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Abstract Motor coordination impairments frequently
co-occur with other developmental disorders and men-
tal health problems in clinically referred populations. But
does this reflect a broader dimensional relationship within
the general population? A clearer understanding of this
relationship might inform improvements in mental health
service provision. However, ascertainment and referral
bias means that there is limited value in conducting further
research with clinically referred samples. We, therefore,
conducted a cross-sectional population-based study inves-
tigating children’s manual coordination using an objective
computerised test. These measures were related to teacher-
completed responses on a behavioural screening question-
naire [the Strength and Difficulties Questionnaire (SDQ)].
We sampled 298 children (4-11 years old; 136 males)
recruited from the general population. Hierarchical (logis-
tic and linear) regression modelling indicated significant
categorical and continuous relationships between manual
coordination and overall SDQ score (a dimensional meas-
ure of psychopathology). Even after controlling for gender
and age, manual coordination explained 15 % of the vari-
ance in total SDQ score. This dropped to 9 % after exclu-
sion of participants whose SDQ responses indicated poten-
tial mental health problems. These results: (1) indicate that
there is a clear relationship between children’s motor and
mental health development in community-based samples;
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(2) demonstrate the relationship’s dimensional nature; and
(3) have implications for service provision.

Keywords Psychomotor disorders - Developmental
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Introduction

A clinically diagnosable mental health problem is present
in approximately 10 % of children in the UK and 13-20 %
in the USA [1, 2]. For a significant proportion of these indi-
viduals their mental health problems involve ‘Disorders
of [their] Psychological Development’ [3]. The estimated
prevalence of this specific disorder type in the USA is
7-8 % in 3-17 year olds [4]. Collectively these disorders
are characterised by: (1) onset in infancy/childhood and
(2) a negative effect on developmental functions related to
maturation of the central nervous systems. They are alter-
natively labelled within ICD-10 as Pervasive and Specific
Developmental Disorders and encompass pervasive devel-
opmental disorders (including autism) as well as specific
disorders of speech and language, scholastic skills and
motor function.

At first glance, the logic behind recognising motor func-
tion within this family of disorders may seem unclear.
Indeed, until relatively recently (late 1980s) medicaliza-
tion of coordination problems was highly contentious, with
such problems more often attributed to inadequate teach-
ing practices rather than to any underlying specific learn-
ing disability [5]. More recently, it has been suggested
that children with coordination difficulties often present
to occupational therapists, physiotherapists or paediatri-
cians rather than child psychiatrists [6]. Thus, at a practical

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s00787-015-0732-2&domain=pdf

Eur Child Adolesc Psychiatry

level problems with motor coordination appear distinct
from those relating to mental health because treatment is
accessed through markedly different routes.

Nonetheless, motor-coordination difficulties are noted
to co-occur frequently alongside other neurodevelopmen-
tal disorders in clinically referred populations [7-9]. In
fact, it has been suggested that co-occurring developmental
disorders are more common than not in individuals diag-
nosed with developmental coordination disorder (DCD)
[10, 11]. Broader mental health problems (such as anxiety
and depression) are also noted to be common secondary
consequences of living with a diagnosis of DCD [12, 13].
Meanwhile, relatively large studies of children (n > 200)
diagnosed with pervasive developmental disorders, hyper-
kinetic disorders and/or speech, language or learning dis-
abilities have indicated that between 20 and 40 % of these
individuals have co-occurring coordination difficulties
[14-16]. Smaller case—control studies (n < 59 cases) have
repeatedly found that children diagnosed with autism spec-
trum disorder (ASD) [17, 18], attention deficit hyperactiv-
ity disorder (ADHD) [19, 20] and specific language impair-
ment (SLI) [21, 22] exhibit evidence of impaired motor
control abilities when compared to typically developing
matched controls.

The frequency of such co-occurrences has led some to
propose that common aetiologies may underpin motor
coordination and other developmental disorders [15, 23,
24]. Similarly, it is noted that many of the biological risk
factors associated with mental health problems, whether
genetic, environmental or early developmental insult (e.g.,
prematurity) are also indicated as risk factors for develop-
mental coordination difficulties [25, 26]. In summary, there
is reasonable evidence to suggest that coordination difficul-
ties and other mental health problems are often associated
strongly with one another in clinically referred samples of
children.

However, an appreciation of this capacity for co-occur-
rence appears to be largely absent from current clinical
practice [10]. Surveys suggest a poor awareness amongst
psychiatrists of the potential for coordination difficulties
to exist in conjunction with other mental health problems
[27], with few routinely assessing for coordination dif-
ficulties when making diagnoses. Developmental coordi-
nation disorder is routinely described in the literature as a
‘neglected’ or ‘hidden’ disability that is under-appreciated
by education and health professions, particularly when
other co-occurring developmental difficulties are also pre-
sent [9-11, 28].

This lack of recognition may in part reflect a lack of
confidence in the pre-existing research’s ability to define
clearly the nature of the relationship between motor
coordination and mental health. At present, the major-
ity of evidence supporting an association between motor
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coordination and other mental health problems comes from
studies that have utilised clinically referred samples (see
preceding references). Whilst such studies typically dem-
onstrate high degrees of co-occurring difficulties they have
limited generalizability, due to problems with ascertain-
ment and referral biases that are associated with such sam-
ples. Specifically, children referred for medical evaluation
are likely to be those with the most severe and complex
difficulties [29, 30]. Thus, the probability of these children
meeting the criteria for multiple diagnoses is elevated—
potentially giving an exaggerated impression of the rela-
tionships between different types of developmental impair-
ment in the general population.

Investigating relationships at a population level

Fewer studies have investigated co-occurrence using non-
clinically acquired samples, free from referral and ascertain-
ment bias. Two studies have looked at data from the Avon
Longitudinal Study of Parents and Children (ALSPAC,
n > 6000) and report an increased risk of parent-reported
mental health difficulties, self-reported depression and
poorer objectively assessed social-cognition skills in 7- to
9-year-old children categorised as having probable DCD
[31, 32]. Earlier studies have also shown longitudinal rela-
tionships between coordination difficulties and anxiety and
depression in non-clinically referred samples, particularly
for males [33] and in the presence of co-occurring ADHD
[34, 35]. Twin-studies have also provided insights into the
aetiology underpinning certain types of co-occurrence.
Some have found evidence for shared-genetic factors con-
tributing to the co-occurrence of motor problems alongside
both attention and anxiety problems [36, 37], whilst another
reports non-shared environmental factors influencing the
relationship between motor problems and co-occurring anx-
ious and depressive symptomology [38]. This contradic-
tion is possibly the result of differences in the criteria these
studies used to define motor impairment. It could be argued
though that these population-based studies all still share two
important limitations: they define motor-skills proficiency
dichotomously (as either impaired or otherwise) and use
subjective assessments to make this classification.

Investigating dimensional relationships

It is increasingly recognised that many of the symptoms
that characterise mental health problems are in fact dimen-
sionally rather than dichotomously distributed within the
general population [39]. It has been proposed that identify-
ing the degree to which motor difficulties associate dimen-
sionally with other mental health problems could have
important implications in relation to assessing and inter-
vening to support children with mental health problems [9].
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For example, in children with ADHD the level of motor
impairment increases as a function of how many co-occur-
ring disorders are present [40]. In a community-acquired
sample, the risk of anxiety and depression was observed
to be elevated in children with DCD, with this risk height-
ened further if they also had co-occurring ADHD [41].
Meanwhile, a longitudinal cohort study indicated that the
extent to which children were delayed in their motor devel-
opment during infancy (i.e., reaching fundamental ‘motor
milestones’) predicted level of neuroticism in adulthood
[42]—a risk factor for psychopathology.

At the same time, the question of what underlying
causes may contribute to dimensionality within co-occur-
ring developmental disorders has been scrutinised [43]. In
a nationwide Swedish study of 6595 nine- and twelve-year-
old twin pairs, Pettersson et al. identified a general genetic
factor underpinning children’s liability to suffer from a
wide range of non-specific neurodevelopmental symptoms
using exploratory factor analysis. This factor was hierar-
chically related to three second-order genetic factors that
explained proportionally less of the variance and appeared
to cluster around sets of symptoms relating to specific
syndromes (i.e., ‘inattention’; ‘learning problems’; and
‘tics and autism’). However, the attention paid to assess-
ing motor impairments within this study was extremely
limited, with evaluation of this aspect of development reli-
ant upon a single item on the 53-item questionnaire used
(“problems coordinating movements smoothly?” with three
response levels: “Yes”, “No” or “Yes, to some extent”).
Consequently, a more detailed assessment of whether a
truly dimensional relationship specifically exists between
motor coordination and other child mental health problems
is required.

Investigating motor function using objective
assessments

A consistent weakness of existing community-based stud-
ies is their dependence on subjective and imprecise methods
of assessing motor skills. Typically used are parent-report
questionnaires [44] or standardised 1-to-1 assessments of
motor competence [45]. Questionnaires have often been
used out of necessity to make community-based sampling
of large numbers of children practical. Meanwhile stand-
ardised 1-to-1 methods are often too time consuming for
this purpose. They are also subject to inter-rater reliability
issues [46]. Moreover, both approaches have been repeat-
edly criticised as being poorly suited to drawing meaningful
distinctions between anything other than clearly typical ver-
sus atypical development [47, 48]. Technological advances
are making it increasingly feasible to use brief, objective,
computerised assessments to measure children’s motor
skill, particularly manual coordination, in community-based

settings [49]. Such methods are particularly well suited to
conducting dimensional assessments of motoric ability, due
to the increased fidelity and precision with which they can
record individual participants’ responses.

To summarise, there exists a pressing need for more
community-based investigation of the relationship between
children’s motor coordination and other aspects of their
mental health. In particular, research into the potentially
dimensional nature of this relationship that utilises techno-
logical innovation to capture (with precision and objectiv-
ity) assessments of participant’s motor skill may provide
valuable clinical insights. Consequently we conducted a
cross-sectional study that utilised an objective computer-
ised system to assess manual control within a sample of
4- to 11-year-old school children (all in mainstream edu-
cation) and investigated the degree of association between
this and a standardised dimensional assessment of chil-
dren’s mental health.

Method
Participants

All students aged 4-11 years old (n = 473) in two main-
stream primary schools in West Yorkshire (UK) were
invited to participate. Head-teacher and parent/guardian
permission was granted in 466 of these cases (99 %; mean
age = 7 years 6 months, range 4 years 0 months—11 years
11 months; 216 male, 250 female). An assessment of
mental health and manual coordination was subse-
quently obtained for 298 of these students (63 %; mean
age = 7 years 8 months, range 4 years 0 months—11 years
11 months; 136 males, 162 females). Figure 1 presents a
flow diagram illustrating attrition and exclusion, whilst
Table 1 gives a description of the final sample’s character-
istics by age group. The study received approval from the
University of Leeds Ethics Committee and was carried out
in accordance with the ethical standards laid down in the
1964 Declaration of Helsinki and its later amendments.

Materials
Mental health materials

A brief, teacher-completed, behavioural screening ques-
tionnaire was used to assess children’s mental health: the
Strengths and Difficulties Questionnaire (SDQ) [50].
This standardised questionnaire comprises five subscales
(emotional symptoms; conduct problems, peer problems,
hyperactivity and prosocial behaviour), each containing
five items. These subscales are intended to assess core
symptoms associated with common childhood psychiatric
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Fig. 1 Flow diagram illus-
trating losses to attrition and
exclusion from school roll to
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disorders [51]. Individual items on the SDQ ask about the
frequency with which children exhibit both positive and
negative attributes and because of this it is considered a
particularly appropriate instrument for assessing mental
health in community settings (i.e., in research where the
majority of the sample is unlikely to demonstrate psycho-
social problems [51]).

A Total Difficulties Score (TDS) for the SDQ is calcu-
lated by summing the scores for the responses to four of
these five subscales, excluding the prosocial. A UK-based
epidemiological study (n = 18, 415, 5-16 years old) has
demonstrated that this TDS outcome is a meaningful
dimensional measure of child psychopathology; the odds
of clinical diagnosis of mental health problems increasing
linearly with each one-point increase in the TDS [39]. A
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systematic review of evidence from epidemiological stud-
ies employing the SDQ has further supported its validity
and reliability as a screening tool for assessing the preva-
lence of childhood mental health difficulties in community-
based samples [52].

There is disagreement over the precise factor structure
of the SDQ, with evidence from empirical factor analy-
sis often contradicting the grouping of items into the five
originally proposed subscales [53-56]. However, in low-
risk community-based samples, evidence suggests that it is
most meaningful (following analysis of the TDS outcome)
to look at second-order Internalising (a sum of emotional
and peer subscale scores) and Externalising (a sum of
hyperactivity and conduct subscale scores) as nested out-
comes [55, 57].
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Table 1 Descriptive statistics

Total sample 4-5 years 6-7 years 8-9 years 10-11 years
for gender and CKAT and SDQ
response stratified by age for (A) Whole sample
(e vl smplemd ®) T e 2
‘Abnormal’ (high) SDQ Total Gender*
Difficulty Scores (TDS) Male 136 (46 %) 27 (36 %) 46 (51 %) 36 (50 %) 27 (46 %)
Female 162 (54 %) 49 (64 %) 45 (49 %) 36 (50 %) 32 (54 %)
CKAT response
Overall battery score
Mean (S.D)° —0.02 (0.82) 1.00 (0.89) —0.11 (0.38) —0.44 (0.28) —0.68 (0.20)
SDQ response
Total difficulty
Median (Range) 8 (0-27) 11 (1-27) 6 (0-27) 6 (0-21) 9 (0-24)
% Abnormal® 16 % 30 % 10 % 11 % 15 %
Internalising
Median (Range) 5(0-19) 6 (0-18) 4 (0-17) 4.5 (0-15) 6 (0-19)
Externalising
Median (Range) 3 (0-16) 5 (0-16) 2 (0-13) 1 (0-12) 3(0-12)
(B) Sample excluding Abnormal TDS responses
n 249 53 82 64 50
Gender*
Male 111 (45 %) 18 (34 %) 42 (51 %) 30 (47 %) 21 (42 %)
Female 138 (55 %) 35 (66 %) 40 (49 %) 34 (53 %) 29 (58 %)
CKAT response
Overall battery score
Mean (Std. Dev)®  —0.15 (0.65) 0.70 (0.69) —0.10 (0.39) —0.46 (0.27) —0.72 (0.17)
SDQ response
Total difficulty
Median (Range) 6 (0-15) 9 (1-15) 5(0-15) 5(0-15) 7 (0-15)
Internalising
Median (Range) 3(0-14) 3(0-12) 3 (0-14) 3.5(0-14) 3.5(0-13)
Externalising
Median (Range) 2 (0-13) 3(0-13) 2 (0-11) 1 (0-12) 2 (0-9)

# Denominators for percentages are each column’s n (see first row within each sub-table)

® Overall Battery score represents an average of three z-score transformed subtest performances. z-score
transformation calculated relative to all valid C-KAT responses recorded (see Fig. 1, n = 422)

¢ UK norms for 5 to 15-year-old [61] estimate that Total Difficulty Scores will classify approximately
10 % of a community sample as scoring in the ‘Abnormal’ range (>15)

Manual coordination materials

To assess fine-motor control, an objective, computerised
assessment was used: the Clinical-Kinematic Assessment
Tool (C-KAT) [47, 58-60]. The C-KAT battery com-
prises three subtests (Tracking, Aiming and Tracing). On
each subtest visual stimuli are presented on a tablet com-
puter screen (Toshiba Portege M700-13P tablet, screen
260 x 163 mm, 1200 x 800 pixels, 60 Hz refresh rate) that
participants must interact with using a hand-held stylus.
The digitiser measures the planar position of the stylus at a
rate of 120 Hz, allowing precise measurements of complex
hand movements to be reliably captured. Previous research

[47] demonstrated that these measurements have compara-
ble temporal and spatial accuracy to those recorded using
a ‘gold standard’ laboratory-based motion-capture (NDI
Optotrak) system. Flatters et al. [58] provide a detailed
description of the subtests and the specific outcome
measures that each records. In brief, the Tracking subtest
requires participants to keep the stylus tip as close as pos-
sible to the centre of a dot as it moves around the screen
in a ‘Figure of 8’ pattern at increasing speed. The primary
outcome for this subtest is the average distance between the
stylus tip and the centre of the dot across the duration of
the test (termed ‘Tracking Error’). The Aiming subtest has
participants producing a series of aiming movements with
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the stylus, moving between sequentially presented targets
appearing at equidistant pseudo-random locations on the
screen. This subtests’ primary outcome is the average time
it takes to arrive at each target measured from the point they
arrived at the previous one (termed ‘Movement Time’). The
Tracing subtest has participants tracing along a series of
abstract shaped paths between designated start and finish
points. Participants are asked to try and stay within guide-
lines (5 mm apart) that demarcate the paths. An accuracy
measure is calculated for each trace, which is the average
minimum distance between stylus tip and the centre-line of
a path for the duration of that trace. This value is adjusted
for the time taken to produce the trace and the median of
these adjusted values for all traces is the primary outcome
measure (termed ‘adjusted path accuracy).

Procedure

Within a 2-month period at the end of the school year
(May—July, 2012), classroom teachers were asked to com-
plete an SDQ on each participating student within their
class. During the same period the research team visited
participating schools to conduct the manual coordination
assessments. For this assessment participants were seated
at a table with the tablet placed in front of them, 10 cm in
from the table edge, with the screen presented horizontally
(in landscape orientation). This made the interactions with
the tablet similar to writing with a pen on paper. In total,
the C-KAT battery took approximately 10—15 min to com-
plete, enabling a brief but objective and precise assessment
of manual ability in a large community-based sample. Per-
formance on the primary outcome measure for each of the
three subtests of the C-KAT was reciprocally transformed
to normalise distribution within the sample, then converted
into standardised units (z-scored). These z-score values
had their sign inverted, to revert these scoring scales to
the direction they ran in pre-reciprocal transform, before
they were averaged across to give an overall battery score
[C-KAT battery score].

Results

All analyses were conducted in R (version 3.10.0, R Devel-
opment Core Team, 2014).

Preliminary data exploration
Mental health measures
Descriptive statistics (Table 1) indicated a higher than

typical proportion of children within this community sam-
ple had a Total Difficulty Scores (TDS) that exceeded the
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threshold for being classified as ‘Abnormal’ (>15 out of
40). UK national norms [61] suggest approximately 10 %
of a community-based sample should score above this
threshold and that doing so is associated with a 15-fold
increase in the odds of the child being independently diag-
nosed with a psychiatric disorder [62]. Stratifying for age,
the frequency of abnormally high scores in this particular
sample was found to be markedly elevated above this per-
centage in both the eldest and youngest aged participants
(see Table 1). Descriptive statistics also indicated that the
TDS, Internalising and Externalising subscale scores were
all positively skewed in their distributions. Cronbach’s o
indicated acceptable internal reliability for each of these
scales (aTDS = 085’ O[Imernalising = 079’ aExtemalising = 088)

Manual coordination measures

C-KAT battery score was contrasted (using an independent
t tests) between participants with a complete SDQ response
also available and those without. No significant group
differences were found, #(315.527) = 1.54, p = 0.124;
with the effect-size for the mean-difference also small
(r = 0.086), This suggested manual coordination did not
differ systematically between cases included in subsequent
analysis (n = 298) versus those excluded for lacking an
SDQ response (n = 124).

Confounding factors

Kendall’s tau correlation coefficients (Table 2) computed
using robust bootstrap resampling techniques (2000 re-
samples specified) revealed weak but statistically signifi-
cant (p < 0.05) associations between gender and each of
the SDQ subscales (i.e., Internalising and Externalising).
The TDS outcome was not found to significantly corre-
late with gender because the relationships between gender
and each of the two subscales (which combine to make the
omnibus TDS score) ran in opposing directions. Correla-
tional analysis also revealed Age was statistically signifi-
cantly associated with the TDS and Externalising subscale
score, respectively (see Table 2). No significant relationship
(p = 0.059) was observed between age and the Internalis-
ing subscale score. These patterns of association remained
similar even after excluding individuals whose SDQ Total
Difficulty Scores exceeded the threshold for categorisation
as ‘Abnormal’ (see Table 2).

Regression analyses

Having identified gender and age as additional predictors
of SDQ response, a two-step hierarchical approach was
followed in all subsequent (logistic and linear) regression
analyses. That is, gender and age effects were accounted
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Table 2 Kendall’s tau correlation coefficients for age and gender
against SDQ outcomes, with and without participants with ‘Abnor-
mal’ (high) SDQ Total Difficulty Scores (TDS) excluded

T 95 % CI* p value
Total Difficulty Score
Gender
Whole sample (n = 298) —0.073 —0.166 to 0.020 0.135
Excluding Abnormal TDS ~ —0.072 —0.177 to 0.032 0.181
(n =249)
Age
Whole sample (n = 298) —0.145 —0.222 to —0.066 <0.001
Excluding Abnormal TDS ~ —0.103 —0.189to —0.017  0.019
(n =249)
Internalising subscale
Gender

Whole sample (n = 298)

Excluding Abnormal TDS
(n =249)

Age
Whole sample (n = 298)

Excluding Abnormal TDS
(n =249)

Externalising subscale
Gender
Whole sample (n = 298)

Excluding Abnormal TDS
(n =249)

Age
Whole sample (n = 298)

Excluding Abnormal TDS
(n =249)

—0.176  —0.269 to —0.082 <0.001
—0.200 —0.299 to —0.100 <0.001

—0.076 —0.166t0 0.011
—0.028 —0.124 to 0.067

0.059
0.528

0.105
0.148

0.010 to 0.201
0.042 to 0.254

0.036
0.008

—0.165 —0.239 to —0.091 <0.001
—0.119 —0.204 to —0.031  0.009

& CI confidence intervals, calculated using bootstrap resampling
(2000 resamples)

for prior to estimating the unique contribution manual
coordination skills made to predicting SDQ responses. For
a given SDQ outcome (e.g., TDS), a baseline (‘Step 17)
regression model was generated that specified the SDQ
outcome as the dependent variable and gender and age as
predictor variables. A second (‘Step 2’) regression model
was then generated that was identical to the Step 1 model,
except that it also included manual coordination skills
(C-KAT battery score) as an additional predictor. Goodness
of fit was then compared between the Step 1 and 2 regres-
sion models to determine whether inclusion of the addi-
tional motoric predictor significantly increased the explana-
tory power of the model.

Logistic regression analysis of SDQ Total Difficulty Score

The Total Difficulty Score (TDS) for the SDQ was speci-
fied as an outcome variable and categorised dichotomously,

with an ‘Abnormally’ high (i.e., >15 out of 40) score
on this scale being used as the criteria for defining men-
tal health difficulties [62]. Hierarchical logistic regression
analysis of this binary outcome indicated that an initial
model, including only age and gender as predictors, was
better than chance at predicting mental health difficulties
(x% (2) = 9.53, p = 0.009). However, inclusion of C-KAT
battery score as an additional predictor at Step 2 further
improved model fit (x2 (1) = 25.99, p < 0.001).

The odds ratios for the individual predictors included in
the Step 2 model indicated that gender was not a significant
predictor [OR (95 % Confidence Interval) = 1.50 (0.77-
2.93)], whilst increased age was associated with a marginally
increased risk [OR (95 % CI) = 1.43 (1.09-1.88)] of mental
health difficulties (as indexed by the SDQ). The direction of
this finding contradicts the results of the earlier correlational
analysis of age’s relations with SDQ Total Difficulty Score
(Table 2). For every one-unit increase in C-KAT battery
score (reduction in performance by 1SD), the odds of having
a diagnosable psychiatric disorder increased almost sixfold
[OR (95 % Cl) = 5.93 (2.90-12.87)].

Linear regression analysis of SDQ Total Difficulty Score

A square-root transformation was applied to the SDQ
Total Difficulty Score (V/TDS) prior to it being analysed
as a continuous outcome variable. This ensured normally
distributed residuals and homogeneity of variance in the
subsequent models. Inclusion of C-KAT battery score as an
additional predictor variable in step 2 of this hierarchical
modelling significantly improved the amount of variance
in vVTDS explained (see Table 3, sections A and B). This
was true irrespective of whether children with categorically
‘abnormal’ TDS scores (>15) were excluded from the ana-
lysed sample [whole sample: F(1, 294) = 55.26, p < 0.001;
restricted sample: F(1, 245) = 25.65, p < 0.001].

The estimated total amount of variance explained by
the Step 2 model was 20 % [R* (95 % CI) = 0.20 (0.13-
0.28)], with this falling to 12 % if analysing the ‘Restricted’
sample that excluded children with a categorically Abnor-
mal TDS score [R? (95 % CI) = 0.12 (0.06-0.19)]. The
amount of unique variance in v'TDS explained by includ-
ing manual coordination as a predictor (AR? from the Step
1 to the Step 2 model) was always statistically significant
but somewhat reduced in size by excluding children with
a categorically Abnormal TDS score. AR? equalled 0.15 in
the “Whole’ sample but was 0.09 in the ‘Restricted’ sample
(see Table 3, sections A and B).

Regression analysis of SDQ subscale scores

To explore relationships between the SDQ and manual
coordination further separate linear regression analyses
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Table 3 Multiple linear regression model for SDQ square-root Total
Difficulties Score (v/TDS) score predicted by gender, age and C-KAT
battery (manual coordination) performance for (A) the whole sam-
ple and (B) excluding participants with ‘Abnormal’ (high) SDQ Total
Difficulty Scores (TDS)

Predictor AR? b [95 % CIJ* B p value
(A) Whole sample (n = 298)
Step 1 0.05
Constant 3.74 [3.23,4.23] <0.001
Age —0.12 [-0.05, —0.18] —0.22 <0.001
Female —0.24 [-0.50, 0.02] —0.10 0.074
Step 2 0.15
Constant 1.47[0.77, 2.25] <0.001
Age 0.18 [0.08, 0.27] 0.34  <0.001
Female —0.25[-0.50, —0.01] —0.11 0.040
C-KAT bat- 0.89 [1.12, 0.65] 0.68  <0.001
tery
(B) Excluding Abnormal TDS (n = 249)
Step 1 0.03
Constant 3.07 [2.61, 3.50] <0.001
Age —0.07 [-0.12, —0.02] —0.15 0.015
Female —0.20 [—0.45, 0.03] —0.10 0.105
Step 2 0.09
Constant 1.58 [0.83, 2.26] <0.001
Age 0.13 [0.04, 0.22] 0.27 0.009
Female —0.20 [—0.43, 0.05] —-0.10 0.095
C-KAT bat- 0.61 [0.39, 0.85] 0.52  <0.001
tery

% CI confidence intervals, calculated using bootstrap resampling
(2000 resamples)

that specified the Internalising and Externalising subscale
scores for the SDQ, respectively, as continuous depend-
ent variables were conducted. As with the TDS, it was
necessary to square root transform these variables prior to
regression analysis. However, whilst this did improve the
distribution of residuals in the subsequent regression mod-
els (compared to using uncorrected values) a degree of
skew and heteroscedasticity was still evident. Consequently
a more robust regression technique, which relaxed these
assumptions, was employed and a Wald test was used to
test change in goodness of fit between ‘Step 1’ and ‘Step 2’
hierarchical models (using Imrob and anova.lmrob from R
package Robustbase [63]).

When (square-root transformed) Internalising subscale
score was specified as the dependent variable regression
analysis produced a similar pattern of results to those already
presented in the “Regression analysis of SDQ Total Difficulty
scores” section. Including C-KAT battery score as an addi-
tional predictor significantly increased the amount of variance
the regression model explained in this outcome (whole sam-
ple Robust Wald test (1, 295) = 44.77, p < 0.001; restricted
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sample Robust Wald test (1, 246) = 25.96, p < 0.001). The
amount of variance in this outcome that the C-KAT battery
score explained (see Table 4) was similar to the amount of
TDS variance it had previously been estimated to explain. This
comparison was true both before and after excluding children
with Abnormal TDS scores from the analysed sample (whole
sample AR? = 0.13; restricted sample AR? = 0.08).

Similarly, in relation to the (square-root transformed)
Externalising Subscale Score, analysis found that including
C-KAT battery score as a predictor significantly increased
the amount of variance explained by the regression
model (whole sample Robust Wald Test (1, 295) = 28.55,
p < 0.001; restricted sample Robust Wald Test (1,
246) = 11.01, p < 0.001). However, the amount of varia-
tion in the Externalising Subscale score that C-KAT was
estimated to explain was somewhat smaller than for the
previous analyses (see Table 5; whole sample AR?> = 0.08;
restricted sample AR? = 0.05).

Discussion

In a study investigating the relationships between symp-
toms of mental health problems and motor control in a
typical population of primary school children we found
that manual coordination skills predicted approximately
15 % of the concurrent variation in symptoms of childhood
mental health disorders, after adjusting for age and gender
effects. A positive relationship was indicated, with poorer
(increasingly inaccurate) manual coordination associated
with more frequent mental health problems. A categori-
cal relationship between coordination and the likelihood
of mental health problems was also observed, replicating
the findings of earlier population-based research [31-35].
These findings are noteworthy for three reasons.

First, they complement previous evidence of motor
impairments co-occurring alongside other mental health
problems in clinically referred samples [14-16] by dem-
onstrating a similar relationship in the non-clinical popula-
tion. Thus, these results confirm that co-occurring difficul-
ties are unlikely to be solely attributable to ascertainment
and referral bias.

Second, we found that an association persisted even after
we removed those with high TDS scores from the popula-
tion, indicating that there exists a broader dimensional
relationship between motor function and other aspects of
psychological development, with co-occurrence only rep-
resenting the tail of a continuum. The finding corroborates
previous suggestions that motor skill acquisition is a criti-
cally important factor within childhood development [10,
11] and underscores previously expressed concerns that
this is often neglected within education and health service
provision [27, 64].
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Table 4 Robust multiple linear regression model for SDQ Square-
root Internalising subscale (v/Internalising) score predicted by gen-
der, age and C-KAT battery (manual coordination) performance for
(A) the whole sample and (B) excluding participants with ‘Abnormal’
(high) SDQ Total Difficulty Scores (TDS)

Predictor AR? b [95 % CIJ* B p value
(A) Whole sample (n = 298)
Step 1 0.07
Constant 2.97 [2.27, 3.56] <0.001
Age —0.09 [-0.16,<—0.01] —0.16 0.001
Female —0.58 [-0.87, —0.28] —0.24 <0.001
Step 2 0.13
Constant 0.75 [—0.12, 1.75] 0.074
Age 0.20 [0.08, 0.31] 0.38 <0.001
Female —0.59[-0.88, —0.34] —0.25 <0.001
C-KAT bat- 0.86 [0.61, 1.10] 0.65 <0.001
tery
(B) Excluding Abnormal TDS (n = 249)
Step 1 0.07
Constant 2.41[1.74, 3.07] <0.001
Age —0.05[—-0.12, 0.03] —0.09 0.245
Female —0.58 [-0.86, —0.29] —0.27 <0.001
Step 2 0.08
Constant 0.82 [—0.17 1.80] 0.074
Age 0.16 [0.04, 0.28] 0.32 0.004
Female —0.57[-0.84, —0.28] —0.26 <0.001
C-KAT bat- 0.64 [0.39, 0.92] 0.50 <0.001
tery

% CI confidence intervals, calculated using bootstrap resampling
(2000 resamples)

Third, further analysis of the SDQ subscales suggested
manual coordination is associated with both internalising
and externalising behaviours. This relationship between
manual coordination and both SDQ subscales is not alto-
gether surprising if we consider the wide range of men-
tal health problems which commonly co-occur alongside
DCD [10, 11]. Such a finding also supports the notion that
all aspects of mental health in young people are reliant
on intact and healthy neurodevelopment. The association
between neurological disorder and mental health problems
has long been recognised (e.g., since the Isle of Wight stud-
ies in the 1960s and 1970s [65]) but here we demonstrate
a dimensional association, indicating that it extends more
broadly across population and function.

A relationship on the externalising sub-scale is consist-
ent with the high-levels of co-occurrence noted between
DCD and ADHD symptomology [7, 34, 36]. Epidemio-
logical research indicates the SDQ’s hyperactivity subscale
(one of the two scales contributing to the externalising
score) has reasonable sensitivity and specificity as a popu-
lation-based screening tool for ADHD [66, 67]. Conversely,

relationships with the Internalising subscale (comprising
emotional and peer problems) may reflect the well-docu-
mented associations between motor coordination problems
and internalising disorders such as anxiety and depression
[41, 68, 69]. We found some evidence for the strength of
manual coordination’s relationship with internalising
behaviours (AR?) possibly being greater than externalizing
behaviours. However, caution must be exercised in making
this inference, given generalisability issues with these sub-
scales’ regression models. Further investigation is required
to see if this effect can be replicated. Such a difference may
be symbolic though of motor control’s relationship with
internalising and externalising behaviours, respectively,
being qualitatively distinct. Further support for this view
comes from Emck et al’s [8] review of motor difficulties in
children with behavioural, emotional and pervasive devel-
opmental disorders, in which they observe that children
with behavioural difficulties (i.e., more externalising symp-
tomatology) tend to overestimate their motor-competence,
whilst children with emotional (i.e., more internalising
symptomatology) and pervasive disorders tend to have self-
perceived motor-incompetence.

Implications

Measures of motoric function may simply be indices of
neurodevelopmental integrity, which itself is a predictive
factor for mental health across the whole population. How-
ever, there is also a question as to what extent motor abili-
ties contribute to the development of mental health. Our
correlational study cannot speak to causality but a num-
ber of plausible mechanisms have been postulated, which
would explain motor functions’ associations with other
aspects of neurodevelopment. An underlying genetic basis
for motor difficulties’ co-occurrence with attentional and
anxiety problems (without causality in either direction) has
been reported by Moruzzi et al. [37]. Thus it may be that
co-occurrence is explained by certain genetic [43] or envi-
ronmental [70] factors that pre-dispose children to a range
of developmental disorders. Additionally (or alternatively)
more specific aetiological pathways may also underpin
specific types of co-occurrence. For example, difficulties
within language and motor-control are thought to possibly
reflect an underlying deficit in children’s ability to achieve
automaticity in the course of their procedural learning,
which then causes deficits in both these areas of function
[71, 72]. On the other hand, recent experimental research
indicates that fine-motor deficits are not associated with
reading disability if oral language impairments are taken
into account, implying a generalised deficit relating to
automatising procedural learning cannot wholly explain co-
occurrence [22]. Also worth considering is that a number
of aspects of psychological development may utilise motor
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Table 5 Robust multiple linear regression model for SDQ Square-
root Externalising Subscale (v/Externalising) score predicted by gen-
der, age and C-KAT battery (manual coordination) performance for
(A) the whole sample and (B) excluding participants with ‘Abnormal’
(high) SDQ Total Difficulty Scores (TDS)

Predictor AR? b [95 % CIJ* B p value
(A) Whole sample (n = 298)
Step 1 0.06
Constant 2.19[1.70, 2.58] <0.001
Age —0.10 [-0.15, —0.04] —0.22 <0.001
Female 0.25 [—0.01, 0.49] 0.12 0.051
Step 2 0.08
Constant 0.59 [—0.17, 1.46] 0.112
Age 0.11 [<—0.01, 0.20] 0.23 0.022
Female 0.25 [0.03, 0.50] 0.12 0.039
C-KAT bat- —0.62 [-0.85, —0.31] —0.55 <0.001
tery
(B) Excluding Abnormal TDS (n = 249)
Step 1 0.05
Constant 1.65 [1.74, 2.61] <0.001
Age —0.06 [-0.15, —0.05] —0.14 0.027
Female 0.33 [0.00, 0.49] 0.17 0.009
Step 2 0.05
Constant 0.59 [—0.22, 1.42] 0.139
Age 0.08 [0.01, 0.20] 0.18 0.119
Female 0.33 [0.01, 0.48] 0.18 0.006
C-KAT bat- 0.43 [0.34, 0.88] 0.40 0.001
tery

% CI confidence intervals, calculated using bootstrap resampling
(2000 resamples)

abilities and benefit from motor rehearsal in development.
Recent theories of embodied cognition consider the neural
bases of motoric function to be critical to functions which
depend upon motor skills for their expression, whether this
is executive function, the expression of emotion or its role
in memory [73] or imitation. Finally, it has been suggested
that motor difficulties specifically may precipitate anxious
and depressive symptomatology [38, 41], possibly due to
the limitations that motor impairment places on develop-
ment in other areas of function (e.g., limiting social interac-
tion, academic progress).

Irrespective of causal mechanisms, our results suggest
that a more holistic approach to evaluating psychological
developmental at a population level is required, includ-
ing assessments of motor skill alongside other facets of
development. For example, current brief screening tools
for assessing child mental health, such as the SDQ [50],
often do not include an assessment of motor skill. Mean-
while, large-scale epidemiological studies explicitly exam-
ining co-occurrence in developmental disorders have often
focused their efforts on understanding social, emotional
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and cognitive aspects of child development at the expense
of assessing motor skills with equal rigor [43]. These
points run contrary to motor function being acknowledged
alongside other Disorders of Psychological Function in
the ICD-10 disease classification framework [3]. Indeed, a
more comprehensive and inclusive perspective is required
in future research if it is to adequately inform implementa-
tion of a more flexible ‘patient centred’ approach to diag-
nosing and supporting individuals with developmental dis-
orders [23, 74, 75].

Limitations

The study design estimated participants’ motor-function via
a tablet-based unimanual coordination task [47, 58]. This
assessment enabled a highly objective measurement to be
obtained from a large community-based sample of children
but only in relation to a specific subset of motor skills (i.e.,
coordinative ability for manipulating a handheld stylus with
one hand). Previous research, using more subjective assess-
ment tools, has suggested the degree of the co-occurrence
between DCD and ADHD varies depending on diagnostic
sub-type, with the strongest association being observed
between Inattentive sub-type ADHD and fine-motor skill
deficits specifically [36]. Therefore, further investigation
is necessary to confirm whether the current findings alter
when a wider set of objectively assessed motor functions is
assessed (e.g., gross and fine motor skills). More broadly,
it would also be interesting to assess a wider set of psy-
chological functions (e.g., motor skill, attention, working
memory) using an equally objective but more comprehen-
sive battery of computerised tests. This more detailed inves-
tigation would enable a study of the shared and individual
contributions specific psychological processes make to spe-
cific mental health problems (e.g., DCD and ADHD). The-
ories of embodied cognition [73] would predict that such
an investigation might not only reveal certain constructs
(e.g., motor function) having a strong localised influence
on battery sub-tests designed to measure this function spe-
cifically but also a more diffuse impact on tests considered
to be relatively ‘pure’ indices of other cognitive constructs.
For example, participants’ performance on a test designed
to measure attention might be influenced to a lesser (but
still significant) degree by the need to respond motorically.
Vice versa, sustained attention and memory for instruction
might affect a participant’s performance on a complicated
subtest of motor coordination. Understanding this complex
pattern of interactions is vital if we are to fully comprehend
the mechanisms by which co-occurring mental health prob-
lems might arise.

It should also be noted that neither parent nor self-report
SDQ responses were obtained from participants. Whilst
the teacher-response version of the SDQ is considered the



Eur Child Adolesc Psychiatry

most reliable assessment tool out of the three [52], multi-
compared to single-informant SDQ response is known to
improve the instruments’ sensitivity for detecting cases of
psychopathology [52, 70, 76]. In this study SDQ response
was treated as a proxy measure of mental health prob-
lems and thus using a multi-informant approach may have
improved its validity.

Future research might also look to control a wider range
of potentially moderating factors such as IQ [31] and eth-
nicity [77]. This study did control for gender and age
effects. Gender has been frequently observed in previous
studies influencing SDQ response [56, 78, 79] but associa-
tion between SDQ response and age warrant further inves-
tigation. On the one hand, the SDQ is indicated to be stand-
ardised for use in 4-16 year olds [50, 52]. For example,
the UK norm data in relation to the teacher-report version
(5-15 years old) confirms the validity of applying the cut-
off for scoring responses as ‘Abnormal’ >15 in relation to
its TDS metric [61], with this threshold having been shown
to bear clinical significance across this age-range [62].
However, our data suggest mild associations between SDQ
response and age in a UK sample, similar to more recent
investigations showing TDS scores decreasing with age in
Dutch [78], Finnish [80] and Chinese [56] children. These
finding call into question the appropriateness of using the
SDQ to categorically (rather than dimensionally) assess
child mental health, particularly in children younger or
older than 5 or 15 years of age (i.e., outwith the age of the
original norms).

Conclusions

This is the first study of its kind to utilise objective com-
puterised methods to assess manual motor coordination
with a high level of precision and relate this to psychopa-
thology in a community sample. We have demonstrated
the existence of a dimensional relationship between chil-
dren’s manual coordination and other aspects of their psy-
chological functioning and mental health. The finding of a
significant result is remarkable given that only one aspect
of motor skill was investigated (albeit with a sophisticated
instrument capable of precise measurement) and related
to a single informant response on a behavioural screen-
ing questionnaire. It hints at the potential strength of the
underlying relationship and begs further longitudinal and
cross-sectional research in nationally representative sam-
ples (exploring different aspects of motor control and uti-
lising finer grained indices of child mental health). Our
findings strongly suggest that greater consideration needs
to be given to assessing and supporting motor as well as
social, emotional and cognitive development in children,
particularly in early childhood.
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