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Abstract

Objectives Motor difficulties are present across a range of neurodevelopmental disorders, impacting on the development of other
domains and on overall quality of life. One population that shows difficulties with their motor abilities is composed of individuals
with Williams syndrome (WS). The purposes of the current study were to investigate the motor profile of individuals with WS
and to investigate the relationships between physical activity and motor performance in this group.

Methods The motor performance of 36 individuals with WS was measured using the Bruininks-Oseretsky Test of Motor
Proficiency, second edition (BOT2-SF) short form. Physical activity was also measured using our novel questionnaire.
Performance on both measures was compared with that of typically developing (TD) children aged 4 to 7 years (N = 40).
Results Results indicate that the individuals with WS (aged 12 to 50 years) performed at the level of TD 4- to 5-year olds with
respect to overall motor ability. On examination of the motor profile, a relative strength in upper limb control and a relative
weakness in balance were identified for this group. While a correlation was found between motor ability and the amount of
physical activity that participants engaged in on a weekly basis in the TD group, no such relationship was found in the WS group.
Conclusions The motor problems that individuals with WS show in childhood persist into older childhood and adulthood, and
akin to the WS cognitive profile, there are relative strengths and weaknesses in the WS motor profile. The lack of correlation
between physical activity and motor ability in the WS group may be due to the lack of opportunity to access age- and ability-

appropriate activities.
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Successful motor performance is one of the most basic and
important skills for a typically developing child to master
(Shaffer and Kipp 2010). From birth, typically developing
infants begin their cognitive development by means of
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engaging with their environment through motor acts. For ex-
ample, they react to interesting stimuli by orientating their
head (Bertenthal 1996). These simple movements, over time,
evolve into more complex motor behaviours, which in turn aid
the acquisition of new motor skills, such as sitting unsupport-
ed, standing, and eventually, walking. The acquisition of new
motor abilities further enables new learning opportunities be-
yond the motor domain, such as visuospatial abilities
(Bushnell and Boudreau 1993), daily living ability
(Watkinson et al. 2001), language development (Iverson
2010), and spatial abilities (e.g. Clearfield 2004; Frick and
Mohring 2013; Schwarzer et al. 2013). This suggests that
there is also an association between motor abilities and cog-
nitive abilities. Furthermore, social skills (Cummins et al.
2005; Green et al. 2006; Wagner et al. 2012) and emotional
regulation accuracy (Chen and Bargh 1999; Coombes et al.
2006; Coombes et al. 2008; Coombes et al. 2005; Gross et al.
2012; Rotteveel and Phaf 2004) have been shown to be asso-
ciated with motor ability.
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One dominant theory of motor development and motor
learning is the dynamical systems theory (DST; Thelen and
Smith 1998). The DST framework is split into internal factors,
such as cognition, genetics, brain structure and function, and
the body (e.g. physical deformities, hormones); and external
factors, such as available space, task demands, distractions,
and any other influence external to the individual. Under this
theory, movement is thought to be the result of the interaction
between multiple cognitive and internal systems, the environ-
ment, and the task at hand, all of which work together to help
shape the performance of motor actions. The advantage of the
DST model is that it can afford flexibility of motor actions in
different environmental conditions, for example, both familiar
and unfamiliar environments. Given the complexity of the
theory, it is an appropriate framework within which to inves-
tigate how movement develops and changes and how learning
occurs in relation to motor acts.

Given the importance of successful motor development, it
is likely that motor impairments have wide-reaching conse-
quences to many aspects of physical, cognitive, and social
development. One population who present with motor deficits
are individuals with Williams syndrome (WS). Individuals
with WS have a partial deletion of chromosome 7 of around
25 to 28 genes (see Lenhoff et al. 1997). These individuals
present with atypicalities in brain structure and function,
which are associated with mild to moderate learning difficul-
ties (Bellugi et al. 1994; Wang and Bellugi 1994), and are
likely to impact their psychomotor development (i.e. the rela-
tionship between physical movement and cognitive activity)
(Hocking et al. 2008).

A number of factors have been proposed to contribute to
motor difficulties in WS. Schneider et al. (2012) investigated
the role of GTF2IRD1, which is deleted in WS, using mice
knockout models. They discovered that the mice who had the
GTF2IRD1 gene knocked out showed decreased spontaneous
motor activity, deficits in motor coordination, gait abnormal-
ities, and reduced strength, which suggest a possible role of
GTF2IRD1 in the motor deficit observed in WS.

From the few neuroimaging studies involving individuals
with WS, there is evidence to suggest that there are differences
in the size of several brain areas in this population, including
the cerebellum and basal ganglia, both of which are associated
with the control and execution of motor acts (Jernigan and
Bellugi 1990; Jernigan et al. 1993; Jones et al. 2002; Reiss
et al. 2000). Data examining the total volume of the cerebel-
lum in WS has been inconsistent, with some authors finding
an increase in cerebellar volume relative to chronological age—
matched controls and overall brain size in WS (Jones et al.
2002; Reiss et al. 2000), and others finding no differences in
volume in comparison with typical controls (Chiang et al.
2007; Jernigan et al. 1993). Overall, these studies suggest that
the absolute volume of the cerebellum in WS is comparable to
healthy chronological age—matched controls, but that there is a
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slight increase in the relative volume of this structure, when
the overall volume reduction of the cerebrum is considered.
Furthermore, it has been reported by Jernigan et al. (1993) and
Reiss et al. (2000) that the basal ganglia of individuals with
WS are reduced in size and volume compared with typically
developing chronological age—matched participants. The bas-
al ganglia play a key role in the control of movement (Monchi
et al. 2006), and so it is possible that this reduction in size
could be detrimental to individuals in this population with
reference to carrying out motor acts successfully.

It has also been suggested by Atkinson et al. (1997) that the
reported difficulties in the dorsal visual stream (which runs
from the occipital lobe to the parietal lobe) of individuals with
WS affect not only their spatial skills, but also their motor
actions, such as walking over uneven surfaces (Withers
1996). Furthermore, behavioural research that has used tasks
to investigate the role of the posterior parietal lobe in individ-
uals with WS has shown impairments in visually guided ac-
tions when compared with typically developing mental age—
matched controls (Atkinson et al. 1997), suggesting atypical-
ity in the dorsal stream functions related to controlling move-
ment. To summarise, the above studies imply that there are
both structural and functional differences in several brain
areas that are thought to be associated with the control of
motor acts in WS (although no studies have included a direct
neural-behavioural investigation).

Behavioural data on motor difficulties in infants and
children with WS, whilst also limited, provides further
insight into the motor competencies of individuals with WS.
Martin et al. (1984) reported findings from parent surveys
investigating physical and cognitive development in
Williams syndrome. They investigated two motor milestones
in 41 children with WS and report that this group reached the
motor milestone of sitting unsupported at 10.5 months and
waking unsupported at 23.4 months. This contrasts with data
from the World Health Organization (WHO Multicentre
Growth Reference Study Group and de Onis 2006) which
suggest that typically developing infants reach the sitting un-
supported milestone at around 3.8-9.2 months and typically
developing children will walk unsupported at around 8.3—
17.6 months. Carrasco et al. (2005), also using parent report,
state that children with WS often reach motor milestones
much later than chronological age—matched typically devel-
oping children. However, the data on motor milestones re-
mains limited in WS, as these authors only examined three
motor milestones (head support, sitting without support, and
walking without support). They found that while some chil-
dren with WS were reaching these motor milestones at the
same rate as their typically developing peers of the same
age, many took much longer to achieve the milestone.

It is possible that variance in motor impairment in WS is
related to variance in cognitive ability, with those who show
poorer cognitive skills also showing worse motor abilities.
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There is research suggesting that individuals with intellectual
disabilities are more likely to have motor impairments. That is,
Smits-Engelsman and Hill (2012) observed that, in their sam-
ple, 19% of the variance in motor ability was explained by 1Q
scores, and for each SD lower IQ, there was an average loss of
10 percentile motor points on the Movement Assessment
Battery for Children (M-ABC; Henderson et al. 2007).
Therefore, motor milestone achievement might, to some ex-
tent, depend on the cognitive ability of the individuals in each
sample.

There have been two studies that have investigated the
wider motor profile of children with WS (Tsai et al. 2008;
Wuang and Tsai 2017). Tsai et al. (2008) investigated the
motor ability of eleven individuals with WS, using the
Bayley Scales of Infant Development (Bayley 1993) for those
who were under 42 months (N=7) and the Bruininks-
Oseretsky Test (BOT) short form (Bruininks 1978) for those
over 42 months (N=4). Tsai et al. (2008) report that all the
children with WS showed a significant deficit in both their
fine and gross motor abilities (although note the small sample
size). However, they did not report any information regarding
the motor profile (i.e. the specific relative strengths and weak-
nesses) of their WS group. Wuang and Tsai (2017) investigat-
ed motor ability in thirty-eight children with WS aged 6 to
12 years using the Bruininks-Oseretsky Test of motor profi-
ciency, second edition (BOT-2; Bruininks and Bruininks
2005). Consistent with Tsai et al. (2008), all the children pre-
sented with impairment on fine motor measures. However,
only 60% of the children scored in the impaired range on the
gross motor measures, with running speed and agility (hop-
ping in place on one leg and walking on a straight line) being,
on average, the most impaired. One study by Braddick and
Atkinson (2013) also suggests that children with WS show a
delay of up to 2 years on manual ball skills on the M-ABC
(Henderson et al. 2007). Atkinson (2017) expanded on this
study more and presented further findings for 24 children and
adolescence with WS (aged 6.5 to 15 years), reporting that
these individuals show a delay on manual dexterity, manual
ball skills and static and dynamic balance on the M-ABC
(Henderson et al. 2007), and many do not reach the level of
a typically developing 4-year old on these tasks. Taken togeth-
er, these studies suggest that individuals with WS show fine
motor impairment in early childhood, and into later childhood,
and there is some evidence to suggest that gross motor ability
may also show impairment in early childhood and on certain
gross motor tasks later in childhood (e.g. running speed and
agility). Investigating the motor profile in more detail and
gaining more information about where the strengths and
weaknesses in the motor profile are for people with WS could
help to inform intervention to improve motor abilities in this
population.

There is also a significant association between level of
physical activity and motor ability in typically developing

children and adolescents, with those who are more involved
in sports and exercise receiving higher scores on motor tasks
(Barnett et al. 2008; Stodden et al. 2008; Ulrich 1987).
Research suggests that, at least in younger children, the
amount of physical activity in which a child engages influ-
ences motor skill development by promoting the development
of motor brain areas (Becker et al. 2004; Stodden et al. 2008).
The only investigation into physical activity in WS to our
knowledge is the study by Nordstrem et al. (2013), who used
accelerometers to measure physical activity levels in adults
with WS (N =28), Down syndrome (DS) (N=40), and
Prader-Willi syndrome (PWS) (N =28). They report that
across all three groups the majority of the day was spent in
sedentary activities and that only 12% of the whole sample
met the Nordic recommendation for the amount of daily phys-
ical activity (3.5 h of moderate-intensity physical activity per
week: Rasmussen et al. 2012). However, the authors did not
measure motor ability in their sample, so we do not know
whether there is an association between this low level of phys-
ical activity and potential motor deficits in WS. If there is a
relationship between motor ability and involvement in sports
and exercise, it may be that increasing involvement in physical
activity could have positive effects on motor ability in those
with WS. Alternatively, it might be the case that interventions
to improve motor skills will increase confidence, accessibility,
and enjoyment of taking part in physical activity, leading to
better health outcomes. This potential association between
motor skills and physical activity will be investigated in the
following study.

The aim of the current study is to investigate the level of
motor achievement that is reached by adulthood in WS, fo-
cusing particularly on the motor profile of individuals with
WS. This study will examine whether the strengths and weak-
nesses in specific areas of fine and gross motor ability ob-
served in childhood in WS persist into older childhood and
adulthood. This study focuses on investigating not only motor
behaviour per se, but also the association of physical activity
with motor ability. Further to this, we employ a retrospective
parent report measure regarding the achievement of a broad
range of motor milestones, which adds to the limited data in
the literature with respect to motor milestone achievement in
WS.

Method
Participants

Power analysis using G*Power was conducted for each
planned analysis with power = 0.80 and alpha = 0.05 to de-
termine sample size. The largest sample size suggested was
N = 84 participants for each group. However, given the nature
of working with rare groups, we were not able to reach this
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sample size. The sample included 36 participants with a pos-
itive clinical diagnosis of WS; this is a large sample relative to
other studies that have worked with this population. WS par-
ticipants were aged 12-50 years and recruited via the
Williams Syndrome Foundation, UK. A control sample of
40 typically developing (TD) children aged 4 to 7 years was
also tested. They were divided into two groups, a TD 4- to 5-
year-old group and a TD 6- to 7-year-old group (henceforth
referred to as TD4-5 and TD6-7 respectively), recruited from
two primary schools in the London area. All participants had
normal or corrected to normal vision. The age range of the
typically developing children was chosen to span the
hypothesised range of motor abilities of the WS group.

Participants were assessed on their verbal and non-verbal
IQ using the British Picture Vocabulary Scale III (BPVS III)
(Dunn et al. 2009) and the matrices subtest of the British
Abilities Scales IT (BAS III) (Elliott et al. 1996). Sixteen par-
ticipants with WS completed the Ravens Coloured
Progressive Matrices (RCPM) (Raven et al. 2003) instead of
the BAS III Matrices subtest. This is due to data being collect-
ed at two different time points and we found that, when par-
ticipants were tested using the BAS III Matrices, many partic-
ipants were getting a raw score of 2 or 3, indicative of reduced
sensitivity of this measure for individuals with low non-verbal
ability. The RCPM is a more sensitive measure and shows
more variability in performance at this level of ability.
Participant details are shown in Table 1. Raw scores are re-
ported for the BPVS III and RCPM. Ability scores were de-
rived from the raw scores of the BAS III Matrices, which gave
a score based on what item in the assessment each participant
began (equivalent to raw scores).

Analysis of variance (ANOVA) was conducted separately
for BPVS III and BAS III matrices scores with group (3 levels;
WS, TD4-5, and TD6-7) as the between-participant factor.
This demonstrated the characteristic of the WS uneven cogni-
tive profile. That is, the WS group performed significantly
better on the BPVS 111 than both typically developing groups
(Fa.7s=18.98, p<.001, %, = .342), and below both typical-
ly developing groups on the BAS Il matrices subtest (F3 57, =

16.03, p <.001, nzp: [421) (see Table 1). For the 16 partici-
pants with WS who completed the RCPM, TD comparison
data was not available. Age equivalent data, based on the
standardised sample from the manual, demonstrated a mean
age equivalent of 5 years (range, < 4-8 years) for this group.
This, compared with their BPVS III scores, also reflects the
WS cognitive profile (Table 1).

Procedures

Ethical approval was obtained from the UCL, Institute of
Education ethics committee before testing began. Typically
developing participants were tested in a quiet room at their
school during the day or, for a small sample of the 4-year olds,
in their own home. Participants with WS were tested either in
a quiet room at the University or in their own home. For the
individuals with WS, the entire testing session lasted between
1 h 30 min and 2 h with breaks. For the TD children, testing
was completed over four 30-min sessions for the 4-, 5-, and 6-
year olds, and two 1-h sessions for the 7-year olds. All partic-
ipants were given breaks when needed, and for some of the 4-
and S-year olds, sessions were split into 15-min sections to
reduce fatigue and maximise motivation.

Measures

Motor Milestones In order to investigate the age at which
individuals with WS reached their motor milestones, parents
were given a questionnaire (developed and used by Sumner
et al. 2016, based on Brouwer et al. 2006). This comprised a
list of 12 motor milestones (e.g. sitting without support, walk-
ing with assistance) and parents were asked what age in
months their child was when these milestones were reached.
This questionnaire was not given to the parents of the TD
children, so the TD data reported in Sumner et al. (2016)
and Farran et al. (2020) is used as a TD comparison (Table 2).

Motor Ability Motor ability was assessed using the Bruininks-
Oseretsky Test of Motor Proficiency, second edition short

Table 1 Participant details
Group

Mean age (years;months) (range)

Gender F:-M
BPVS-III' raw score
BAS-III? ability score
RCPM? raw score

WS (N=36) TD4-5 (N=20) TD6-7 (N =20)
23;9 (8;08-50;07) 4,6 (4;0-5;9) 6:6 (6;10-7;7)
13:7 11:9 9:11

120.31 (62-160) 83.30 (57-124) 105.10 (72-129)
N=20,47.75 (23-103) 66.55 (23-107) 92.20 (37-131)
N=16, 17.75 (5-30) X X

! British Picture Vocabulary Scale, Third Edition
2 British Abilities Scale, Third Edition (matrices subtest only)

3 Ravens Coloured Progressive Matrices
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form (BOT2-SF; Bruininks and Bruininks 2005). This mea-
sure was designed for typically developing people aged 3 to
21 years and was selected because the BOT-2 has high reli-
ability (inter-rater reliability, > .90; test-retest reliability, > .80)
and validity (ability to distinguish between clinical and non-
clinical groups: clinical groups scored lower than non-clinical
groups on three studies reported in the BOT-2 Manual,
p<.001) (Deitz et al. 2007). It is also a comprehensive ap-
proach to testing specific motor skills, and it is used clinically
by occupational therapists (Deitz et al. 2007).

The fine motor subtests of the BOT2-SF are as follows:
fine motor precision comprised the crooked line path task,
where participants were asked to draw a line through a path
from a picture of a car to a picture of a house, and the folding
task, where participants were asked to fold a piece of paper on
the lines. Fine motor integration comprised the square task,
where participants were asked to copy a picture of a square by
drawing the square on paper with a red pencil, and the star
task, where participants were asked to copy a picture of a star
by drawing it on paper using a red pencil. Finally, manual
dexterity was measured with the transferring pennies task,
where participants had to pick up plastic pennies, move them
from one hand to another, and drop them into a pot as quickly
as possible.

The gross motor subtests of the BOT2-SF are as follows:
bilateral co-ordination which comprised the tapping task,
where participants were asked to alternatively tap their fingers
and feet on the same side of the body at the same time to a

Table 2
Reference Study Group and de Onis 2006) percentiles where applicable

rhythm, and the jumping in place task, where participants
were asked to put the same arm and leg in front/behind them
and then jump to switch the arms and legs around so the other
arm and leg were in front. Running speed and agility com-
prised the hopping in place task, where participants were
asked to hop in place on one foot for 15 s, and the walking
on a line task, where they had to walk forward six steps on a
line. The balancing task required them to balance on a balance
beam on one leg for 10 s while looking at a red target, placed
at eye level, 10 ft in front of them. Upper limb control in-
volved the dropping and catching task, where they had to drop
and catch a tennis ball 5 times, and the dribbling task, where
they had to drop the ball with one hand, and then dribble it
with alternate hands 10 times. Finally, Strength comprised the
sit-ups task, where they were asked to do sit-ups for 30 s, and
the push-up task, where they were asked to do knee push-ups
(i.e. where they were asked to adopt a ‘hands and knees’
position, with the legs bent at the knee, feet crossed) for 30 s.

Physical Activity All participants were given a questionnaire
regarding their level of physical activity. The experimenter
read the questions to the participants, participants responded
verbally, and the experimenter noted their response.
Participants were asked, in a typical week, how many times
during weekdays and during the weekends they participated in
sports (excluding compulsory P.E. as the majority of the WS
group were adults and therefore did not take part in any com-
pulsory exercise). The experimenter gave prompts where

Mean (range) of motor milestone achievement (in months) for TD and WS, with the World Health Organization (WHO Multicentre Growth

WHO

TD group (from Sumner et al. 2016 and WS group

Age in months at which Farran et al. 2020)

milestone achieved

Mean (range) age years:months
9.11 years (7.5-10.74)

Mean (range) age years:months
25.96 (9.3-50.67)

M (SD) Range N M (SD) Percentile Range N M (SD) Percentile Range
Lift head 27 2.06(1.30) 02-5 6 5.83(4.67) 2-12
Turn back to belly 27 429(1.74) 089 6 7.17(4.26) 3-14
Sit without support 6(1.1) 3.8-9.2 30 5.65(1.58) 50th 2-9.5 12 10.67 (5.77) >99th 3-24
Crawl hands and knee 8.5(1.7) 52-114 30 7.85(1.98) 25th 5-12 9 13.33(5.52) >99th 5-21
Stand with assistance 7.6 (1.4) 48-114 29 8.60(1.75) 75th 4-11 10 14.90 (5.53) >99th 1024
Stand without support 11.0(1.9) 6.9-169 32 10.73(1.28)  50th 7-14 20.88 (8.77) >99th 12-36
Walk with assistance 9.2 (1.5) 6-13.7 32 11.17 (2.06)  90th 6-16 19.00 (8.02) >99th 12-36
Walk without support 12.1(1.8) 82-17.6 33 13.03(1.91) 75th 9.5-18 16 23.31(8.50) > 99th 15-42
Walk up/down stairs with support 31 12.76 (4.22) 624 8 30.63 (12.68) 12-48
Walk up/down stairs without support 30 20.77 (9.55) 10-60 10 49.90 (27.74) 18-108
Ride a bike with stabilisers 32 33.56 (10.74) 18-60 14 84.43 (59.56) 24-216
Ride a bike without 30 57.23 (14.49) 3096 7 120.86 (103.95) 54-348
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needed, such as ‘did you do any sports or exercises yester-
day?’ and ‘are you going to be doing any sports or exercise
after school today/over the weekend?’. Participants were also
given some examples of types of physical activity to aid rec-
ollection, such as ‘dancing, playing football, going to the gym,
etc.” The maximum score for this questionnaire was eight, and
this was computed by adding up the number of activities taken
part in on weekdays and weekends (max score of 4 for each),
with each activity being a separate score, regardless of
the length of activity. The maximum score was given if
participants reported that they took part in 5 or more
physical activities on weekdays and 5 or more physical
activities weekends.

Data Analyses

Motor milestone data was collected retrospectively, and as
such, there was missing data where parents left cells blank
when unsure. Due to the low numbers of responses, only
descriptive statistics of this data are presented as there was
not enough power to perform meaningful statistical analyses.
Assumptions of normality were investigated using
Kolmogorov-Smirnov tests. It was found that the data met
assumptions of normality for the majority of variables on both
the BOT2-SF and the physical activity questionnaire
(Kolomorov-Smirnov, p > .05), and that outliers were not sig-
nificantly affecting the means of the data when the 5%
trimmed mean was looked at. Therefore, parametric tests were
conducted. To investigate the association between motor abil-
ity and age, correlations were conducted between BOT2-SF
score and age. Correlations were also conducted between
BPVS III score and BOT2-SF score to check for any associ-
ations between IQ and motor ability. To consider the general
level of motor achievement in WS, a one-way ANOVA was
conducted on the total motor raw scores for the BOT2-SF,
with group (WS, TD4-5, TD6-7) as a between-participant fac-
tor, followed up using Tukey’s pairwise comparison tests.
Next, the mean and SD of the TD4-5 group were used to
calculate z-scores of performance from the raw scores of per-
formance on each subdomain of the BOT2-SF for the WS
group. Therefore, to determine the motor profile of the WS
group, a one-factor ANOVA of the z-scores was carried out
on the WS data only with subtest (8 levels: fine motor preci-
sion, fine motor integration, manual dexterity, bilateral coor-
dination, balance, running speed and agility, upper limb con-
trol, and strength) as the within-participant factor. To examine
the amount of physical activity that the individuals with WS
took part in, a one-way ANOVA was conducted to compare
performance across the groups on the level of physical activity
involvement (Max. score, 8). Finally, Pearson’s bivariate cor-
relations and partial correlational analyses (controlling for
age) between motor ability (BOT2-SF) and physical activity
were conducted.
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Results
Motor Milestones

Due to the low numbers of responses on account of missing
data, only descriptive statistics of this data are presented. The
mean age of milestone achievement in months is presented in
Table 2, along with the number of participant responses for
each milestone and the range of ages for each milestone. Six
of the 12 milestones can be compared with the World Health
Organization (WHO) guidelines for when children typically
reach a range of motor milestones (WHO Multicentre Growth
Reference Study Group and de Onis 2006). The remaining six
can be compared with the data from the TD sample reported in
Sumner et al. (2016) and Farran et al. (2020), with higher
percentiles indicating later achievement of the milestone.
The WS group is performing higher than the 99th percentile
for all WHO motor milestones, indicating a significant delay
in reaching these milestones, and later than the TD sample for
the remaining motor milestones. It should be noted that in
each case one or more participants with WS were reported to
have achieved that motor milestone within the range reported
in Sumner et al.’s (2016) typical group, indicative of a broad
range of motor milestone achievement in WS. Despite this,
overall, the findings suggest that individuals with WS are
showing delays in reaching all motor milestones investigated,
although the small sample size should be noted.

Motor Ability
The Effect of Age on Motor Performance

Research consistently demonstrates that chronological age is
rarely related to cognitive impairment in WS (Kamirloff-
Smith 1998). Equally, the age range of our WS group was
likely past the age where age-related motor development
might be expected. Correlations were conducted to determine
the relationship between age and motor performance in this
group, but as expected, chronological age was not related to
motor ability in the WS group. There were, however, correla-
tions between chronological age and motor ability in the TD
group, which would be expected as the motor ability is ex-
pected to improve with age (Table 3). As such, all further
correlations were carried out with chronological age partialled
out (Table 4). Whilst this was not strictly necessary for the WS
group, given the medium effect size for the motor-age associ-
ation in this group, we considered the most cautious approach
was to partial out chronological age for both groups.

The Effect of 1Q on Motor Ability

Research has demonstrated a relationship between cognitive
ability and motor ability in populations with intellectual
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disability (Smits-Engelsman and Hill 2012). To investigate
whether this was also the case in our group of individuals with
WS, partial correlations (controlling for age) were performed
between raw BPVS III score and total motor ability. A rela-
tionship was found between motor ability and BPVS III score
in the WS group. However, this was not the case in the TD

group.
BOT2-SF Motor Performance Zones

To further investigate the motor percentiles that individuals
with WS fell into in relation to the general population, stan-
dard scores were derived from the BOT-2 manual for the TD
and WS groups. For participants in the WS group who were
over 21 years (N = 25), the maximum adult age of 21 was used
to calculate the standard score. The percentiles here work in
the opposite way to the WHO motor milestone percentiles, i.e.
the lower the percentile, the worse the performance is on mo-
tor tasks. Results indicate that most of the WS group were
performing in the ‘below average’ (3rd—16th percentile) or
‘well below average’ (<2nd percentile) zone of the BOT2-
SF. However, two participants were scoring in the ‘average’
zone (17th—83rd percentile), but no WS participants scored
above the 46th percentile. The TD children were all
performing in the ‘average’, ‘above average’ (83rd—97th per-
centile), and ‘well above average’ (>98th percentile) zones
(Fig. 1).

BOT2-SF Total Motor Abilities

To consider the general level of motor achievement in WS, a
one-way ANOVA was conducted on the total motor raw
scores for the BOT2-SF, with group (WS, TD4-5, TD6-7) as
a between-participant factor (Table 5). This demonstrated an
effect of group (Fn75)=14.34, p <.001, 1 = .282). Post-hoc
Tukey’s tests indicated that the WS group was performing at
the TD4-5 level (p >.05), and both the WS and TD4-5 groups
were performing below the TD6-7 level (p <.05 for both).
Therefore, the WS group is matched as a group to the TD4-
5 group in terms of overall motor abilities.

As shown above, the TD 4-5-year-old group was not sig-
nificantly different from the WS group on overall motor abil-
ity, and so the mean and SD of the TD4-5 group were used to
calculate z-scores of performance from the raw scores of per-
formance on each subdomain of the BOT2-SF for the WS

Table 3 Correlations

group. This enables us to determine the profile of scores of
the WS group relative to the profile that would be expected for
their overall level of motor ability. A one-factor ANOVA of
the z-scores was carried out on the WS data only (note that the
4-5-year-old data by design was a flat line) with subtest (8
levels: fine motor precision, fine motor integration, manual
dexterity, bilateral coordination, balance, running speed and
agility, upper limb control, and strength) as the within-
participant factor (Table 6; Fig. 2).

Results demonstrated an atypical profile of motor abilities,
shown by a main effect of subtest (F(;, 35y=55.58, p<.001,
i =.612). Post-hoc Sidak corrected ¢ tests demonstrated that
this was due to a relative strength in the subdomain of “upper
limb control’, on which participants with WS scored signifi-
cantly higher than all other subtests (p <.05 for all), and a
relative weakness in ‘balance’, on which participants with
WS scored significantly lower on than all subtests, except fine
motor integration (p =.184) (all other comparisons, p <.05).
We also wanted to see whether the WS group showed a
strength in upper limb control in comparison with older TD
children, so an independent samples ¢ test was performed to
look for differences between the WS and TD6-7 group on
upper limb control. The mean raw score on upper limb control
for the WS group was 7.47 (SD, 2.63; range, 12.00); for the
TD4-5 group, it was 2.50 (SD, 2.01; range, 6.00); and for the
TD6-7 group, it was 6.75 (SD, 2.63; range, 11.00). While the
WS group showed a relative strength in upper limb control
compared with the TD 4-5-year olds (Cohen’s d =2.32) and
within their motor profile, they did not perform significantly
better than the TD 6—7-year olds (p =.895; Cohen’s d=
0.293), suggesting that their upper limb control ability is still
significantly delayed for their chronological age.

Physical Activity

To examine the amount of physical activity that the individ-
uals with WS took part in, a one-way ANOVA was conducted
to compare performance between the groups on the level of
sports and physical activity involvement (Max. score, 8)
(Table 7). This highlighted significant differences across the
groups (Fa, 75 =6.02, p=.004, n* =.142). Post-hoc Tukey’s
comparisons indicated that the WS group was taking part in
the same amount of physical activity as the TD 4—5-year olds
(p=.609), but less than the 6—7-year olds (p =.003). There

Table 4  Partial correlations (chronological age partialled out) between
raw BPVS score and raw total motor scores for the WS and TD groups

between chronological

age and raw total motor Group Age x total motor score Group BPVS III x total motor score
scores for the WS and

TD groups. Italics WS (n=36) r=.323,p=.054 WS (n=36) r=.668, p=<.001

indicate significant TD (1 =40) r=.806, p<.001 TD (1 =40) r=251,p= 124

correlations
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Fig. 1 Distribution of BOT2-SF 100
‘zones’ in the WS, TD4-5, and 90
TD6-7 groups

% of Participants
S

® Well Above Average

was no significant difference between the amount of physical
activity that the TD4-5 and TD6-7 groups took part in

(p=.119).

Correlations Between Motor Ability and Physical
Activity

Partial correlational analyses, controlling for age, were per-
formed to investigate the potential relationship between motor
ability and participation in physical activity in typical devel-
opment and in WS (Table 8). To do this, the two TD groups
were combined. As there were two correlations per group, a
critical alpha of p <.025 was used. A significant partial corre-
lation was observed between fine motor ability and physical
activity for the TD group, but not the WS group. There were
no other significant correlations between motor ability and
physical activity in either group.

Discussion

We examined motor abilities in individuals with WS and typ-
ically developing children and how these motor abilities relat-
ed to participation in physical activity. We report a substantial
delay in achieving motor milestones in WS. Furthermore, the
hypothesised motor deficits were observed in the WS group,
with this group scoring at the level of a 4- to 5-year-old typical

Table 5 Mean (range) participant raw total motor score on BOT2-SF
Group BOT2-SF' mean raw score (range)
WS (N=36) 44.86 (12-76)

TD4-5 (N=20) 47.05 (31-63)

TD6-7 (N=20) 63.45 (50-74)

! Bruininks-Oseretsky Test of Motor Proficiency short form, second
edition
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ws TD4-5

TD6-7

Group

H Above Average M Average Below Average Well Below Average

child. Interestingly, individuals with WS showed a relative
strength in upper limb control, a subtest that required the par-
ticipant to drop and catch and also to dribble a tennis ball.
Note, however, that the performance of the WS group in this
subdomain was still only at the level of a typically developing
6- to 7-year old. The WS group showed a particular weakness
in balance (i.e. they performed below the level of a typically
developing 4- to 5-year old), which is likely due to cerebellar
abnormalities (Jernigan and Bellugi 1990; Jernigan et al.
1993; Jones et al. 2002; Reiss et al. 2000), alongside other
factors which are discussed further below. The hypothesis that
individuals with better motor abilities would also be involved
in more physical activity (or vice versa) was partially support-
ed in the TD group, but not in the WS group, as neither fine
nor gross motor ability correlated with participation in physi-
cal activity in this group. This will be discussed in detail
below.

Motor Milestones in WS

Previous findings investigated two or three motor milestones
in WS (Martin et al. 1984; Carrasco et al. 2005), reporting
substantial delay. In line with these studies, our extensive set
of twelve motor milestones support this finding. Individuals
with WS in our sample were reported to have substantial de-
lays in reaching all motor milestones, scoring above the 99th
percentile for the six motor milestones that could be compared
with the WHO standards (WHO Multicentre Growth
Reference Study Group and de Onis 2006) and achieved mile-
stones later than a TD sample for the remaining six mile-
stones. However, it is important to note that the range of mile-
stone achievement of the WS group often overlapped with that
expected in typical development, and that a small number of
respondents contributed to this dataset. Parents were asked to
fill in the motor milestones questionnaire retrospectively, and
given the age range of the participants, many parents noted
that they could not remember when their son or daughter was



Adv Neurodev Disord

Table 6 Mean (range) raw score for each of the 8 BOT2-SF subdomains for each group

BOT2-SF fine motor subdomain

BOT?2-SF gross motor subdomain

FMP FMI MD BLC Balance RSA ULC Strength
WS 7.19 (0-14) 5.64 (0-10) 2.67 (1-5) 4.64 (0-9) 4.14 (0-10) 5.47 (0-9) 747 (0-12) 7.69 (1-15)
TD4-5 7.40 (4-10) 8.00 (4-10) 2.80 (1-4) 5.60 (0-7) 6.70 (3-8) 6.55 (2-9) 2.50 (0-6) 7.55 (3-14)
TD6-7 11.30 (8-14) 9.55 (8-10) 4.00 (2-5) 6.90 (5-9) 7.65 (6-8) 8.15 (5-9) 6.75 (1-12) 9.75 (7-15)

FMP, fine motor precision; FMI, fine motor integration; MD, manual dexterity

able to reach certain milestones. Further research is required
either by collecting concurrent motor milestone data as mile-
stones emerge (although this is difficult due to often
late diagnosis of WS), or by asking parents of younger
participants with WS for retrospective milestone information.
Nonetheless, our data indicate that motor difficulties are ap-
parent in WS from the outset.

Motor Skills in WS

This study examined the profile of motor deficits beyond child-
hood in the WS population. We demonstrated that the fine and
gross motor difficulties observed in children with WS by
Atkinson (2017), Tsai et al. (2008), and Wuang and Tsai
(2017) persist into older childhood and adulthood. Overall,
our WS sample (aged 12 to 50 years) demonstrated motor
performance at the level of a TD 4 to 5 years old. This severity
of motor problems suggests that motor ability in WS could be
affecting other aspects of the individuals’ lives. For example,
although not assessed in this study, this raises the possibility
that the motor deficit in WS might have cascading impacts on
other domains such as language, spatial ability, and social cog-
nition. At a practical level, if an individual is less confident with
their movement, then they might also be less able and less likely
to want to independently perform tasks of daily living, such as
getting dressed independently, or cooking a meal, an area of
functioning that individuals with WS are known to struggle
with (Dilts et al. 1990; Greer et al. 1997; Gosch and Pankau
1994; Mervis et al. 2001; Udwin 1990).

Interestingly, like the WS cognitive profile (Morris and
Mervis 1999), the motor profile of individuals with WS was
highly varied across tasks. That is, individuals performed rel-
atively well in the subdomain of upper limb control (at the
level of 6 to 7 year olds) but performed relatively poorly on the

Fig. 2 Profile of motor abilities in
WS (purple line): z-scores based
on the mean and standard
deviation of TD 4-5-year olds
(matched for overall level of
motor ability)

Z Score
b Lo kN ow

Fine Motor
Precision

Fine Motor
Integration

balance subdomain (below the level of 4 to 5 year olds) within
their own motor profile (using the motor profile of 4- to 5-year
olds as a benchmark).

Anecdotally, many participants reported enjoying the up-
per limb control task. Taking a dynamical systems theory
(DST; Thelen and Smith 1998) approach, this might be due
to familiarity of the task, i.e. many of the participants were
likely to have played with a ball before at some point in their
life and so it may have appeared to be a less threatening task.
Of course, this would suggest that this relative strength is not
necessarily specific to WS, and thus, it is likely that other
syndrome-specific processes also contributed to their perfor-
mance on this task. The kinds of ball skills measured in the
upper limb control tasks are akin to those measured in the
manual ball skills subdomain of the M-ABC (Henderson
et al. 2007), skills that have not been reported as a particular
strength in children with WS (Atkinson 2017; Braddick and
Atkinson 2013). It might be that this is a skill that improves
over time (our sample was older than the sample reported by
Atkinson 2017 and Braddick and Atkinson 2013) or this
might just reflect the relative sensitivity of the subdomains
of the M-ABC vs. the BOT2-SF. Indeed, many children in
Atkinson’s (2017) study fell within the 6- to 7-year-old range
of performance for this task, which is akin to the level of
ability of the current sample.

The task within the balance subdomain was to balance on a
thin beam on one leg for 10 s. However, the majority of indi-
viduals were unable to balance on one leg for more than a
second. These difficulties in balance are consistent with find-
ings from Atkinson (2017), who found that children and ado-
lescents with WS showed deficits on both static and dynamic
balance tasks from the M-ABC (Henderson et al. 2007) and,
in most cases, did not attain a 4-year-old age equivalent (the
minimum score on the M-ABC). However, Tsai et al. (2008)

Manual Balance

Dexterity

Bilateral Co- Running Speed  Upper Limb
and Agility

Strength
ordination
Sub-Domain

Control
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report half of their sample of children with WS could achieve
the full score (6) on the BOT2-SF (Bruininks and Bruininks
2005) Balance subdomain. Note that there were only 4 chil-
dren who performed this task, and so while half the sample (2
participants) scored full marks, the other half of the children (2
participants) scored only a 1 and 2 out of 6. Furthermore,
Wuang and Tsai (2017) report that 57.9% of their sample
showed an impairment (defined as more than 1.5 SD below
the normative mean) on the balance task. Deficits in balance in
WS may be partially due to atypicalities of the cerebellum,
which are often reported in this population (Jernigan et al.
1993; Osorio et al. 2014; Reiss et al. 2000). The cerebellum
is arguably the main structure in the brain responsible for
balance. However, taking into account the DST (Thelen and
Smith 1998), other factors, such as fear and low motivation,
may have played a role in the difficulties that these individuals
are showing on this balance task.

Other motor brain areas that have been found to show
structural differences in WS could also be contributing to the
low motor scores. For example, the basal ganglia are involved
with the planning and control of voluntary motor acts (Monchi
et al. 2006), and these structures have often been shown to be
structurally atypical in WS (Jernigan et al. 1993; Reiss et al.
2000). Indeed, Cowie et al. (2012) and Hocking et al. (2011)
report that motor planning is impaired in individuals with WS,
with this population showing difficulty scaling movement to
step height. In several of the BOT2-SF tasks, the instructions
that are given to participants involve several steps that must be
followed to receive the points available. For example, on the
‘pennies’ task, participants must only move one penny at a
time with one hand, transfer it to the other hand, and then
place it in a pot. It is possible, therefore, that a motor planning
deficit is contributing to their poor performance on such tasks.

A general contributing factor to poor motor ability in WS is
IQ. A relationship is reported between cognitive ability and
motor ability in other populations with intellectual disability.
This relationship was broadly replicated in our WS sample, as
demonstrated by the relationship between BPVS III raw score
(a proxy for 1Q) and motor ability in this group. Smits-
Engelsman and Hill (2012) found that variance in motor abil-
ity in groups with and without motor difficulties could be
explained by 1Q in 19% of cases. Furthermore, for each stan-
dard deviation lower in IQ, a mean loss of 10 percentile points
was observed. It has been found that IQ for individuals with

Table 7 Mean (SD) participant score on the Physical Activity
Questionnaire (Max. score, 8)

Group

WS (N=36) TD4-5 (N=20) TD6-7 (N=20)

Physical activity score 2.31(1.62)  2.85(1.39) 4.0 (2.25)

WS typically ranges from 55 to 62 (Greer et al. 1997; Morris
and Mervis 1999), and using this information, we can predict
from Smits-Engelsman and Hill (2012) that the motor percen-
tile for individuals with WS should be around the 10th per-
centile, which on the BOT2-SF motor zones would put them
in the ‘below average’ zone. Exploring this categorically, 16/
36 of the participants fell into this zone. The remaining par-
ticipants with WS either fell in the average zone (2/36; 17th—
83rd percentile) or the ‘well below average’ zone (18/36),
which is below the 2nd percentile. This indicates that many
individuals with WS are performing lower than would be pre-
dicted for their cognitive abilities. Thus, whilst our finding of
a positive relationship between total motor ability and raw
score on the BPVS III suggests that the motor difficulties in
WS are at least in part an artefact of having learning difficul-
ties, it appears that there are syndrome-specific factors over
and above their low 1Q which further negatively impact motor
ability in this group.

Related to the general relationship between motor skills
and cognitive ability, as discussed in the introduction, poor
motor skills may also have a downstream impact on the de-
velopment of specific cognitive skills, such as spatial abilities.
For individuals with WS, this particular relationship deserves
some discussion, given that impaired spatial performance is a
hallmark characteristic of the WS phenotype (e.g. Broadbent
et al. 2014; Farran and Jarrold 2003; Farran et al. 2001).
Several studies have demonstrated an association between
motor ability and spatial skills in typically developing children
(e.g. Clearfield 2004; Frick and Mohring 2013; Schwarzer
et al. 2013). Overall, findings suggest a strong relationship
between motor abilities and spatial skills in infancy in the
typical population and perhaps suggests that one of the rea-
sons that individuals with WS show such severe deficits in
their spatial skills (e.g. Broadbent et al. 2014; Farran and
Jarrold 2003; Farran et al. 2001, 2019) is the low motor ability
(although see Farran et al. 2001). Clearly, further research is
required to investigate this hypothesis empirically.

It was observed during testing that many of the WS group
showed some discomfort or embarrassment during certain
motor tasks, particularly the hopping, push-up and sit-up
tasks, and in some cases declared that they were not able to
complete the task for the required amount of time, despite
performing the task correctly. In line with the DST (Thelen

Table 8 Two-tailed correlations (chronological age partialled out)
between fine and gross motor ability and physical activity involvement
in the WS and TD groups. Critical alpha, p <.025

WS (n=36) TD (n=40)
Gross motor x physical activity »=.229, p=.186 r=.087, p=.597
Fine motor x physical activity =~ »=.165, p=.344 r=.369,p=.021
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and Smith 1998), this suggests that factors such as motivation
and negative past experiences lead these individuals to be less
likely to take part in physical activity due to fear of ‘not being
good enough’. Harter (1987) reports that people’s actions are
highly motivated by a need to avoid situations where they
would have to show their low ability to other people, which
may lead to a cycle where initial failure leads to withdrawal
from the failed activity, which in turn leads to less opportunity
to practise and master the skill (Schoemaker and Kalverboer
1994). Furthermore, Schoemaker and Kalverboer (1994)
found that when children with poorer motor coordination were
told that they would be taking part in physical activity, they
were more anxious than their peers with better motor coordi-
nation. Skinner and Piek (2001) also found that 8- to 14-year
olds with DCD showed increased levels of trait and state anx-
iety and lower self-esteem than their typically developing
peers, and such traits have also been reported in adults with
DCD (Hill and Brown 2013). Individuals with WS show high
levels of trait anxiety (Papaeliou et al. 2012; Stinton et al.
2010; Woodruff-Borden et al. 2010), and so it is possible that
there is an association between these high levels of anxiety
and performance on motor tasks, and indeed motor learning.
Taken together, the above studies suggest that motor impair-
ment is likely to have wide-reaching consequences for a num-
ber of other aspects of development.

Motor Ability and Physical Activity

As found in previous studies (e.g. Barnett et al. 2008;
Wrotniak et al. 2006), motor ability was associated with par-
ticipation in physical activity in typically developing children.
This was true for fine abilities in the TD group, but not for
gross motor abilities (although note that the relationship be-
tween gross motor ability and physical activity in this group
also showed a medium effect size despite being non-signifi-
cant). This pattern is intriguing, as the majority of the physical
activity clubs that children take part in (e.g. ballet, football)
predominantly involve gross motor ability more than fine mo-
tor ability. Whilst this does question the sensitivity of the
physical activity measure, it is of course possible that children
with better fine motor ability are more able to perform more
precise and controlled movements, making them more confi-
dent in their movements and therefore more likely to take part
in physical activity. It is, however, not possible to determine
the causal direction from this data. The correlation between
motor ability and participation in physical activity was not
significant in the WS group. This may be partly due to a lack
of opportunity. Many of the TD children attended after school
sports groups, whereas those in the WS group are usually not
afforded the same opportunities to join sports groups, as they
may not have lived in an area that provides suitable sports
groups for their age and level of ability.

Importantly, the results from this study support previous
genetic, neuroimaging, and behavioural findings, showing
that individuals with WS show deficits in both total motor
ability and in specific areas of their motor profile, particularly
balance. These findings fit within the DST model (Thelen and
Smith 1998), which suggests that multiple factors, both inter-
nal and external to the individual, need to be considered when
performing a movement. Factors internal to the individual,
such as muscle strength, flexibility, and coordination; brain
structure and function, and genetics, controlling cognition,
autonomic function, and motivation must be considered.
External factors, such as distractions, size of objects to be
manipulated, type of floor surface, and space available, also
must be considered when the individual performs a move-
ment. All these internal and external systems must work to-
gether to produce a single strategy for motor control for that
particular motor task.

Taking a DST approach, we can consider motor ability
with respect to the internal and external factors that influence
motor ability in WS. For example, it is likely that internal
factors such as differences in the structure and function of
the cerebellum (Jernigan et al. 1993; Osorio et al. 2014;
Reiss et al. 2000, basal ganglia (Jernigan et al. 1993; Reiss
et al. 2000), and ventral and dorsal stream (Chapman and
Goodale 2008; Jax and Rosenbaum 2009; Schindler et al.
2004) significantly impact the motor ability of individuals
with WS. Fear and motivation are other internal factors that
are likely influencing success on standardised motor assess-
ment, for example, on the balance task, due to past experi-
ences of poor stability even on flat surfaces and less motiva-
tion to continue the task. Similarly, external factors such as
space available to complete the tasks may also influence mo-
tor ability, as some individuals were tested in their own homes
and some in schools or in a quiet room in the University.
Whilst all spaces were suited to the space needed to complete
the motor tasks, variation in the space available and the famil-
iarity of the environment were not controlled for.

Limitations and Future Research

One limitation of this research was that the short form of the
BOT-2 was used rather than the full motor assessment, mean-
ing that we are only getting a snapshot of motor abilities. This
was due to time constraints, as the short form takes only
around 15-20 min to complete, whereas the full assessment
takes around 1 h to complete. As the BOT2-SF was completed
in conjunction with other assessments, and the full testing
session for each study was, on average, 2 h in length,
performing the full motor assessment would have been im-
practical. However, it would be interesting to get a clearer and
more in-depth picture of motor abilities in WS by performing
the whole motor assessment. Additionally, the full BOT-2
assessment has standardisation data for each subdomain,
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which would enable us to better examine the motor profile.
Further to this, it would also be interesting to investigate the
weakest area of performance, balance, in more depth. It may
be that there is a difference in static vs. dynamic balance,
which was not assessed during the BOT2-SF, or that there
was another aspect of this balance task specifically that indi-
viduals struggled with. It would also be interesting to investi-
gate whether differences in the cerebellum of these individuals
would are associated with performance on balance tasks.

A relationship has been observed between cognitive ability
and motor ability in other populations with intellectual disabil-
ity (Smits-Engelsman and Hill 2012), which may be a con-
tributing factor to explaining the similarities in the motor pro-
file in the WS group. To test whether the presence of learning
difficulties generally would lead to this motor profile, the
study would need to be repeated with a population who had
learning difficulties (and a similar IQ to individuals with WS:
55 to 62 (Greer et al. 1997; Morris and Mervis 1999), but no
cerebellar abnormalities or hypotonia.

The physical activity questionnaire could be improved.
This questionnaire asked individuals how many times a
week that they engaged in physical activities. Due to the
young age of the typically developing children, particular-
ly the 4- and 5-year olds, it is possible that some of the
data is not accurate, as many children did not know or
could not remember. The physical activity questionnaire
could also be expanded to include information on the
types of activities that children were involved in, e.g. team
sports (football, basketball, etc.) vs. individual activities
(swimming, dancing, etc.), to see whether there would
be differences in motor performance depending on the
motor activity. It may also be the case that the young
age of the typically developing children (4 to 7 years)
may have reduced the variability in physical activity
scores, as they may have not been in as many sports clubs
as older children due to having less choice and indepen-
dence because of their young age. This, in turn, would
have weakened any correlations between motor ability
and physical activity in this group.

Taken together, these findings suggest that the motor def-
icit previously reported in children with WS persists into
adulthood. This might be affecting other aspects of the indi-
viduals’ lives, such as daily living and spatial skills. Further
research is needed to determine how the poor motor ability
seen in this population impacts other aspects of development.
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