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Abstract

Neuropsychiatric and neurodevelopmental disorders are often associated with coordination problems. Pediatric Acute-onset
Neuropsychiatric Syndrome (PANS) constitutes a specific example of acute and complex symptomatology that includes
difficulties with motor control. The present proof-of-concept study aimed at testing a new, bespoke tablet-based motor
coordination test named SpaceSwipe, providing fine-grained measures that could be used to follow-up on symptoms evolu-
tion in PANS. This test enables computationally precise and objective metrics of motor coordination, taking into account
both directional and spatial features continuously. We used SpaceSwipe to assess motor coordination in a group of children
with PANS (n=12, assessed on in total of 40 occasions) and compared it against the motor coordination subtest from the
Beery-Buktenica Developmental Test of Visual-Motor Integration (Beery VMI) 6th edition, traditionally used to follow-up
symptomatology. Using a bivariate linear regression, we found that 33 s of the directional offset from tracking a moving
target in SpaceSwipe could predict the Beery VMI motor coordination (VMI MC) raw scores (mean absolute error: 1.75
points). Positive correlations between the predicted scores and the VMI MC scores were found for initial testing (r,4;=0.87)
and for repeated testing (r,4;=0.79). With its short administration time and its close prediction to Beery VMI scores, this
proof-of-concept study demonstrates the potential for SpaceSwipe as a patient-friendly tool for precise, objective assessment
of motor coordination in children with neurodevelopmental or neuropsychiatric disorders.

Keywords Motor assessment - Visual motor skill - Neurodevelopmental disorders - PANS - Tablet-based testing

Introduction

Motor coordination problems in children with PANS
Communicated by Francesco Lacquaniti.

Symptoms related to motor control and coordination are well
documented in children with Pediatric Acute-onset Neu-
ropsychiatric Syndrome (PANS) (Murphy et al. 2015a, b;
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sudden difficulties with handwriting. These difficulties
can hinder a child’s development, making it difficult to
participate in meaningful social activities (Gillberg, Har-
rington, and Steinhausen, 2006), while also increasing the
risk of being bullied (Bejerot et al. 2011).

One specific aspect of motor issues in PANS relates to
difficulties with fine motor coordination, which can affect
skills such as feeding, dressing, handwriting, or drawing.
For example, Colvin et al. (2021) identified graphomo-
tor difficulties in children with PANS, using the Beery-
Buktenica Developmental Test of Visual-Motor Integra-
tion (Beery VMI) motor coordination subtest (VMI MC),
while Lewin et al. (2011) found that more than two-thirds
of parents reported that their children with PANS had
difficulties with handwriting. Other than writing diffi-
culties, problems in copying complex figures have been
observed when children with PANS were administered
the Rey-Osterrieth Complex Figure (ROCF). Writing
and drawing have indeed been proposed as useful for the
evaluation of motor symptoms in PANS (Swedo 2012).
Still, it is important to keep in mind that judgments of
the quality of drawings and handwriting are subjective,
and that important aspects related to motor timing can be
missed with a pen-and-paper test—such as most of the
temporal features, which are clearly important aspects of
the prospective organization motor control (Bucsuhizy
and Semela 2017; Delafield-Butt et al. 2018; Elliott
et al. 2010; Lamb et al. 2016; Lin et al. 2015; Hofsten
2004). Computationally precise, continuous, and objec-
tive measures of fine spatiotemporal motor control are
needed to better understand disruption in motor control,
such as their sub-second temporal organization, which is
not always observable by human-rated instruments or in
the final product of a movement [e.g., as in the computa-
tional characterization of motor signatures that appear to
underpin motor disruption in autism spectrum disorder in
Anzulewicz et al. (2016), Chua et al. (2022), Torres et al.
(2013) and Torres (2013)].

Moreover, co-occurring disorders can make findings
from motor assessment difficult to interpret (Blank et al.
2019), and several factors can influence or hinder motor
coordination testing when assessing children with neu-
ropsychiatric symptoms. For example, difficulties with
attention may limit a feasible testing situation to very
short periods of time, while specific difficulties related
to obsessive—compulsive symptoms or anxiety may com-
pletely hinder the assessment. Importantly, since most
children have a combination of difficulties (Gillberg
2010), reliable motor testing can be impossible using
traditional assessments. Given this, there seems to be a
real need to find an objective and efficient test of fine
motor performance.

@ Springer

Traditional motor coordination tests

Assessment of motor control is complex. Several instru-
ments have been developed and standardized on a very
large number of individuals to evaluate motor coordina-
tion in children (Cancer, Minoliti, Crepaldi and Antonietti
2020). One clinical standard instrument developed spe-
cifically for manual motor coordination and visual-motor
integration is the Beery VMI (Crotty and Baron 2011).
The VMI MC consists of 3 questions about motor devel-
opment, 3 imitation tracing paths, and 24 paths that the
child traces by themselves. To complete the task, the child
is required to trace a figure with a pencil without drawing
outside the borders of the paths. The cut-off percentile
for the Beery VMI used in research for Developmental
Coordination Disorder (DCD) (American Psychiatric
Association 2017) varies depending on the specific study
and the population being studied. Performance below the
25th percentile (Beery 2010; Lahav et al. 2013; Valverde,
Ribeiro Soares Aratjo, Magalhdes and Cardoso 2020)
has been suggested as the cut-off point for below-average
motor performance, which is higher than the 15th and 16th
percentile cut-off used in research for indicating severe
difficulties with motor coordination that impact daily life
[e.g., Ghayour Najafabadi et al. (2022); Smits-Engelsman
et al. (2015)].

The findings examining the relationship between writ-
ing performance and the VMI MC are conflicting. For
example, when it comes to temporal aspects, several
research efforts have failed to correlate writing speed, such
as the number of letters written per minute, with VMI MC
scores (Brown and Link 2015; Volman et al. 2006; Duiser
et al. 2014), while others (Rosenblum, Amit Ben Sim-
hon, Meyer and Gal 2019) found a significant, but weak
relationship between the pen stroke time on paper and the
VMI MC when testing children diagnosed with autism.

More comprehensive assessments are time-consuming,
take up to one hour to complete including manual scoring
(e.g., Bruininks-Oseretsky Test of Motor Proficiency Sec-
ond Edition (Lazaro, Reina-Guerra, Quiben, and Umphred
2020) and Movement Assessment Battery Second Edition
[MABC-2] (Brown and Lalor 2009; Lazaro et al. 2020)),
and require considerable clinical expertise. Additionally,
these assessments (including the VMI MC) primarily
depend on discrete scoring systems, such as the number of
errors or total time limits, rather than a continuous evalua-
tion of the movement execution. Shorter test batteries can
be informative about neurodevelopmental delays but suffer
from some of the same drawbacks (Gillberg et al. 1983).
The functional aspects such as directional and spatial fea-
tures are seldom measured in combination with temporal
accuracy, which is problematic from an ecological validity
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perspective, as both spatial and angular accuracy are
required when performing multitudes of daily tasks. Dis-
tinguishing directional and spatial aspects of movement
is critical in identifying mechanisms that underlie them
(Graaf et al. 1994; Lussanet et al. 2002). Spatial control is
the product of movement execution, which involves joint
angular movement (Morasso 1981), supported by the cer-
ebellum and basal ganglia interconnection (Bostan et al.
2010; Manto 2009; Rolls and Treves 1997; Todorov et al.
2019). Difficulties with spatial control are an important
feature to consider when assessing motor control. Direc-
tional features provide more specific information about the
angular quality of the movement production.

In considering both the functional and practical aspects,
it is evident that, in order to identify and understand motor
control difficulties in children with neuropsychiatric prob-
lems, including those with PANS, motor testing needs to be
accessible, attractive for the children, and also, importantly,
time-efficient, so as not to be burdensome for the clinician
or researcher, or the child. Moreover, we argue that such
tests need to assess the kinematic and temporal features of
moment-by-moment control with continuous metrics, and
include sub-second data collection that allows for the calcu-
lation of specific motor control features, such as directional
and spatial accuracy in relation to motor timing. Finally, it
is also critical to consider the child’s age. As children get
older, their motor skills predictably improve. For children
with PANS, however, motor skills development is character-
ized by an abrupt regression (Swedo 2012), making it less
clear how aspects of motor control and age are related in
this population.

Novel tablet-based tests

New technological advances in touch-screen technology allow
for high frame-rate data collection, using a medium that chil-
dren are familiar with, and often like. In fact, research has
shown that tablet-based tests have the potential to eventually
replace paper-based tests (Bignardi et al. 2021). For example,
the tablet-based ROCF has been successfully implemented in
adolescents (Hyun et al. 2018) and adults (Savickaite, Morri-
son, Lux, Delafield-Butt and Simmons 2022), with the notice-
able addition of features related to the timing of the task execu-
tion. Another example is Howe et al. (2017) who presented
a computerized perceptual-motor skills assessment, which
included paths similar to the VMI MC, but on a tablet using a
stylus. They found that the error of traced paths administered
on a tablet correlated with the standard Developmental Test of
Visual Perception Second Edition (Hammill, Voress and Pear-
son 2004). Gerth et al. (2016) investigated some of the paths of
the VMI on a tablet with a stylus and compared them to their
performance with pen-and-paper. The children’s performance

in scores was significantly different, and in addition, yielded
a clear ceiling effect.

Computerized solutions can also be used to investigate
continuous aspects of movement, such as done by Culmer
et al. (2009), who presented a motor test on a computer
screen using a stylus and that included copying, aiming,
and tracking tasks.

Others have used finger touch-based solutions [e.g., Chua
et al. (2022); Lu et al. (2022); Matic and Gomez-Marin
(2019)]. For example, Anzulewicz et al. (2016) developed
a novel application and showed the usability of portable
tablets and their internal sensors to measure finger-based
swipes in younger autistic children. Chua et al. (2022) and
Lu et al. (2022) measured spatiotemporal kinematics of dis-
placement toward a static target. Matic and Gomez-Marin
(2019) also used this medium employing a custom Android
application, and investigated hand movement constraints,
such as slowing down with increasing curvature as well as
a task for tracking a moving target. Other studies that have
been implementing tracking (Culmer et al. 2009; Hill et al.
2016), were testing trajectories of constant speed and did not
consider the smoothness of movement profiles that occurs in
well-controlled curvilinear movement (Huh and Sejnowski
2015; Viviani and Schneider 1991; Zago et al. 2018).

Further, none of the tests developed so far have been
attended to analyze both directional (movement direction)
and spatial (movement position) aspects of continuous fine
motor displacement. As argued above, we consider that both
metrics are required for assessing motor coordination.

In addition, here, we sought to improve the hand move-
ment ergonomics of tablet-based motor coordination testing,
with a bespoke device that includes a purpose-built game
to address important adjustments needed for children with
neuropsychiatric and neurodevelopmental problems (such as
sound sensitivity, communication impairments, and atten-
tion difficulties).

Finally, it is important to consider that the quality of
motor control is not simply the result of the speed of the
movement execution. Motor control also concerns the entire
movement execution, such as continuously redirecting and
repositioning one’s movement accordingly throughout the
task. Therefore, motor control should be quantified with met-
rics that inform about the timing of directional and spatial
features of motor coordination. As previously discussed, tab-
let-based tests have the advantage to permit detailed analyses
of parameters that are not easily captured using traditional
instruments.

The current study and feasibility of a novel
tablet-based test

In the current proof-of-concept study, we introduce a
touch screen-based system that we named SpaceSwipe,
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consisting of an ergonomic, task-dedicated device, and
including adjustments specifically developed for individ-
uals with neurodevelopmental/neuropsychiatric disorders.

SpaceSwipe is based on the task of tracking a moving
target in nine different trajectories, with varying speed
and path complexity, allowing the continuous evaluation
of motor coordination over time. SpaceSwipe quantifies
motor coordination 60 times per second, using directional
and spatial offsets to a moving target, as opposed to tra-
ditional tests that are scored after execution, using total
time limits. This way both the spatial and directional met-
rics include temporal accuracy. In addition, the varying
speed of the trajectories allows assessment of how fast the
movements can be performed accurately. The directional
offset relates to how well the target movement direction
was followed, and the spatial offset to how close the
movement’s position was to the target movement position.
While the VMI MC also measures spatial offset, it is only
scored afterward, based on a maximum allowed distance
from the target path. In contrast, the directional offset
accounts for directional corrective visuomotor processes.
To our knowledge, this metric has not been deployed
before in this context, yet it can potentially provide more
specific information about children’s neuromotor difficul-
ties (Zwart et al. 2019) not readily accessible to current
instruments. To evaluate the potential role of these novel
metrics, three research questions (RQ) were addressed:

[RQ1] Can offset metrics to the moving target in Spac-
eSwipe predict the VMI MC score and are the results
stable and reproducible?

[RQ2] Is there a relationship between the spatial and
directional metrics in SpaceSwipe and the VMI MC
score?

[RQ3] Is there a relationship between age and the spa-
tial and directional metrics in SpaceSwipe?

Given previous findings, we expected a positive cor-
relation between the skill of maintaining and adjusting
direction in tracing a path with a pencil (as in the Beery
VMI), and in tracking a moving target on a touch screen
(as in SpaceSwipe). We further hypothesized that the
directional offset from SpaceSwipe would be related to
the VMI MC score, as both involve coordination of move-
ment direction. The VMI MC score has previously not
been related to temporal features of handwriting (Brown
and Link 2015; Rosenblum et al. 2019; Volman et al.
2006), but we expected the metrics from slower trajec-
tories to be most related to the VMI MC. Finally, since
the VMI MC (Beery 2010) and tablet-based tracking test
(Flatters, Hill, Williams, Barber and Mon-Williams 2014,
Hill et al. 2016) results are known to relate to age, we

@ Springer

expected that both the spatial and directional offsets to
the moving target would similarly reduce with age.

Methods
Participants

The study was approved by the Swedish Ethical Review
Authority guidelines. Participation was voluntary. All
caregivers gave written consent for their child’s partici-
pation before the experiment, in addition to the child’s
assent or consent, if appropriate. We examined a unique
group of 12 children (6 girls, 6 boys) who all met research
diagnostic criteria for PANS (median age 10 years [range:
5-16 years]), in order to evaluate the feasibility of this test
on a population with a specific neuropsychiatric disorder.
The participants took part in a larger, ongoing study exam-
ining the effect of Intravenous Immunoglobulin (IVIG)
treatment, in which they received IVIG once monthly for
3 months, and thereafter single IVIG doses as needed,
depending on symptom development, up to a maximum
total of six IVIG treatments. The motor coordination test
was performed four times in the course of the treatment
(0, 3, 8, and 12 months). Five of the participants had been
diagnosed with co-occurring neuropsychiatric diagno-
ses: attention-deficit/hyperactivity disorder (ADHD) [4],
autism/Asperger syndrome [1], autistic-like condition [3],
and unspecified epilepsy [1]. Another three participants
had pre-existing neurodevelopmental symptoms but had
not received a specific diagnosis. None of the children had
been diagnosed with an intellectual disability or speech/
language impairment. Demographics are shown in Sup-
plementary Table 1. PANS symptoms were measured
with the investigator-rated PANS scale, Pediatric Acute
Neuropsychiatric Symptom Scale, Parent Version (Mur-
phy and Bernstein 2012), covering the whole spectrum of
symptoms included in the PANS diagnosis. At baseline, all
participants had moderate to severe obsessive—compulsive
symptoms. Other common symptoms were anxiety, emo-
tional lability and depression, tics, irritability and aggres-
sive behavior, behavioral regression, difficulties with
attention and learning, sensory symptoms, motor symp-
toms, and specific sleep disturbances. Specific symptoms
identified by the PANS scale are shown in Supplementary
Table 2.

As per the IVIG treatment protocol, each child was
asked to perform both motor coordination tests (Spac-
eSwipe and Beery VMI MC) on each of the four visits.
The order in which these two tests were performed was
counterbalanced across participants.
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Fig. 1 Left panel: Screen capture from a horizontal line trajectory in SpaceSwipe. Right panel: Example gameplay of SpaceSwipe. The green

arrow is added to display the motion. Copyright © 2020 Max Thorsson

SpaceSwipe properties
Task-dedicated device

A custom case for the device was designed in OpenSCAD
(Kintel 2010) to robustly position the touch screen at an
ergonomic angle for the wrists, with cut-outs to be able
to fix the device to the table. A Raspberry Pi 3B + with
a 7-inch LCD touch screen (480 x 800 pixels [pix]), was
used to register the child’s active touch at 60 Hz. The
touch screen was 155 mm wide, which made the pixel
size, approximately 0.19 mm. Customized hardware was
developed as a preference over commercial systems, such
as iPad tablet computers, in order to assure a controlled
test situation, by allowing for structured hand movement,
and full insight into hardware specifics and software stabil-
ity, through a Debian-based operating system.

Game directive and test setting

The task in SpaceSwipe is for the child to keep an alien
inside a moving spaceship. The child gets positive feedback
when he manages to hold the alien in the spaceship in the
form of a green glow around the spaceship with stars light-
ing up along the target trajectory. A screen capture during
SpaceSwipe and an example gameplay image are shown in
Fig. 1.

The game is presented in small steps, with visual instruc-
tions to make it easy to understand. First, the experimenter
reads the game instructions, with images that show the task
(see Fig. 2). Second, an automated session with a cartoon
hand displays the task of tracking the spaceship along a hori-
zontal trajectory.

Third, the experimenter shows how to perform the same
horizontal line. Finally, the participant is asked to try the
same trajectory themselves. If the touch is too far away
from the spaceship (> 9 mm away from the center of the

Fig.2 Images to display the game directive of SpaceSwipe. Left
panel: Tracking of the spaceship. Right panel: If the alien was too far
away an arrow showed the way back. Copyright © 2020 Max Thors-
son.

ship) for the duration of 1.7 s, the game level resets. This
was intended as a pedagogical way to motivate the child
to follow and learn the task, as well as a confirmation that
the child had understood the task.

In addition to the instructions, several adaptations were
made to ensure that the game was best suited for children
with difficulties. The game is presented in short intervals
to allow the opportunity for the child to take a break if
needed. Furthermore, the gameplay is by default silent, to
minimize issues related to sound sensitivity. To facilitate
ergonomics and natural hand movement, the child sits in a
chair of the correct height, so that their elbows are approx-
imately 90 degrees, and their wrists are in a comfortable
position during the test.

SpaceSwipe was written in Python (Rossum 1995) using
the PyGame, game development library (Lindstrom, René
Dudfield, Shinners, Dudfield and Kluyver 2011). The sky
graphics were generated from the online WebGL Space
3D generator (Terrel and Himbolt 2015). All other graphi-
cal elements (e.g., alien, spaceship, and graphical effects)

@ Springer
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were created by the first author (Copyright © 2020 Max
Thorsson).

Path generation

The shape characteristics of the paths were generated from a
periodic modification of a normalized tunable sigmoid func-
tion, which was used to represent an array of the tangential
angle, that through the cumulative sum of the cosine and
sine would create custom paths. The mathematical opera-
tions and our Python implementation to create the paths are
explained in detail in the Supplementary Methods.

Motion profile generation

The motion profile for the straight lines was based on the
minimum-jerk trajectory. The minimum-jerk trajectory is a
smooth trajectory obtained by minimizing the jerk (change
of acceleration) between two positions and has been pro-
posed to be crucial for human upper limb movement (Flash
and Hogan 1985). The tilted lines were at a constant speed
and the motion profiles of the more complex paths were
based on a power—law relationship between curvature and
speed (Huh and Sejnowski 2015; Lacquaniti et al. 1983).
Further details about our Python implementation for motion
profile generation can be found in the Supplementary
Methods.

Degree of difficulty

The path-shaping parameters and average speed of the tra-
jectories were manually tuned by a physiotherapist, who has
experience testing the motor abilities of children with neu-
rodevelopmental/neuropsychiatric disorders. Nine different
trajectories were chosen (horizontal line, right tilted line, left
tilted line, as well as zigzag and spiral trajectories [at three
different average speeds]). The idea was to start with sim-
ple trajectories and then increase both path complexity and
speed. Both spiral and zigzag paths were included to inves-
tigate movement to trajectories with constant and alternating
directions. The slower, more complex paths were intended to
be like traditional tracing tasks as in the VMI MC, without
the high demand for timing. All line trajectories were at the
average speed of 100 pix/s. The zigzags and spirals were in
100 (A), 225 (B), and 300 (C) pix/s. Abbreviations, speeds,
and durations of the trajectories are displayed in Table 1.

Offset metrics
Motor performance was measured by offset metrics to the
target movement’s position and direction. The directional

offset was expressed as the delta between the tangential
angles of the spaceship’s and the participant’s movements
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Table 1 Information about SpaceSwipe’s trajectories

Path type Abbrevia-  Speed Speed Duration (s)
tion (pix/s) (cm/s)

Horizontal  hline 100 0.20 4.27
line

Right tilted  tlineR 100 0.20 4.27
line

Left tilted tlineL 100 0.20 4.27
line

Zigzag zigzagA 100 0.20 10.50

Zigzag zigzagB 225 0.43 4.65

Zigzag zigzagC 300 0.57 2.98

Spiral spiralA 100 0.20 22.46

Spiral spiralB 225 0.43 10.47

Spiral spiralC 300 0.57 6.75

(see Fig. 3A). The spatial offset was expressed as the dis-
tance that the participant had to the target position, the
Euclidean distance between the touch position and the
spaceship center (see Fig. 3B). Mathematical operations for
how the metrics were estimated are outlined in the Supple-
mentary Methods.

Pre-processing of touch screen data

Touch screens, much like other electronic instruments, risk
having internal noise. Therefore, we filtered the raw posi-
tion (x- and y-touch screen coordinates) time series using
a zero-shift Butterworth low-pass filter, which is common
practice for filtering movement data (Bartlett 2007). The
principle is to dampen the frequencies that are faster than the
participant’s movements. We followed similar procedures
recently implemented by Matic and Gomez-Marin (2019)
and Chua et al. (2022) and used a cut-off of 8 Hz with a
4th-order filter. The smoothing obtained by the low-pass
filter is also favorable for estimating tangential angles. In
our case, we did not remove any suspected outliers due to
the substantial risk of removing features such as “slipping”
and “jerky” movement, which can be important markers for
motor difficulties. The SpaceSwipe software was designed
to be computationally inexpensive for stable data sampling.
The mean standard deviation of the frame rate, based on all
collected sessions was 1.7 ms, which for our purposes here,
was negligible. Thus, we did not perform any resampling in
our pre-processing of the data and assumed a constant frame
rate for simplification of the calculations.

Statistical analysis
Based on the theoretical assumption that the slower more

complex paths would have similarities to traditional path
tracing tasks as in the VMI MC, we chose the directional
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Fig.3 Measures of A direc- A
tional and B spatial offset.

A. The directional offset (red
angle) is defined as the angle
between the direction of the
tangential angles from the
spaceship (large gray circle) and
the participant’s movements.

B. The spatial offset (red line)

is defined as the Euclidean dis-
tance between the participant’s
fingertip (alien, small green
circle) and the center of the
moving spaceship

offsets from the two slowest most complex paths of Spac-
eSwipe (zigzagA and spiralA), to evaluate the prediction of
the VMI MC score.

We first investigated if the chosen directional offset
metrics to the moving target in SpaceSwipe could predict
the VMI MC score for the initial testing. A bivariate lin-
ear regression, ordinary least squares (OLS), was fitted
using the two directional metrics for predicting the VMI
MC score. Because age and age squared (Beery 2010) are
known to be related to motor development, we first wanted
to make sure that they were controlled for, when analyzing
the explanatory power (R?) of our predictors. Therefore, fol-
lowing the guidelines by Reid and Allum (2019) both age
and age squared were included in the analysis. In order to
control for the effect of age in predicting the VMI MC score,
semi-partial (part) R> was estimated, following the method
described by Kim (2015).

We then examined whether the results were stable and
reproducible by looking at repeated testing, to account for
variability in the motor coordination in children with vari-
able neuropsychiatric symptoms. Linear mixed-effects mod-
els (LMMs) were used, as they present the advantage of
accounting for a repeated and variable number of data points
per participant (Snijders and Bosker 2012), thereby estimat-
ing the composite nested effect of all data points. The par-
ticipants were included as random effects for the intercepts
[c.f., Wit and Buxbaum (2017); Geers et al. (2022); Run-
nalls et al. (2019); Stipancic et al. (2021)] and the two direc-
tional metrics were set as predictors for the VMI MC score.
The significance of the fixed effects in the nested model
was assessed with F-tests, using the Satterthwaite method
for degrees of freedom approximation, as implemented in
the r package lme4 (Bates et al. 2015). We used multiple
data points per individual, to account for the variability of

symptoms. Yet, caution is still needed when interpreting
effect sizes, given the small number of children included.

Since LMMs have multiple levels, R? could not be esti-
mated identically as for OLS. Nakagawa and Schielzeth
(2013) recommend that two types of R should be reported
for LMMs (marginal and conditional R%), as both provide
important complementary information. Marginal R? is most
similar to traditional R? as it describes the proportion of
variance explained by the fixed factor(s). Conditional R?
also includes the random effects, thus a model with very
low marginal and high conditional R? indicates that there is
much-unexplained variance across individuals. We used the
r-package, Part R2 (Stoffel, Nakagawa and Schielzeth 2021),
to obtain confidence intervals marginal and conditional R.

Further, to investigate whether there was a relationship
between the spatial and directional metrics in SpaceSwipe
and the VMI MC score, separate LMMs were fitted for each
offset metric per trajectory. We used age and age squared as
control variables, and the specific offset metric as a predic-
tor to investigate the linear relationship to the VMI MC.
Marginal and conditional part R* and F-tests were used to
investigate the effects of specific offset metrics.

Finally, to investigate whether there was a relationship
between age and the spatial and directional metrics in Spac-
eSwipe, separate LMMs were fitted to predict the offset
metrics, per trajectory, for all the completed sessions. Age
and age squared were set as independent variables, but were
analyzed in combination, and hereby together referred to
as age. The specific offset metric, per trajectory, was set as
the dependent variable. The participants were included as
random effects for intercepts. Marginal and conditional R?
and F-tests were estimated to investigate the effects of age
on specific offset metrics.
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Table2 Completed SpaceSwipe and the Beery VMI MC per partici-
pant (n=12)

Participant Completed tests
number

SpaceSwipe VMIMC Both
1 4 4 4
2 4 4 4
3 4 4 4
4 4 4 4
5 4 4 4
6 4 4 4
7 4 4 4
8 3 3 3
9 3 3 3
10 3 2 2
11 2 0 0
12 1 1 1
Total 40 37 37
Results

A total of 40 SpaceSwipe sessions were performed across the
12 individuals. The number of completed motor coordina-
tion tests is shown in Table 2. The total time of SpaceSwipe,
including the preview and administration of the first hori-
zontal line, was on average 4 min, and all except one session
were below 5 min. The total time varied if the child did
multiple attempts or paused for a different duration. After
each level, an animation was played where the spaceship
collected the stars.

A total of 347 trajectories were performed, including all
sessions and levels. One participant did not perform zigzagC
once and another one did not perform spiralC once. Another
participant did not perform zigzagC once and another did not
perform spiralC once. One participant was excluded from
the VMI comparison, due to not being able to perform the
VMI MC, but was able to perform SpaceSwipe. The final
sample for the comparison, therefore, consisted of 11 par-
ticipants, 5 girls, and 6 boys, (median age 10 years [range
5-14 years]) in a total of 37 sessions.

The percentiles for motor skills were estimated from the
scores of the VMI MC, which indicated that 8/11 partici-
pants scored below the 50th percentile; 7/11 had below the
25th percentile, a suggested cut-off point for below-average
performance (Beery 2010; Lahav et al. 2013; Valverde et al.
2020). Thus, the majority of children tested in our sample
showed difficulties with motor coordination (median =20th
percentile, range: 0—60th percentile). Scores were, at initial
testing, in a median of 20 points and ranged from 7 to 26
points.

@ Springer

Stability and reproducibility of SpaceSwipe metrics
Initial testing

Results from the bivariate linear regression indicated that
there was a collective significant effect between the direc-
tional offsets and the VMI MC score, F(2, 8)=16.55,
p<0.001, R?=0.81, d=4.01, 95% CI [2.84, 8.02]. The
individual predictors were examined further and indicated
that the directional offset for spiralA was a significant pre-
dictor for the VMI MC score, F(1,8)=17.76, p=0.003,
d=2.58,95% CI[1.12, 4.10]. The directional offset for zig-
zagA, showed a trend but was not significant, F(1,8)=4.03,
p=0.08, d=1.10, 95% CI [0.00, 2.40]. The mean absolute
error (MAE) in predicting the VMI MC score was 1.75
points (range: 0.19-3.74, see Fig. 4 for the predictions vs.
actual scores and a residual plot, that displays the difference
between the two scores).

When controlling for age, the two SpaceSwipe predic-
tors together accounted for 53% of the variance of the VMI
MC score, (95% CI [40, 66]). To account for the number of
predictors, an adjusted correlation coefficient was calculated
as described by Howell (2010). Based on r=0.90, 95% CI
[0.82, 0.97], the resulting adjusted correlation coefficient
(raqj) of 0.87 suggested a strong positive correlation, and
large effect size (d=3.90), between our predictions and the
VMI MC score.

Taken together, these findings answered the first part of
our first research question RQ1 and confirmed that the offset
metrics to the moving target in SpaceSwipe could predict the
VMI MC score for the initial testing sessions.

Repeated testing

All 37 mutual tests with SpaceSwipe and VMI MC were
included from those 11 participants who performed both
tests. Using the same two predictors in an LMM, F-tests
revealed a significant main effect of the directional offsets
for spiralA, F(1,33.01)=20.02, p<0.001, d=1.48, 95%
CI[0.86, 2.14], and for the directional offset from zigzagA,
F(1,34.71)=5.95, p=0.02, d=0.74, 95% CI [0.22, 1.36].
The MAE, weighted per participant, for predicting the VMI
MC score was 1.61 points (range: 0.58-3.82), see Fig. 5 for
predicted vs. actual scores and residual plot.

In order to control for the effect of age in predicting the
VMI MC score, marginal and conditional part R? (Nakagawa
and Schielzeth 2013; Stoffel et al. 2021) were estimated
for a model that also included age. The analyses of part R?
revealed that the directional offsets from spiralA and zigzagA
accounted for more variance than age, in marginal part R
(0.28, 95% CI [0.15, 0.44] vs. 0.16, 95% CI [0.02, 0.32])
and conditional part R? (0.39, 95% CI [0.06, 0.59] vs. 0.27,
95% CI [0.00, 0.50]).
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Finally, using only the two directional metrics from Spac-
eSwipe, the marginal R’ indicated that there was a strong
positive association between our predicted VMI MC scores
and the actual scores, marginal R?>=0.68, d=2.90 (95%
CI [2.35, 4.96]), corresponding to a correlation of r=0.82
(95% CI [0.74, 0.93]). The adjusted correlation coefficient,
ragj=0.79, d=2.58, suggested a strong positive correlation
between our predictions and the VMI MC score for multiple
testing, even when adjusted for the number of predictors.
The conditional R? also indicated a strong explanatory effect,
R*=0.77,d=3.66,95% CI [2.40, 5.69].

Taken together, these findings answered the second part
of our first research question RQ1 and confirmed that the
offset metrics to the moving target in SpaceSwipe could
predict the VMI MC score for repeated testing, indicating
that the results were stable and reproducible. In addition,
we observed that age is a factor that needs to be taken into
consideration.

Relationship between the spatial and directional
metrics in SpaceSwipe and the VMI MC score

Here, the same 37 data points from the 11 participants were
used. We investigated the marginal part R?, which accounts
for the effect from the specific offset, while controlling for
age. The spatial offsets accounted in median for 0.2% of the
variance of the VMI MC score (range: 0.0-7.7%; d=0.09).
The directional offsets accounted in median for 2.1% of
the variance of the VMI MC score, which was numerically
higher than for the spatial (range: 0.0-20.2%; d=0.29).

Effect of offset metrics on VMI MC

without age effects
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Fig.6 Bar plot for the difference in the marginal part R* for the spa-
tial and directional offset to the VMI MC score

@ Springer

Effect of age on offset metrics
0.7

Directional ]
o Spatial
0.6 | -

2

Marginal R
]

01F _| ‘| .
0oL —l -
O
s & 5 ,

Fig.7 Bar plot for the difference in the marginal R? for age to the
spatial and directional offsets

Notably, the directional offsets had numerically higher mar-
ginal part R2, for each respective trajectory, see Fig. 6.

A similar relationship was observed when investigating
conditional part R*. Here, we found a median of 42% for
the spatial offset (range: 39-47%; d=1.70) and 40% for the
directional (range: 36-44%; d=1.63). The directional offsets
had numerically higher conditional part R? than the spatial
in most [8 of 9] of the respective trajectories.

Furthermore, F-tests for the LMMs were highly signifi-
cant for the directional offset from spiralA (p =0.001), and
borderline significant for hlineL and zigzagA (ps=0.06), to
the VMI MC score and insignificant for the spatial offsets,
when age was included in the model.

Taken together, these findings answered our second
research question RQ2 and confirmed significant relation-
ships between directional metrics in SpaceSwipe and the
VMI MC score, which had numerically higher marginal
part R? than the spatial metrics. This was in line with our
hypothesis that the VMC MC would relate most clearly to
the directional metric in SpaceSwipe.

Relationship between age and the spatial
and directional metrics in SpaceSwipe

Henceforth, all 40 completed SpaceSwipe sessions by the 12
participants were included. We investigated the marginal R,
to determine accounted variance for age to particular offset
metrics. Age accounted in median for 39% of the variance
of the spatial offset metrics (range: 16-54%; d=1.60), and
only 16% of the variance of the directional offsets (range:
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3-40%; d=0.87). The spatial offsets had numerically higher
marginal R than the directional for all respective trajectories
except for zigzagB, see Fig. 7.

When investigating conditional R?, which included the
random effects, we found a median of 45% for the spatial
offset (range: 15-72%; d=1.81) and 43% for the directional
offset (range: 16-65%; d=1.74). The spatial offsets had
numerically higher conditional R? than directional for most
of the trajectories [6 of 9].

Furthermore, separate F-tests revealed significant linear
relationships between age and each metric, which were all
highly significant to all the spatial offsets scores (ps <0.001,
for both age and age squared), and were mostly significant to
the directional offsets (ps <0.01, except for age squared from
the horizontal line [p=0.11]). As mentioned, the results are
reported based on all 40 SpaceSwipe sessions but remained
consistent when only including the data when both VMI MC
and SpaceSwipe were performed (n=37).

Taken together, these findings answered our third research
question RQ3 and confirmed significant relationships
between age and the spatial metrics from SpaceSwipe, which
in general had numerically higher marginal R? than age to
the directional metrics.

Discussion

In this study, we tested motor coordination in a popula-
tion of children with a specific neuropsychiatric syndrome,
PANS, using both SpaceSwipe, a novel tablet-based motor
coordination test, and the traditional VMI MC. We found
that SpaceSwipe could predict VMI MC scores with high
accuracy and provide temporal metrics related to motor
development. Our results demonstrate that the SpaceSwipe
motor coordination test, by using directional metrics from
two trajectories, was able to accurately predict motor coor-
dination scores obtained by VMI (r=0.90, 95% CI [0.81,
0.96], ryqj=0.87). Of note, several of our obtained correla-
tions with VMI MC are of similar magnitude as the reported
test—retest correlation for the VMI MC [r=0.85, n=142,
with an average of 14 days between testing (Beery 2010)]
and in studies investigating concurrent validity of the VMI
MC [e.g., the Comprehensive Tests of Basic Skills [r=0.65,
n=122] (Beery 2010)].

When investigating repeated testing, a strong correlation
between the two measures was also identified (r=0.82, 95%
CI [0.74, 0.93], Tadi =0.79), which is in line with previous
findings for concurrent validity (Beery 2010).

To obtain a more careful estimate of the correlation coef-
ficient in our limited sample size (Fisher 1915), we included
a total of 37 data points derived from the participants’ ses-
sions, thereby including more individual variances (Schober

and Vetter 2018). Moreover, we used the marginal R? to
calculate correlations, which we adjusted for degrees of free-
dom (Howell 2010). Additionally, throughout the analysis,
we controlled for the effect of age and considered both the
effects of age and age squared. Nonetheless, our reported
effect sizes should be interpreted with caution, as they were
based on a small cohort.

In our analysis of specific offset metrics, when removing
the effects of age, we confirmed a significant linear rela-
tionship between the directional offset and the slowest spi-
ral in SpaceSwipe to the VMI MC score (p=0.001). This
relationship was not significant for any of the other spatial
offsets that also had numerically lower marginal part R? for
the VMI MC score than the directional offsets, for all tra-
jectories. The directional offset from the slowest spiral also
accounted for the most variance in the VMI MC score. One
potential explanation is that since the directional offset does
not require an exact spatial position, it is expected to be less
temporally challenging, thus being more similar to scores
obtained with the VMI MC.

The findings that the directional offsets were numerically
higher in marginal part R* to the VMI MC score than to the
spatial offsets, were in line with our hypothesis, considering
the similarities in maintaining and adjusting the direction
in tracing a path with a pencil in the VMI compared with
following the direction of the moving target in SpaceSwipe.

In our analysis of specific offset metrics and age, we
found significant linear relationships between age and the
spatial offset metrics from all the trajectories. This relation-
ship was also significant for the directional offset metrics
from most of the trajectories. Age had numerically stronger
associations, according to marginal R?, to the spatial metrics
for all SpaceSwipe trajectories.

The relationship between age and both spatial and direc-
tional offset metrics of SpaceSwipe is not surprising, as both
relate to motor development, and corresponds to the findings
in preschool children tracking a moving target with a stylus
by Flatters et al. (2014) and Hill et al. (2016). This relation-
ship could stem from the development of finger-force coor-
dination (Shaklai et al. 2017; Shim et al. 2007). Marginal
R? was in general numerically higher for spatial offsets to
age than for the directional offsets. The strong relationship
between age and the spatial offset is an indication that the
spatial offset is a promising metric for the continuous tem-
poral accuracy of motor coordination.

SpaceSwipe’ s ability to capture temporal features related
to fine motor coordination is, therefore, superior to that of
the VMI MC and the Beery VMI, which previously were
shown to not be correlated, or weakly correlated, to temporal
features of handwriting (Brown and Link 2015; Rosenblum
et al. 2019).
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General technical aspects and limitations

Several technical aspects concerning SpaceSwipe are impor-
tant to consider, in terms of strengths and limitations. First,
unlike other assessment apps (Anzulewicz et al. 2016; Chua
et al. 2022; Culmer et al. 2009; Howe et al. 2017; Matic and
Gomez-Marin 2019), one of the strengths of SpaceSwipe is
that it is performed on a Raspberry Pi-based system, which
ensures that the data will not be affected by unexpected
operating system updates or varying components of com-
mercial systems such as Apple iOS (Passell et al. 2021). A
practical limitation is that our custom device needs to be 3D
printed and assembled manually. In addition, our device is
not wireless but is powered with an AC power cord, which
could make portability more difficult. However, since the
SpaceSwipe device was designed to be fixed to the table this
did not hinder the experimenter or the children.

Moreover, our tracking task differs from previous studies
that have included the task of tracking a moving target [c.f.,
Culmer et al. (2009); Flatters et al. (2014); Hill et al. (2016);
Snapp-Childs, Flatters, Fath, Mon-Williams, and Bingham
(2014)], as we included the power-law relationship between
speed and curvature. The use of the power-law relationship
might be beneficial for identifying motor difficulties as it
favors smooth movement (Gulde and Hermsdorfer 2018) and
increases the dynamic complexity that may be more chal-
lenging for children with DCD than without (Bo et al. 2008).

Alterations of basal ganglia function have been linked
to motor difficulties in PANS (Zheng et al. 2020). Several
elements of SpaceSwipe, such as the continuous corrective
process of tracking the spaceship, involve reciprocal patterns
of movement initiation and termination, and the inhibition
of extemporaneous movements, which are known to be sup-
ported by basal ganglia function (DeLong and Wichmann
2007; Kennard 1944; Kim and Hikosaka 2015). Future
research would benefit by directly further exploring the neu-
robiological signature of motor problems in PANS.

Nevertheless, several differences between the traditional,
pen-and-paper-based VMI MC task and the SpaceSwipe are
important. SpaceSwipe is not a tracing task like the VMI
MC, as it involves active tracking of a moving target. And
importantly, no stylus or pencil was used in SpaceSwipe,
removing the need for time and practice to obtain a proper
grasp and precision with a stylus or pencil (Forssberg, Eli-
asson, Kinoshita, Westling and Johansson 1995; Lin et al.
2017). Gaul and Issartel (2016) suggest the use of touch-
screen technology may be more beneficial and more repre-
sentative of the motor skills of young children, as it removes
the need for pencil proficiency (Gerth et al. 2016). For these
reasons, to make it more applicable across ages and varying
levels of development, we decided to not use a stylus for
SpaceSwipe.
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Further, SpaceSwipe is faster to complete, with the
full task being slightly shorter than the VMI MC subtest
(<4 min compared to 5 min, plus manual scoring, and
demonstration), and with only 33 s of active movement data
being sufficient for the prediction. In the future, the full
SpaceSwipe task could be further abbreviated by excluding
the fastest trajectories at 350 pix/s (0.57 cm/s), since these
trajectories were too fast for some participants. Additionally,
no manual scoring or extensive education was required to
evaluate motor coordination with SpaceSwipe, which further
reduces total test duration and improves ease of administra-
tion. SpaceSwipe has a higher spatial resolution than the
VMI MC, based on comparing the pixel size of 0.2 mm to
the minimum outline path of 4.5 mm in the VMI MC. This
suggests that SpaceSwipe can assess spatial aspects of motor
control with greater precision and that, together with its tem-
poral dimension measured at 60 Hz, thoroughly captures the
spatiotemporal aspects of motor coordination with greater
sensitivity.

Nonetheless, the major limitation of the present study is
that our results are based on findings obtained in a small, yet
heterogenous, group of 12 children with PANS, of whom 11
were compared to VMI MC scores. Thus, this study dem-
onstrates proof-of-concept of this new methodology, with
pilot results indicating its excellent practical potential. Fur-
ther work is now required to assess larger groups consist-
ing of children with PANS, children with other neurodevel-
opmental conditions, as well as children from the general
population, in order to obtain normative data for these novel
metrics, and to compare them against validated instruments
such as the Beery VMI and MABC-2 (Beery 2010; Hender-
son et al. 1992) and in relation to specific neuropsychiatric
symptoms. Importantly, our group of children with PANS
represents a relatively rare population of individuals with a
specific neuropsychiatric disorder that affects, among other
functions, motor coordination. We aimed to examine how
our approach could help better characterize and follow-up
their unique motor difficulties. Another limitation is that pre-
vious exposure to tablets and pencil writing, which could be
potential confounding factors, were not collected, and we
suggest that they should be considered in future research.

Finally, our data were based on a group of children with
PANS, which means that the results may or may not be
generalizable to other pediatric or adult populations. The
participants had several possible causes of their motor dif-
ficulties. Nearly half of them had ADHD, almost all had
motor hyperactivity, and over half had described dysgraphia.
Nevertheless, it is notable that significant linear relationships
between the offset metrics to the VMI MC scores were iden-
tified in the most conservative analysis using repeated test-
ing, when controlling for age, in our relatively small sample
including effects of age and overall functioning level, giving
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some considerable promise of the capability of SpaceSwipe
as a practicable and sensitive motor measure for children.

Conclusions

SpaceSwipe provided an objective reference of the children’s
visuomotor performance, giving a direct computational metric
of motor control. SpaceSwipe results predicted Beery VMI
scores in a shorter time than the Beery itself, and with high
accuracy. Directional offsets accounted for the large variance
of the VMI MC score, and in contrast, spatial offsets appeared
related to age. In sum, SpaceSwipe offers novel directional and
spatial offset metrics to a target movement and provides a con-
tinuous assessment of movement quality. The findings from
this proof-of-concept study demonstrate that SpaceSwipe is a
promising tool for motor testing, giving additional temporal
measures of children’s motor control within complex sympto-
matic conditions that are accompanied by clinical difficulties
in coordinating and controlling movement.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00221-023-06612-x.

Author contributions MT designed the motor system casing, path gen-
eration function, software, and graphics as well as, performed research,
and analyzed data. All authors provided critical feedback and helped
shape the research, analysis, and manuscript. SpaceSwipe, including
its components and derivatives, is a motor testing game designed and
developed by the authors and is protected by Copyright. The graphical
content of SpaceSwipe (e.g., screen captures and game instructions) is
here displayed with non-exclusive permission, granted for the specific
publication. Copyright © 2020 Max Thorsson.

Funding Open access funding provided by University of Gothenburg.
This work is partly funded by unrestricted research grants from the
OPHELIA Foundation (CG, MJ, and EF), Swedish Brain Foundation
(MJ), Behring Pharmaceuticals (CG, MJ, and EF), The Swedish Child
Neuropsychiatry Science Foundation, AnnMari and Per Ahlqvist Foun-
dation (CG), and ALF Vistra Gotaland, ALFGBG-965373 (NH). The
funders had no role in the study design, data collection, analysis, deci-
sion to publish, or preparation of the manuscript.

Availability of data and materials None of the studies reported in this
article were preregistered. The data have not been made available on a
permanent third-party archive because participants were not asked to
consent for their data to be made publicly available, even anonymized.
Data are available upon request from those who wish to collaborate
with us, via a Visitor Agreement with the University of Gothenburg,
if appropriate, under existing ethical approval. Detailed steps of the
procedures for generating stimulus, including code, are available in the
Supplemental Material associated with this article.

Declarations

Conflict of interest The authors declare that they have no conflicts of
interest.

Consent for participation All caregivers gave written consent for their
child’s participation before the experiment, in addition to the child’s
assent or consent, if appropriate.

Ethics approval The study complies with International GDPR and was
approved by the Swedish Ethical Review Authority (diary id: 2021-
02285).

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article's Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article's Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

American Psychiatric Association (2017) Diagnostic and statistical
manual of mental disorder (DSM-5®). American Psychiatric
Publisher, Washington

Anzulewicz A, Sobota K, Delafield-Butt JT (2016) Toward the autism
motor signature: gesture patterns during smart tablet gameplay
identify children with autism. Sci Rep 6:31107. https://doi.org/
10.1038/srep31107

Bartlett RM (2007) Introduction to sports biomechanics: analysing
human movement patterns. Routledge, Oxfordshire

Bates D, Michler M, Bolker B, Walker S (2015) Fitting linear mixed-
effects models using Ime4. J Stat Softw 67(1):1-48. https://doi.
org/10.18637/jss.v067.101

Beery KE, Buktenica NA, Beery NA (2010) The Beery-Buktenica
developmental test of visual-motor integration: administration,
scoring, and teaching manual, 6th edn. Pearson, Minneapolis, MN

Bejerot S, Edgar J, Humble MB (2011) Poor performance in physical
education—a risk factor for bully victimization. a case-control
study. Acta Paediatr 100(3):413-419. https://doi.org/10.1111/j.
1651-2227.2010.02016.x

Bignardi G, Dalmaijer ES, Anwyl-Irvine A, Astle DE (2021) Collecting
big data with small screens: Group tests of children’s cognition
with touchscreen tablets are reliable and valid. Behav Res Methods
53(4):1515-1529. https://doi.org/10.3758/s13428-020-01503-3

Blank R, Barnett AL, Cairney J, Green D, Kirby A, Polatajko H, Vin-
¢on S (2019) International clinical practice recommendations on
the definition, diagnosis, assessment, intervention, and psycho-
social aspects of developmental coordination disorder. Dev Med
Child Neurol 61(3):242-285. https://doi.org/10.1111/dmcn.14132

Bo J, Bastian AJ, Kagerer FA, Contreras-Vidal JL, Clark JE (2008)
Temporal variability in continuous versus discontinuous drawing
for children with developmental coordination disorder. Neurosci
Lett 431(3):215-220. https://doi.org/10.1016/j.neulet.2007.11.040

Bostan AC, Dum RP, Strick PL (2010) The basal ganglia communi-
cate with the cerebellum. Proc Natl Acad Sci 107(18):8452—-8456.
https://doi.org/10.1073/pnas. 1000496107

Brown T, Lalor A (2009) The Movement assessment battery for
children-second edition (MABC-2): a review and critique. Phys
Occup Ther Pediatr 29(1):86—-103. https://doi.org/10.1080/01942
630802574908

Brown T, Link J (2015) The association between measures of visual
perception, visual-motor integration, and in-hand manipulation
skills of school-age children and their manuscript handwriting
speed. Br J Occup Ther 79(3):163-171. https://doi.org/10.1177/
0308022615600179

@ Springer


https://doi.org/10.1007/s00221-023-06612-x
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1038/srep31107
https://doi.org/10.1038/srep31107
https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.1111/j.1651-2227.2010.02016.x
https://doi.org/10.1111/j.1651-2227.2010.02016.x
https://doi.org/10.3758/s13428-020-01503-3
https://doi.org/10.1111/dmcn.14132
https://doi.org/10.1016/j.neulet.2007.11.040
https://doi.org/10.1073/pnas.1000496107
https://doi.org/10.1080/01942630802574908
https://doi.org/10.1080/01942630802574908
https://doi.org/10.1177/0308022615600179
https://doi.org/10.1177/0308022615600179

1434

Experimental Brain Research (2023) 241:1421-1436

Bucsuhazy K, Semela M (2017) Case study: reaction time of children
according to age. Procedia Eng 187:408—413. https://doi.org/10.
1016/j.proeng.2017.04.393

Cancer A, Minoliti R, Crepaldi M, Antonietti A (2020) Identifying
developmental motor difficulties: a review of tests to assess motor
coordination in children. J Funct Morphol Kinesiol. https://doi.
org/10.3390/5fmk5010016

Chua Y, Lu SC, Anzulewicz A, Sobota K, Tachtatzis C, Andonovic
I, Delafield-Butt J (2022) Developmental differences in the pro-
spective organisation of goal-directed movement between children
with autism and typically developing children: a smart tablet seri-
ous game study. Dev Sci. https://doi.org/10.1111/desc.13195

Colvin MK, Erwin S, Alluri PR, Laffer A, Pasquariello K, Williams
KA (2021) Cognitive, graphomotor, and psychosocial challenges
in pediatric autoimmune neuropsychiatric disorders associated
with streptococcal infections (PANDAS). J Neuropsychiatry Clin
Neurosci 33(2):90-97. https://doi.org/10.1176/appi.neuropsych.
20030065

Crotty K, Baron IS (2011) Beery developmental test of visual-motor
integration (VMI). In: Kreutzer JS, DeLuca J, Caplan B (eds)
Encyclopedia of clinical neuropsychology. Springer, Berlin, pp
364-365

Culmer PR, Levesley MC, Mon-Williams M, Williams JHG (2009) A
new tool for assessing human movement: the kinematic assess-
ment tool. J Neurosci Methods 184(1):184-192. https://doi.org/
10.1016/j.jneumeth.2009.07.025

de Wit MM, Buxbaum LJ (2017) Critical motor involvement in pre-
diction of human and non-biological motion trajectories. J Int
Neuropsychol Soc 23(2):171-184. https://doi.org/10.1017/S1355
617716001144

de Graaf JB, Sittig AC, van der Gon JJD (1994) Misdirections in slow,
goal-directed arm movements are not primarily visually based.
Exp Brain Res 99(3):464-472. https://doi.org/10.1007/BF002
28983

de Lussanet M, Brenner E, Smeets J (2002) Independent control of
acceleration and direction of the hand when hitting moving tar-
gets. Spat vis 15(2):129-140. https://doi.org/10.1163/1568568025
2875129

Delafield-Butt J, Freer Y, Perkins J, Skulina D, Schogler B, Lee D
(2018) Prospective organization of neonatal arm movements: a
motor foundation of embodied agency, disrupted in premature
birth. Dev Sci. https://doi.org/10.1111/desc.12693

DeLong MR, Wichmann T (2007) Circuits and circuit disorders of the
Basal Ganglia. Arch Neurol 64(1):20-24. https://doi.org/10.1001/
archneur.64.1.20

Duiser IH, van der Kamp J, Ledebt A, Savelsbergh GJ (2014) Relation-
ship between the quality of children's handwriting and the Beery
Buktenica developmental test of visuomotor integration after one
year of writing tuition. Aust Occup Ther J 61(2):76-82. https://
doi.org/10.1111/1440-1630.12064

Elliott D, Hansen S, Grierson LEM, Lyons J, Bennett SJ, Hayes SJ
(2010) Goal-directed aiming: Two components but multiple pro-
cesses. Psychol Bull 136:1023-1044. https://doi.org/10.1037/
20020958

Fisher RA (1915) Frequency distribution of the values of the correla-
tion coefficient in samples from an indefinitely large population.
Biometrika 10(4):507-521. https://doi.org/10.2307/2331838

Flash T, Hogan N (1985) The coordination of arm movements: an
experimentally confirmed mathematical model. J Neurosci
5(7):1688. https://doi.org/10.1523/JNEUROSCI.05-07-01688.
1985

Flatters I, Hill LIB, Williams JHG, Barber SE, Mon-Williams M
(2014) Manual control age and sex differences in 4 to 11 year old
children. PLoS ONE 9(2):e88692. https://doi.org/10.1371/journ
al.pone.0088692

@ Springer

Forssberg H, Eliasson AC, Kinoshita H, Westling G, Johansson RS
(1995) Development of human precision grip. IV. Tactile adap-
tation of isometric finger forces to the frictional condition. Exp
Brain Res 104(2):323-330. https://doi.org/10.1007/bf00242017

Gaul D, Issartel J (2016) Fine motor skill proficiency in typically devel-
oping children: on or off the maturation track? Hum Mov Sci
46:78-85. https://doi.org/10.1016/j.humov.2015.12.011

Geers L, Vannuscorps G, Pesenti M, Andres M (2022) Selective
interference of hand posture with grasping capability estima-
tion. Exp Brain Res 240(2):525-535. https://doi.org/10.1007/
500221-021-06264-9

Gerth S, Dolk T, Klassert A, Fliesser M, Fischer MH, Nottbusch G,
Festman J (2016) Adapting to the surface: a comparison of hand-
writing measures when writing on a tablet computer and on paper.
Hum Mov Sci 48:62—73. https://doi.org/10.1016/j.humov.2016.
04.006

Ghayour Najafabadi M, Saghaei B, Shariat A, Ingle L, Babazadeh-
Zavieh SS, Shojaei M, Daneshfar A (2022) Validity and reliability
of the movement assessment battery second edition test in children
with and without motor impairment: a prospective cohort study.
Ann Med Surg 77:103672. https://doi.org/10.1016/j.amsu.2022.
103672

Gillberg C (2010) The ESSENCE in child psychiatry: early sympto-
matic syndromes eliciting neurodevelopmental clinical exami-
nations. Res Dev Disabil 31(6):1543-1551. https://doi.org/10.
1016/5.ridd.2010.06.002

Gillberg C, Carlstrom G, Rasmussen P, Waldenstrom E (1983) Per-
ceptual, motor and attentional deficits in seven-year-old children
neurological screening aspects. Acta Paediatr 72(1):119-124.
https://doi.org/10.1111/j.1651-2227.1983.tb09675.x

Gillberg C, Harrington R, Steinhausen H-C (2006) A clinician’s hand-
book of child and adolescent psychiatry. Cambridge University
Press, Cambridge

Gulde P, Hermsdorfer J (2018) Smoothness metrics in complex move-
ment tasks. Front Neurol. https://doi.org/10.3389/fneur.2018.
00615

Hammill DD, Pearson NA, Voress JK (1993) Developmental test of
visual perception, 2nd edn. PRO-ED, Austin, TX

Henderson SE, Sugden D, Barnett AL (1992) Movement assessment
battery for children-2. Res Dev Disabil. https://doi.org/10.1037/
t55281-000

Hill LIB, Coats RO, Mushtaq F, Williams JHG, Aucott LS, Mon-Wil-
liams M (2016) Moving to capture children’s attention: developing
a methodology for measuring visuomotor attention. PLoS ONE
11(7):e0159543. https://doi.org/10.1371/journal.pone.0159543

Howe T-H, Chen H-L, Lee CC, Chen Y-D, Wang T-N (2017) The
computerized perceptual motor skills assessment: a new visual
perceptual motor skills evaluation tool for children in early ele-
mentary grades. Res Dev Disabil 69:30-38. https://doi.org/10.
1016/j.ridd.2017.07.010

Howell DC (2010) Statistical methods for psychology, 7 edn. Wads-
worth Publishing Company, Belmont, CA

Huh D, Sejnowski TJ (2015) Spectrum of power laws for curved hand
movements. Proc Natl Acad Sci USA 112(29):E3950-E3958.
https://doi.org/10.1073/pnas.1510208112

Hyun GJ, Park JW, Kim JH, Min KJ, Lee YS, Kim SM, Han DH (2018)
Visuospatial working memory assessment using a digital tablet
in adolescents with attention deficit hyperactivity disorder. Com-
put Methods Programs Biomed 157:137-143. https://doi.org/10.
1016/j.cmpb.2018.01.022

Kennard MA (1944) Experimental analysis of the functions of the
basal ganglia in monkeys and chimpanzees. J Neurophysiol
7(2):127-148


https://doi.org/10.1016/j.proeng.2017.04.393
https://doi.org/10.1016/j.proeng.2017.04.393
https://doi.org/10.3390/jfmk5010016
https://doi.org/10.3390/jfmk5010016
https://doi.org/10.1111/desc.13195
https://doi.org/10.1176/appi.neuropsych.20030065
https://doi.org/10.1176/appi.neuropsych.20030065
https://doi.org/10.1016/j.jneumeth.2009.07.025
https://doi.org/10.1016/j.jneumeth.2009.07.025
https://doi.org/10.1017/S1355617716001144
https://doi.org/10.1017/S1355617716001144
https://doi.org/10.1007/BF00228983
https://doi.org/10.1007/BF00228983
https://doi.org/10.1163/15685680252875129
https://doi.org/10.1163/15685680252875129
https://doi.org/10.1111/desc.12693
https://doi.org/10.1001/archneur.64.1.20
https://doi.org/10.1001/archneur.64.1.20
https://doi.org/10.1111/1440-1630.12064
https://doi.org/10.1111/1440-1630.12064
https://doi.org/10.1037/a0020958
https://doi.org/10.1037/a0020958
https://doi.org/10.2307/2331838
https://doi.org/10.1523/JNEUROSCI.05-07-01688.1985
https://doi.org/10.1523/JNEUROSCI.05-07-01688.1985
https://doi.org/10.1371/journal.pone.0088692
https://doi.org/10.1371/journal.pone.0088692
https://doi.org/10.1007/bf00242017
https://doi.org/10.1016/j.humov.2015.12.011
https://doi.org/10.1007/s00221-021-06264-9
https://doi.org/10.1007/s00221-021-06264-9
https://doi.org/10.1016/j.humov.2016.04.006
https://doi.org/10.1016/j.humov.2016.04.006
https://doi.org/10.1016/j.amsu.2022.103672
https://doi.org/10.1016/j.amsu.2022.103672
https://doi.org/10.1016/j.ridd.2010.06.002
https://doi.org/10.1016/j.ridd.2010.06.002
https://doi.org/10.1111/j.1651-2227.1983.tb09675.x
https://doi.org/10.3389/fneur.2018.00615
https://doi.org/10.3389/fneur.2018.00615
https://doi.org/10.1037/t55281-000
https://doi.org/10.1037/t55281-000
https://doi.org/10.1371/journal.pone.0159543
https://doi.org/10.1016/j.ridd.2017.07.010
https://doi.org/10.1016/j.ridd.2017.07.010
https://doi.org/10.1073/pnas.1510208112
https://doi.org/10.1016/j.cmpb.2018.01.022
https://doi.org/10.1016/j.cmpb.2018.01.022

Experimental Brain Research (2023) 241:1421-1436

1435

Kim S (2015) ppcor: an R package for a fast calculation to semi-partial
correlation coefficients. CSAM 22(6):665-674. https://doi.org/10.
5351/CSAM.2015.22.6.665

Kim HF, Hikosaka O (2015) Parallel basal ganglia circuits for
voluntary and automatic behaviour to reach rewards. Brain
138(7):1776-1800. https://doi.org/10.1093/brain/awv134

Kintel M (2010) OpenSCAD. Retrieved 30 Mar 2022 from https://
openscad.org/

Lacquaniti F, Terzuolo C, Viviani P (1983) The law relating the kin-
ematic and figural aspects of drawing movements. Acta Psychol
(amst) 54(1-3):115-130

Lahav O, Apter A, Ratzon NZ (2013) Psychological adjustment and
levels of self esteem in children with visual-motor integration dif-
ficulties influences the results of a randomized intervention trial.
Res Dev Disabil 34(1):56—64. https://doi.org/10.1016/j.ridd.2012.
07.024

Lamb DG, Correa LN, Seider TR, Mosquera DM, Rodriguez JA, Sala-
zar L, Heilman KM (2016) The aging brain: movement speed
and spatial control. Brain Cogn 109:105-111. https://doi.org/10.
1016/j.bandc.2016.07.009

Lazaro RT, Reina-Guerra S, Quiben M, Umphred DA (2020) Learn-
ing disabilities and developmental coordination disorder In
Umphred’s neurological rehabilitation (Seventh edition ed.).
Elsevier, St Louis, Mo, pp 321-351

Lewin AB, Storch EA, Mutch PJ, Murphy TK (2011) Neurocognitive
functioning in youth with pediatric autoimmune neuropsychiatric
disorders associated with streptococcus. J Neuropsychiatry Clin
Neurosci 23(4):391-398. https://doi.org/10.1176/jnp.23.4.jnp391

Lin Q, Luo J, Wu Z, Shen F, Sun Z (2015) Characterization of fine
motor development: dynamic analysis of children’s drawing
movements. Hum Mov Sci 40:163-175. https://doi.org/10.1016/j.
humov.2014.12.010

Lin Y-C, Chao Y-L, Wu S-K, Lin H-H, Hsu C-H, Hsu H-M, Kuo L-C
(2017) Comprehension of handwriting development: pen-grip
kinetics in handwriting tasks and its relation to fine motor skills
among school-age children. Aust Occup Ther J 64(5):369-380.
https://doi.org/10.1111/1440-1630.12393

Lindstrom L, René Dudfield R, Shinners P, Dudfield N, and Kluyver T
(2011) PyGame—Python Game Development. Retrieved 30 Oct
2021 from https://www.pygame.org/

Lu S-C, Rowe P, Tachtatzis C, Andonovic I, Anzulewicz A, Sobota K,
Delafield-Butt J (2022) Swipe kinematic differences in young chil-
dren with autism spectrum disorders are task- and age-dependent:
a smart tablet game approach. Brain 5:100032. https://doi.org/10.
1016/j.dscb.2022.100032

Manto M (2009) Mechanisms of human cerebellar dysmetria: experi-
mental evidence and current conceptual bases. ] Neuroeng Reha-
bil 6(1):10. https://doi.org/10.1186/1743-0003-6-10

Matic A, Gomez-Marin A (2019) A customizable tablet app for
hand movement research outside the lab. J] Neurosci Methods
328:108398. https://doi.org/10.1016/j.jneumeth.2019.108398

Morasso P (1981) Spatial control of arm movements. Exp Brain Res
42(2):223-227. https://doi.org/10.1007/BF0023691 1

Murphy TK, Parker-Athill EC, Lewin AB, Storch EA, Mutch PJ
(2015a) Cefdinir for recent-onset pediatric neuropsychiatric dis-
orders: a pilot randomized trial. J Child Adolesc Psychopharmacol
25(1):57-64. https://doi.org/10.1089/cap.2014.0010

Murphy TK, Patel PD, McGuire JF, Kennel A, Mutch PJ, Parker-
Athill EC, Rodriguez CA (2015b) Characterization of the pedi-
atric acute-onset neuropsychiatric syndrome phenotype. J Child
Adolesc Psychopharmacol 25(1):14-25. https://doi.org/10.1089/
cap.2014.0062

Murphy TK and Bernstein GA (2018) Pediatric Acute Neuropsychiat-
ric Symptom Scale, Parent Version. Retrieved 10 Jan 2022 from
https://pandasnetwork.org/wp-content/uploads/2018/11/pandas_
pans_scale.pdf

Nakagawa S, Schielzeth H (2013) A general and simple method for
obtaining R2 from generalized linear mixed-effects models. Meth-
ods Ecol Evol 4(2):133-142. https://doi.org/10.1111/j.2041-210x.
2012.00261.x

Orefici G, Cardona F, Cox CJ, Cunningham MW (2016) Pediatric auto-
immune neuropsychiatric disorders associated with streptococcal
infections (PANDAS). In: Ferretti JJ, Stevens DL, Fischetti VA
(eds) Streptococcus pyogenes basic biology to clinical manifesta-
tions. University of Oklahoma Health Sciences Center, Oklahoma
City (OK)

Passell E, Strong RW, Rutter LA, Kim H, Scheuer L, Martini P, Ger-
mine L (2021) Cognitive test scores vary with choice of personal
digital device. Behav Res Methods 53(6):2544-2557. https://doi.
org/10.3758/s13428-021-01597-3

Reid A-K, Allum N (2019) Learn about analysing age in survey data
using polynomial regression in stata with data from the wellcome
trust monitor survey (2009). In: Sage Research Methods Datasets
Part 2. SAGE Publications Ltd. https://doi.org/10.4135/97815
26497420

Rolls ET, Treves A (1997) Motor systems: cerebellum and basal gan-
glia. In: Rolls E, Treves A (eds) Neural networks and brain func-
tion. Oxford Academic, Oxford. https://doi.org/10.1093/acprof:
050/9780198524328.003.0009. Accessed 20 Feb 2023

Rosenblum S, Amit Ben-Simhon H, Meyer S, Gal E (2019) Predictors
of handwriting performance among children with autism spectrum
disorder. Res Autism Spectr Disord 60:16—24. https://doi.org/10.
1016/j.rasd.2019.01.002

Rossum GV (1995) Python tutorial. Centrum voor Wiskunde en Infor-
matica Amsterdam, Amsterdam

Runnalls KD, Ortega-Auriol P, McMorland AJC, Anson G, Byblow
WD (2019) Effects of arm weight support on neuromuscular acti-
vation during reaching in chronic stroke patients. Exp Brain Res
237(12):3391-3408. https://doi.org/10.1007/s00221-019-05687-9

Savickaite S, Morrison C, Lux E, Delafield-Butt J, Simmons DR
(2022) The use of a tablet-based app for investigating the influ-
ence of autistic and ADHD traits on performance in a complex
drawing task. Behav Res Methods. https://doi.org/10.3758/
$13428-021-01746-8

Schober P, Vetter TR (2018) Repeated measures designs and analysis
of longitudinal data: if at first you do not succeed-try. Try Again
Anesth Analg 127(2):569-575. https://doi.org/10.1213/ane.00000
00000003511

Shaklai S, Mimouni-Bloch A, Levin M, Friedman J (2017) Devel-
opment of finger force coordination in children. Exp Brain Res
235(12):3709-3720. https://doi.org/10.1007/s00221-017-5093-2

Shim JK, Oliveira MA, Hsu J, Huang J, Park J, Clark JE (2007) Hand
digit control in children: age-related changes in hand digit force
interactions during maximum flexion and extension force pro-
duction tasks. Exp Brain Res 176(2):374-386. https://doi.org/10.
1007/500221-006-0629-x

Smits-Engelsman B, Schoemaker M, Delabastita T, Hoskens J, Geuze
R (2015) Diagnostic criteria for DCD: past and future. Hum Mov
Sci 42:293-306. https://doi.org/10.1016/j.humov.2015.03.010

Snapp-Childs W, Flatters I, Fath A, Mon-Williams M, Bingham GP
(2014) Training compliance control yields improvements in draw-
ing as a function of beery scores. PLoS ONE 9(3):e92464. https://
doi.org/10.1371/journal.pone.0092464

Snijders TAB, Bosker RJ (2012) Multilevel analysis: an introduction to
basic and advanced multilevel modeling. SAGE, London

Stipancic KL, Kuo Y-L, Miller A, Ventresca HM, Sternad D, Kim-
berley TJ, Green JR (2021) The effects of continuous oromotor
activity on speech motor learning: speech biomechanics and
neurophysiologic correlates. Exp Brain Res 239(12):3487-3505.
https://doi.org/10.1007/s00221-021-06206-5

@ Springer


https://doi.org/10.5351/CSAM.2015.22.6.665
https://doi.org/10.5351/CSAM.2015.22.6.665
https://doi.org/10.1093/brain/awv134
https://openscad.org/
https://openscad.org/
https://doi.org/10.1016/j.ridd.2012.07.024
https://doi.org/10.1016/j.ridd.2012.07.024
https://doi.org/10.1016/j.bandc.2016.07.009
https://doi.org/10.1016/j.bandc.2016.07.009
https://doi.org/10.1176/jnp.23.4.jnp391
https://doi.org/10.1016/j.humov.2014.12.010
https://doi.org/10.1016/j.humov.2014.12.010
https://doi.org/10.1111/1440-1630.12393
https://www.pygame.org/
https://doi.org/10.1016/j.dscb.2022.100032
https://doi.org/10.1016/j.dscb.2022.100032
https://doi.org/10.1186/1743-0003-6-10
https://doi.org/10.1016/j.jneumeth.2019.108398
https://doi.org/10.1007/BF00236911
https://doi.org/10.1089/cap.2014.0010
https://doi.org/10.1089/cap.2014.0062
https://doi.org/10.1089/cap.2014.0062
https://pandasnetwork.org/wp-content/uploads/2018/11/pandas_pans_scale.pdf
https://pandasnetwork.org/wp-content/uploads/2018/11/pandas_pans_scale.pdf
https://doi.org/10.1111/j.2041-210x.2012.00261.x
https://doi.org/10.1111/j.2041-210x.2012.00261.x
https://doi.org/10.3758/s13428-021-01597-3
https://doi.org/10.3758/s13428-021-01597-3
https://doi.org/10.4135/9781526497420
https://doi.org/10.4135/9781526497420
https://doi.org/10.1093/acprof:oso/9780198524328.003.0009
https://doi.org/10.1093/acprof:oso/9780198524328.003.0009
https://doi.org/10.1016/j.rasd.2019.01.002
https://doi.org/10.1016/j.rasd.2019.01.002
https://doi.org/10.1007/s00221-019-05687-9
https://doi.org/10.3758/s13428-021-01746-8
https://doi.org/10.3758/s13428-021-01746-8
https://doi.org/10.1213/ane.0000000000003511
https://doi.org/10.1213/ane.0000000000003511
https://doi.org/10.1007/s00221-017-5093-2
https://doi.org/10.1007/s00221-006-0629-x
https://doi.org/10.1007/s00221-006-0629-x
https://doi.org/10.1016/j.humov.2015.03.010
https://doi.org/10.1371/journal.pone.0092464
https://doi.org/10.1371/journal.pone.0092464
https://doi.org/10.1007/s00221-021-06206-5

1436

Experimental Brain Research (2023) 241:1421-1436

Stoffel MA, Nakagawa S, Schielzeth H (2021) partR2: partitioning
R(2) in generalized linear mixed models. Peer J 9:e11414. https://
doi.org/10.7717/peerj.11414

Swedo S (2012) From research subgroup to clinical syndrome: modi-
fying the PANDAS criteria to describe PANS (PEDIATRIC
ACUTE-ONSET NEUROPSYCHIATRIC SYNDrome). Pediatr
Therapeut. https://doi.org/10.4172/2161-0665.1000113

Terrel R and Himbolt T (2015) Space-3d. In. https://github.com/
wwwtyro/space-3d: GitHub

Todorov DI, Capps RA, Barnett WH, Latash EM, Kim T, Hamade
KC, Molkov YT (2019) The interplay between cerebellum and
basal ganglia in motor adaptation: a modeling study. PLoS ONE
14(4):€0214926. https://doi.org/10.1371/journal.pone.0214926

Torres EB (2013) Atypical signatures of motor variability found in an
individual with ASD. Neurocase 19(2):150-165. https://doi.org/
10.1080/13554794.2011.654224

Torres EB, Brincker M, Isenhower RW, Yanovich P, Stigler KA, Nurn-
berger JI, José JV (2013) Autism: the micro-movement perspec-
tive. Front Integr Neurosci 7:32. https://doi.org/10.3389/fnint.
2013.00032

Valverde A, Aratjo RS, C., Magalhaes, L., & Cardoso, A. (2020) Rela-
tionship between visual-motor integration and manual dexterity
in children with developmental coordination disorder. Cadernos
Brasileiros De Terapia Ocupacional. https://doi.org/10.4322/2526-
8910.ctoao1999

Viviani P, Schneider R (1991) A developmental study of the relation-
ship between geometry and kinematics in drawing movements. J
Exp Psychol Hum Percept Perform 17(1):198-218. https://doi.
org/10.1037/0096-1523.17.1.198

@ Springer

Volman C, Schendel B, Jongmans M (2006) Handwriting difficulties in
primary school children: a search for underlying mechanisms. Am
J Occup Ther 60:451-460. https://doi.org/10.5014/ajot.60.4.451

von Hofsten C (2004) An action perspective on motor development.
Trends Cogn Sci 8(6):266-272. https://doi.org/10.1016/j.tics.
2004.04.002

Zago M, Matic A, Flash T, Gomez-Marin A, Lacquaniti F (2018)
The speed-curvature power law of movements: a reap-
praisal. Exp Brain Res 236(1):69-82. https://doi.org/10.1007/
s00221-017-5108-z

Zheng J, Frankovich J, McKenna ES, Rowe NC, MacEachern SJ, Ng
NN, Yeom KW (2020) Association of pediatric acute-onset neu-
ropsychiatric syndrome with microstructural differences in brain
regions detected via diffusion-weighted magnetic resonance imag-
ing. JAMA Netw Open 3(5):e204063. https://doi.org/10.1001/
jamanetworkopen.2020.4063

Zwart FS, Vissers CTWM, Kessels RPC, Maes JHR (2019) Procedural
learning across the lifespan: a systematic review with implications
for atypical development. J Neuropsychol 13(2):149-182. https://
doi.org/10.1111/jnp.12139

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.


https://doi.org/10.7717/peerj.11414
https://doi.org/10.7717/peerj.11414
https://doi.org/10.4172/2161-0665.1000113
https://github.com/wwwtyro/space-3d
https://github.com/wwwtyro/space-3d
https://doi.org/10.1371/journal.pone.0214926
https://doi.org/10.1080/13554794.2011.654224
https://doi.org/10.1080/13554794.2011.654224
https://doi.org/10.3389/fnint.2013.00032
https://doi.org/10.3389/fnint.2013.00032
https://doi.org/10.4322/2526-8910.ctoao1999
https://doi.org/10.4322/2526-8910.ctoao1999
https://doi.org/10.1037/0096-1523.17.1.198
https://doi.org/10.1037/0096-1523.17.1.198
https://doi.org/10.5014/ajot.60.4.451
https://doi.org/10.1016/j.tics.2004.04.002
https://doi.org/10.1016/j.tics.2004.04.002
https://doi.org/10.1007/s00221-017-5108-z
https://doi.org/10.1007/s00221-017-5108-z
https://doi.org/10.1001/jamanetworkopen.2020.4063
https://doi.org/10.1001/jamanetworkopen.2020.4063
https://doi.org/10.1111/jnp.12139
https://doi.org/10.1111/jnp.12139

	A novel tablet-based motor coordination test performs on par with the Beery VMI subtest and offers superior temporal metrics: findings from children with pediatric acute-onset neuropsychiatric syndrome
	Abstract
	Introduction
	Motor coordination problems in children with PANS
	Traditional motor coordination tests
	Novel tablet-based tests
	The current study and feasibility of a novel tablet-based test

	Methods
	Participants
	SpaceSwipe properties
	Task-dedicated device
	Game directive and test setting
	Path generation
	Motion profile generation
	Degree of difficulty
	Offset metrics
	Pre-processing of touch screen data

	Statistical analysis

	Results
	Stability and reproducibility of SpaceSwipe metrics
	Initial testing
	Repeated testing

	Relationship between the spatial and directional metrics in SpaceSwipe and the VMI MC score
	Relationship between age and the spatial and directional metrics in SpaceSwipe

	Discussion
	General technical aspects and limitations

	Conclusions
	Anchor 28
	References




