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The neurological basis of developmental coordination disorder (DCD) is thought to be
deficits in the internal model and mirror-neuron system (MNS) in the parietal lobe and
cerebellum. However, it is not clear if the visuo-motor temporal integration in the internal
model and automatic-imitation function in the MNS differs between children with DCD
and those with typical development (TD). The current study aimed to investigate these
differences. Using the manual dexterity test of the Movement Assessment Battery for
Children (second edition), the participants were either assigned to the probable DCD
(pDCD) group or TD group. The former was comprised of 29 children with clumsy manual
dexterity, while the latter consisted of 42 children with normal manual dexterity. Visuo-
motor temporal integration ability and automatic-imitation function were measured using
the delayed visual feedback detection task and motor interference task, respectively.
Further, the current study investigated whether autism-spectrum disorder (ASD) traits,
attention-deficit hyperactivity disorder (ADHD) traits, and depressive symptoms differed
among the two groups, since these symptoms are frequent comorbidities of DCD. In
addition, correlation and multiple regression analyses were performed to extract factors
affecting clumsy manual dexterity. In the results, the delay-detection threshold (DDT)
and steepness of the delay-detection probability curve, which indicated visuo-motor
temporal integration ability, were significantly prolonged and decreased, respectively, in
children with pDCD. The interference effect, which indicated automatic-imitation func-
tion, was also significantly reduced in this group. These results highlighted that children
with clumsy manual dexterity have deficits in visuo-motor temporal integration and auto-
matic-imitation function. There was a significant correlation between manual dexterity,
and measures of visuo-motor temporal integration, and ASD traits and ADHD traits and
ASD. Multiple regression analysis revealed that the DDT, which indicated visuo-motor
temporal integration, was the greatest predictor of poor manual dexterity. The current
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results supported and provided further evidence for the internal model deficit hypothesis.
Further, they suggested a neurorehabilitation technique that improved visuo-motor tem-
poral integration could be therapeutically effective for children with DCD.

Keywords: autism-spectrum disorder, attention-deficit hyperactivity disorder, automatic imitation, developmental
coordination disorder, internal model, manual dexterity, mirror-neuron system, visuo-motor temporal integration

INTRODUCTION

Developmental coordination disorder (DCD), which is char-
acterized by an inability to perform age-appropriate fine (hand
writing and shoelace tying) and gross motor skills (playing sport
and getting dressed) (1), affects approximately 6% of school-aged
children, making it the most common childhood movement
disorder (1). Such a broad range of deficits not only impacts
performance of daily tasks, but also contributes to secondary
long-term health consequences, including reduced engagement
in physical activity and social activities (2, 3), and increased risk
of low self-esteem, anxiety, and depression (3, 4). Coordination
difficulties seen in 50-70% of children with DCD persist into
adolescence and adulthood (1). Although the behavioral motor
impairments experienced by children who have DCD are well
known, the etiology, and neurological origin that has been long
suspected to contribute to such deficits, underlying these impair-
ments remain unclear (5). Among the motor impairments seen
in DCD, we specifically focused on clumsy manual dexterity in
the current study. Further, we evaluated the internal model deficit
(6-9) and mirror-neuron system (MNS) deficit (10, 11), i.e., two
putative pathophysiological mechanisms thought to impede fine
motor skills in DCD, consequently affecting manual dexterity.

Internal modeling deficits (IMDs) have been proposed as
a neurological cause of DCD (12, 13). According to the IMD
hypothesis, the sensory-motor integration in the internal model
is dysfunctional in children with DCD, which reduces their
ability to use predictive motor control (12, 13). Before slow,
sensory—motor feedback becomes available, internal models
provide stability to the motor system by predicting the outcome
of movements. This allows rapid online correction (7, 8). More
specifically, during the generation of a motor plan, the motor
command is generated by the motor cortex and relayed to the
body. An efference copy of this motor command is concurrently
generated as a corollary discharge and relayed to the parietal lobe
and cerebellum. Then, the predicted and actual sensory feedback
is compared with somatic events and visuospatial integration,
which are processed at the level of the cerebellum and parie-
tal cortex, respectively. Mismatch between motor predictions
(e.g., efference copy, predicted sensory feedback) and actual
sensory feedback generates error signals are generated, which
correct/modulate the unfolding motor output commands in real
time. The parietal cortex and cerebellum is the neural basis for the
internal model for online correction (14).

The IMD hypothesis of DCD is supported by several studies
that demonstrated deficits in the predictive control of manual
action, posture, gait, and eye movements. Paradigms, including
the covert orienting of visuospatial attention (15-17), mental
rotation of limb-versus object-based stimuli (18-20), grip force
and anticipatory postural adjustments (21-23), predictive control

of eye movements (24, 25), imagined or simulated pointing
(26, 27), and rapid online control of reaching movements (6-9),
have been applied to test the IMD hypothesis. The results of these
studies converge on the argument that children with DCD have
difficulty representing a predictive model of a prospective action,
based on the integration of visuospatial/somatic information and
motor programming, i.e., sensory—-motor integration. Deficits
in internal modeling in DCD have also been attributed to dys-
functions in the parietal lobe and cerebellum by previous brain
imaging studies (28-34).

However, it has not been clarified whether the time window
of visuo-motor integration in the internal model in children
with DCD differs from those with typical development (TD). The
time window of visuo-motor integration, i.e., the visuo-motor
temporal integration ability, can be quantitatively examined
using the delayed visual feedback detection task (35). The delay-
detection threshold (DDT) and steepness of the probability curve
for delay detection, which will simply be referred to as steepness
herein, can be determined from this task. The DDT, which is the
time delay at which the rate of delay detection is 50%, indicates
the extent to which the brain allows temporal discrepancy in
different modalities of sensation. The steepness indicates the
mechanism by which the brain integrates multisensory signals;
a greater steepness indicates a more strict or precise judgment
(35). Therefore, a lower DDT and higher steepness represents
a highly sensitive visuo-motor temporal integration. Brain
imaging and neuromodulation studies revealed that detection
of delayed visual feedback for self-generated movement is based
on comparison of motor signals (e.g., motor predictions, actual
proprioceptive feedback) and actual visual feedback, possibly in
the parietal cortex and cerebellum (36-39).

Since previous studies suggested that DCD has an internal
model deficit and parietal cortex and cerebellum dysfunction,
children with DCD can be expected to have the difficulty with
visuo-motor temporal integration. More specifically, the current
study hypothesized that DDT was elevated, while steepness was
decreased for children with DCD, in comparison to children with
TD. Experimental task 1 (the delayed visual feedback detection
task) in the present study was designed to examine this hypothesis.

There is recent evidence that MNS deficits are also associated
with DCD (10, 11, 40). It is postulated that the human MNS
consists of the pars opercularis of the inferior frontal gyrus (IFG),
adjacent ventral premotor cortex, and inferior parietal lobule. The
MNS is the neural basis of action observation and imitation (41)
and plays an integrative role in observational learning. It forms a
core circuit for action imitation, aiding learning, and acquisition
of new skills via modeling others’ behavior and actions (42). Thus,
deficits in MNS function interfere with a child’s ability to learn or
imitate movements they observe. In fact, several previous studies
reported that, compared to children with TD, the performance
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of imitating meaningful or meaningless intransitive or transi-
tive gestures of children with DCD was significantly reduced
(43-47). In addition, an fMRI study conducted by Reynolds et al.
(10) reported that the activity of the IFG during action imitation
significantly decreased in children with DCD, compared to those
with TD. However, the imitation test used in previous studies
were adult apraxia assessment batteries, which require advanced
cognitive function, and thus, may not be suitable to evaluate a
child’s imitation ability (48).

The MNS is responsible for automatic imitation, i.e., the uncon-
scious tendency to mimic the behavior of others (41, 49-52).
However, ithas notbeen clarified whether the automatic-imitation
function in MNS differs between children with DCD and TD. The
automatic-imitation function can be quantitatively investigated
using a motor interference task (motor contagion task), which
can even be effectively used to assess 4-year-old children (53). In
the motor interference task, subjects make sinusoidal right arm
movements in the vertical plane while observing another human
right arm making either congruent or incongruent movements
(i.e., in the vertical or horizontal plane, respectively). The sub-
ject experiences interference when observing the incongruent
movement executed by the other human. The interference effects
(automatic-imitation effects, motor contagion effects) refer to the
increased movement fluctuations occurring in the orthogonal
(i.e., in the horizontal plane) direction (54). The magnitude of the
interference effect has been used as an index of MNS functioning
in many previous studies (50, 52, 54-63). In fact, Catmur et al.
(64) revealed that disruptive, theta burst transcranial magnetic
stimulation of the IFG selectively impaired automatic imitation
of abduction movements of the index and little fingers. This pre-
vious study provided evidence for the causal relationship between
the MNS and automatic imitation.

Since previous studies have suggested that there is dysfunction
of the MNS in DCD, children with DCD are expected to have
a decline in automatic-imitation function. More specifically, the
hypothesis of the current study was that there would be a decline
in the interference effect in children with DCD, compared to those
with TD. This hypothesis was examined using Experimental task
2 (the motor interference task) in the present study.

Children with DCD often develop depressive symptoms due
to motor coordination disorders (65-71). Further, they are also
often diagnosed with other developmental disorders, the most
common of which is attention-deficit hyperactivity disorder
(ADHD), which affects 50% of the population that show both
disorders (72-75). Autism-spectrum disorder (ASD) is also
indicated as a comorbidity (76-78).

Therefore, the current study cohort was divided into two
groups using the manual dexterity test of the Movement Assess-
ment Battery for Children-2nd edition (M-ABC2), which is the
international standard evaluation battery for DCD. Since the
focus of the current study was on manual dexterity in DCD, the
two experimental tasks used evaluated the participants’ upper
limbs and hands. The manual dexterity test of the M-ABC2 was
used to separate children with probable DCD (pDCD) from those
with TD. Children with clumsy manual dexterity were assigned
to the pDCD group, while those who were not clumsy were
assigned to the TD group. We investigated whether visuo-motor

temporal integration ability (Experimental task 1) and automatic-
imitation function (self-other visuo-motor integration ability,
Experimental task 2) differed between the two groups. In addi-
tion, we investigated whether depressive symptoms, ASD traits,
and ADHD traits differed among the two groups. Furthermore,
correlation and multiple regression analyses were performed to
extract factors affecting clumsy manual dexterity.

The purpose of the current study was to investigate factors
affecting clumsy manual dexterity, provide useful behavioral
markers for understanding the neural mechanism of DCD, and
promote the development of new neurorehabilitation techniques
to improve clumsy manual dexterity.

MATERIALS AND METHODS

Participants

Participants were recruited from public preschools (i.e., nursery
schools and kindergartens), primary schools, and secondary
schools, in Osaka, Japan. Children with motor coordination
problems were introduced and observed by school teachers and
parents. The exclusion criteria included being diagnosed with
the following: a general medical condition (e.g., cerebral palsy,
muscular dystrophy, hemiplegia, or a degenerative disorder),
visual impairment, or intellectual disability {according to cri-
terion D of the DCD diagnostic criteria in the Diagnostic and
statistical manual of mental disorders 5th edition [DSM-5 (1)]}.
Eligibility was confirmed by interviewing parents and the results
of the regular checkup, which was provided by the school doctor
at each school. A total of 71 children, with an average age &+ SD
of 9.8 + 2.6 years (range: 4.2-15.0 years, boys = 57, right hand-
ers = 60) participated in the current study.

Participants were assigned to the pDCD group (n = 29, mean
percentile + SD = 4.5 + 3.5, range: 0.5-9.0 percentile) based
on the following: scoring in or below the 15th percentile of the
M-ABC2 manual dexterity test; motor coordination problems,
which affected activities of daily living and school life, identified
by the teachers and parents (criterion B of the DSM-5); and motor
coordination problems since early development, identified by the
parents (criterion C of the DSM-5). Conversely, even with crite-
rion B and C, participants scoring above the 16th percentile on
the M-ABC2 manual dexterity test were assigned to the TD group
(n = 42, mean percentile + SD = 53.0 + 22.7, range: 16.0-84.0
percentile).

There were no significant differences between the groups
in terms of sex (pDCD: 25 boys; TD: 32 boys; x> = 1.087,
¥*(0.95) = 3.841, p = 0.297), age [pDCD: 9.6 + 2.1 years; TD:
9.9 + 2.9 years; 1(68.691) = —0.570, p = 0.570], and dominant
hand (pDCD: 24 right handers; TD: 36 right handers; x> = 0.114,
%*(0.95) = 3.841, p = 0.735). None of the participants had been
previously diagnosed with developmental disorder (e.g., ASD,
ADHD, learning disorder, pervasive developmental disorder) or
depression.

The local ethic committee of the Graduate School and Faculty
of Health Sciences at Kio University approved the present study
(approval number: H27-33). Parents of the participants provided
signed, informed consent.
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Procedures

The manual dexterity test, Experimental task 1 and 2, and
the depression self-rating scale for children (DSRS-C) were
conducted in each schools prescribed rooms. The order of
implementation of these tasks was randomized for each child.
All the tasks were completed in approximately 90 min per child.
Concurrently, in another room, the child’s parents responded to
the social communication questionnaire (SCQ), ADHD Rating
Scale (ADHD-RS), and Developmental Coordination Disorder
Questionnaire (DCDQ).

The Manual Dexterity Test of the
Movement Assessment Battery for

Children-2nd Edition (M-ABC2)

The manual dexterity test of the M-ABC2 (79) is a standardized,
age-adjusted test to identify motor problems in children using
different tasks for different age bands. The M-ABC2 had good test
retest reliability (minimum value at any age is 0.75), inter-rater
value (0.70), and concurrent validity (79). This test has three age
bands, which encompasses the following age ranges: 3-6, 7-10,
and 11-16 years. In the current study, each child received three
sub-tests that were appropriate for their age bands. The sub-tests
were as follows: age band 1 (3-6 years), posting coins test, thread-
ing beads test, and drawing trail I test; age band 2 (7-10 years),
placing pegs test, threading lace test, and drawing trail II test;
and age band 3 (11-16 years): turning pegs test, triangle with
nuts and bolts test, and drawing trail III test. Based on the exa-
miner’s manual of M-ABC2, the percentile was calculated from
the obtained raw scores. The percentile reflected the degree of
manual dexterity for each age year, where an increased percentile
represented improvement of manual dexterity within each age-
group. All the assessments were administrated by a specifically
trained, certified physical therapist.

Experimental Design-1: Delayed Visual

Feedback Detection Task
Experiment-1: Task
The delayed visual feedback detection task was performed using
the preferred hand of each child (Figure 1). The participants were
instructed to observe the reflection in the mirror with the follow-
ing instruction: “please observe your own hand reflected in the
mirror” Subsequently, the participants opened and closed their
hand once, in a continuous and smooth manner, based on the
child’s own volition, after the experimenter had orally informed
them of the start of a trial. The self-generated movement was
regarded when setting the following 18 delay conditions using
a video delay-inserting device: 33, 67, 100, 133, 167, 200, 233,
267, 300, 333, 367, 400, 433, 467, 500, 533, 567, and 600 ms. All
18 delay conditions were treated as one set and performed four
times; their presentation order was randomized. Consistent with
previous studies (35, 39), trials without delay were not included.
Thus, each participant completed a total of 72 randomized trials
with 18 delay conditions per four sets, which corroborated with
previous studies (35, 39).

During the delayed visual feedback detection task, the par-
ticipants only looked at the reflection of their hand in the mirror,

LCD Monitor

Double-sided
mirror

Reflected
hand image

Delay-inserting
device

Video camera

FIGURE 1 | Experiment-1 (Delayed visual feedback detection task).

In this study, a similar experimental setup as Shimada et al. (35) was used
(Figure 1). The child’s preferred hand was placed under a two-way mirror,

so the child was unable to directly see his/her hands. The image of the hand,
which was reflected in the two-sided mirror, was filmed with a video camera
(FDR-AXP35, Sony, Tokyo, Japan). The movie of the photographed hand was
further reflected from an installed monitor (LMD-A240, Sony, Tokyo, Japan)
onto the two-sided mirror via a video delay-inserting device (EDS-3306,
FOR-A YEM ELETEX, Tokyo, Japan). Thus, the child observed the delayed
image of their own hand reflected in the mirror at the position where their
own hand would be. In addition, the setup included a blackout curtain so that
the child would not be able to see outside the experimental chamber. The
intrinsic delay of the visual feedback in this experimental setting was 33.7 ms
as measured by a time lag check device (EDD-5200, FOR-A YEM ELETEX,

Tokyo, Japan).

and not their real hand. Thus, the participants could feel their
own hand moving while watching the display of the delayed
mirror reflection of the same movement. Each participant had to
determine if the visual feedback was synchronous or asynchro-
nous, relative to the movement of the preferred hand that was
based on their own intention. Immediately following the trial, the
participant had to orally state if the movement was “delayed” or
“not delayed” by the forced-choice method. A 10-s rest time was
set between each trial. A previous study (80), which examined
the developmental change of visuo—-motor temporal integration
ability in children using the same task as in this study, demon-
strated that there was no relationship between reaction time/
movement speed and visuo-motor temporal integration ability.
Thus, the reaction time and movement speed was not recorded
in the present study.

The delayed visual feedback detection task was conducted
after sufficient explanation and practice to ensure that the chil-
dren adequately understood the task. Further, before the task,
all participants confirmed that they could distinguish between a
minimum delay of 33 ms and a maximum delay of 600 ms.

Experiment-1: Data Analysis

The logistic curve was fitted to each participant’s response on the
visual feedback delay-detection task (35, 81) using the following
formula: P(f) = 1/1 + exp(—a(t — DDT)), where t was the visual
feedback delay length, P(t) was the probability of delay detection,
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awas the steepness of the fitted curve, and DDT was the observer’s
DDT representing the delay length at which the probability of
delay detection was 50%. In the current experiment, ¢ P(f) served
as the independent variable and observed value, respectively.
The curve was fitted using a nonlinear least squares method (a
trust-region algorithm) with the Curve Fitting toolbox in Matlab
R2014b (MathWorks Inc., Natick, Massachusetts, USA) to esti-
mate a and DDT.

Experimental Design-2: Motor Interference
Task

Experiment-2: Task

The motor interference task, which was created based on previous
studies (53, 54, 59, 82), was conducted as outlined in Figure 2.
The task was to draw a vertical line iteratively with a preferred
hand’s index finger on the Tablet PC (Surface Pro 4, Microsoft),
matching the metronome sound of 100 BPM (beats/min). The
drawing distance was 260 mm. For the task, children sat on a chair
and installed the Tablet PC on a horizontal desk at an appropriate
height. Two conditions, i.e., the congruent and incongruent con-
ditions, were set for the task. In the congruent condition, the child
repeatedly drew a vertical line on the Tablet PC while observing
the facing experimenter performing the congruent movement
(repeatedly drawing a vertical line). In the incongruent condi-
tion, the child repeatedly drew vertical line on the Tablet PC while
observing the facing experimenter performing an incongruent
movement (repeatedly drawing a horizontal).

The experimenter was the same person for the entire cohort
and for all trials. The motion trajectory drawn by the child was
recorded on the Tablet PC, but was programmed so that the
movement locus could not be seen by the child. The child was
instructed to repeat their vertical movement, regardless of the
experimenter’s movements. The experimenter carried out repeti-
tive vertical line drawing (congruent condition) or repetitive
horizontal line drawing (incongruent condition), facing the child.
The movement distance of the experimenter was also 260 mm.
The experimenter performed the iterative movement using the
hand on the same side as the hand used by the child, accord-
ing to the same 100 BPM metronome sound (e.g., if the child
moved the right hand, the experimenter also used the right hand
and vice versa). The experimenter closed their eyes during the
repetitive movement to avoid being influenced by observing the
participant’s movement. The participant conducted two trials for
each condition and each trial was 40-s long. The order of trials
was randomized. This experimental task was conducted after
sufficient explanation and practice to ensure that the participant
understood the task.

Experiment-2: Data Analysis

The motion trajectory drawn by the participant was analyzed using
MATLAB R2014b (MathWorks Inc., Natick, Massachusetts, USA).
The first and final five movements of each trial were excluded from
analysis. The error value of each reciprocating trajectory was cal-
culated using the following formula: Error value = [SD of vertical-
plane data (pixel)/SD of horizontal-plane data (pixel)] X 100
(83, 84). The mean error value for each condition was calculated.

i N

N

Congruent condition Incongruent condition

FIGURE 2 | Experiment-2 (Motor interference task). Using the index finger
on the preferred hand, the child drew repetitive vertical lines on the Tablet
PC, matching the metronome sound of 100 BPM (beats per minute). Arrow,
represents the direction of movement. (A) Congruent condition: child and
experimenter performed repetitive vertical movements. Child repeatedly

drew vertical line on the Tablet PC while observing the facing experimenter
performing congruent movement (repeating vertical line drawing).

(B) Incongruent condition: child performed repetitive vertical movement,
while experimenter performs repetitive horizontal movement. Child repeatedly
drew vertical line on the Tablet PC while observing the facing experimenter
performing incongruent movement (repeating horizontal line drawing). Prior to
this experiment, the child was given sufficient explanation and carried out
enough practice to understand this task. The child demonstrated that they
could repeatedly draw a vertical line on the Tablet PC, matching the
metronome sound, before starting the trials, even in the absence of the
experimenter. This process was repeated as necessary, and the child’s
understanding of this task was confirmed. The child had two practice trials
for each condition to gain proficiency in the task.

An increase in the error value indicated that the participant’s
movement trajectory became distorted toward the horizontal
direction, while a decrease indicated a more vertical movement
trajectory. The interference effect was calculated by subtracting
the mean error value of the congruent condition from the mean
error value of the incongruent condition (82). An increase in the
interference effect indicated an increase in automatic imitation.
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Questionnaires

The Depression Self-Rating Scale for Children
Depression in the participants was assessed using the DSRS-C
(85, 86), which is a screening test for depression that is composed
of 18 items related to the mental condition of the children during
the week prior to the test. The scale of the Japanese version has
reliable internal consistency (87). Responses were recorded at the
following three levels: (1) always; (2) sometimes, and (3) never.
The total score ranged from 0 to 36, and a higher score indicated
a greater level of depression (87).

The Social Communication Questionnaire

The SCQ (88), which is a parent/caregiver report, measures
characteristic ASD behaviors, including deficits in social func-
tioning and communication, in children over the age of 4 years.
The SCQ includes 40 “yes or no” questions that are derived
from the Autism Diagnostic Interview Revised (89). The ques-
tions assess the child’s functioning over the past 3 months, as
well as at 4-5 years of age. Subscales of the SCQ include the
following: communication, reciprocal social interaction, and
restricted, repetitive, and stereotyped patterns of behavior.
The measure has demonstrated good internal consistency and
concurrent validity (88). Higher scores on the SCQ indicate
higher levels of autistic traits. The sum of the scores for all 40
questions was calculated to create the total score in the current
study.

The Attention-Deficit Hyperactivity Disorder Rating
Scale

The ADHD-RS-IV (90) is composed of 18 items and scored
by a parent/caregiver. Each item corresponds to one of the 18
symptoms in the DSM-IV criteria. Previous research confirmed
sufficient reliability and validity for the home form of the ADHD-
RS-IV (91). Using a 4-point Likert scale, the children’s parents/
guardians rated each item as follows: (0), “not at all or rarely”;
(1), “sometimes”; (2), “often”; or (3), “very often” Therefore, the
higher the score and percentile on the ADHD-RS, the more
ADHD symptoms the child displayed. This study employed the
Japanese version of the ADHD-RS home form (92). The Japanese
version of the ADHD-RS demonstrated good reliability and
validity (93). In the current study, the sum of the scores for the
18 items was calculated to create a total score (94), and accord-
ing to the criteria of the Japanese version of the ADHD-RS, the
percentile score was calculated from the total score (92).

The Developmental Coordination Disorder
Questionnaire

The DCDQ is a parent questionnaire designed to screen for
pediatric DCD (95, 96). Nakai et al. (97) developed the Japanese
version of the DCDQ (DCDQ-]J), which is widely applicable to
Japanese children (98). The DCDQ-J, which is a 15-item parent
rating scale, encompasses the following three factors: general
coordination (five items), control during movement (six items),
and fine motor skills (four items). Each item is scored using a
5-point scale as follows: (1), “not at all like your child”; (2),
“a bit like your child”; (3), “moderately like your child”; (4), “quite

a bit like your child”; and (5), “extremely like your child” Higher
scores indicated better motor coordination.

Statistical Analysis

Inter-group comparisons between the pDCD group and the TD
group, and correlation and multiple regression analyses, to detect
factors related to clumsy manual dexterity, were performed using
SPSS ver. 24 (SPSS, Chicago, IL, USA). The significance level was
setat P < 0.05.

Inter- and Intra-Group Comparison

Since the Shapiro-Wilk test demonstrated the normal distribution
of DSRS-C scores, an independent ¢-test was used to compare the
two groups. However, since the DDT, steepness (Experiment-1),
interference effect (Experiment-2), and SCQ, ADHD-RS, and
DCDQ scores, were not normally distributed (according to the
Shapiro-Wilk test), Mann—-Whitney U tests were used to compare
these measures between the two groups. In addition, a compari-
son of error values of congruent and incongruent conditions of
Experiment-2 was performed using a Wilcoxon signed-rank test.

Correlation Analysis
A correlation analysis for each measured variable was performed
using a Spearman’s correlation coefficient rank test.

Multiple Regression Analysis

A multiple regression analysis (stepwise method), with manual
dexterity (percentile) as the dependent variable and measured
items as the independent variables, was performed to extract fac-
tors with a significant influence on manual dexterity. Independent
variables included DDT/steepness for Experiment-1, error value
of the congruent condition for Experiment-2, and the SCQ score,
percentile score of ADHD-RS, and DCDQ score.

RESULTS

Inter- and Intra-Group Comparison

Results
The delay-detection probability curves of the pDCD and TD
groups are shown in Figure 3A, while comparative results for
Experiment-1 are shown in Figure 3B. Compared to the TD
group, the DDT was significantly elevated (p < 0.001) and the
steepness was significantly flatter (p = 0.005) in the pDCD group.
The inter-group and intra-group comparison results of
Experiment-2 are shown in Figure 4A. Typical examples of
the drawing trajectories of each group are shown in Figure 4B.
Compared to the TD group, the error value for the congruent con-
dition was significantly increased (p = 0.003) and the interference
effect was significantly decreased (p = 0.044) in the pDCD group.
There was no significant difference in the error value during in
the incongruent condition between the two groups (p = 0.352).
Compared to the congruent condition, the error value during the
incongruent condition increased in the TD group (p < 0.001).
In contrast, there was no significant difference in the error value
between the congruent and the incongruent conditions in the
pDCD group (p = 0.094).
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The inter-group comparison of DSRS-C, SCQ, ADHD-RS, and
DCDAQ are shown in Figure 5. The DSRS-C score [#(69) = 2.551,
p=0.013], SCQscore (p=0.012), and ADHD-RS percentile score

(p = 0.003) were significantly higher in the pDCD group, com-
pared with the TD group. The DCDQ score of the pDCD group
was significantly lower than that of the TD group (p = 0.009).
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Multiple Regression Analysis Results

Table 2 shows the results of the multiple regression analysis, where
manual dexterity (percentile) was the dependent variable, and
DDT/steepness for the Experiment-1, error value of the congruent
condition for the Experiment-2, the SCQ score, percentile score
of ADHD-RS, and DCDQ score were independent variables. The
DDT (p=-0.482,p <0.001) and SCQscore (3 =—0.219,p=0.035)
were significant independent variables. The following multiple
regression equation revealed the relationship between manual
dexterity (percentile) and the DDT/SCQ score: manual dexter-
ity (percentile) = 84.747 + (—0.156 X DDT) + (—0.691 x SCQ)
(R=0.570, R*=0.325, p < 0.001). There was no multicollinearity
between the DDT and SCQ scores.

DISCUSSION

The participants in the current study were classified as either the
pDCD group or TD group, based on if the children had clumsi-
ness of manual dexterity or not, respectively, based on the manual
dexterity test of M-ABC2. There were no significant differences
in sex, age, and handedness, among the two groups. However, in
the pDCD group, the DDT and steepness, which reflected the
visuo-motor temporal integration ability, were prolonged and
decreased, respectively. In addition, in the pDCD group, the
interference effect reflecting the automatic-imitation function
was decreased. The correlation analysis showed a significant cor-
relation between manual dexterity (percentile), and DDT/steepness
for the delayed visual feedback detection task, error value of the
congruent condition for the motor interference task, ASD traits,
and ADHD traits. Furthermore, the multiple regression analysis
revealed that DDT and ASD traits were significantly predictors
for manual dexterity in children.

Experiment-1: Delayed Visual Feedback

Detection Task

The results demonstrated that children with pDCD had a signi-
ficantly longer DDT and lower steepness of the probability curve
for delay detection, compared with children with TD. Thus,
children with pDCD had a deficit visuo-motor temporal inte-
gration. There was also a significant correlation between manual
dexterity (percentile) and DDT/steepness, where a decrease in
manual dexterity was associated with a decline in visuo-motor

TABLE 2 | Multiple regression analysis resullts.

Dependent Independent Partial Standardized p-Value VIF
variable variable regression regression
coefficient [B] coefficient [§]

Manual (constant) 84.747 <0.001
dexterity
[percentile]

DDT -0.156 -0.482 <0.001 1.047

SCQ -0.691 -0.219 0.085 1.047

R =0.570, R* = 0.325, p < 0.001

DDT, delay-detection threshold; SCQ, social communication questionnaire.

temporal integration ability. Further, DDT was the independent
variable that was most predictive of manual dexterity. Although
previous studies revealed a deficit in visuo-motor integration in
DCD (12), there has been no study that has focused only on the
temporal aspect in visuo-motor integration. The delayed visual
feedback detection task reflects visuo-motor temporal integration
ability, where extended DDT and decline of steepness indicates
poor visuo-motor temporal integration. Therefore, the current
study supported the IMD hypothesis and provided additional
evidence that children with clumsy of manual dexterity have a
deficit of visuo-motor temporal integration. DCD is a frequent
comorbid disorder of ASD and ADHD. Further, DCD frequently
accompanies depressive symptoms. Therefore, we also evaluated
ASD traits, ADHD traits, and depression symptoms in the cur-
rent study. The SCQ is a useful screening test that corroborated
well with results from the Autism Diagnostic Interview-Revised
and Autism Diagnostic Observation Schedule, which are the gold
standards of ASD diagnosis. Further, in children, the ADHD-RS
and DSRS-C are useful screening tests for the diagnosis of
ADHD and depression, respectively. Thus, it is worth noting that
the DDT, which was measured by the delayed visual feedback
detection task, was the most significant factor that predicted the
severity of clumsiness in children, over these standard evaluation
batteries.

An important role of the internal model is to generate error
signals between motor predictions and actual sensory feedback,
to correct motor commands online. Importantly, error signals
can also act as a training signal, refining the accuracy of predictive
models. This iterative process is fundamental for motor learning
(99). Thus, amajor mismatch in motor predictions/actual proprio-
ceptive feedback and actual visual feedback, during the initiation
of self-generated movement, can cause unsuccessful movement.
In other words, the reduced ability of the visuo-motor temporal
integration impedes the generation of error signals, which may
cause movement failure. In fact, artificially delaying visual feed-
back from self-generated hand movement causes a decrease in
hand motor performance and hampers adaptive motor learning.
Previous studies reported a decrease in motor performance dur-
ing writing, drawing, star or maze tracing (100), steering (101),
manual tracking (102), and pegboard (103), reaching (104), and
sequential motor tasks (105), when visual feedback from self-
generated movement is substantially delayed. Moreover, studies
have demonstrated that a delay in visual feedback slows the rate
and extent of prism adaptation (106, 107). Further, another study
demonstrated that a delay in visual feedback decreased muscle
activity (108). The findings of the current study corroborated
with these previous studies, suggesting that a diminished ability
to integrate hand movement and visual feedback in a temporal
sequence is detrimental to manual dexterity.

Previous studies on adults using the delayed visual feedback
detection task, similar to this study, indicated that the parietal
cortex and cerebellum were the neural bases for visuo-motor
temporal integration (36-39). Further, fMRI studies suggested
that the parietal cortex and cerebellar regions may be key struc-
tures implementing the comparison between predicted move-
ments and actual sensory feedback that is required for explicit
agency judgments (14, 109-111). These previous studies showed
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that the parietal lobe and cerebellum play a role in the detec-
tion of delayed visual feedback from self-generated movement.
Therefore, the current results may be interpreted as reflecting
parietal and cerebellar dysfunction/developmental failure in
children with clumsy manual movements.

Experiment-2: Motor Interference Task

The error value during the incongruent condition was sig-
nificantly increased, compared with the congruent condition, in
children with TD. However, there were no differences between
the congruent condition and the incongruent condition in chil-
dren with pDCD. Further, in comparison to children with TD,
the interference effect was significantly lower in the pDCD group.
These results indicated a deficit in automatic imitation in children
with clumsy manual dexterity. Previous studies also demonstrated
that DCD caused an obstacle to conscious imitation (43-47) due
to MNS inactivation (10). The current study corroborated with
previous studies and is the first to show a decrease in automatic-
imitation function in children with clumsy manual dexterity,
compared with children with TD. Automatic imitation is the basic
function of the MNS (41, 49-52). The current results strongly
suggested that the MNS is dysfunctional in DCD, as the children
with pDCD demonstrated deficits in automatic imitation.

Questionnaires

The DSRS-C score of the pDCD was significantly higher than the
TD group, which indicated that children who were clumsy had
more depressive symptoms. Poor motor skills are associated with
a range of psychosocial issues, including internalizing problems,
i.e., anxiety and depression (69). The current study also corrobo-
rated with previous studies, which demonstrated that children
with DCD have a higher level of depressive symptoms compared
with those with TD (68, 71).

The SCQ score of the pDCD group was also significantly higher
than the TD group. There was significant correlation between
manual dexterity (percentile) and the SCQ score. Furthermore,
multiple regression analysis showed that SCQ was a significant
independentvariable that predicted manual dexterity (percentile).
The SCQ is an evaluation battery of social cognitive functions
related to ASD. Therefore, the current findings demonstrated that
children with pDCD showed high ASD traits, and that increas-
ing ASD traits was associated with worsening manual dexterity.
Sumner et al. (78) investigated the extent of overlap of these
problems in children aged 7-10 years, who were diagnosed with
either ASD or DCD. Compared to the control cohort (children
with TD), the motor and social difficulties of children with ASD or
DCD showed considerable overlap. Furthermore, they indicated
that motor skill predicted social functioning for both ASD and
DCD. The present study revealed that social functioning reflected
by SCQ predicted motor skill. Other studies also reported that
motor function and social cognitive function were correlated in
children (112, 113). The current results, in concert with previous
studies, demonstrated the important relationship between motor
function and social cognitive function in children.

Compared with children with TD, the percentile scores of
ADHD-RS was significantly higher in the pDCD group. There was
a significant correlation between manual dexterity (percentile)

and ADHD-RS score. The connection between ADHD and DCD
has been recognized for several decades (74), with an estimated
overlap between both disorders of 50% (72, 73, 75). Thus, the
current findings showed that children with clumsiness of manual
dexterity have high ADHD traits, similar to previous studies.

The DCDQ score of the pDCD group was significantly lower
than the TD group. There was a significant correlation between
manual dexterity (percentile) and DCDQ score. A previous
study showed that the percentile measured by M-ABC2 and the
DCDAQ score were significantly correlated (96). Since the DCDQ
is a subjective assessment of the child’s motor function by the
parents, these results reflected the parents’ understanding of their
child’s motor ability.

Correlation analysis showed a significant correlation between
manual dexterity, and DDT, ASD traits, and ADHD traits. In
addition, correlation analysis also showed a significant correla-
tion between DDT and ADHD traits, and between ADHD traits
and ASD traits. These results strongly suggested that manual
dexterity, time window for visuo-motor integration, ASD traits,
and ADHD traits are related to bidirectionality.

General Discussion

Visuo-motor temporal integration is the ability to integrate self-
generated movement and visual information, while automatic
imitation also reflects the integrated function of self and other
movements. Thus, both are a reflection of visuo-motor integra-
tion. Thus, the present study revealed that children with clumsy
manual dexterity, i.e., pDCD, had deficits in visuo-motor inte-
gration. The parietal lobes and cerebellum are the neural bases
of visuo-motor temporal integration and automatic imitation.
Thus, dysfunction of these brain regions may lead to difficulties in
visuo-motor integration, which in turn could lead to the develop-
ment of clumsiness in children.

However, multiple regression analysis highlighted visuo-
motor temporal integration (DDT), but not automatic imitation,
asa significant predictor of manual dexterity in children. This may
be due to the influence of the characteristics of the two experi-
mental tasks, where the delayed visual feedback detection task
was a cognitive task that required judgment. The motor interfer-
ence task, however, reflected automatic imitation, which does not
require cognitive function. Many previous studies have reported
that the child’s manual dexterity ability is related to cognitive
functions, such as math, reading, and science (114-116). The
correlation between manual dexterity and cognitive processing
is observed both in children with DCD and in children without
DCD (117). Therefore, although this explanation is speculative,
DDT obtained by the delayed visual feedback detection task,
which required cognitive function, may more accurately predict
manual dexterity.

In conclusion, compared with the TD group, the pDCD group
showed significant deficits in visuo-motor temporal integration
and automatic imitation. Thus, the results of this study concur-
rently supported both the IMD hypothesis and MNS deficits
hypothesis. However, given that multiple regression analysis
revealed that the index of visuo-motor temporal integration
ability was the most important predictor for the clumsiness of
manual dexterity, we strongly support the IMD hypothesis.
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Limitations of the Current Study

The current study had several limitations, which must be noted.
The pDCD group in the current study did not completely satisfy
the DCD diagnostic criterion A in DSM-5. The DCD diagnostic
criteria A in DSM-5 requires a M-ABC2 total test score that is in
or below the 15th percentile. However, the criteria in the current
study required an M-ABC2 manual dexterity test component
score in or below the 15th percentile because this study specifi-
cally focused on manual dexterity. Therefore, the current results
are limited to the results of children with difficulty of manual
dexterity. Further research by participants who fully satisfy the
DSM-5 DCD diagnostic criteria A through D is necessary.

The study focused on the children’s manual dexterity, classified
the children with pDCD based on manual dexterity, and revealed
their deficits in visuo-motor temporal integration ability and
automatic-imitation function. The relationship between other
movement dysfunctions that are observed with DCD, i.e., gross
motor skills and balance disorders, and visuo-motor temporal
integration and automatic imitation, however, are unknown.

In the current study, two experimental tasks showed that
children with pDCD have deficits in visuo-motor temporal
integration and automatic imitation. However, the findings of
both tasks of delayed visual feedback detection task and motor
interference task may be explained by the automatization deficit,
attention deficit, and timing deficit hypotheses. In automatization
deficit hypothesis, a dual task of motor and cognitive function is
generally used, which in the past has been verified as the etiology
of developmental dyslexia (118), and recently was suggested as
a pathogenesis of DCD (119). The attention-deficit hypothesis
has been discussed in the context of ADHD (120). The timing
deficit hypothesis, which has been mainly verified as the etiology
of ADHD (121), has also been suggested to underlie DCD (122).
However, several studies investigating the automatization deficit
of DCD also reported negative results (16, 123-127). We also
evaluated ADHD traits (using ADHD-RS), which were previ-
ously shown to be strongly related to the attention-deficit and
timing deficit hypotheses, but were not a significant predictor of
manual dexterity in the current study. Therefore, we believe that
the current results cannot really be attributed to either of these
hypotheses. However, further research is required to verify these
findings, using a new experiment method that controls for dual
task conditions, attention, and timing.

This study also did not measure the intelligence quotient (IQ) of
children. Thus, there is a possibility that IQ may have affected the
current results. However, the participants in this study attended
regular classes at public preschools, public primary schools, or
public secondary schools, and they had not been diagnosed with
an intellectual disability. Thus, IQ was assumed to have no effect
on the current results. Nonetheless, it remains to be measured in
a future study to yield more definitive conclusions.

Self-generated movement has two components, motor predic-
tions and proprioceptive feedback. Thus, whether visuo-motor
temporal integration as was measured in this study indicates
the ability to integrate motor predictions and visual feedback
or the ability to integrate proprioceptive feedback and visual
feedback is not clear. A future study needs to clearly contrast
passive movement (a task to detect delayed visual feedback from

proprioception) and active movement (a task to detect delayed
visual feedback from active movement, which was used in this
study).

Future Directions

Although deficits in the cerebellum (28, 29, 33, 34) and parietal
lobe (29-34) are thought to underlie DCD, this has not yet been
confirmed (128). Therefore, visuo-motor temporal integration
may serve as psychophysical marker of DCD in future neuroim-
aging studies that evaluate the neural signature of DCD.

The current study suggested that improving visuo-motor
temporal integration may be effective as rehabilitation for DCD.
Therefore, it is necessary to develop new neurorehabilitation
techniques that will promote visuo-motor temporal integration.
We specifically focused on rehabilitation using stochastic reso-
nance. Stochastic resonance is a phenomenon in which random
frequency noise, which is less than or equal to the sensory thresh-
old, is added to the body, the rhythm activity in the peripheral
or central nervous system is superimposed on noise and the
sensitivity of the somatosensory sense increases. Therefore, it
might be hypothesized that stochastic resonance may improve the
visuo-motor temporal integration function and motor function
of children with DCD. This hypothesis needs to be investigated by
a randomized controlled trial of children with DCD.

ETHICS STATEMENT

The experimental procedures were approved by the local ethics
committee of the Graduate School and Faculty of Health Sciences
at Kio University (approval number: H27-33). There were no
foreseeable risks to the participants; no personally identifying
information was collected. Participants (i.e., each child’s parents)
provided background information and gave written informed
consent. The procedures complied with the ethical standards
of the 1964 Declaration of Helsinki regarding the treatment of
human participants in research.

AUTHOR CONTRIBUTIONS

SN collected and analyzed the data, and wrote the manuscript.
AS, TT, TS, and EF assisted in collecting data. SN designed the
study. YN, DA, EF, MO, SS, SM, and AN designed and supervised
the study. All authors read and approved the manuscript.

ACKNOWLEDGMENTS

The authors wish to acknowledge and thank all the children who
participated in this study.

FUNDING

This work was supported by JSPS KAKENHI, Grant-in-Aid for Young
Scientists (B) (Grant Number 16K16453), JSPS KAKENHI, Grant-
in-Aid for Scientific Research (C) (Grant Number 16K09981), and
JSPS KAKENHI, Grant-in-Aid for Scientific Research on Innovative
Areas “Understanding brain plasticity on body representations
to promote their adaptive functions” (Grant Number 15H01671,
17H05915).

Frontiers in Neurology | www.frontiersin.org

March 2018 | Volume 9 | Article 114


http://www.frontiersin.org/Neurology/
http://www.frontiersin.org
http://www.frontiersin.org/Neurology/archive

Nobusako et al.

Deficits of Visuo-Motor Temporal Integration in pDCD

REFERENCES

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

. American Psychiatric Association. Diagnostic and Statistical Manual of

Mental Disorders: DSM5. 5th ed. Washington, DC: American Psychiatric
Association (2013).

. Poulsen AA, Ziviani JM. Can I play too? Physical activity engagement of

children with developmental coordination disorders. Can J Occup Ther
(2004) 71(2):100-7. doi:10.1177/000841740407100205

. Zwicker JG, Harris SR, Klassen AF. Quality of life domains affected in chil-

dren with developmental coordination disorder: a systematic review. Child
Care Health Dev (2013) 39(4):562-80. d0i:10.1111/j.1365-2214.2012.01379.x

. Jarus T, Lourie-Gelberg Y, Engel-Yeger B, Bart O. Participation patterns

of school-aged children with and without DCD. Res Dev Disabil (2011)
32(4):1323-31. doi:10.1016/.ridd.2011.01.033

. Brown-Lum M, Zwicker JG. Brain imaging increases our understanding of

developmental coordination disorder: a review of literature and future direc-
tions. Curr Dev Dis Rep (2015) 2(2):131-40. doi:10.1007/s40474-015-0046-6

. Fuelscher I, Williams J, Enticott PG, Hyde C. Reduced motor imagery effi-

ciency is associated with online control difficulties in children with probable
developmental coordination disorder. Res Dev Disabil (2015) 45:239-52.
doi:10.1016/j.ridd.2015.07.027

. Hyde C, Wilson PH. Dissecting online control in developmental coordi-

nation disorder: a kinematic analysis of double-step reaching. Brain Cogn
(2011) 75(3):232-41. doi:10.1016/j.bandc.2010.12.004

. Hyde C, Wilson P. Online motor control in children with developmental

coordination disorder: chronometric analysis of double-step reaching per-
formance. Child Care Health Dev (2011) 37(1):111-22. doi:10.1111/j.1365-
2214.2010.01131.x

. Hyde CE, Wilson PH. Impaired online control in children with developmental

coordination disorder reflects developmental immaturity. Dev Neuropsychol
(2013) 38(2):81-97. doi:10.1080/87565641.2012.718820

Reynolds JE, Licari MK, Billington J, Chen Y, Aziz-Zadeh L, Werner J, et al.
Mirror neuron activation in children with developmental coordination
disorder: a functional MRI study. Int ] Dev Neurosci (2015) 47(Pt B):309-19.
doi:10.1016/j.ijjdevneu.2015.10.003

Reynolds JE, Thornton AL, Elliott C, Williams J, Lay BS, Licari MK.
A systematic review of mirror neuron system function in developmental
coordination disorder: imitation, motor imagery, and neuroimaging evi-
dence. Res Dev Disabil (2015) 47:234-83. d0i:10.1016/.ridd.2015.09.015
Adams IL, Lust JM, Wilson PH, Steenbergen B. Compromised motor control
in children with DCD: a deficit in the internal model? - A systematic review.
NeurosciBiobehav Rev(2014)47:225-44.d0i:10.1016/j.neubiorev.2014.08.011
Wilson PH, Ruddock S, Smits-Engelsman B, Polatajko H, Blank R.
Understanding performance deficits in developmental coordination disor-
der: a meta-analysis of recent research. Dev Med Child Neurol (2013) 55(3):
217-28. doi:10.1111/.1469-8749.2012.04436.x

Blakemore SJ, Sirigu A. Action prediction in the cerebellum and in the parietal
lobe. Exp Brain Res (2003) 153(2):239-45. doi:10.1007/s00221-003-1597-z
Tsai CL, Pan CY, Cherng RJ, Hsu YW, Chiu HH. Mechanisms of deficit of
visuospatial attention shift in children with developmental coordination
disorder: a neurophysiological measure of the endogenous Posner paradigm.
Brain Cogn (2009) 71(3):246-58. doi:10.1016/j.bandc.2009.08.006

Wilmut K, Brown JH, Wann JP. Attention disengagement in children with
developmental coordination disorder. Disabil Rehabil (2007) 29(1):47-55.
doi:10.1080/09638280600947765

Wilson PH, Maruff P, McKenzie BE. Covert orienting of visuospatial atten-
tion in children with developmental coordination disorder. Dev Med Child
Neurol (1997) 39(11):736-45. doi:10.1111/j.1469-8749.1997.tb07375.x
Williams J, Thomas PR, Maruff P, Butson M, Wilson PH. Motor, visual
and egocentric transformations in children with developmental coordi-
nation disorder. Child Care Health Dev (2006) 32(6):633-47. doi:10.1111/
j.1365-2214.2006.00688.x

Williams J, Thomas PR, Maruff P, Wilson PH. The link between motor
impairment level and motor imagery ability in children with developmental
coordination disorder. Hum Mov Sci (2008) 27(2):270-85. doi:10.1016/j.
humov.2008.02.008

Williams J, Omizzolo C, Galea MP, Vance A. Motor imagery skills of
children with attention deficit hyperactivity disorder and developmental

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

coordination disorder. Hum Mov Sci (2013) 32(1):121-35. doi:10.1016/j.
humov.2012.08.003

. Jover M, Schmitz C, Centelles L, Chabrol B, Assaiante C. Anticipatory

postural adjustments in a bimanual load-lifting task in children with deve-
lopmental coordination disorder. Dev Med Child Neurol (2010) 52(9):850-5.
doi:10.1111/j.1469-8749.2009.03611.x

Jucaite A, Fernell E, Forssberg H, Hadders-Algra M. Deficient coordination
of associated postural adjustments during a lifting task in children with
neurodevelopmental disorders. Dev Med Child Neurol (2003) 45(11):731-42.
doi:10.1017/50012162203001373

Pereira HS, Landgren M, Gillberg C, Forssberg H. Parametric control of
fingertip forces during precision grip lifts in children with DCD (deve-
lopmental coordination disorder) and DAMP (deficits in attention motor
control and perception). Neuropsychologia (2001) 39(5):478-88. doi:10.1016/
$0028-3932(00)00132-9

Katschmarsky S, Cairney S, Maruff P, Wilson PH, Currie J. The ability to
execute saccades on the basis of efference copy: impairments in double-step
saccade performance in children with developmental co-ordination disorder.
Exp Brain Res (2001) 136(1):73-8. d0i:10.1007/s002210000535

Langaas T, Mon-Williams M, Wann JP, Pascal E, Thompson C. Eye move-
ments, prematurity and developmental co-ordination disorder. Vision Res
(1998) 38(12):1817-26. doi:10.1016/S0042-6989(97)00399-4

Lewis M, Vance A, Maruff P, Wilson P, Cairney S. Differences in motor
imagery between children with developmental coordination disorder with
and without the combined type of ADHD. Dev Med Child Neurol (2008)
50(8):608-12. doi:10.1111/j.1469-8749.2008.03030.x

Maruff P, Wilson P, Trebilcock M, Currie J. Abnormalities of imaged motor
sequences in children with developmental coordination disorder.
Neuropsychologia  (1999) 37(11):1317-24. doi:10.1016/S0028-3932(99)
00016-0

Debrabant J, Gheysen F, Caeyenberghs K, Van Waelvelde H, Vingerhoets G.
Neural underpinnings of impaired predictive motor timing in children with
developmental coordination disorder. Res Dev Disabil (2013) 34(5):1478-87.
doi:10.1016/j.ridd.2013.02.008

Debrabant J, Vingerhoets G, Van Waelvelde H, Leemans A, Taymans T,
Caeyenberghs K. Brain connectomics of visual-motor deficits in children
with developmental coordination disorder. J Pediatr (2016) 169:21-7.e2.
d0i:10.1016/j.jpeds.2015.09.069

Kashiwagi M, Iwaki S, Narumi Y, Tamai H, Suzuki S. Parietal dysfunction in
developmental coordination disorder: a functional MRI study. Neuroreport
(2009) 20(15):1319-24. doi:10.1097/WNR.0b013e328324d87

McLeod KR, Langevin LM, Goodyear BG, Dewey D. Functional connectivity
of neural motor networks is disrupted in children with developmental coor-
dination disorder and attention-deficit/hyperactivity disorder. Neuroimage
Clin (2014) 4:566-75. d0i:10.1016/j.nicl.2014.03.010

Querne L, Berquin P, Vernier-Hauvette MP, Fall S, Deltour L, Meyer ME,
et al. Dysfunction of the attentional brain network in children with develop-
mental coordination disorder: an fMRI study. Brain Res (2008) 1244:89-102.
doi:10.1016/j.brainres.2008.07.066

Zwicker JG, Missiuna C, Harris SR, Boyd LA. Brain activation of children
with developmental coordination disorder is different than peers. Pediatrics
(2010) 126(3):e678-86. doi:10.1542/peds.2010-0059

Zwicker JG, Missiuna C, Harris SR, Boyd LA. Brain activation associated
with motor skill practice in children with developmental coordination dis-
order: an fMRI study. Int ] Dev Neurosci (2011) 29(2):145-52. doi:10.1016/j.
ijdevneu.2010.12.002

Shimada S, Qi Y, Hiraki K. Detection of visual feedback delay in active
and passive self-body movements. Exp Brain Res (2010) 201(2):359-64.
doi:10.1007/s00221-009-2028-6

Balslev D, Nielsen FA, Lund TE, Law I, Paulson OB. Similar brain networks
for detecting visuo-motor and visuo-proprioceptive synchrony. Neuroimage
(2006) 31(1):308-12. doi:10.1016/j.neuroimage.2005.11.037

Leube DT, Knoblich G, Erb M, Grodd W, Bartels M, Kricher TT. The
neural correlates of perceiving one’s own movements. Neuroimage (2003)
20(4):2084-90. doi:10.1016/j.neuroimage.2003.07.033

MacDonald PA, Paus T. The role of parietal cortex in awareness of self-
generated movements: a transcranial magnetic stimulation study. Cereb
Cortex (2003) 13(9):962-7. doi:10.1093/cercor/13.9.962

Frontiers in Neurology | www.frontiersin.org

12

March 2018 | Volume 9 | Article 114


http://www.frontiersin.org/Neurology/
http://www.frontiersin.org
http://www.frontiersin.org/Neurology/archive
https://doi.org/10.1177/000841740407100205
https://doi.org/10.1111/j.1365-2214.2012.01379.x
https://doi.org/10.1016/j.ridd.2011.01.033
https://doi.org/10.1007/s40474-015-0046-6
https://doi.org/10.1016/j.ridd.2015.07.027
https://doi.org/10.1016/j.bandc.2010.12.004
https://doi.org/10.1111/j.1365-
2214.2010.01131.x
https://doi.org/10.1111/j.1365-
2214.2010.01131.x
https://doi.org/10.1080/87565641.2012.718820
https://doi.org/10.1016/j.ijdevneu.2015.10.003
https://doi.org/10.1016/j.ridd.2015.09.015
https://doi.org/10.1016/j.neubiorev.2014.08.011
https://doi.org/10.1111/j.1469-8749.2012.04436.x
https://doi.org/10.1007/s00221-003-1597-z
https://doi.org/10.1016/j.bandc.2009.08.006
https://doi.org/10.1080/09638280600947765
https://doi.org/10.1111/j.1469-8749.1997.tb07375.x
https://doi.org/10.1111/
j.1365-2214.2006.00688.x
https://doi.org/10.1111/
j.1365-2214.2006.00688.x
https://doi.org/10.1016/j.humov.2008.02.008
https://doi.org/10.1016/j.humov.2008.02.008
https://doi.org/10.1016/j.humov.2012.08.003
https://doi.org/10.1016/j.humov.2012.08.003
https://doi.org/10.1111/j.1469-8749.2009.03611.x
https://doi.org/10.1017/S0012162203001373
https://doi.org/10.1016/S0028-3932(00)00132-9
https://doi.org/10.1016/S0028-3932(00)00132-9
https://doi.org/10.1007/s002210000535
https://doi.org/10.1016/S0042-6989(97)00399-4
https://doi.org/10.1111/j.1469-8749.2008.03030.x
https://doi.org/10.1016/S0028-3932(99)00016-0
https://doi.org/10.1016/S0028-3932(99)00016-0
https://doi.org/10.1016/j.ridd.2013.02.008
https://doi.org/10.1016/j.jpeds.2015.09.069
https://doi.org/10.1097/WNR.0b013e32832f4d87
https://doi.org/10.1016/j.nicl.2014.03.010
https://doi.org/10.1016/j.brainres.2008.07.066
https://doi.org/10.1542/peds.2010-0059
https://doi.org/10.1016/j.ijdevneu.2010.12.002
https://doi.org/10.1016/j.ijdevneu.2010.12.002
https://doi.org/10.1007/s00221-009-2028-6
https://doi.org/10.1016/j.neuroimage.2005.11.037
https://doi.org/10.1016/j.neuroimage.2003.07.033
https://doi.org/10.1093/cercor/13.9.962

Nobusako et al.

Deficits of Visuo-Motor Temporal Integration in pDCD

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Shimada S, Hiraki K, Oda I. The parietal role in the sense of self-ownership
with temporal discrepancy between visual and proprioceptive feedbacks.
Neuroimage (2005) 24(4):1225-32. doi:10.1016/j.neuroimage.2004.10.039
Licari MK, Billington J, Reid SL, Wann JP, Elliott CM, Winsor AM, et al.
Cortical functioning in children with developmental coordination disorder:
a motor overflow study. Exp Brain Res (2015) 233(6):1703-10. doi:10.1007/
500221-015-4243-7

Rizzolatti G, Craighero L. The mirror-neuron system. Annu Rev Neurosci
(2004) 27:169-92. doi:10.1146/annurev.neuro.27.070203.144230

Billard A, Arbib M. Mirror neurons and the neural basis for learning by
imitation: computational modeling. In: Stamenov M, Gallese V, editors.
Mirror Neurons and the Evolution of Brain and Language. (Vol. 42),
Amsterdam/Philadelphia: John Benjamins Publishing Company (2002).
p. 343-52.

Dewey D. Error analysis of limb and orofacial praxis in children with
developmental motor deficits. Brain Cogn (1993) 23(2):203-21. doi:10.1006/
brcg.1993.1055

Hill EL. A dyspraxic deficit in specific language impairment and develop-
mental coordination disorder? Evidence from hand and arm movements.
Dev Med Child Neurol (1998) 40(6):388-95. doi:10.1111/j.1469-8749.1998.
tb08214.x

Hill EL, Bishop DMV, Nimmo-Smith I. Representational gestures in deve-
lopmental coordination disorder and specific language impairment: error-
types and the reliability of ratings. Hum Mov Sci (1998) 17(4-5):655-78.
doi:10.1016/S0167-9457(98)00017-7

Sinani C, Sugden DA, Hill EL. Gesture production in school vs. clinical
samples of children with developmental coordination disorder (DCD)
and typically developing children. Res Dev Disabil (2011) 32(4):1270-82.
doi:10.1016/j.ridd.2011.01.030

Zoia S, Pelamatti G, Cuttini M, Casotto V, Scabar A. Performance of gesture
in children with and without DCD: effects of sensory input modalities. Dev
Med Child Neurol (2002) 44(10):699-705. doi:10.1111/j.1469-8749.2002.
tb00273.x

Reynolds JE, Kerrigan S, Elliott C, Lay BS, Licari MK. Poor imitative per-
formance of unlearned gestures in children with probable developmental
coordination disorder. ] Mot Behav (2017) 49:378-87. d0i:10.1080/0022289
5.2016.1219305

Blakemore SJ, Frith C. The role of motor contagion in the prediction of action.
Neuropsychologia (2005) 43(2):260-7. doi:10.1016/j.neuropsychologia.2004.
11.012

Capa RL, Marshall PJ, Shipley TE, Salesse RN, Bouquet CA. Does motor
interference arise from mirror system activation? The effect of prior visuo-
motor practice on automatic imitation. Psychol Res (2011) 75(2):152-7.
doi:10.1007/s00426-010-0303-6

Jeannerod M. Neural simulation of action: a unifying mechanism for
motor cognition. Neuroimage (2001) 14(1 Pt 2):5103-9. doi:10.1006/nimg.
2001.0832

Spengler S, Brass M, Kiihn S, Schiitz-Bosbach S. Minimizing motor mimicry
by myself: self-focus enhances online action-control mechanisms during
motor contagion. Conscious Cogn (2010) 19(1):98-106. doi:10.1016/j.concog.
2009.12.014

Marshall P], Bouquet CA, Thomas AL, Shipley TE. Motor contagion in young
children: exploring social influences on perception-action coupling. Neural
Netw (2010) 23(8-9):1017-25. doi:10.1016/j.neunet.2010.07.007

Kilner JM, Paulignan Y, Blakemore SJ. An interference effect of observed
biological movement on action. Curr Biol (2003) 13(6):522-5. doi:10.1016/
$0960-9822(03)00165-9

Becchio C, Pierno A, Mari M, Lusher D, Castiello U. Motor contagion from
gaze: the case of autism. Brain (2007) 130(Pt 9):2401-11. doi:10.1093/brain/
awml71

Bird G, Leighton ], Press C, Heyes C. Intact automatic imitation of human
and robot actions in autism spectrum disorders. Proc Biol Sci (2007)
274(1628):3027-31. doi:10.1098/rspb.2007.1019

Bouquet CA, Gaurier V, Shipley T, Toussaint L, Blandin Y. Influence of the
perception of biological or non-biological motion on movement execution.
J Sports Sci (2007) 25(5):519-30. doi:10.1080/02640410600946803

Bouquet CA, Shipley TE, Capa RL, Marshall PJ. Motor contagion: goal-di-
rected actions are more contagious than non-goal-directed actions. Exp
Psychol (2011) 58(1):71-8. doi:10.1027/1618-3169/a000069

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

Gowen E, Stanley J, Miall RC. Movement interference in autism-spectrum dis-
order. Neuropsychologia (2008) 46(4):1060-8. doi:10.1016/j.neuropsychologia.
2007.11.004

Kilner J, Hamilton AFE, Blakemore SJ. Interference effect of observed human
movement on action is due to velocity profile of biological motion. Soc
Neurosci (2007) 2(3-4):158-66. d0i:10.1080/17470910701428190

Press C, Gillmeister H, Heyes C. Sensorimotor experience enhances auto-
matic imitation of robotic action. Proc Biol Sci (2007) 274(1625):2509-14.
doi:10.1098/rspb.2007.0774

Press C, Bird G, Walsh E, Heyes C. Automatic imitation of intransitive
actions. Brain Cogn (2008) 67(1):44-50. doi:10.1016/j.bandc.2007.11.001
Stanley J, Gowen E, Miall RC. Effects of agency on movement interference
during observation of a moving dot stimulus. J Exp Psychol Hum Percept
Perform (2007) 33(4):915-26. doi:10.1037/0096-1523.33.4.915

Catmur C, Walsh V, Heyes C. Associative sequence learning: the role of
experience in the development of imitation and the mirror system. Philos
Trans R Soc Lond B Biol Sci (2009) 364(1528):2369-80. doi:10.1098/rstb.
2009.0048

Cairney ], Veldhuizen S, Szatmari P. Motor coordination and emotional-
behavioral problems in children. Curr Opin Psychiatry (2010) 23(4):324-9.
doi:10.1097/YCO.0b013e32833aa0aa

Cagola P. Physical and mental health of children with developmental
coordination disorder. Front Public Health (2016) 4:224. doi:10.3389/
fpubh.2016.00224

Gillberg IC, Gillberg C. Children with preschool minor neurodevelopmental
disorders. IV: behaviour and school achievement at age 13. Dev Med Child
Neurol (1989) 31(1):3-13. doi:10.1111/j.1469-8749.1989.tb08406.x

Lingam R, Jongmans M]J, Ellis M, Hunt LP, Golding J, Emond A. Mental
health difficulties in children with developmental coordination disorder.
Pediatrics (2012) 129(4):e882-91. doi:10.1542/peds.2011-1556

Mancini VO, Rigoli D, Cairney J, Roberts LD, Piek JP. The elaborated
environmental stress hypothesis as a framework for understanding the
association between motor skills and internalizing problems: a mini-review.
Front Psychol (2016) 7:239. doi:10.3389/fpsyg.2016.00239

Missiuna C, Cairney J, Pollock N, Campbell W, Russell D], Macdonald K,
et al. Psychological distress in children with developmental coordination
disorder and attention-deficit hyperactivity disorder. Res Dev Disabil (2014)
35(5):1198-207. doi:10.1016/j.ridd.2014.01.007

Piek JP, Rigoli D, Pearsall-Jones JG, Martin NC, Hay DA, Bennett K§, et al.
Depressive symptomatology in child and adolescent twins with attention-
deficit hyperactivity disorder and/or developmental coordination disorder.
Twin Res Hum Genet (2007) 10(4):587-96. doi:10.1375/twin.10.4.587
Gillberg C, Gillberg IC, Rasmussen P, Kadesjo B, Soderstrom H, Rastam M,
et al. Co-existing disorders in ADHD - implications for diagnosis and
intervention. Eur Child Adolesc Psychiatry (2004) 13:180-92. doi:10.1007/
s00787-004-1008-4

Goulardins JB, Rigoli D, Licari M, Piek JP, Hasue RH, Oosterlaan J, et al.
Attention deficit hyperactivity disorder and developmental coordination
disorder: two separate disorders or do they share a common etiology. Behav
Brain Res (2015) 292:484-92. doi:10.1016/j.bbr.2015.07.009

Hellgren L, Gillberg C, Gillberg IC, Enerskog I. Children with deficits in
attention, motor control and perception (DAMP) almost grown up: general
health at 16 years. Dev Med Child Neurol (1993) 35(10):881-92. doi:10.1111/
j.1469-8749.1993.tb11565.x

Visser J. Developmental coordination disorder: a review of research on sub-
types and comorbidities. Hum Mov Sci (2003) 22(4-5):479-93. d0i:10.1016/j.
humov.2003.09.005

Green D, Charman T, Pickles A, Chandler S, Loucas T, Simonoff E, et al.
Impairment in movement skills of children with autistic spectrum disorders. Dev
Med Child Neurol (2009) 51(4):311-6. doi:10.1111/j.1469-8749.2008.03242.x
McPhillips M, Finlay J, Bejerot S, Hanley M. Motor deficits in children
with autism spectrum disorder: a cross-syndrome study. Autism Res (2014)
7(6):664-76. doi:10.1002/aur.1408

Sumner E, Leonard HC, Hill EL. Overlapping phenotypes in autism spectrum
disorder and developmental coordination disorder: a cross-syndrome com-
parison of motor and social skills. J Autism Dev Disord (2016) 46(8):2609-20.
doi:10.1007/s10803-016-2794-5

Henderson SE, Sugden DA, Barnett AL. Movement Assessment Battery for
Children-2 (Second Edition). United Kingdom: Harcourt Assessment (2007).

Frontiers in Neurology | www.frontiersin.org

13

March 2018 | Volume 9 | Article 114


http://www.frontiersin.org/Neurology/
http://www.frontiersin.org
http://www.frontiersin.org/Neurology/archive
https://doi.org/10.1016/j.neuroimage.2004.10.039
https://doi.org/10.1007/s00221-015-4243-7
https://doi.org/10.1007/s00221-015-4243-7
https://doi.org/10.1146/annurev.neuro.27.070203.144230
https://doi.org/10.1006/brcg.1993.1055
https://doi.org/10.1006/brcg.1993.1055
https://doi.org/10.1111/j.1469-8749.1998.tb08214.x
https://doi.org/10.1111/j.1469-8749.1998.tb08214.x
https://doi.org/10.1016/S0167-9457(98)00017-7
https://doi.org/10.1016/j.ridd.2011.01.030
https://doi.org/10.1111/j.1469-8749.2002.tb00273.x
https://doi.org/10.1111/j.1469-8749.2002.tb00273.x
https://doi.org/10.1080/00222895.2016.1219305
https://doi.org/10.1080/00222895.2016.1219305
https://doi.org/10.1016/j.neuropsychologia.2004.
11.012
https://doi.org/10.1016/j.neuropsychologia.2004.
11.012
https://doi.org/10.1007/s00426-010-0303-6
https://doi.org/10.1006/nimg.2001.0832
https://doi.org/10.1006/nimg.2001.0832
https://doi.org/10.1016/j.concog.2009.12.014
https://doi.org/10.1016/j.concog.2009.12.014
https://doi.org/10.1016/j.neunet.2010.07.007
https://doi.org/10.1016/S0960-9822(03)00165-9
https://doi.org/10.1016/S0960-9822(03)00165-9
https://doi.org/10.1093/brain/awm171
https://doi.org/10.1093/brain/awm171
https://doi.org/10.1098/rspb.2007.1019
https://doi.org/10.1080/02640410600946803
https://doi.org/10.1027/1618-3169/a000069
https://doi.org/10.1016/j.neuropsychologia.2007.11.004
https://doi.org/10.1016/j.neuropsychologia.2007.11.004
https://doi.org/10.1080/17470910701428190
https://doi.org/10.1098/rspb.2007.0774
https://doi.org/10.1016/j.bandc.2007.11.001
https://doi.org/10.1037/0096-1523.33.4.915
https://doi.org/10.1098/rstb.
2009.0048
https://doi.org/10.1098/rstb.
2009.0048
https://doi.org/10.1097/YCO.0b013e32833aa0aa
https://doi.org/10.3389/fpubh.2016.00224
https://doi.org/10.3389/fpubh.2016.00224
https://doi.org/10.1111/j.1469-8749.1989.tb08406.x
https://doi.org/10.1542/peds.2011-1556
https://doi.org/10.3389/fpsyg.2016.00239
https://doi.org/10.1016/j.ridd.2014.01.007
https://doi.org/10.1375/twin.10.4.587
https://doi.org/10.1007/s00787-004-1008-4
https://doi.org/10.1007/s00787-004-1008-4
https://doi.org/10.1016/j.bbr.2015.07.009
https://doi.org/10.1111/j.1469-8749.1993.tb11565.x
https://doi.org/10.1111/j.1469-8749.1993.tb11565.x
https://doi.org/10.1016/j.humov.2003.09.005
https://doi.org/10.1016/j.humov.2003.09.005
https://doi.org/10.1111/j.1469-8749.2008.03242.x
https://doi.org/10.1002/aur.1408
https://doi.org/10.1007/s10803-016-2794-5

Nobusako et al.

Deficits of Visuo-Motor Temporal Integration in pDCD

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

Jaime M, Longard ], Moore C. Developmental changes in the visual-
proprioceptive integration threshold of children. ] Exp Child Psychol (2014)
125:1-12. d0i:10.1016/j.jecp.2013.11.004

Afraz SR, Kiani R, Esteky H. Microstimulation of inferotemporal cortex
influences face categorization. Nature (2006) 442(7103):692-5. doi:10.1038/
nature04982

Cook J, Swapp D, Pan X, Bianchi-Berthouze N, Blakemore SJ. Atypical inter-
ference effect of action observation in autism spectrum conditions. Psychol
Med (2014) 44(4):731-40. doi:10.1017/S0033291713001335

Garbarini F, Rabuffetti M, Piedimonte A, Pia L, Ferrarin M, Frassinetti F
et al. ‘Moving’ a paralysed hand: bimanual coupling effect in patients with
anosognosia for hemiplegia. Brain (2012) 135(Pt 5):1486-97. doi:10.1093/
brain/aws015

GarbariniF, PiaL, Piedimonte A, Rabuffetti M, Gindri P, Berti A. Embodiment
of an alien hand interferes with intact-hand movements. Curr Biol (2013)
23(2):R57-8. doi:10.1016/j.cub.2012.12.003

Birleson P. The validity of depressive disorder in childhood and the develop-
ment of a self-rating scale: a research report. ] Child Psychol Psychiatry (1981)
22(1):73-88. doi:10.1111/j.1469-7610.1981.tb00533.x

Birleson P, Hudson I, Buchanan DG, Wolff S. Clinical evaluation of a self-
rating scale for depressive disorder in childhood (Depression Self-Rating
Scale). J Child Psychol Psychiatry (1987) 28(1):43-60. doi:10.1111/j.1469-
7610.1987.tb00651.x

Murata T, Shimizu A, Mori Y, Oushima S. Childhood depressive state in the
school situation: consideration from the Birleson’s Scale (in Japanese). Jpn
J Psychiatry (1996) 1:131-8.

Rutter M, Bailey A, Lord C. The Social Communication Questionnaire:
Manual. Torrance: Western Psychological Services (2003).

Le Couteur A, Lord C, Rutter M. The Autism Diagnostic Interview-Revised
(ADI-R). Los Angeles: Western Psychological Services (2003).

DuPaul GJ, Power TJ, Anastopoulos AD, Reid R. ADHD Rating Scale-1V:
Checklists, Norms, and Clinical Interpretation. New York: Guilford Press
(1998).

DuPaul GJ, Power TJ, McGoey KE, Ikeda MJ, Anastopoulos AD. Reliability
and validity of parent and teacher ratings of attention-deficit/hyperactivity
disorder symptoms. J Psychoeduc Assess (1998) 16:55-68. doi:10.1177/
073428299801600104

DuPaul GJ, Power TJ, Anastopoulos AD, Reid R. In: Ichikawa H, Tanaka Y,
editors. ADHD Rating Scale-1V: Checklists, Norms, and Clinical Interpretation.
Akashi-shoten, Tokyo: Akashi-shoten (2008). [Original work published
1998, in Japanese].

Tani I, Okada R, Ohnishi M, Nakajima S, Tsujii M. Japanese version of home
form of the ADHD-RS: an evaluation of its reliability and validity. Res Dev
Disabil (2010) 31(6):1426-33. doi:10.1016/.ridd.2010.06.016

Faries DE, Yalcin I, Harder D, Heiligenstein JH. Validation of the ADHD
rating scale as a clirlician administered and scored instrument. J Atten Disord
(2001) 5(2):107-15. doi:10.1177/108705470100500204

Wilson BN, Kaplan BJ, Crawford SG, Campbell A, Dewey D. Reliability and
validity of a parent questionnaire on childhood motor skills. Am J Occup Ther
(2000) 54(5):484-93. doi:10.5014/ajot.54.5.484

Wilson BN, Crawford SG, Green D, Roberts G, Aylott A, Kaplan BJ.
Psychometric properties of the revised developmental coordination disorder
questionnaire. Phys Occup Ther Pediatr (2009) 29(2):182-202. doi:10.1080/
01942630902784761

Nakai A, Yoshizawa M, Kawatani M, Wilson BW. Cross-cultural
adaptation of the developmental coordination disorder questionnaire
2007 (DCDQ07) for Japanese children. Paper Presented at the DCD
VIII: Developmental Coordination Disorder International Conference.
Maryland, USA (2009).

Nakai A, Miyachi T, Okada R, Tani I, Nakajima S, Onishi M, et al. Evaluation
of the Japanese version of the developmental coordination disorder question-
naire as a screening tool for clumsiness of Japanese children. Res Dev Disabil
(2011) 32(5):1615-22. doi:10.1016/j.ridd.2011.02.012

Davidson PR, Wolpert DM. Widespread access to predictive models
in the motor system: a short review. J Neural Eng (2005) 2(3):S313-9.
doi:10.1088/1741-2560/2/3/S11

Smith WM, McCrary JW, Smith KU. Delayed visual feedback and behavior.
Science (1960) 132(3433):1013-4. do0i:10.1126/science.132.3433.1013

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

Smith KU, Kaplan R. Effects of visual feedback delay on simulated auto-
mobile steering. ] Mot Behav (1970) 2(1):25-36. doi:10.1080/00222895.1970.
10734861

Miall RC, Weir DJ, Stein JE Visuomotor tracking with delayed visual
feedback. Neuroscience (1985) 16(3):511-20. doi:10.1016/0306-4522(85)
90189-7

Fujisaki W. Effects of delayed visual feedback on grooved pegboard test
performance. Front Psychol (2012) 3:61. doi:10.3389/fpsyg.2012.00061
Botzer L, Karniel A. Feedback and feedforward adaptation to visuomotor
delay during reaching and slicing movements. Eur J Neurosci (2013)
38(1):2108-23. doi:10.1111/ejn.12211

Kulpa JD, Pfordresher PQ. Effects of delayed auditory and visual feedback
on sequence production. Exp Brain Res (2013) 224(1):69-77. doi:10.1007/
s00221-012-3289-z

Kitazawa S, Kohno T, Uka T. Effects of delayed visual information on the
rate and amount of prism adaptation in the human. ] Neurosci (1995)
15(11):7644-52.

Tanaka H, Homma K, Imamizu H. Physical delay but not subjective
delay determines learning rate in prism adaptation. Exp Brain Res (2011)
208(2):257-68. d0i:10.1007/s00221-010-2476-z

Imaizumi S, Asai T, Kanayama N, Kawamura M, Koyama S. Agency over
a phantom limb and electromyographic activity on the stump depend on
visuomotor synchrony: a case study. Front Hum Neurosci (2014) 8:545.
doi:10.3389/fnhum.2014.00545

Blakemore SJ, Frith CD, Wolpert DM. The cerebellum is involved in predict-
ing the sensory consequences of action. Neuroreport (2001) 12(9):1879-84.
doi:10.1097/00001756-200107030-00023

Farrer C, Frith CD. Experiencing oneself vs another person as being the cause
of an action: the neural correlates of the experience of agency. Neuroimage
(2002) 15(3):596-603. doi:10.1006/nimg.2001.1009

Farrer C, Franck N, Georgieff N, Frith CD, Decety ], Jeannerod M. Modulating
the experience of agency: a positron emission tomography study. Neuroimage
(2003) 18(2):324-33. d0i:10.1016/S1053-8119(02)00041-1

Hilton CL, Zhang Y, Whilte MR, Klohr CL, Constantino J. Motor impairment
in sibling pairs concordant and discordant for autism spectrum disorders.
Autism (2012) 16(4):430-41. doi:10.1177/1362361311423018

MacDonald M, Lord C, Ulrich D. The relationship of motor skills and adap-
tive behavior skills in young children with autism spectrum disorders. Res
Autism Spectr Disord (2013) 7(11):1383-90. doi:10.1016/j.rasd.2013.07.020
Grissmer D, Grimm K], Aiyer SM, Murrah WM, Steele JS. Fine motor skills
and early comprehension of the world: two new school readiness indicators.
Dev Psychol (2010) 46(5):1008-17. doi:10.1037/a0020104

Pagani LS, Fitzpatrick C, Archambault I, Janosz M. School readiness and
later achievement: a French Canadian replication and extension. Dev Psychol
(2010) 46(5):984-94. d0i:10.1037/a0018881

Wassenberg R, Feron FJ, Kessels AG, Hendriksen JG, Kalff AC, Kroes M,
et al. Relation between cognitive and motor performance in 5- to 6-year-old
children: results from a large-scale cross-sectional study. Child Dev (2005)
76(5):1092-103. doi:10.1111/j.1467-8624.2005.00899.x

Asonitou K, Koutsouki D, Kourtessis T, Charitou S. Motor and cognitive
performance differences between children with and without developmental
coordination disorder (DCD). Res Dev Disabil (2012) 33(4):996-1005.
doi:10.1016/j.ridd.2012.01.008

Fawcett AJ, Nicolson RI. Automatisation deficits in balance for dyslexic
children. Percept Mot Skills (1992) 75(2):507-29. doi:10.2466/pms.1992.
75.2.507

Schott N, El-Rajab I, Klotzbier T. Cognitive-motor interference during fine
and gross motor tasks in children with developmental coordination disorder
(DCD). Res Dev Disabil (2016) 57:136-48. doi:10.1016/j.ridd.2016.07.003
Hemgren E, Persson K. Deficits in motor co-ordination and attention
at 3 years of age predict motor deviations in 6.5-year-old children who
needed neonatal intensive care. Child Care Health Dev (2009) 35(1):120-9.
doi:10.1111/j.1365-2214.2008.00896.x

Marx I, Weirich S, Berger C, Herpertz SC, Cohrs S, Wandschneider R, et al.
Living in the fast lane: evidence for a global perceptual timing deficit in child-
hood ADHD caused by distinct but partially overlapping task-dependent
cognitive mechanisms. Front Hum Neurosci (2017) 20(11):122. doi:10.3389/
fnhum.2017.00122

Frontiers in Neurology | www.frontiersin.org

14

March 2018 | Volume 9 | Article 114


http://www.frontiersin.org/Neurology/
http://www.frontiersin.org
http://www.frontiersin.org/Neurology/archive
https://doi.org/10.1016/j.jecp.2013.11.004
https://doi.org/10.1038/nature04982
https://doi.org/10.1038/nature04982
https://doi.org/10.1017/S0033291713001335
https://doi.org/10.1093/brain/aws015
https://doi.org/10.1093/brain/aws015
https://doi.org/10.1016/j.cub.2012.12.003
https://doi.org/10.1111/j.1469-7610.1981.tb00533.x
https://doi.org/10.1111/j.1469-
7610.1987.tb00651.x
https://doi.org/10.1111/j.1469-
7610.1987.tb00651.x
https://doi.org/10.1177/073428299801600104
https://doi.org/10.1177/073428299801600104
https://doi.org/10.1016/j.ridd.2010.06.016
https://doi.org/10.1177/108705470100500204
https://doi.org/10.5014/ajot.54.5.484
https://doi.org/10.1080/
01942630902784761
https://doi.org/10.1080/
01942630902784761
https://doi.org/10.1016/j.ridd.2011.02.012
https://doi.org/10.1088/1741-2560/2/3/S11
https://doi.org/10.1126/science.132.3433.1013
https://doi.org/10.1080/00222895.1970.10734861
https://doi.org/10.1080/00222895.1970.10734861
https://doi.org/10.1016/0306-4522(85)
90189-7
https://doi.org/10.1016/0306-4522(85)
90189-7
https://doi.org/10.3389/fpsyg.2012.00061
https://doi.org/10.1111/ejn.12211
https://doi.org/10.1007/s00221-012-3289-z
https://doi.org/10.1007/s00221-012-3289-z
https://doi.org/10.1007/s00221-010-2476-z
https://doi.org/10.3389/fnhum.2014.00545
https://doi.org/10.1097/00001756-200107030-00023
https://doi.org/10.1006/nimg.2001.1009
https://doi.org/10.1016/S1053-8119(02)00041-1
https://doi.org/10.1177/1362361311423018
https://doi.org/10.1016/j.rasd.2013.
07.020
https://doi.org/10.1037/a0020104
https://doi.org/10.1037/a0018881
https://doi.org/10.1111/j.1467-8624.2005.00899.x
https://doi.org/10.1016/j.ridd.2012.01.008
https://doi.org/10.2466/pms.1992.
75.2.507
https://doi.org/10.2466/pms.1992.
75.2.507
https://doi.org/10.1016/j.ridd.2016.07.003
https://doi.org/10.1111/j.1365-2214.2008.00896.x
https://doi.org/10.3389/fnhum.2017.00122
https://doi.org/10.3389/fnhum.2017.00122

Nobusako et al.

Deficits of Visuo-Motor Temporal Integration in pDCD

122.

123.

124.

125.

126.

Rosenblum S, Regev N. Timing abilities among children with developmental
coordination disorders (DCD) in comparison to children with typical
development. Res Dev Disabil (2013) 34(1):218-27. doi:10.1016/j.ridd.2012.
07.011

Tsai CL, Pan CY, Cherng R], Wu SK. Dual-task study of cognitive and pos-
tural interference: a preliminary investigation of the automatization deficit
hypothesis of developmental co-ordination disorder. Child Care Health Dev
(2009) 35(4):551-60. doi:10.1111/j.1365-2214.2009.00974.x

Chen FC, Tsai CL, Stoffregen TA, Chang CH, Wade MG. Postural adaptations
to a suprapostural memory task among children with and without deve-
lopmental coordination disorder. Dev Med Child Neurol (2012) 54(2):155-9.
doi:10.1111/j.1469-8749.2011.04092.x

Cherng RJ, Liang LY, Chen Y], Chen JY. The effects of a motor and a cognitive
concurrent task on walking in children with developmental coordination
disorder. Gait Posture (2009) 29(2):204-7. doi:10.1016/j.gaitpost.2008.
08.003

Laufer Y, Ashkenazi T, Josman N. The effects of a concurrent cognitive task
on the postural control of young children with and without developmental
coordination disorder. Gait Posture (2008) 27(2):347-51. doi:10.1016/j.
gaitpost.2007.04.013

127.

128.

Biotteau M, Chaix Y, Albaret JM. Procedural learning and automatization
process in children with developmental coordination disorder and/or
developmental dyslexia. Hum Mov Sci (2015) 43:78-89. doi:10.1016/j.humov.
2015.07.005

Biotteau M, Chaix Y, Blais M, Tallet ], Péran P, Albaret JM. Neural signature
of DCD: a critical review of MRI neuroimaging studies. Front Neurol (2016)
7:227. d0i:10.3389/fneur.2016.00227

Conflict of Interest Statement: The authors declare that the research was con-
ducted in the absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Copyright © 2018 Nobusako, Sakai, Tsujimoto, Shuto, Nishi, Asano, Furukawa,
Zama, Osumi, Shimada, Morioka and Nakai. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC
BY). The use, distribution or reproduction in other forums is permitted, provided
the original author(s) and the copyright owner are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with
these terms.

Frontiers in Neurology | www.frontiersin.org

15

March 2018 | Volume 9 | Article 114


http://www.frontiersin.org/Neurology/
http://www.frontiersin.org
http://www.frontiersin.org/Neurology/archive
https://doi.org/10.1016/j.ridd.2012.07.011
https://doi.org/10.1016/j.ridd.2012.07.011
https://doi.org/10.1111/j.1365-2214.2009.00974.x
https://doi.org/10.1111/j.1469-8749.2011.04092.x
https://doi.org/10.1016/j.gaitpost.2008.08.003
https://doi.org/10.1016/j.gaitpost.2008.08.003
https://doi.org/10.1016/j.gaitpost.2007.04.013
https://doi.org/10.1016/j.gaitpost.2007.04.013
https://doi.org/10.1016/j.humov.2015.07.005
https://doi.org/10.1016/j.humov.2015.07.005
https://doi.org/10.3389/fneur.2016.00227
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Deficits in Visuo-Motor Temporal Integration Impacts Manual Dexterity in Probable Developmental Coordination Disorder
	Introduction
	Materials and Methods
	Participants
	Procedures
	The Manual Dexterity Test of the Movement Assessment Battery for Children-2nd Edition (M-ABC2)
	Experimental Design-1: Delayed Visual Feedback Detection Task
	Experiment-1: Task
	Experiment-1: Data Analysis

	Experimental Design-2: Motor Interference Task
	Experiment-2: Task
	Experiment-2: Data Analysis

	Questionnaires
	The Depression Self-Rating Scale for Children
	The Social Communication Questionnaire
	The Attention-Deficit Hyperactivity Disorder Rating Scale
	The Developmental Coordination Disorder Questionnaire

	Statistical Analysis
	Inter- and Intra-Group Comparison
	Correlation Analysis
	Multiple Regression Analysis

	Results
	Inter- and Intra-Group Comparison Results
	Correlation Analysis Results
	Multiple Regression Analysis Results

	Discussion
	Experiment-1: Delayed Visual Feedback Detection Task
	Experiment-2: Motor Interference Task
	Questionnaires
	General Discussion
	Limitations of the Current Study
	Future Directions

	Ethics Statement
	Author Contributions
	Acknowledgments
	Funding
	References


