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Writing kinematics and graphic rules in children
with ADHD

KunemaTuka nmucama u rpadudka mpaBuiia y Jele ca XUIMepKUHETCKUM
nopemehajem ca HemocTarkoM naxee (ADHD)

SUMMARY

Introduction/Objective The aim of this study was to
compare kinematic features and graphic rules of writing
between children with attention deficit/hyperactivity
disorder (ADHD) with and without medical treatment and
typically developed children (TDC).

Methods In total, 55 children (26 with ADHD/ten subjects
were on methylphenidate treatment and 29 TDC) completed
a writing task on a digitizing board (in three repetitions;
using non-inking stylus) which included a semicircle tracing,
triangle, and letter copying. Kinematic features of
movements in all tasks and graphic rules during a semicircle
tracing were analyzed. Graphic rules were observed as
expected movements (selecting the starting point and
direction of tracing).

Results The values of kinematic parameter jerk were
significantly larger in TDC group compared to all ADHD
subjects (regardless of treatment) and increased constantly
with semicircle task progression and repetition 'in both
groups. Children with ADHD without methylphenidate
treatment used overall slower movements compared to TDC.
The tracing of children with ADHD taking methylphenidate
was more automated (with less change in - movement velocity
and acceleration) compared to/ TDC. In ADHD group only,
those with treatment traced faster and more. -automated
compared to those without treatment. The majority of
subjects used expected movements in-semicircle tracing and
this percentage. increased with the task repetition (without
difference between ADHD and TDC).

Conclusion Both children with ADHD and TDC use similar
approach in the tracing task and were compliant with graphic
rules. Methylphenidate treatment may positively influence
writing kinematics in children with ADHD. Task repetition
also influences writing.

Keywords: writing; ADHD; kinematic parameters; graphic
rules; methylphenidate

INTRODUCTION

CAXKETAK

Yeop/umip Llue oBe cryguje Ouo je na ymopeau
KAHEMAaTHYKe KapaKTEepUCTHKe H rpaduuka IpaBuiia
TIPYIIMKOM THCamba Jielle ca XUIEepPKUHETCKUM mopemehajem
ca HepocratkoM naxme (ADHD) ca u 6e3 Tepanmje cTumy-
JaHcUMa U THOHYHO passujere aere (TDC).

Metone Ananusupaso je 55 ucnuranuka (26 ca ADHD, ox
Kojux je meceropo nobujane Mermwipenunar u 29 TDC).
VicnuTaHMIM Cy PaJiiM 33/1aTaK ca MHCalkeM Ha IUTHTalIH-
30BaHOj rpadguukoj Taduu (y Tpu MOHaBabamka; MUCAJEKOM
6e3 MacTuia). 3afaTak je yKJbydHBao MoaeOibaBame Moiy-
KpyroBsa, IpelpTaBame TPOyria. M JpEeNuCHBamke CIIOBA.
AHanu3upase | Cy KHHEMAaTH4YKe  KapaKTePUCTHKE CBHX
MOKpeTa Kao ¥ rpaduyka npaBuia NPUIMKOM Moae0JbaBamba
nonykpyrosa. I'padguuka mpasuiia cy cariienaBaHa Kpo3 ode-
KHBaHE MOKpETe MUcama (01adup MoYeTHE TayKe W IpaBall
nosie0JpaBama).

Pesyaratu BpenHoctu nmapamerpa ,,Tp3aj’’ Omie cy cTaTu-
cruuku-3Hauajuo Behe xox TDC y mopehewy ca ADHD u
KOHCTAaHTHO paciie y o0e rpyle ca u3pajoM M ITOHABJbAmbEM
3anaTtka ca mosykpyropuma. [lena ca ADHD 6e3 Tepamuje
MeTHI(EHNIATOM HMaya Cy CIIOpHje HOKpeTe MHcama y
nopehemy ca TDC. Ilokpern nonebipaBama cy OmiM ayTo-
MaTH30BaHUjU (Mamke MpOMeHa y Op3WHHU U yOp3amy) U ca
MamuM Tp3ajeM kog ADHD Ha metundenunaty y nopehemy
ca TDC. Y ADHD rpymu, oHa Jiera Ha Tepanuju mnojaebipa-
Baja cy Op»Ke M ayTOMaTH30BaHHWje y Topehemy ca nemom
0e3 Tepanuje. Behnna ncnnTanuka KOpUCTHNIA je OUSKHBaHA
HOKpeTe 3a 1o/e0sbaBambe MOJTYKPYroBa U OBaj IPOIEHAT je
pacTao ca NOHaBJbambeM 3ajaTka (Huje Omiio pasmuke Mebhy
UCITUTUBAHUM IpyNaMa).

3axbyuyak Jlema ca ADHD xao m TDC xopucre ciuuaH
MPUCTYN y TOoAe0JbaBamy MONYKPYroBa W MPHIPKABA]y CE
rpadpuuKuX TpaBwia. TpeTMaH METHI(PEHHUIATOM MOXKe
YTHLATH TIO3UTHBHO Ha KMHEMAaTHKy MHCama KOJ Jele ca
ADHD. ITonaBsame 3a1aTKa Takol)e yTHUYE Ha MUCAKE.
Kibyune peun: mucame; ADHD; kiuHeMaTHuku mapaMeTpu;
rpaduuka npasuia; MeTHIGeHHaaT

Writing is a sophisticated skill that combines cognitive, affective, and biomechanical

processes [1, 2]. Writing skill develops with age and masters during elementary and high

school [2, 3, 4]. Writing is still important part of learning and education and writing

difficulties can negatively influence development [1, 2]. Due to its complexity, writing is

very sensitive to different intrinsic (e.g., fine motor control, sensory modalities, attention, or
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working memory) and extrinsic factors (e.g. sitting position, chair height, writing surface

color, or verbal instructions) [2, 3].

Writing movements can be divided into basic portions called strokes. A single stroke
is defined as the time segment between two subsequent changes in direction during writing
[5]. Specific kinematic parameters of writing can be derived from strokes and these are: on
surface pressure, stroke speed, stroke duration, velocity, acceleration, jerk, number of
velocity/acceleration direction alteration, hand in-air/on-surface time,
horizontal/vertical/tangential velocity (acceleration/jerk) and others ©[6-10].. Various
psychiatric and neurological disorders often have their own unique combination of kinematic

parameters in particular writing task in which they deviate from healthy controls [6-11].

Certain rules are observed during writing, ‘copying or._tracing. These rules are
observed as predictable movements, which form a sequence in writing simple or more
complex shapes. They are called graphic rules and include starting (a preference to initiate
writing by selecting certain location point), progression (a preference to write a segment in
some direction), and horizontal rule (a tendency to draw horizontal line after the vertical or
oblique) [12, 13]. Using these rules, we can predefine order/sequence of writing or tracing
movements in writing task execution and potentially reveal which cognitive strategies
children use 'in writing. By this approach, it is possible to detect children with writing
difficulties [12].

Attention deficit/hyperactivity disorder (ADHD) is one of the most common
neurodevelopmental disorders among children and adolescents with a worldwide prevalence
ranging from 5% to 7%, being more frequent among males [14]. Children with ADHD may
have motor performance difficulties including writing impairment [1, 15, 16, 17]. Problems
with attention span, fine motor control, error processing, visual-motor integration, motor
planning, and working memory can all contribute to poorer writing performance in ADHD
[1, 18, 19, 20]. Subjects with ADHD write less legible, poorer scaled, with more
interruptions, using higher on-surface pressure and less automated movements for age

compared to TDC and writing can be influenced with stimulant medication [1, 18].

Both kinematic analysis and graphic rules are potential ways to assess writing
characteristics, but only one study so far combined these to detect children with writing

difficulties [12]. Our research was organized in order to further analyze this particular
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approach in developmental disorders like ADHD. The aim was to determine whether and
how writing of children with ADHD differs from TDC in kinematic features and graphic
rules. Also we tested the influence of stimulant medications and task repetition onto writing

performance.

METHODS
Participants

Data for the present study was collected from a clinical-and community sample. The
clinical sample, constituting the experimental group, included 26 children-(mean age 10.5 +
1.5 years; 21 (80.8%) boys; 24 (92.3%) right-handed) to whom was confirmed the diagnosis
of ADHD according to the Diagnostic and Statistical Manual of Mental Disorders 5™ edition
(DSM-5) [21]. The experimental group was divided regarding medical treatment with
psychostimulant drugs. Ten children (38.5 %) in the experimental group were taking
extended-release methylphenidate (OROS formulation — MTX; at dose 18 or 36 mg per day)
and 16 subjects did not take medications. The community sample, constituting the control
group, included 29 TDC (mean age 10.2 = 0.4 years; 16 (55.2%) boys; 26 (89.7%) were
right-handed). The majority of subjects preferred Serbian cursive Cyrillic script during
writing. The exclusion criteria were the total IQ < 80 and the presence of any other

neurological or psychiatric comorbidity.

An informed consent from parent/guardian was provided for all subjects. The study was

approved by the ethics committee.

Procedure

Following the previous study of Khalid et al. [12], 2010, this study considered a
similar combination of tracing and copying tasks of semicircles, shapes, and letters and a
digitizing writing board. The writing task considered the following (Figure 1): (1) a tracing of
four semicircles (SC) rotated in clockwise direction (CW) by 90°, (2) a triangle copying, and
(3) a letter copying namely writing the capital Serbian Cyrillic letters S (C) and F (®), and

small Serbian Latin letters u (y) and n (1) (selected to resemble previous semicircles by their
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shape). Tasks were repeated three times and each time with a different task order. For left-
handed subjects, the test battery was adapted not to overlay their hand over the writing
material (“mirror image”). In order to familiarize participants with the procedure, all subjects
were first instructed to write (e.g. their name) on the writing board surface. The writing tasks
were performed on a digitizing board (Wacom® Intuos4 XL, sampling rate - 200 Hz,
resolution - 0.25 mm) with stylus without ink trace. A white paper A4 sheet with printed
tasks was placed on the writing surface under the transparent foil. A customized.software
platform for data acquisition was previously created using the LabVIEW® (National
Instruments, USA) software environment [22]. All subjects from the.experimental group
(ADHD) were tested in conditions resembling those in school, while the control group (TDC)

was tested during school class.

Data analysis

Kinematic parameters were analyzed from the data related to all writing tasks (Figure
1): the semicircle tracing (for each semicircle for three repetitions), triangle coping (for all
triangle edges: a — left edge, b - base and c — right edge; in three repetitions), and letter
coping (for all letters together only for the first repetition). The following kinematic
parameters were analyzed (mean values and standard deviations): on surface pressure (P),
velocity (V), acceleration (A), jerk (J), stroke duration/time (ST), stroke speed (SS), number
of changes in velocity' (NCV) and number of changes in acceleration (NCA). For V, A and J
three vector components were analyzed: x — horizontal, y — vertical and t — tangential (Table
1). Kinematic parameters were extracted using a customized algorithm in Matlab®
(Mathworks, USA) [8, 9].

The difference in mean (median) values for kinematics parameters between the
experimental and control group were tested by the t-test for two independent groups (when
the normality assumption is satisfied) and the Mann-Whitney U test (when the normality
assumption is not satisfied). Categorical parameters were analyzed with Hi-square test. The
level of statistical significance was set at a two-tailed p-value of 0.05. Also, sustainability of
statistically significant difference between groups through task repetitions was particularly

addressed for each kinematic parameter.
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In addition, graphic rules were analyzed from the data related only to the semicircle
tracing task and included the starting point and the direction of tracing for each semicircle in
each of the three task repetitions. These were called “expected movements” and were
predefined for each of the semicircles [12]: for the 1% semicircle from top to the bottom —
Counter Clock Wise (CCW), for 2" from left to the right — Clock Wise (CW), for the 3"
from top to the bottom — CW, and for 4™ from left to the right — CCW (Figure 2). Expected

movement usage was considered as compliance with graphic rules.

RESULTS
Kinematic features
Semicircle tracing task

Compared to TDC, children ‘with ADHD (all subjects regardless of stimulant
treatment) traced semicircles with a lower NCA and had a lower Jt (tangential jerk) in each of
the three task repetitions. Children with ADHD receiving MTX (n=10) had lower NCA, NCV
and Jt in comparison to " TDC, 'where only NCA difference sustained through all three task
repetitions (Table 2, section A). Children with ADHD not receiving MTX traced with lower
SS, Vt and At and higher ST in the first two repetitions compared to TDC (Jt was lower in
ADHD group in all repetitions; Table 2, section A). In addition, in ADHD group only, those
taking MTX wrote with higher Vt and lower ST, NCV and NCA compared to subjects
without MTX (in all repetitions except for NCV; Table 2, section B).

The Jt had sustainable trend of augmentation through semicircles and task repetitions
in both ADHD (regardless of stimulant treatment) and TDC group (Figure 3; test statistics for
the Mann Whitney U test ranged from U = 127, p < 0.001 to U = 429.5, p = 0.02). Difference
in Jt value between groups was reducing with task progression (Jt value rose faster in ADHD

group).
Triangle copying task

In the first repetition, for b and c triangle edges, ADHD subjects (regardless of
stimulant treatment) applied significantly larger pressure on the writing surface (U = 511, p =
0.02 and U =579, p = 0.01 respectively) compared to TDC. This was not the case in second
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and the third task repetition where no statistically significant difference in pressure was
documented (p = 0.06 - 0.14). Regarding other kinematic parameters, no significant

difference was observed between study groups in neither task repetition.
Letter copying task

Only the first repetition was analyzed, and all ADHD subjects (regardless of stimulant
treatment) were compared to TDC. It was found that Vt, SS and P were significantly. higher
in ADHD group compared to TDC (U = 80798, p = 0.004; U = 80680, p =0.004; and U =
81169, p = 0.002 respectively).

Graphic rules

Comparing ADHD subjects (regardless of stimulant medication treatment) to TDC,;
those ADHD subjects taking stimulant medication to TDC and those ADHD without medical
treatment to TDC; no statistically significant differences were observed regarding usage of
expected movements. - The same was observed when comparing ADHD subjects with
stimulant medication to” ADHD subjects without stimulants. There was a certain trend
observed with task repetition where an increased number of subjects used expected
movements (the most evident in TDC for the 1% and 3™ semicircle and in ADHD with MTX
treatment in 2" ‘semicircle). The usage of expected movements was the highest for 4™

semicircle and the lowest for the 3" semicircle in all groups (Figure 4).

DISCUSSION

In both ADHD (regardless of medication treatment) and control group, the tangential
jerk value (Jt) had sustainable trend of augmentation through semicircles and task repetitions
(values were significantly higher in the control group but raised faster in the ADHD group).
We could assume that, based on previous research, with the lack of visual guidance (no
inking trace) TDC would be more careful during writing task, making saccadic (“jerky”)
movements with increased jerk value and in this manner decreasing possibility for error
(missing tracing lines, under- or overwriting preset boundaries) [7, 15]. This could also result

in decreased writing automation. In addition, the automation of writing movement is
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observed through changes in velocity and acceleration profile of writing movements (NCV
and NCA values). The bigger NCV and NCA values are the lower writing automation is [7].
The opposite would be expected in ADHD group, less saccadic (“smoother”; with lower jerk)
and more automated movements (with lower NCA and NCV) which could be due to
disturbances in error monitoring [2, 15]. This was shown in our results for all ADHD subjects
(regardless of stimulant medication treatment) and similar for ADHD taking stimulant
medication. It was also observed that, with repetition, difference in jerk between study groups
tends to decrease and ADHD subjects tend to trace as “jerky” as TDC. This could be in
partial explained by better error processing with time and repetition. However, recent study
has shown that ADHD subjects make from the beginning jerkier large scale writing

movements compared to TDC [19].

ADHD subjects without stimulant medication treatment traced semicircles with
movements that were slower and of longer duration, but less saccadic compared to TDC.
When these subjects were compared to ADHD subjects with a stimulant medication, they
traced with the movements of longer duration and with lower velocity, but also less
automated. Stimulant medication in subjects with ADHD modified writing kinematics
compared to TDC improving overall. movement speed, and this was not the case in group of
ADHD subjects without stimulant medication. This could be explained with the previous data
showing that stimulant treatment could alleviate fine motor control impairment seen in
ADHD [18, 23] with possible repercussion to writing movements. However, data on the
influence of stimulant'medications on motor functioning in ADHD is scarce and should be
interpreted with caution [18, 24]. Methylphenidate does improve ADHD symptoms in
overall, but motor performance problems could remain [18, 25].

In the triangle copying task, in the first repetition, subjects with ADHD applied
significantly larger pressure on writing surface (P) compared to TDC (but not in later
repetitions). Although larger axial pressure on the writing surface was seen in ADHD [18],
our result was not consistent with task repetition. Since no sustainable difference between
groups was observed regarding all triangle edges and task repetition, we can assume that
kinematic profile of shape copying in ADHD is similar to TDC.

In the letter-copying task, our results showed that V, SS and P were significantly
larger in ADHD group. This is to some instance in accordance with earlier research showing

faster, poorly scaled writing movements with larger pressure in ADHD [17, 18]. Earlier
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research of writing in children with ADHD revealed that writing difficulties associated with
attention problems are the consequence of both impaired graphemic buffer and kinematic
motor production, and not of linguistic nature [26]. Based on this, we could assume that
subjects with ADHD tend to make faster movements with larger on surface pressure
compared to TDC and not due to possibly accompanied dyslexia or dysgraphia [26] neither

presence of comorbid developmental coordination disorder (DCD) [27].

Our findings showed that there were no differences between children with ADHD and
TDC when considering the expected movement usage (starting point and the direction of
tracing as the main graphic rules). The lowest percentage of fulfilling graphic rules was in the
third semicircle tracing. This result could be explained with greater “degrees of freedom” in
tracing this semicircle as at the same time being a part of some letters (e.g. b or p, or Cyrillic
small letter f — ¢ or r — p), which offers a possibility to start tracing from either end [13]. On
the other hand, the highest percentage of fulfilling graphic rules was in the tracing of the 4™
semicircle. It could be explained with the fact that the fourth semicircle resembles small
cursive shape for the Cyrillic letter “i” (u). This letter is written and connected to other letters
in words from left to right during writing (in Serbian language writing is from left to the

right). In addition, the most of our subjects preferred cursive script Cyrillic.

Subjects in both ADHD and TDC groups fulfilled expectations proposed by graphic
rules [12] with an observed increment of usage of expected movement with a task repetition.
This increment with task repetition in both ADHD and TDC groups represent a novel result
in studies dealing with writing analysis. The largest percentage of non-preferred movement
(opposite to graphic rules) seen in the first attempt can also be explained with the poor visual
feedback (lack of inking trace). This finding could lead us to conclusion that both ADHD and
TDC subjects have similar writing movement strategy in dealing with a simple tracing task.

The study has some limitations. The writing was done using writing stylus without ink
trace. It could influence results to some extent due to poor visual feedback during writing.
Correlation between attention, behavior issues, and writing performance was not analyzed.
The writing accuracy and overall legibility were not analyzed in the relations to the graphic

rules and kinematic parameters.
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CONCLUSION

Children with ADHD tended to make more automated writing movements with less
jerk compared to TDC. It appeared that methylphenidate treatment improved writing
movement speed and automation in ADHD subjects, however these are preliminary data from
a small number of subjects and should be further assessed. In more complex tasks, like
triangle and letter copying, the kinematic difference was evident but not consistent. Both
ADHD and TDC children were compliant with graphic rules in semicircle task. This study
also showed importance of task repetition and its influence on writing. These specific
kinematic traits found in children with ADHD could be used in clinical practice as an
additional method in defying more subtle clinical presentations of ADHD and also to monitor
effects of stimulant therapy. Addressing the limitations-of the present study, further research
is needed among children with ADHD in order to better,understand specific cognitive

approaches to writing and how to implement these in regular-clinical practice.
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Figure 1. Examples of writing tasks; Task No. 1 — semicircle tracing task (semicircles from 1
to 4 with radius of 1.9 cm rotated in clockwise direction by 90°); Task No. 2 — triangle
copying task (a — left edge, b - base and ¢ — right edge); Task No. 3 — letter copying task (C —
capital Cyrillic letter s, @ — capital Cyrillic letter f, u and n are small latin leters)
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Table 1. Kinematic parameter details

Parameters Abbreviation | Details

Pressure P The force that a stylus tip creates over the
writing surface

Velocity* v The rate at which the position of a stylus
changes with time

Acceleration* A The rate at which the velocity of a stylus
changes with time

Jerk* j The rate at which the acceleration of a stylus
changes with time

Stroke duration (time) ST The duration of the basic unit of writing
movements

Stroke speed sS The length of a single stroke divided by the
stroke time

Number of changes in NCV The mean number of local extremes of the

velocity velocity

Number of changes in NCA The mean number of local extremes of the

acceleration

acceleration

* — velocity, acceleration, and jerk have three vector sub-components: x — horizontal; y —

vertical; t — tangential [7]
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Figure 2. Expected movements in semicircle tracing; starting points (dots) %

tr
directions (arrowheads) are shown; CW — clockwise; CCW — counter Qw
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Table 2. Kinematic parameter relations between study groups in semicircle tracing task

TDC
Parameter V; A 3
Rlot_PSSSTNCAchXyT <yt xIylt
I [ |1 |/ v / [ 1] VR VERVEVER A
gﬁ)HD 0 /7 [/ Y [/ /7 777 [/ [¥
i (/|7 |/ vy |/ [ 1] VRV EVER 4
A) 77 7Y I T 117 17
ADHD 1 I [ {1 |/ v v [ 11/ [0 |||
i (/|7 |/ Vv |V [ 1] [ ]
I /[ 'V | A |/ / VAR RV AVESEE A 4
ADHD 2 I /I |V | A |/ / [ 11|V [ 1Y [/ | VY
i /7|7 |/ / / [ {11 YN VARV 4
ADHD 2
Parameter v A ]
P|SS|ST | NCA | NCV
B) Rpt. XLy [T Xyt [ x|y]|t
| /|1 ViV v [ (| AN | VL |||/
ADHD 1 1 [ |/ ViV v L] | A [ 1A ||
i |/ |/ ViV / [ ]| A T
A) ADHD (all), ADHD 1 and ADHD 2.compared to TDC; B) ADHD 1 compared to ADHD

2 during successive semicircle tracing in three task repetitions; ADHD — attention
deficit/hyperactivity disorder'(all — all ADHD subjects, 1 — ADHD receiving methylphenidate
treatment, 2 — ADHD without methylphenidate treatment); TDC — typically developed
children; Rpt. - task repetition; shaded fields indicate statistically significant difference (p <
0.05); / --no statistically significant difference (p > 0.05); A (V) — indicates that parameter
value is statistically higher (or lower) compared to A) TDC and By ADHD 2; A A(V V) —
indicates substantial statistical difference (p < 0.01); parameter abbreviations are defined in
Table 1
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Figure 3. Observed increment in tangential jerk value with successive semicircles and task
repetition; mean values and standard deviations are presented; there is a statistically
significant difference between groups (p <'0.05); ADHD - attention deficit/hyperactivity
disorder; TDC — typically-developed children; J — jerk; SC — semicircle
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Figure 4. Percentage of subjects used expected movements for semicircle tracing in each task

repetition; there is no statistically significant difference between groups (p > 0.05); ADHD 1

— subjects receiving methylphenidate treatment; ADHD 2 — subjects without methylphenidate

treatment; TDC = typically developed children; SC; i=1-4 — semicircles; cw — clockwise; ccw

— counter clockwise.
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