which
were published in Musdlek (2014). The following criteria for the selection of
participants were used:
e (1) participants were chosen only from schools which had a similar number of
pupils in the given age category,
e (2) only schools without any specific specialization (e.g., technical, artistic,
sport, or linguistic) were selected,
e (3) schools and classes with integrated children with special needs were not
included in the selection.
We decided for this concept of an intentional selection process method in order to
ensure a maximum homogeneity of the sample with respect to the findings from
Musalek (2014). The research was approved by the Ethics Committee of the Faculty of
Physical Education and Sport, Charles University, and the parents of all participants

signed an informed consent. The data were anonymized.

First, hand and foot preference patterns were assessed by seven observable
preference measure tasks. The indicators used for the evaluation of hand preference and
foot preference were validated for the Czech child population aged 810 in study
Musalek (2014). Factor loads of hand preference indicators: A = 0.85-0.93, generic
reliability McDonald @ = 0.95; factor loads of foot preference indicators: A = 0.66—0.90,
generic reliability McDonald @ = 0.81 (Musalek, 2014). The results of the preference
observable measure tasks also served to determine the preferred and the non-preferred
limb as a necessary precondition for the selected skilled performance tests to be carried
out in accordance with the given rules. Six of the seven observable preference measure
tasks have already been used in previous research where these indicators were approved
as valid and reliable either as questionnaire items or preference tasks (e.g., Annett,

1970; Barnsley & Rabovitch, 1970; Oldfield, 1971; Sharman & Kulhavy, 1976; Tapley
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& Bryden, 1985; Rigal, 1992; Coren, 1993; Bishop et al., 1996; Doyen & Carlier, 2002;
Mamolo, Roy, Rohr & Bryden, 2006; Musalek & Honsova, 2013).

Preference strength was determined based on laterality quotient calculation, for
which equations from previous studies were used (e.g., Humphrey, 1951; Harris, 1958;
Bryden, Roy & Spence, 2007; Kalaycioglu, Kara, Atbasoglu & Nalcaci, 2008). Each
execution in preferential tasks was marked 1 when the right limb was used and 0 when
the left limb was used.
Laterality quotient for the upper and lower limbs was calculated using the formula

LO = (R-L/R+L)*100

Our selected sample consisted of 136 children who had uncrossed right side
lateral preferences (right-handed and right-footed), (65 males and 71 females) LQ =
100, and 18 children who had left side uncrossed lateral preferences (left-handed and
left-footed), (10 males and 8 females) LQ = 0. The LQ of the remaining 56 children (32
males and 24 females) ranged within LQ = 31.25-75.

Table 1
Preference tasks for assessing of hand and foot preference
Hand preference tasks | Foot preference tasks
1. Throwing on target 1. Kick to the ball on target
2. Ringby bell 1. Using one foot, tap the rhythm that I am
3. Card reaching task (Bishop task) 2. Perform jumps forward using one leg
4. Erasing

For assessing the performance/proficiency component of handedness and
footedness five validated tests for the Czech child population aged 810 years and two
new tests (foot proficiency) were used. Five validated tests — four for handedness: (1)
spiral tracing, (2) dot-filling, (3) tweezers and beads, (4) twisting box; and one for
footedness: foot tapping — had an acceptable level of factor validity with respect to the
modelled factors: (1) hand performance A = 0.58-0.82 and (2) foot performance
A =0.92. Generic reliability of the tests modelled only under one factor “performance of
locomotive organs” was McDonald o = 0.83 Musalek (2014).

These five tests have already been replicated in several studies. Scharoun,
Bryden, Otipkova, Musalek and Lejcarova, (2013) focused on differences in
performance tests between preferred and non-preferred hand in children with ADHD

and their neurotypical controls. Musalek, Scharoun and Bryden (2015) investigated
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relation between cerebellar dominance and hand skilled performance tests in right-
handed children (details of this study in the end of this chapter).The results of these
studies revealed that all five performance tests are sufficiently sensitive to determine the

performance of the preferred hand.

Table 2
Skilled performance tests
Skilled hand performance tests Skilled foot performance tests
1. Spiral tracing 1. Foot tapping
2. Dot-filling 3.  While standing, slalom with ball between
3. Moving beads from one box into another 4. Spiral tracing by small cube
4. Turning a box alternately with the front

and the rear side on the table

First, it was necessary to confirm that skilled hand performance tests have
sufficient convergent validity with selected hand preference tasks. Correlations between
seven hand preference tasks and seven skilled hand performance tests were in the range
r = 0.56-0.89 (Fig. 9). These results suggested that the differences in performance
between the preferred and non-preferred hand in selected hand performance tests are
significantly linked to hand preference. This finding supports the assumption that the
more complex the motor test, the greater the differences in performance between the

preferred and non-preferred hand (Annett, 1992)

Table 1| Convergent validity between hand preference observable
measure and hand performance tests.

ltem Throwing Ring the bell Bishop task Erasing
Spiral tracing 0.89 0.84 0.66 082
Dot-filling 0.70 0.66 0.64 063
Twistbox 0.78 7 064 0.66
Tweezers and beads  0.75 0.70 0.58 0.56

Figure 9. Convergent validity between hand preference tasks and hand performance tests
Adapted from Musalek (2015). Skilled performance tests and their use in diagnosing
handedness and footedness at children of lower school age 8-10. Frontiers in psychology, 5,
1513.

51



On the other hand, in the correlation matrix of foot preference and skilled foot
performance tests two of the three performance tests (slalom between obstacles and
spiral tracing with small cube) did not manifest a satisfactory convergent validity » =
0.25-0.46 (Fig. 10). Only foot tapping was recognised as sufficiently discriminating the
performance between the preferred and non-preferred foot. These results suggested that
fine motor or complex tests for lower limbs are not sufficiently sensitive to distinguish
between the preferred and the non-preferred lower limb in the given age group. It means
that the assumption that the more complex the motor test the greater the difference in
performance between the preferred and non-preferred limb seems not to be supported

for lower limbs.

Table 2 | Convergent validity between foot preference tasks and foot
performance tests.

Item Kicking Tapp Hop
rhytmus forward

Slalom with ball 0.46 033 0.26

between obstacles

Spiral tracing by small 0.39 0.43 0.25

cube

Foot tapping 0.85 0.74 0.65

Correlations lower than 0.50 are shown in boldface.

Figure 10. Convergent validity between foot preference tasks and foot performance tests
Adapted from Musalek, (2015). Skilled performance tests and their use in diagnosing
handedness and footedness at children of lower school age 8-10. Frontiers in psychology, 5,
1513.

The lack of sensitivity of skilled foot performance tests was also confirmed
when comparing performances of the preferred and non-preferred lower limb. Among
skilled foot performance tests, only the “tapping” test showed significant capacity to
determine the difference in skilfulness of the preferred and the non-preferred lower limb
p < 0.05 and Cohen d = 1.22. The other two tests, which were of a complex motor
character, with the “slalom with a ball between obstacles” test having extra demands on
balance, did not confirm the significance of the different performance of the preferred
and the non-preferred lower limb Cohen d ranging within d = 0.22-0.27, p>0.05. These

results together with findings regarding convergent validity for the lower limb (Fig. 10)
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support the hypothesis that fine motor or complex tests for diagnosing lower limb
laterality in children of the given age category are not suitable due to their low
discrimination capacity between the preferred and the non-preferred lower limb. It is
quite interesting that Kauranen and Vanharanta (1996), who assessed motor
performance of upper and lower limbs regarding handedness in adults, found much
lower reliability (intraclass correlation coefficient — ICC) of coordination lower limbs
tests compared to coordination upper limb tests. In addition, in coordination tests plate
tapping for hands and conceptually the same test for feet, participants performed with a
significantly higher accuracy in hand coordination test compared to feet. Further, this
study showed that significant differences in the reaction time of the preferred hand
existed in adults. On the other hand, the speed of movement was significantly higher in

feet performance.

In next step we focused our attention on new investigation. Previous research in
the area of motor or psychomotor development has mainly looked into whether there are
any differences in the degree of gross motor or fine motor skills between boys and girls
(e.g., balance, locomotion, coordination, object control etc...).

It is generally accepted that girls perform better in fine motor tasks (Schneck &
Henderson, 1990; Blote & Hamstra-Bletz, 1991; Junaid & Fellowes, 2006; Kokstejn,
Musalek, & Tufano, 2017). Neverthless, there is very little information as to whether
the used tests have or have not a significantly different discrimination power regarding
gender. Information whether tests discriminate equally between males and females is
highly necessary when estimating the degree of a certain human trait/property. Several
previous studies showed that ignoring the different discrimination power leads to
inadequate interpretation of the results (overestimation or underestimation effect)

(Burtscher, Furtner, Sachse, & Burtscher, 2011; Komarc & Harbichova, 2015).

A number of previous studies that assessed the difference in handedness
revealed that males are significantly less consistent, i.e. there is much higher portion of
mixed-handers among males (e.g., Whittington & Richards, 1987; Sommer et al., 2008;
Johnston et al., 2009). Moreover, Kauranen and Vanharanta (1996) concluded that the
degree of handedness in males and females changes differently during the lifetime.
While males were in general faster in non-complex motor tasks foot tapping and finger

tapping and achieved higher speed of movement in coordination tests, females were by
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far more precise. These differences between males and females are generally associated
with ontogenesis as well as phylogenesis. For instance, research studies have shown
differences in the strength of neural pathways leading to the cerebellum. These neural
pathways that, among other things, participate in the performance of motor activities are
much stronger in females (Gurian et al., 2010).

Therefore, our second research question was to verify whether the differences in
proficiency between the preferred and non-preferred limb will be significantly sex
related. We suppose that such difference might be revealed in the form of a different
level of relationship factor loadings — in selected performance tests to modelled factors:
(1) hand performance, (2) foot performance.

The multigroup two-factor model for females and males revealed only one
significant difference in factor load with respect to sex. The “foot tapping” performance
test had significantly weaker factor loading in males, 4 = 0.56, compared to females, 1 =
0.74, p < 0.05 (Fig. 11). This finding probably has several causes. Firstly, the
stabilization of lower limb performance in males may take longer. The differences in
foot tapping performances between the preferred and non-preferred lower limb were not
so clear. Secondly, the smaller difference in the performance of the right and the left
lower limb may be caused by the relationship between the character of the test and a
certain environmental factor. Since it is known that boys spend more of their leisure
time doing physical activity compared to girls (Trost et al., 2002; Vilhjalmsson &
Kristjansdottir, 2003; Marques, Ekelund, & Sardinha, 2016), it is possible that using
both lower limbs, for instance, for kicking, hopping, climbing can mean that foot

tapping cannot distinguish well between their preferred and non-preferred lower limb.

Table 4 | Factor loadings of the 2-factor model - factors: (1) upper limb
performance and (2) lower limb performance.

Factors and used performance tests Male Female

X Unig x Unig
Upper limb performance factor
Spiral tracing -0.84 0626 -078 043
Dot-filling 078 0.39 087 024
Twistbox 063 056 067 055
Tweezers and beads 047 078 058 0867

Lower limb performance factor

Slalom with ball between ocbstacles —0.32 oge -038 oM
Spiral tracing by small cube —0.30 089 -026 092
Tapping foot 0.56* 069 0.74* 044

g, Unig, unigueness - residual

adings p < 0.05
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Figure 11. Factor loadings of hand and foot performance tests in males and females

Adapted from Musalek (2015). Skilled performance tests and their use in diagnosing
handedness and footedness at children of lower school age 8-10. Frontiers in psychology, 5,
1513.

Summary:

The first important finding was that the difficulty of skilled performance tests for
upper and lower limbs was not equal to the degrees of hand or foot preference in middle
age school children. In the case of handedness, it was revealed that fine motor or
complex tests determine hand preference quite well. This is in line with the conclusions
of studies demonstrating that different skilfulness in speed, precision and correctness of
execution of the motor activity strongly corresponds with the preferred upper limb in
children (e.g., Annett et al., 1979; Rigal, 1992; Carlier, Duyme, Capron, Dumont &
Perez-Diaz, 1993; Cornish & McManus, 1996; Nalcaci et al., 2001). On the other hand,
lower limb skilled performance tests were poorly linked to foot preference. These
results suggest that lower limb lateralization in children is probably not identical in
strength with upper limb lateralization.

Interestingly, the lower limb performance test “slalom between obstacles”,
which has been validated in the Czech Republic also for the adult population in
Musalek (2014), did not reveal similar problems with the detection of the preferred and
non-preferred lower limb. This finding is in conformity with studies Knights and Moule
(1967) or Beling et al. (1998), which revealed agreement of results of performance tests
with determined foot preference solely in the child population. Same like (Coren et al.,
1981; Gabbard et al., 1991; Gabbard, 1992; Gentry and Gabbard, 1995; Gabbard, 1996)
we assume that the lower limbs undergo a longer process of lateralization as compared
to the upper limbs. This longer process of lateralization might be affected by the
function of the lower limbs. While the upper limbs are intended for manipulation, the
lower limbs are responsible mainly for postural and locomotion functions._In addition,
we should not overlook a previous finding to the effect that the spino-cereberllar paths
and tracks are different for the upper and lower extremities. Different paths for
proprioceptive information for the upper and lower extremity lead from the spine
(Chusid, 1982; Kandel, Schwarz, & Jessel, 2000). We see as a concrete application of

these findings primarily the assessment of laterality by motor tests. In assessment of
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laterality of lower limbs we should have taken into account the fact that fine motor or
complex lower limbs tests are age dependent.

Results from multigroup modelling showed that the sensitivity of all seven
skilled performance tests in a two-factor model for detecting laterality of the upper and
lower limbs is quite similar for both genders. This means that the lateralization process
for the upper and lower limbs is probably quite similar in females and males at this age.
The only difference revealed that was of some significance was related to factor load of
the “foot tapping” test in females » = 0.74 and males » = 0.56 with factor validity
coefficient for females being significantly p < 0.05 higher in comparison with factor
validity of this indicator in males. This difference might be explained by some
environmental factors, in males primarily by collective sports where both lower limbs
are used (e.g., football). Consequently, the “foot tapping” test might not be sufficiently
sensitive to determine the difference between the preferred and the non-preferred lower
limb in males. On the other hand, in females who are not affected by these
environmental factors, or are affected to a much smaller extent, the “foot tapping” test
determines the relation to footedness concept more clearly.

For more details see Musalek (2015).
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Previous research has shown that hand and foot preferences do not develop in parallel in
children and it has been discovered that in children foot preference stabilizes later. Therefore,
the aim of this study is to verify whether the differences in stabilization will also be
manifested through less consistent results of selected skilled foot performance tests
in a comparison with selected skilled hand performance tests. A total of 210 8-10 year
old children from elementary schools were recruited for this study. Hand and foot
preferences were first tested using hand and foot preference observable measure tasks;
consequently, all participants performed four skilled hand performance tests and three
foot performance tests. Unlike in complex skilled hand performance tests, which showed
a significant convergent validity 0.56-0.89 with hand preference tasks, in complex skilled
foot performance tests a very low convergent validity 0.25-0.46 with foot preference tasks
was detected. The only skilled foot performance indicator which showed an acceptable
convergent validity with foot preference tasks was the “foot tapping” test 0.65-0.85, which
represents rather a gross motor activity. Moreover, further results of the tests suggest that
complex or fine motor performance tests used for diagnosing laterality of the lower limb
that have a manipulative character probably do not represent suitable indicators for children
in the given age category. The same trend was revealed in both females and males. This
indicates that the level of laterality assessed as difference in skilfulness between the
preferred and the non-preferred limb in children in the given age group probably develops

in the same way in both genders.

Keywords: h

INTRODUCTION

Numerous studies have in the past been dedicated to human later-
ality, which represent a multidimensional trait (Corballis, 2010).
It is well known, for instance, that in the adult population 90%
of people prefer to use their right hand for common manual
tasks, whereas about 10% of the population are so called left-
handers (Annett, 1994; Raymond et al., 1996; Bryden etal., 1997;
McManus, 2002). Another important finding is that throughout
human life, the development of laterality is a very active process
affected by both genetic and environmental factors (see: Porac
etal., 1980; Geschwind and Galaburda, 1987; Halpern and Coren,
1991; Annett, 2002; McManus, 2002).

Research into development of laterality in children has shown
that it has different phases with respect to ontogenesis. The authors
McManus etal. (1988) suggested that handedness in children is
generally defined by one basic factor and begins to become fixed
around the age of 3; it becomes stabilized and its level increases
between 3 and 7 years of age. According to the authors, stabiliza-
tion gradually weakens between 7 and 9 years of age (McManus
etal., 1988). Studies of Cavill and Bryden (2003) or Whitting-
ton and Richards (1987) have proven that the development of
handedness (right or left) can be determined in children rela-
tively early; which is not entirely true for strength and consistency

perfa

tests, laterality, children, fine motor, gross motor

of handedness (De Gostini etal., 1992). Development of con-
sistency and the level of preference of upper limbs in children
has also been studied by authors using so called reaching tasks
(e.g., Bryden and Roy, 2006; Carlier etal., 2006), which focused
on whether a child would also manipulate with a tool using the
preferred upper limb in the case that the tool was placed counter-
laterally to the preferred hand. The conclusions of these studies
showed that in this kind of motor activity 6- to 10-year-olds chil-
dren demonstrate significantly more stable consistency of upper
limb preference than younger children (Bryden and Roy, 2006;
Carlier etal., 2006). Leconte and Fagard (2004), who also used the
reaching task approach, revealed that consistency of handedness
in children changes with the complexity of the activity which the
child is forced to do with his/her upper limb. The authors also add
that development of strength and consistency of handedness in
children represents an important dynamic process (Leconte and
Fagard, 2004).

In comparison with the number of studies on development
of the upper-limb laterality, less research has been done into the
development of footedness. Coren et al. (1981) found that 3- to 5-
year-olds children, as well as a selected population of high-school
students, demonstrated a significant right-hand preference. Their
findings at the same time revealed that pre-school children had

www.frontiersin.org

January 2015 | Volume 5 | Article 1513 | 1

57



Musalek

Skilled performance tests and handedness

significantly less distinct lower limb preference (Coren et al., 1981).
Studies by Gabbard etal. (1991), Gabbard (1992), and Gentry and
Gabbard (1995) also found that foot preference in 3- to 5-year-olds
children is much less consistent than hand preference. On average,
the agreement of upper and lower limb preference in right-handers
was 67% while in left-handers it was only 17%. According to the
authors, significant stabilization of lower limb preference happens
later, between 8 and 11 years of age (Gabbard, 1992; Gentry and
Gabbard, 1995). A review study by Gabbard and Iteya (1996) also
revealed that in 3- to 5-year-olds mix-footedness appears with
twice as much occurrence as mix-handedness (Gabbard and Iteya,
1996). By contrast, Gudmundsson (1993), who studied confor-
mity between upper and lower limb preference in pre-school and
younger school children aged 3—11, found 85 and 87% conformity,
respectively (Gudmundsson, 1993).

In the diagnosis of laterality, according to Corballis (2009),
for example much less attention is paid to the detailed skilled
performance approach (Corballis, 2009). The above-mentioned
diagnosis of preference allows only a very limited detailed expres-
sion of strength of handedness or footedness. Consequently,
in past decades performance tests have been created and veri-
fied which primarily focus on the difference between the upper
limbs in performing the same motor tests (Scharoun and Bry-
den, 2014). Research has shown that in both children and adults
the different skilfulness in terms of speed, precision or cor-
rectness of execution of motor activities strongly corresponds
with upper limb preference (Peters, 1976; Annett etal., 1979
Rigal, 1992; Carlier etal., 1993; Cornish and McManus, 1996;
Nalcaci etal.,, 2001). Nevertheless, it has also been found that
the level of correspondence between preference and perfor-
mance depends, to a great extent, on the type of performance
test. In this context, Annett (1992) observed that the more
the activity is of a fine motor character, the more signifi-
cant the higher skilfulness of the preferred upper limb (Annett,
1992). The authors Roy etal. (1994) and Sainburg and Kalaka-
nis (2000) later added that this considerably higher skilfulness of
the preferred upper limb is observed primarily in motor activ-
ities in which higher demands are put on: (1) coordination
and (2) integration of more segments of the limb, involved in
the activity (e.g., shoulder and elbow joints; Roy etal., 1994;
Sainburg and Kalakanis, 2000).

Performance tests to evaluate different skilfulness have also
been created for lower limbs (see Knights and Moule, 1967; Bel-
ing etal., 1998). However, they showed congruency with the
determined foot preference solely in the adult population.

In connection with laterality assessment, Rigal (1992), Steen-
huis (1999) and Corey etal. (2001) have suggested that for reliable
diagnostics, both preference indicators and performance tests
should be used because laterality in humans does not represent
a unidimensional trait (Rigal, 1992; Steenhuis, 1999; Corey etal.,
2001). Even though previous studies focused on the development
of upper and lower limb laterality, they mostly assessed devel-
opment of handedness and footedness and their stability in the
child population. The conclusions of studies focused on the ques-
tion of consistency of upper and lower limb preference in child
population suggest that stabilization of lower limb preference rep-
resents in children a longer process than stabilization of hand

preference (see Gabbard, 1992; Gentry and Gabbard, 1995; Gab-
bard and Iteya, 1996). However, in connection with this finding
we have observed that there are not enough studies attempting
to verify whether later stabilization of the lower limb preference
is also manifested in the results of performance tests for lower
limbs that are used to diagnose laterality in the child population.
The results of our previous research have suggested that primarily
complex skilled foot performance tests do not show the differences
between the preferred and the non-preferred lower limb with suf-
ficient accuracy in 8- to 10-year-olds. In the monograph Musilek
(2013), three identical performance tests (for the lower limb) were
modeled using the confirmatory factor analysis for the popula-
tion of 8- to 10-year-olds and for 17- to 19-year-old adolescents.
These were complex motor activities which integrated more sys-
tems: (1) moving a small object by the lower limb in a limited
space and (2) slalom with a tennis ball between obstacles and (3)
an activity which focused primarily on speed while performing a
simple task — foot tapping. The revealed results were extremely
interesting. While in the adolescent population (17- to 19-year-
olds), both complex tests had acceptable factor loadings in range:
0.61-0.72 for the modeled factor “foot performance,” in 8- to 10-
year-olds factor loadings of the tests significantly lower in a range
between 0.38-0.43 with respect to the “foot performance” factor.
On the other hand, the foot tapping test showed a strong relation-
ship to the “foot tapping” factor in both children and adolescents
with factor loads 0.84 and 0.92, respectively. It was also revealed
that loads of both complex skilled foot performance tests used
in this study were for both children and adolescent populations
significantly lower in comparison with complex fine motor tests
for the upper limb (“spiral tracing,” “dot-filling”; Musilek, 2013).
This result could be found due to the fact that upper limbs are
primarily designed for manipulation, whereas lower limbs have
primarily a postural function (Woodburne and Burkel, 1994, p.
87; Christou etal., 2003; Palastanga and Soames, 2011, p. 202).
Therefore, based on this information we assume that in the given
category of 8- to 10-year-olds skilled foot performance tests (spi-
ral tracing by small cube; while standing, slalom with ball between
obstacles) will show fewer differences and more inconsistencies
(i.e., weaker lateralization) than complex tests designed for the
upper limbs.

Moreover, a number of studies have also revealed that sig-
nificant differences exist between males and females concerning
consistency of handedness — it has been revealed that there is a
significantly higher number of mixed-handers among males (e.g.,
Whittington and Richards, 1987; Sommer etal., 2008; Johnston
etal., 2009). From the point of view of ontogenesis, a very inter-
esting difference between males and females has been revealed in
the strength of neural pathways leading into the cerebellum. These
pathways which are involved, among other things, in realization of
fine motor skills are according to Gurian etal. (2001) significantly
stronger in females. Therefore, the second question studied in this
research is whether the level of laterality assessed as difference in
skilfulness between the preferred and the non-preferred limb will
differ in males and in females. We suppose that such difference
might be revealed in the form of a different level of relationship
factor loadings — in selected performance tests to modeled factors:
(1) hand performance, (2) foot performance.
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MATERIALS AND METHODS

PARTICIPANTS

A total of 210 typically developing 8- to 10-year-olds (n = 107
males and n = 103 females; Myge = 9.1, SD = = 0.78) from the
Czech Republic were recruited for the current study. All partici-
pants were pupils of state primary schools in the capital Prague.
The selection of the research file was done using the intentional
selection process method. The following criteria for selection of
participants were used:

(1) pupils were chosen only from schools which had a similar
number of pupils in the given age category,

(2) only schools without any specific specialization (e.g., techni-
cal, artistic, sport, or linguistic) were selected,

(3) schools and classes with integrated children with special needs
were not included in the selection.

As this study draws on the research (validation of variables for
diagnosing of motor manifestations of laterality) performed at
these selected schools in 2011 and published in 2013 (Musilek,
2013), all participants were chosen from the same schools, as in
the previous research. We decided on this concept of an inten-
tional selection process method in order to ensure maximum
homogeneity of the file with respect to the findings of 2011.

The 8-10 age category was selected because at this age children’s
motor skills are harmoniously developed with stable coordina-
tion patterns and this age is called the golden age of skill motor
development (Ljach, 2002).

Ethics approval was granted by the Ethics Commission of the
Faculty of Physical Education and Sport, Charles University. In
addition, parental consent was obtained for all individuals.

APPARATUS
In order to verify whether the selected skill performance tests
really detect a difference in performance of the preferred and
the non-preferred upper and lower limbs, the results of the
seven selected skilled performance tests were first correlated with
the results of seven observable preference measure tasks (four
for handedness, three for footedness). The indicators used for
evaluation of hand preference and foot preference have been val-
idated for the Czech child population aged 8-10. Factor loads of
hand preference indicators in a range: A = 0.85-0.93, generic
reliability McDonald @ = 0.95; factor loads of foot prefer-
ence indicators in a range: A = 0.66-0.90, generic reliability
McDonald ® = 0.81 (Musdlek, 2013). The results of the pref-
erence observable measure tasks also served to determine the
preferred and the non-preferred limb as a necessary precondi-
tion for the selected skilled performance tests to be carried out
in accordance with the given rules. Six of the seven observable
preference measure tasks have already been used in previous
research where theses indicators were approved as valid and
reliable either as questionnaire items or preference tasks (e.g.,
Annett, 1970; Barnsley and Rabovitch, 1970; Oldfield, 1971;
Sharman and Kulhavy, 1976; Tapley and Bryden, 1985; Rigal,
1992; Coren, 1993; Bishop etal., 1996; Doyen and Carlier, 2002;
Mamolo et al., 2006).

At the same time, all seven performance tests were validated for
the Czech child population aged 8-10 years. Five of them — four

for handedness: (1) spiral tracing, (2) dot-filling, (3) tweezers and
beads, (4) twisting box; and one for footedness: foot tapping —had
an acceptable level of factor validity with respect to the modeled
factors: (1) hand performance A = 0.58-0.82. and (2) foot perfor-
mance A = 0.92. Subsequently approximated generic reliability of
the tests modeled only under one factor “Performance of locomo-
tive organs” had value McDonald @ = 0.83. These five tests have
already been replicated in the study Scharoun etal. (2013) for the
assessment of different performance of the preferred and the non-
preferred upper and lower limbs in children with ADHD and their
neurotypical controls. The results of this study revealed that all five
performance tests are sufficiently sensitive to determine the perfor-
mance of the preferred and the non-preferred limb and to detect
motor problems in children with ADHD (Scharoun etal., 2013).

Preference strength was determined based on laterality quo-
tient calculation, for which equations from previous studies were
used (e.g., Humphrey, 1951; Harris, 1958; Bryden etal., 2007;
Kalaycioglu etal., 2008). Each execution in preferential tasks was
marked 1 when right limb was used and 0 when the left limb was
used.

Laterality quotient for the upper and lower limbs was calculated
using the formula

R-1L
R+ L

LQ * 100

Hand preference

Throwing on target. The aim of the participant who sits on chair
was to throw the foam ball with 58 mm in diameter using one
hand to the target which was placed 2 m from participant. Task
was repeated three times.

Ring by bell. The examiner places a (metal) bell on the desk in
front of the participant so that there was the same distance to both
his/her hands. The aim of the participant was to take the bell in
one hand and ring it.

Card reaching task (Bishop task). This task included A3 sheet
of paper, divided in half by a vertical line The paper contains
seven rectangular boxes with the dimensions of 6 cm x 3 cm
forming a semicircle. There were seven cards in total in the boxes
on the paper, each card having a different, clearly distinguishable
color. Each box had its own description: the first box on the left
was marked —3 on the shorter side, the second on the left was
marked -2, etc., and the last box on the right was marked +3. The
middle box on the axis of the paper was marked 0. The aim of
the participant was to turn the card with the required color using
one hand. The examiner first chooses the color of the card that
s/he placed in the box marked 0. If the participant turned this
card using the right hand, the examiner required him/her to turn
the colored cards in the boxes marked in the following order: +2,
-2, 43, -3. If the participant turned this card using the left hand,
the examiner required him/her to turn the colored cards in the
boxes marked in the following order: -2, 42, -3, +3. Examinator
recorded frequency of using right hand or left hand, respectively.

Erasing. The examiner places an erasing rubber with the dimen-
sions of 4.5 cm x 2.5 cm on the desk in front of the participant so
that both hands of the participant were in the same distance. Then
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the examiner asked the participant to erase the prepared drawn
line.

Foot preference

Kick to the ball on target. The aim of the participant was to kick
the foam ball with 58 mm in diameter in order to hit the wooden
block with an edge length of 40 mm placed 2 m from the ball. The
kick was performed three times. After each attempt the examiner
returned the ball to its original position.

Using onefoot, tap the rhythm that I am clapping. The participant
sit on a chair in free space. The examiner claps a simple rhythm
with a maximum of five claps. The task of the participant was to
tap this rhythm on the floor using one lower limb.

Perform jumps forward using one leg. The task of the partici-
pant was to perform jumps forward on one leg from examiner to
definite point. It was done twice by participant.

Skilled hand performance tests

Spiral tracing. The score sheet contains pre-drawn white spirals
of the same shape and length in two gray square boxes with a
side length of 50 mm. The largest diameter of the spirals was
41 mm, the thickness (width) of the spiral being 2 mm. The spiral
in the right box is intended for the action of the right hand, and
the spiral in the left box for the action of the left hand. The aim
of the participant was to draw a spiral in the designated area of
the spiral-shaped image, from the outer edge to the center. The
position of the score sheet hadn’t to be changed during the entire
test. An error, penalization 2 s, was noted when the participant
left the designated area while drawing. This task was completed
by non-preferred and preferred hand. The examiner recorded the
final time after each drawing.

Dot-filling. There were two boxes with circles on the inside page
of the score sheet. The circles in left box are intended for the action
of the left hand, and the circles in the right box are intended for the
action of the right hand. Each of the boxes contains 90 identical
circles. The diameter of a circle is 2 mm. The aim of the participant
was to mark dots in the circles, in order to place the dot within the
circle in the specified time of 30 s. Only those marks within the
circles were counted toward performance. Task was completed by
non-preferred and preferred hand.

Moving beads from one box into another using tweezers. This
task included two open matchboxes behind each other and a pair
of tweezers with a length of 150 mm on the desk in front of the
participant so that there is the same distance between both his/her
hands and the closer matchbox; the closer matchbox contains 20
beads with 5 mm in diameter, and the second is empty. The aim
of the participant was to move the beads one by one from the full
box to the empty box using the tweezers in the specified time of
30s. The task was completed with the preferred and non-preferred
hand, where the number of beads transported in 30 s was recorded.

Turning a box alternately with the front and the rear side on the
table. This task included a closed empty matchbox with the front
facing upward in front of the participant at the midline. The aim
of the participant was to turn the matchbox using one hand by
its front and back alternately faces the desk. The matchbox had

to always touch the desk with one of its parts, i.e., the matchbox
hadn’t to be lifted from the desk. The task was completed with the
preferred and non-preferred hand, where the number of turns in
30 s was recorded.

Skilled foot performance tests

Foot tapping. For this task, the participant stood next to a desk,
with the preferred leg closest to the desk The aim of the par-
ticipant was to perform tapping in a standing position for 30 s
using a lower limb so that the motion is performed in the
sagittal plane. The participant taught the ground in front of
him/her with the heel and the ground behind him/her with the
tip, the range of the motion being the length of one foot of the
participant. The task was completed with the preferred and non-
preferred foot, where the number of tapps in 30 s was recorded
(Musilek, 2013).

Unlike the “foot tapping” test, the following two tests (slalom
with a ball between obstacles and spiral tracing by small cube)
proved valid for adolescent population of selected students from
the Czech Republic; however, this is not true for children aged
8-10 (Musilek, 2013). Also due to the previous equivocal results,
we used the following skilled foot performance tests in this study:
(1) slalom with a ball between obstacles and (2) spiral tracing by
small cube; this test was derived from two tests — spiral tracing test
used for hand and moving a cube in the “maze” while standing
performed by foot. Both tests underwent multiple content val-
idation with instructions and technical parts (tools) adapted so
that different performance of the preferred and the non-preferred
lower limb could be assessed.

The content validity of both tests was assessed by six selected
experts in: anthropology, kinesiology, psychology, motor develop-
ment, special pedagogy, and neurology.

While standing, slalom with ball between obstacles. This task
included eight cubes on the floor in the line. Distance between
each two cubes was 10 cm. In distance 15 cm in front of first cube
and 15 cm behind last cube was on the floor attached color line.
The aim of the participant was to performed slalom with tennis
ball with 65 mm in diameter between cubes. Participant could
move ball between obstacles only from top. Each contact of the
ball and obstacle is error. This error was counted as 2 s penalty.
Participant had to go through whole track from line to line. The
task was completed with the preferred and non-preferred foot.

Spiral tracing by small cube. This task included A3 sheet of paper
which had a spiral drawn on both sides on the floor. The spiral on
each side of the paper was 30 cm in diameter with the thickness
(width) of the spiral being 4 cm. The aim of the participant was to
use the cube provided with a width of 1.5 cm to copy the spiral path
in the designated area of the spiral-shaped image, from the outer
edge to the center. The spiral had to be copied only by moving
the cube by imposing pressure on the side of the cube; it was
therefore forbidden to manipulate the cube by placing the sole of
the foot on the top of it. An error, penalization 2 s, was noted when
the participant left the designated area while copying. This task is
completed by non-preferred and preferred foot. This motor test
was carried out without preparation. The examiner recorded the
final time after each copying.
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STATISTICAL ANALYSIS

In order to determine the level of the relationship between the
selected preference measure observable tasks and skilled per-
formance tests, biserial and polyserial correlations were used.
Consequently, difference in performance of the preferred and
the non-preferred limb for each skilled performance indica-
tor were assessed by a paired t-test with the level of statisti-
cal significance p < 0.05 and substantive significance Cohen
d > 0.7 (Cohen, 1988). In order to determine possible differ-
ences in the structure of hand and foot performance in females
and males, the confirmatory factor analysis multigroup mod-
eling approach was used (Muthén and Muthén, 2010). Robust
maximum likelihood (Ferron and Hess, 2007; Muthén and
Muthén, 2010) was used as the estimate parameter because in
our case the multivariate normality of data condition was not
fulfilled. The data analysis was done using the statistical soft-
ware M-Plus 6 (Muthén and Muthén, 2010) and NCSS2007
(Hintze, 2007).

RESULTS

First we analyzed the number and ratio of those that were pro-
nounced: right-sided children, left-sided children and children
who at least once changed limbs while performing the prefer-
ence tasks (see Methods apparatus). Of the 210 participants,
136 children had uncrossed lateral preferences (right-handed
and right-footed), (65 males and 71 females) LQ = 100, and
18 children had uncrossed lateral preferences (left-handed and
left-footed), (10 males and 8 females) LQ = 0. The LQ of the
remaining 56 children (32 males and 24 females) ranged within
LQ = 31.25-75.

The subsequent correlation analysis between preference
observable measure and skilled hand performance tests is shown in
Table 1. The tests which detect different skilfulness of the preferred
and the non-preferred upper limb manifest sufficient convergent
validity with hand preference observable measure: correlation in
a range r = 0.56-0.89. It follows that the selected hand perfor-
mance tests have a sufficient capacity to adequately determine
the difference between the preferred and the non-preferred upper
limb.

On the other hand, Table 2, shows that the correlation anal-
ysis between foot preference observable measure and skilled foot
performance tests revealed that two of three performance tests
(slalom between obstacles and spiral tracing with small cube) do
not manifest a satisfactory convergent validity r = 0.25-0.46 with
foot preference observable measure. This finding suggests that fine
motor or complex tests for lower limbs lack sufficient sensitivity

Table 1 | Convergent validity between hand preference observable
measure and hand performance tests.

Item Throwing Ring the bell Bishop task Erasing
Spiral tracing —0.89 —-0.84 —0.66 —0.82
Dot-filling 0.70 0.66 0.64 0.63
Twistbox 0.78 0.75 0.64 0.66
Tweezers and beads ~ 0.75 0.70 0.58 0.56

Table 2 | Convergent validity between foot preference tasks and foot
performance tests.

Item Kicking Tapp Hop
rhytmus forward

Slalom with ball —0.46 -0.33 —0.26

between obstacles

Spiral tracing by small —0.39 —-0.43 —0.25

cube

Foot tapping 0.85 0.74 0.65

Correlations lower than 0.50 are shown in boldface.

to distinguish between the preferred and the non-preferred lower
limb in the given age group.

Next we assessed the capacity of the seven skilled performance
tests to determine preferred and non-preferred upper and lower
limb by significance of difference in skilfulness of the preferred
and the non-preferred limb.

Table 3 shows that all the skilled hand performance tests used
were able to significantly determine the difference between skil-
fulness of the preferred and the non-preferred upper limb, with
the preferred upper limb being significantly more precise and
quicker p < 0.05, Cohen d in the tests d = 0.84-2.91. On the
contrary, the same cannot be said about the results of the foot
performance tests. Among them, only the “tapping” test showed
significant capacity to determine the difference in skilfulness of the
preferred and the non-preferred lower limb p < 0.05 and Cohen
d, d = 1.22. The other two tests, which were of a complex motor
character, with the “slalom with a ball between obstacles” test hav-
ing extra demands on balance, did not confirm the significance of
the different performance of the preferred and the non-preferred
lower limb Cohen d ranging within d = 0.22-0.27. These results
together with findings regarding convergent validity for the lower
limb (see Table 2) support the hypothesis that fine motor or com-
plex tests for diagnosing lower limb laterality in children of the
given age category are not suitable due to their low discrimina-
tion capacity between the preferred and the non-preferred lower
limb.

Next, we modeled all skilled performance tests in two-factor
structure in order to determine whether the relationship between
the individual indicators and defined latent variables upper
limb performance and lower limb performance do not differ
significantly in females and males.

The multigroup model assessed whether the child’s gender in
the given age group does not represent a significant factor in the
process of lateralization. A two-factor model for females and males
shows that factor load does not differ significantly for most items.
Table 4 also shows that most indicators detected laterality (differ-
ences in skilfulness of the preferred and the non-preferred limb)
between males and females aged 8-10 with approximately the
same strength. The “foot tapping” performance test was the only
exception, revealing significant difference between factor load in
males, r = 0.56, and females, r = 0.74 at the significance level
of p < 0.05. There could be two reasons for this result. Firstly,
possibly in males stabilization of lower limb performance takes
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Table 3 | Differences in performances between preferred and non-preferred hand in skilled hand performance tests.

Item M NP - limb SD NP - limb MP -limb SD P -limb
Hand performance tests

Spiral tracing 793s 234 44.2*%s 13.8
Dot-filling 12.2 dots 5.1 34.3* dots 8.3
Tweezers and beads 7.9 beads 7 12.1* beads 2.1
Twistbox 38.4 twists 49 43.3* twists 5.1

Foot performance tests

Slalom with ball between obstacles 53.7s 178 509s 16.6

Spiral tracing by small cube 437 s 16.4 421s 15.8
Tapping foot 32.4 tapps 71 41.2* tapps 73

NP — limb, non-preferred limb, P - limb, preferred limb; *significant difference between performance of non-preferred and preferred limb p < 0.05.

Table 4 | Factor loadings of the 2-factor model - factors: (1) upper limb
performance and (2) lower limb performance.

Factors and used performance tests Male Female

p Uniq A Uniq
Upper limb performance factor
Spiral tracing -084 025 -0.78 043
Dot-filling 0.78 0.39 087 024
Twistbox 0.63 056 0.67 055
Tweezers and beads 047 076 058 0.67
Lower limb performance factor
Slalom with ball between obstacles -032 086 -038 0.7
Spiral tracing by small cube -030 089 -026 092
Tapping foot 0.56* 0.69 0.74* 044

Names of factors are in boldface; 1, factor loading,; Unig, uniqueness - residual
variance, *significant difference between factor loadings p < 0.05.

longer. Or secondly, that on the contrary the smaller difference
in performance of the right and the left lower limb is caused by
the relationship between the character of the test and a certain
environmental factor.

DISCUSSION

The aim of the study was to verify in a selected child population
whether later stabilization of lower limb preference in compari-
son to hand preference determined in children (Coren etal., 1981;
Gabbard et al., 1991; Gabbard, 1992; Gentry and Gabbard, 1995) is
also manifested in lower consistency of performance test results for
lower limbs used for the diagnosis of laterality. Within this ques-
tion we have further studied whether the speed of lateralization
diagnosed by selected indicators differs with respect to gender.

First, diagnosis of upper and lower limb preference was carried
out using validated measure observable tasks.

Polyserial correlation between all selected skilled hand perfor-
mance tests and hand measure observable task clearly demon-
strated significant convergent validity ranging within r = 0.56—
0.89. On the other hand, very weak correlations with foot

preference ranging within r = 0.25-0.46 were determined in pol-
yserial correlation between foot preference tasks and skilled foot
performance tests in “slalom between obstacles” and “spiral trac-
ing with small cube” tests. Consequently, convergence was not
confirmed for two-foot performance tests and preference tasks,
which suggests that lower limb lateralization in children is proba-
bly not identical in strength with upper limb lateralization. ¢-test
results showed that selected indicators, which have also been val-
idated for the Czech population, assessing upper limb preference
in 8- to 10-year olds determine the difference between the pre-
ferred and the non-preferred upper limb p < 0.05 very well, with
the non-preferred upper limb always being slower and less pre-
cise. This is in line with the conclusions of studies demonstrating
that different skilfulness in speed, precision and correctness of
execution of the motor activity strongly corresponds with the pre-
ferred upper limb in children (i.e., Annett et al., 1979; Rigal, 1992;
Carlier etal., 1993; Cornish and McManus, 1996; Nalcaci etal.,
2001). Moreover, these results also correspond with the conclu-
sions of studies (Whittington and Richards, 1987; McManus et al.,
1988; Cavill and Bryden, 2003; Bryden and Roy, 2006; Carlier
etal., 2006) which show that between 6 and 10 years of age sta-
bility of hand preference in children is quite firm. In this respect
it was also proved that the finer the motor activity, the bigger the
differences between the performance of the preferred and the non-
preferred upper limb, which confirms the arguments of Annett
(1992). The biggest differences between performance of the pre-
ferred and the non-preferred upper limbs were found in complex
tests with high demands on coordination (“spiral tracing” and
“dot-filling”). This supports hypotheses made by Roy etal. (1994)
and Sainburg and Kalakanis (2000) or Scharoun et al. (2013). They
claim that significantly higher skilfulness of the preferred upper
limb is observed in activities in which more segments of the given
limb (e.g., shoulder and elbow joint) are involved at the same time
(Roy etal., 1994; Sainburg and Kalakanis, 2000; Scharoun etal.,
2013).

However, the results of the performance tests selected for the
lower limb did not clearly detect a difference in skilfulness of the
preferred and the non-preferred lower limb and thus confirmed
problems detected with convergent validity in some skilled foot
performance tests. Two out of three tests used (“slalom between
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obstacles” and “spiral tracing with small cube”), which compared
to the tapping test by lower limb are more complex and have a
finer motor character, revealed insignificant differences in perfor-
mance between the preferred and the non-preferred lower limb.
It is interesting to note that the “slalom between obstacles test”
is validized in the CR for the adult population, in which no
problems appeared in detecting difference in performance of the
preferred and non-preferred lower limb. These findings are in
conformity with studies (Knights and Moule, 1967; Beling etal.,
1998) which revealed agreement of results of performance tests
with determined foot preference solely in the child population.
The revealed low sensitivity of complex and fine motor laterality
performance tests for lower limb in children could be related to
the detected longer stabilization process of the lower limb pref-
erence (Coren etal., 1981; Gabbard etal., 1991; Gabbard, 1992;
Gentry and Gabbard, 1995; Gabbard and Iteya, 1996). This shows
that lower limb performance in children is limitary. Paradoxically,
too fine motor tests or too complex tests with high demands on
coordination cannot determine the difference between the pre-
ferred and the non-preferred lower limb based on the results.
Finally, we verified whether the lateralization process of the upper
and lower limbs assessed by performance tests happens differently
for females and males at this age. A two-factor model where all
seven skilled performance tests were tested showed that the sen-
sitivity of the selected indicators for detecting laterality of the
upper and lower limbs is quite similar for both genders. This
means that the lateralization process for the upper and lower
limbs is probably quite similar in females and males at this age.
The only difference of some significance revealed was related to
factor load of the “foot tapping” test in females r = 0.74 and
males r = 0.56 with factor validity coefficient for females being
significantly p < 0.05 higher in comparison with factor valid-
ity of this indicator in males. This difference might be explained
by some environmental factors, in males primarily by collective
sports where both lower limbs are used (e.g., football). Conse-
quently, the “foot tapping” test might not be sensitive enough
to determine the difference between the preferred and the non-
preferred lower limb in males. On the other hand, in females, who
are not affected by these environmental factors, or are affected to
a much smaller extent, the “foot tapping” test determined the dif-
ference between the preferred and the non-preferred lower limbs
very well.

CONCLUSION

It was revealed that in skilled hand performance tests, the more
complex and more demanding in terms of coordination the motor
activity is, the bigger the differences there are between the preferred
and the non-preferred upper limb. However, the same result was
not proved in skilled foot performance tests. On the contrary, the
more demanding the lower limb tests were, the worse the conver-
gence validity of these tests in connection to preference tasks. This
finding in children could be related to a longer stabilization pro-
cess of the lower limb preference (see Coren etal., 1981; Gabbard
etal., 1991; Gabbard, 1992; Gentry and Gabbard, 1995). It is inter-
esting to note that the lateralization process assessed by difference
in performance in skilled performance tests happens in parallel in
both genders.
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