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CHAPTER 1
GENERAL INTRODUCTION
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This thesis is about the clinical assessment of motor behaviour in developing 
children, both under physiological and pathological conditions. During normal, 
physiological development, the motor behaviour of children shows immature co-
ordination and motor control, potentially resembling features of movement dis-
orders. This resemblance between physiological motor behaviour and features of 
movement disorders may complicate the early recognition and clinical assessment 
of movement disorders. For example, when treatment options are evaluated with 
rating scales, longitudinal improvements by maturation could run the risk of being 
over-interpreted as treatment effects. Thus, insight in the physiological values of 
movement disorder rating scales would contribute to reliable assessment of move-
ment disorders under pathological conditions. In this perspective, we aimed to 
elucidate the influence of physiological motor development on movement disorder 
assessment tools (i.e. phenotyping and rating scales) in the first part of this thesis 
(chapter 2-6). In the second part, we aimed to use the physiological values of the 
first part for adequate clinical assessment of movement disorders after perinatal 
asphyxia (chapter 7) and lead intoxication (chapter 8).

NORMAL PHYSIOLOGICAL MOTOR DEVELOPMENT
Motor behaviour is a commonly used term that includes every kind of move-
ment, from involuntary patterns in infants to goal-directed voluntary movements 
in adults.1 The development of motor behaviour starts early in gestation, shows 
major changes during childhood and is associated with the maturation of the 
central nervous system (CNS).2 Development of the CNS starts with the forma-
tion and closure of the neural tube at 28 days of gestation. Between the second 
and fifth month of gestation, neurons and glia cells proliferate and migrate to 
subcortical structures and the cerebral cortex.2 From this period onwards (i.e. >8 
weeks of gestation), the developing CNS produces movement patterns that occur 
involuntarily, such as isolated limb movements, yawning, breathing, startles, the 
asymmetrical tonic neck reflex (ATNR) and general movements (GMs; a series of 
gross movements of variable speed and amplitude that involve the whole body).3-5 
GMs are generated by spontaneous activity of central pattern generators (CPGs) 
in the spinal cord and brain stem.5-8 

The subsequent period, from the fifth month of gestation to two years post term, 
is called the organization period. During this period, neural networks are formed 
between the spinal cord, brainstem, thalamus, basal ganglia, cerebral cortex and 
cerebellum.2 During the first year of life, the activity of these networks gradu-
ally increases, leading to the inhibition of involuntary movement patterns. In the 
same period, goal-directed, voluntary motor patterns are initiated. The first goal-
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directed movement patterns, such as voluntary grasping, can be observed from the 
age of three months onwards. Other voluntary movements, such as rolling, sitting 
and walking develop subsequently and are usually acquired before the second year 
of age.9,10 After development of these simple movements, more complex move-
ments, such as alternating and sequential hand and foot movements, are acquired 
before the fifth year of age, see figure 1.11,12 During childhood, the quality of both 
simple and complex goal-directed, voluntary movements will gradually change 
from a clumsy appearance into fluent, precise and well-coordinated motor per-
formances.10,12,13 

The development of motor behaviour is attributed to the fine-tuning by activity-
dependent synaptic elimination and myelination of neural networks between the 
cerebellum, basal ganglia, thalamus, and cerebral cortex.2,14 Each network has a 
specific contribution to the motor performance. The basal ganglia networks are 
especially important for the motor control by facilitating desired motor patterns 
and inhibiting competing motor patterns.15,16 Cerebellar networks are especially 
important for the planning and execution of refined, coordinated movements and 
postural control.17 The maturation of the basal ganglia and cerebellum can be in-
directly measured by the volume of white (i.e. myelination) and grey matter (i.e. 
neurons, glia cells and synapses) on MRI, see figure 1.18 Under pathological condi-
tions, this process of CNS maturation and motor development can be disrupted, 
potentially leading to movement disorders.

MOVEMENT DISORDERS IN CHILDHOOD 
Movement disorders can be defined as an excess of movements (i.e. hyperkinetic), 
a paucity of voluntary movements (i.e. hypokinetic) or an inability to generate a 
normal voluntary movement trajectory (i.e. ataxia).15,19 Commonly observed pae-
diatric movement disorders involve dystonia, chorea, myoclonus, tremor, tics and 
ataxia.15 The aetiology of such paediatric movement disorders is heterogeneous, 
including genetic, metabolic, hypoxic-ischemic, toxic and inflammatory causes.15,20 
The type of movement disorder depends on the dysfunctional connections within 
the motor network.20 In this thesis, we will focus on dystonia and ataxia, which are 
associated with dysfunctional basal ganglia and cerebellar networks.15,20 Dystonia 
is by definition characterized by involuntary sustained or intermittent muscle 
contractions causing abnormal, often repetitive, movements and/or postures.21 
Ataxia is characterized by the impaired smooth performance of goal-directed 
movements, resulting in impaired ‘unconscious’ decision making about balance, 
speed, force and direction of intended movements.17,22,23 

1
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In clinical practice, recognition and adequate description of these movement disor-
ders (i.e. phenotyping) is crucial. Phenotypic assessment involves the classification 
of movement disorders according to the definitions described above for dystonia 
and ataxia.21 The severity of the movement disorder is subsequently assessable 
by quantitative rating scales.24,25 Accurate application of both phenotypic (i.e. 
qualitative) and quantitative movement disorder assessment tools are essential 
for (1) unambiguous communication between clinicians, (2) adequate treatment 
evaluation, (3) unanimous categorization and data entry in international databases 
and (4) homogeneous patient inclusion in clinical research trials.26 

Figure 1. Time line of physiological motor development and brain maturation

Green boxes indicate the physiological motor development, including early neonatal movement patterns, 
primitive reflexes and voluntary motor milestones. Orange boxes indicate the maturational processes in the 
central nervous system. The boxes with the brain regions (cerebral cortex, basal ganglia and cerebellum) 
indicate the maturation determined by a peak in grey matter on MRI. The motor development reflects the 
CNS maturation. ATNR = Asymmetrical Tonic Neck Reflex; GMs = General Movements
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INFLUENCE OF PHYSIOLOGICAL MOTOR DEVELOPMENT ON 
MOVEMENT DISORDER ASSESSMENT TOOLS
Most clinical assessment tools for movement disorders are originally developed 
for adults, although the same assessment tools are identically applied in chil-
dren as well. In young children, immature motor behaviour may physiologically 
reveal suboptimal coordination, co-contractions and overflow movements during 
complex motor tasks, which may resemble movement disorders (i.e. movement 
disorder-like features). For instance, the toddlers gait may resemble an ataxic gait 
and physiological overflow movements may resemble dystonic posturing. It is 
thus important to realize that immature motor behaviour in developing children 
could influence movement disorder assessment tools.9,10,12,13 When the child grows 
up, these immature movements develop into fluent, precise and well-coordinat-
ed movements and the movement disorder-like features tend to disappear. This 
implicates that movement disorder assessment tools should be interpreted in an 
age-related way. In the first part of the thesis, we therefore aimed to elucidate the 
influence of age on qualitative (i.e. phenotypic features; chapter 2) and quantita-
tive (i.e. rating scale scores; chapter 3, 4 and 6) movement disorder assessment 
tools, in healthy typically developing children. Furthermore, ataxia rating scales 
also include speech sub-scores as part of coordinated motor output. It is there-
fore important to consider the influence of age on speech sub-scores as well. For 
official speech sub-scores, the child has to speak some sentences in their native 
language. In international databases, these speech recordings can be assessed by 
observers with a different native language. This could not only lead to increased 
inter-observer variation (in comparison with motor tasks), but also to bias due to 
different complexity of each language.27 For reliable data entry in international 
databases, we investigated whether we could avoid a language bias by replacing 
official speech subscores by universal syllable repetition tasks (SRT; chapter 5).

Insight in the age-related influence on movement disorder assessment tools is 
important for several reasons. First, it may increase our knowledge about the 
maturation of underlying motor centres and networks. Second, it may contribute 
to early recognition of the first mild features of initiating movement disorders by 
comparing the motor behaviour with healthy children. Third, it may contribute to 
reliable interpretation of movement disorder severity and the evaluation of treat-
ment options. For instance, physiological motor development of healthy children 
will have an effect on longitudinal rating scale scores. When such longitudinal 
“improvement” by maturation is observed under pathological conditions, one 
could falsely interpret this as small treatment effects. This is particularly essen-
tial since treatment options are nowadays already considered in children younger 

1
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than 4 years of age (who will reveal clear “improvement” of coordination and 
accuracy by age).28-30 

Altogether, forthcoming insight in the age-related influence on movement disorder 
assessment tools may allow reliable implementation of these assessment tools 
under pathological conditions.

CLINICAL ASSESSMENT OF MOTOR BEHAVIOUR UNDER 
PATHOLOGICAL CONDITIONS 
In the second part of this thesis, we implemented the physiological age-related 
outcomes in the interpretation of pathological conditions. The first patient group 
consists of children who suffered from hypoxic-ischemic encephalopathy (HIE) 
due to perinatal asphyxia at a term age. Perinatal asphyxia around term age may 
result in damage of the deep nuclear structures (basal ganglia and thalamus), 
cerebral cortex and corticospinal tracts.2,31 Injury in these regions is associated 
with dystonia, choreoathetosis, spasticity and/or hypotonia (as part of (dyskinetic) 
cerebral palsy).31,32 The prevalence and severity of these neurological symptoms 
has significantly improved with the introduction of therapeutic hypothermia.33,34 
In chapter 7, we described the neurological outcome (including qualitative and 
quantitative assessment of movement disorders) in post-asphyxiated children 
treated by therapeutic hypothermia and compared outcomes with healthy age-
related controls.

OUTLINE OF THE THESIS
The aim of this thesis is twofold. In the first part of the thesis, we aim to eluci-
date the influence of age on movement disorder assessment tools in typically 
developing children (chapter 2-6). In chapter 2, we investigated the neurological 
phenotype of developmental motor patterns in healthy infants and toddlers (0-3 
years of age). In chapter 3 and 4, we studied the influence of age on frequently 
applied dystonia and ataxia rating scales in healthy school aged children (4 – 16 
years of age). In chapter 5, we investigated whether speech sub-scores of ataxia 
rating scales can be reliably assessed for application in international databases. We 
additionally studied whether replacement of official speech subscores by syllable 
repetition tasks could provide reliable outcomes. In chapter 6, we compared the 
physiological age-related effect between dyskinesia, dystonia and ataxia rating 
scales in healthy children (4-16 years of age). 

In the second part of this thesis (chapter 7-8), we aimed to implement the move-
ment disorder assessment tools in children under potentially pathological condi-
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tions. In chapter 7, we evaluated the neurological outcome in children who were 
treated with hypothermia after perinatal asphyxia, who are at risk for developing 
dystonia as part of dyskinetic cerebral palsy. In chapter 8, we assessed the neu-
rological outcome in a cohort of Peruvian, lead intoxicated children, who are at 
risk of developing ataxia. 

1
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ABSTRACT

INTRODUCTION: During early childhood, typical human motor behavior reveals 
a gradual transition from automatic motor patterns to acquired motor skills, by the 
continuous interplay between nature and nurture. During the wiring and shaping 
of the underlying motor networks, insight in the neurologic phenotype of devel-
opmental motor patterns is incomplete. In healthy, typically developing children 
(0-3 years of age), we therefore aimed to investigate the neurologic phenotype of 
developmental motor patterns. 

METHODS: In 32 healthy, typically developing children (0-3 years), we video-
recorded spontaneous motor behaviour, general movements (GMs) and standard-
ized motor tasks. We classified the motor patterns by: 1. the traditional neuro-
developmental approach, by Gestalt perception and 2. the classical neurological 
approach, by the clinical phenotypic determination of movement disorder features. 
We associated outcomes by Cramer’s V.

RESULTS: Developmental motor patterns revealed 1. choreatic-like features 
(≤3 months; associated with fidgety GMs (r=0.732) and startles (r=0.687)), 2. 
myoclonic-like features (≤3 months; associated with fidgety GMs (r=0.878) and 
startles (r=0.808)), 3. dystonic-like features (0-3 years; associated with asym-
metrical tonic neck reflex (r=0.641) and voluntary movements (r=0.517)) and 4. 
ataxic-like features (>3 months; associated with voluntary movements (r=0.928)).

CONCLUSIONS: In healthy infants and toddlers (0-3 years), typical developmen-
tal motor patterns reveal choreatic-, myoclonic-, dystonic- and ataxic-like features. 
The transient character of these neurologic phenotypes is placed in perspective of 
the physiologic shaping of the underlying motor centers. Neurologic phenotypic 
insight in developmental motor patterns can contribute to adequate discrimination 
between ontogenetic and initiating pathologic movement features and to adequate 
interpretation of therapeutic interactions.
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INTRODUCTION

During the first three years of life, typically developing infants and toddlers show 
a gradual transition from innate motor patterns to acquired motor skills by the 
continuous interplay between nature and nurture.1 Especially the first year of 
life marks an important transition period, during which innate neonatal motor 
patterns are gradually replaced by voluntary, goal-directed movements.2 Until 
now, clinical insight in the neurologic phenotype of these developmental motor 
patterns is still incomplete. We reasoned that neurologic data on the phenotypic 
expression of the underlying developmental motor patterns would contribute to 
(1) insight in the functional developmental condition of the underlying developing 
motor centers and networks, (2) clinical neuro-pediatric discrimination between 
physiologic and pathologic movement disorder features, (3) adequate phenotypic 
interpretation of therapeutic effects. In the present study, we therefore aimed to 
elucidate the neurologic phenotype of developmental motor patterns by associat-
ing two different approaches: (1) the traditional neurodevelopmental approach, by 
the technique and theory of Gestalt Perception3 and (2) the classical neurological 
approach, by the clinical phenotypic determination of movement disorder features. 

The first traditional neurodevelopmental approach involves the assessment of the 
developmental motor patterns by Gestalt perception.3 This method describes the 
quality (i.e. variability in amplitude, speed, fluency and symmetry) of spontaneous 
motor behavior, including general movements (GMs3). GMs are complex, spon-
taneous movements, involving the whole body, characterized by variability in in-
tensity, force, speed and amplitude.4 During the early neonatal period, GMs are of 
writhing character (i.e. small-to-moderate amplitude and slow-to-moderate speed), 
transforming into fidgety quality (i.e. continuous small movements of moderate 
speed and variable acceleration of trunk, neck and limbs in all directions) around 
6 to 9 weeks post term.2,4 At about 20 weeks of age, fidgety GMs are gradually 
being displaced by intentional movements, involving grasping, rolling, sitting and 
walking. During the acquisition of new motor patterns, the healthy motor system 
explores different strategies, resulting in variable motor output of optimal com-
plexity.5 In this period, the nervous system is being shaped and organized by innate 
activation of neural circuitry and environmental interaction. These processes will 
result in the elimination of inefficient synaptic connections, preserving the most 
efficient neural networks.6,7 This organization concurs with a gradual change in the 
quality of motor behavior, changing from a clumsy pattern with co-contractions, 
into fluent, precise and well-coordinated motor performances.6,8-11

2
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The second, classical neurological approach is based on the identification of move-
ment disorder features by the examination of reflexes, postures and movements. 
Historically speaking, this method is generally extrapolated from adult neurology. 
However, in early childhood it is important to realize that healthy immature motor 
networks could physiologically express movement disorder-like features as part 
of normal neurological development. For instance, in healthy children older than 
4 years of age, we have indicated that physiologically immature motor behav-
ior can reveal features that resemble ataxia and dystonia.12,13 These physiologic, 
developmental features are inversely related with age, implicating the highest 
expression by the most immature motor centers, and the gradual disappearance 
until adolescence. Analogous to movement quality features (as described by the 
neurodevelopmental approach), this implicates that neurologic movement disorder 
phenotypes express the physiologic maturation and fine-tuning of neural motor 
networks between the basal ganglia, cerebral cortex and cerebellum.6,7,14,15 In in-
fants and toddlers (0-3 years of age), we reasoned that the occurrence of physi-
ologic developmental movement disorder features may clinically complicate the 
early quantitative distinction between ontogenetic and pathologic motor features 
and the neurologic interpretation of treatment strategies. 

In healthy, typically developing children (0-3 years of age), we aimed to investigate 
the neurologic phenotype of developmental motor patterns. We hypothesized that 
developmental motor patterns in the neonate and toddler would consistently reveal 
movement disorder features (such as chorea, myoclonus, dystonia and ataxia). If 
so, these developmental motor patterns could be neurologically attributed to the 
physiological shaping and maturation of the underlying motor centers. 

METHODS

PARTICIPANTS
The medical ethical committee of the University Medical Center Groningen, the 
Netherlands, approved the present study. In the absence of pre-existing data, the 
present study is explorative in character. Analogous to previous studies determin-
ing age-related influences on quantitative ataxia and dystonia rating scale scores, 
we included 4 children per age subgroup. 

After informed consent by the parents, we recruited 32 healthy, typically de-
veloping children, consisting of 4 children (2 male, 2 female) per age subgroup 
(i.e. 0, 3, 6, 9, 12, 18, 24 and 36 months of age). Inclusion criteria were: healthy 
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children, a-term, uneventful delivery, normal development and achievement of 
age-adequate motor milestones (Appendix A). Exclusion criteria were: perinatal 
asphyxia, neurological or skeletal disorders and medication with known side ef-
fects on motor behavior. We recruited the children by open advertisement. We 
collected physiognomic data on length, weight and head circumference. Parents 
completed a questionnaire regarding their educational level, see supplementary 
Table I. 

PROCEDURE
We videotaped pediatric motor behavior in a quiet and alert behavioral state (state 
4). For the children’s comfort, parents were present during the recordings. In 
children of 0 to 24 months of age, we videotaped 5 minutes of spontaneous motor 
behavior, including at least two GMs (0–3 months of age), spontaneous posturing 
and/or voluntary movements (6–24 months of age). In 3-year old children, we 
videotaped spontaneous motor behavior and standardized motor tasks (such as 
reaching, sitting, walking etc.), see supplementary Table II.

NEURODEVELOPMENTAL ASSESSMENT OF MOTOR BEHAVIOR 
In children between 0 – 3 months of age, AFB, neonatologist and co-founder of 
the General Movements Trust, scored and analyzed the GMs according to Prechtl’s 
method of Gestalt perception.16

PHENOTYPIC ASSESSMENT OF PHYSIOLOGIC IMMATURE MOTOR 
PATTERNS
Five investigators (three pediatric neurologists and two MD PhD students in pe-
diatric movement disorders) independently assessed the motor patterns for the 
neurologic phenotypic appearance. For this task, the assessors applied the defini-
tions of movement disorder features as the gold standard (see Appendix B). For 
the assessment form, see Appendix C.

In each child, we calculated the percentage of observers who phenotypically rec-
ognized the same movement disorder features (i.e. the % movement disorder 
recognition). If the same movement disorder feature was indicated by the majority 
of observers (≥3/5 observers), we considered the indicated movement disorder fea-
ture as “reproducible”. Subsequently, we analyzed the occurrence of reproducible 
movement disorder features per age subgroup (0, 3, 6, 9, 12, 18, 24 and 36 months 
of age, n=4/age subgroup). When the majority of children per age subgroup (≥ 
2/4) revealed the same reproducible movement disorder features, the indicated 
features were processed as “main” movement disorder features for that particular 
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age subgroup. This implicates that main movement disorder features are indicated 
by the majority of the observers in the majority of children per age subgroup. 

We determined inter-observer agreement for the obtained main movement disorder 
features (between 5 assessors). Furthermore, we associated the percentage of main 
movement disorder features with the age of the subgroups and also with the iden-
tified developmental motor patterns, involving GM characteristics using Gestalt 
Perception (by AFB, expert and co-founder of the GM trust) and the identification 
of primitive reflexes (startles and ATNR) and voluntary motor patterns (such as 
sitting, standing, walking, reaching and voluntary grasping). 

STATISTICAL ANALYSIS
We performed statistical analyses using PASW Statistics 20 for Windows (SPSS 
Inc, Chicago IL, USA). We assessed normality of the distribution of the phenotypic 
outcomes (i.e. percentage of recognition), both graphically and with the Shapiro-
Wilk test. We determined inter-observer agreement between observers by Gwet’s 
agreement coefficient (Gwet’s AC1) and interpreted the outcomes by criteria of 
Landis and Koch: AC1 < 0.20: slight; 0.21 to 0.40: fair; 0.41 to 0.60: moderate; 
0.61 to 0.80: substantial; >0.81: almost perfect.17 We correlated the percentage of 
the main movement disorder features with age by Pearson’s r or by Spearman’s 
rho (when outcomes were not normally distributed). Finally, we correlated the 
developmental motor patterns with the percentage of the main movement disor-
der features with Cramer’s V. P-values of < 0.05 (two-sided) were considered to 
indicate statistical significance.

RESULTS

PHENOTYPIC ASSESSMENT OF THE IMMATURE MOTOR PATTERNS
In healthy children between 0 – 3 years of age, neurologic phenotypic assessment 
revealed: choreatic, myoclonic, dystonic and ataxic features as main movement 
disorder characteristics (for illustration see video examples). Features resembling 
tremor, tics and hypotonia were only incidentally observed in the minority of the 
children per age subgroup. We therefore excluded these features from further 
analysis. The inter-observer agreement (Gwet’s AC1) regarding the phenotypic 
identification of main movement disorder features revealed statistically signifi-
cant coefficients (p<0.001) of 0.459 for choreatic features (“moderate”), 0.771 for 
myoclonic features (“substantial”), 0.755 for dystonic features (“substantial”) and 
0.682 for ataxic features (“substantial”).
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Figure 1. The recognition of movement disorder features per age subgroup

The recognition of movement disorder features per age subgroup. Boxes represent the minimum, 
mean and maximum number of assessors who recognized the movement disorder feature per age 
group. Choreatic and myoclonic features coincide with startles and fidgety, dystonic features 
coincide with ATNR and voluntary movements and ataxic features coincide with voluntary move-
ments (>6 months of age). 

ASSOCIATION BETWEEN MAIN MOVEMENT DISORDER FEATURES 
AND AGE 
In healthy children between 0 – 3 months of age, choreatic, myoclonic and dys-
tonic features were present in respectively 50%, 63% and 100% of the children. 
In healthy children between 6 – 36 months of age, dystonic features persisted in 
96% of the children, and ataxic features were indicated in 88% of the children, 
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see figure 1. The observed choreatic, myoclonic, dystonic and ataxic features 
correlated significantly (p < 0.01) with age (r = -0.526, r = -0.708, r = -0.632 and 
r = 0.727, respectively). 

ASSOCIATION BETWEEN NEURODEVELOPMENTAL AND MOVEMENT 
DISORDER PHENOTYPES 
In healthy children between 0 – 3 months of age, fidgety GMs and startles cor-
related significantly with choreatic (r = 0.732, p = 0.002 and r = 0.687, p = 0.005, 
respectively) and myoclonic features (r = 0.878, p < 0.001 and r = 0.808, p < 0.001, 
respectively). ATNR correlated significantly with dystonic features (r = 0.641, p 
= 0.004).

In healthy children between 6 – 36 months of age, the presence of voluntary co-
ordinated movements correlated significantly with dystonic and ataxic features 
(r = 0.517, p = 0.036 and r = 0.928, p < 0.001, respectively). The correlation coef-
ficients between voluntary motor patterns and neurologic phenotypes are shown in 
supplementary Table III. An overview of the concurrence between developmental 
motor patterns, the neurologic phenotypic features and physiologic brain matura-
tion is shown in figure 2.

DISCUSSION

In the present study, we aimed to elucidate the neurologic phenotype of devel-
opmental motor patterns. In infants (< 3 months), developmental motor patterns 
(general movements and primitive reflexes) revealed hyperkinetic (choreatic, myo-
clonic and dystonic) movement disorder features. Older children (6 – 36 months) 
were identified with persistent dystonic features and also with ataxic features 
during voluntary movements. In children of four years and older, these physiologic 
developmental dystonic and ataxic features will gradually diminish and disappear 
during adolescence. The present discussion describes the transient occurrence of 
these motor features against the neuro-developmental background of the underly-
ing motor centers. 

0 – 3 MONTHS OF AGE
In healthy children between 0–3 months of age, hyperkinetic (choreatic, myoclonic 
and dystonic) movement disorder features are physiologically present during the 
execution of developmental motor patterns. 
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Figure 2. The time line of developing motor patterns, movement disorder 
features and brain maturation

Green boxes indicate the normal age-related presence of early neonatal movement patterns, primi-
tive reflexes and voluntary motor milestones. Blue boxes indicate the presence of physiological 
movement disorder features. Orange boxes indicate the maturation (determined by a peak in gray 
matter on MRI14) of developing motor centers. During development, normal ontogenetic motor 
behavior may reveal physiologic features resembling movement disorder characteristics.

This is attributed to the development of the underlying motor centers and networks 
connecting the immature basal ganglia, cerebral cortex and cerebellum. During 
the neonatal period, brain maturation involves many neurodevelopmental pro-
cesses, including synaptic organization and myelination.18 Synaptic organization 
involves synaptogenesis and subsequent synaptic pruning, peaking during the 
first 2 years of life.19 This early period coincides with a “switch” in CNS recep-
tors, due to the transition from excitatory to inhibitory GABAA receptors and the 
functional activation of glutamatergic receptors (NMDA and AMPA).19-22 As this 
transition concurs with synaptic organization, these CNS receptors are considered 
to participate in the formation of the neural networks.19,22,23 At 3 months of age, 
these neural networks reveal a significantly increased connectivity of the basal 
ganglia, cerebral cortex and cerebellum.23 This critical period concurs with the 
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replacement of GMs and primitive reflexes by voluntary goal-directed movements, 
social smiling, binocular vision and stable state regulation.18,24 Within this specific 
time frame, we also observed the disappearance of myoclonic and choreatic hy-
perkinetic movement disorder features. From neurodevelopmental perspective, it 
is tempting to speculate that the disappearance of these hyperkinetic features are 
related to enhanced inhibition by increased cortical activity.25 Additionally, one 
could also speculate that increased functional activity of the basal ganglia (via 
the indirect and hyperdirect pathway) is related.26,27 Altogether, our data indicate 
that neonatal myoclonic and choreatic movement disorder features are transiently 
present until the third month of age. 

6 – 36 MONTHS OF AGE
In children of 6 months and older, the process of synaptic organization continues 
to peak until the second year of life.19,23 During this period, the child achieves and 
subsequently refines voluntary functional motor performances, such as reaching, 
grasping, manipulation, sitting, standing and walking.8,28,29 In contrast with the 
disappearing choreatic and myoclonic features, dystonic features are persistent. 
These data confirm our previous study data in older children of 4-16 years of age, 
revealing the existence of dystonic features. In this study group (4-16 years of age), 
dystonic features were inversely related with age (i.e. the strongest expression in 
the youngest children), and disappeared around adolescence.13 Although specula-
tive, the early presence of dystonic features, the prolonged continuation and the 
gradual disappearance (before adulthood), could be attributed to the continuous 
development and maturation of the basal ganglia and the connecting networks. 
Due to the redundancy of neurons and synaptic connections in early childhood, 
inefficient activation of muscles may induce co-contractions and dystonic overflow 
movements.6,9,13,30,31 By the interaction between somatosensory and visual input 
and by selective synaptic elimination of inefficient synapses, basal ganglia neural 
networks will become more effective,6,7,14,23 eventually resulting in the gradual 
disappearance of dystonic features.13

Analogous to the dystonic movement features at 6 months of age, we also ob-
served that voluntary movements reveal ataxic features. In a previous study, we 
have also shown that these physiologic ataxic features are persistent after 36 
months, revealing an inverse relationship with age (i.e. the strongest expression 
in the youngest children) to disappear around adolescence.12 The execution and 
learning of coordinated movement patterns is generally regarded as a cerebellar 
function.32 Cerebellar development starts by 9 weeks gestational age, with ongoing 
neuronal proliferation and migration throughout the first year of life.33,34 From the 
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24th week of gestation onwards, cerebellar circuits are being formed between the 
brainstem, thalamus, cerebral cortex and the spinal cord.34,35These cerebellar net-
works receive, process and adapt information for balance and for decision-making 
regarding speed, force, and direction of intended movements. Throughout child-
hood, selective synaptic elimination and subsequent myelination of the persistent 
connections will continuously shape the cerebellar network activity, resulting in a 
relatively protracted development and achievement of functional optimality.15,36,37

Altogether, in early childhood, typical developmental motor patterns may reveal 
physiologic movement disorder features as an expression of ongoing neurodevelop-
ment.15,23,36,38 In healthy children, it is important to realize that these physiologic 
developmental movement disorder features should not be confused with the ex-
istence of a pathologic movement disorder. In contrary, the observation of these 
developmental movement disorder features during the execution of otherwise 
complex, fluent and variable developmental motor patterns should be regarded as 
an integrative part of normal neuro-development. We hope that neurologic aware-
ness of these physiologically occurring neurologic phenotypes can contribute to: 
(1) insight in the functional expression of the underlying developing CNS, (2) 
adequate differentiation between normal ontogenetic and initiating pathologic 
motor behavior, and (3) phenotypic interpretation of treatment interventions. 

We recognize some limitations to this study. First, the included number of chil-
dren is relatively small. However, the reported movement disorder features were 
consistent and statistically significant, despite the small numbers. Second, we are 
aware that we only processed the outcome parameters of the “main” movement 
disorder features, as we strived to illuminate the consistent expression of the 
developing motor networks. This implicates that other, less dominant, movement 
disorder features could still incidentally be observed as a physiologic expression 
of the developing motor centers during early childhood. 

In conclusion, in typically developing infants and toddlers, transient movement 
disorder phenotypes are attributed to physiologic neurodevelopment. Neurologic 
phenotypic insight in developmental motor patterns may hopefully contribute to 
adequate discrimination between ontogenetic and initiating pathologic movement 
features and to adequate interpretation of therapeutic interactions. 
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Supplementary Table I. Population characteristics
Girls (n = 16) Boys (n = 16) Total (n = 32) Dutch pop. (%)

Gestational age (weeks)
range
mean

37+0 – 41+0
38+5 (1+2)

38+0 – 41+3
39+5 (1+0)

37+0 – 41+3
39+2 (1+2)

Age at video recording 
(months)
range
mean (SD)

0 – 36
14 (12)

0 – 36
14 (12)

0 – 36
14 (11)

Highest education achieve-
ment mother
higher education
vocational education
secondary school
missing value

8 (50%)
4 (25%)
0 (0.0%)
4 (25%)

9 (56.3%)
5 (31.3%)
0 (0.0%)
2 (12.5%)

17 (53.1%)
9 (28.1%)
0 (0.0%)
6 (18.8%)

25.9%
56.9%
16.9%
0.3%

Highest education achieve-
ment father
higher education
vocational education
secondary school
missing value

7 (43.8%)
5 (31.3%)
0 (0.0%)
4 (25%)

8 (50%)
6 (37.5%)
0 (0.0%)
2 (12.5%)

15 (46.9%)
11 (34.4%)
0 (0.0%)
6 (18.8%)

29.6%
54.8%
14.7%
0.9%

pop. = population; Dutch population numbers were determined from Central Statistical Office 
of the Netherlands (CBS 2007); Parents of the included children had achieved academic grades 
more often (47 – 53%) compared to the average Dutch population (26 – 30%).

Supplementary Table II. Video protocol 3-year old children
Position Task View

General view Walking F – general view

Sitting Sitting at rest F – general view & 
P – general view

Eyes tracking movements F – close-up

Eyes blinking (10x) F – close-up

Opening and closing mouth F – close-up

Tongue protrusion F – close-up

Speech (counting 1-10 and normal conversation) F – close-up

Head movements (rotation, lateroflexion and flexion/
extension) F – close-up

Elevate arms side wards (5x) F – general view

Finger to nose, right and left (5x) F – general view

Drawing F – general view

Lying position Lying in rest F – general view

Rolling F – general view

Standing position Stand upright F – general view

Duration of recording for each task is 30 seconds. F = frontal view; P = profile view.
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Supplementary Table III. Association between voluntary movements and 
movement disorder features

Dystonic features Ataxic features

Correlation 
coefficient Observed features Correlation coef-

ficient Observed features

Sitting indepen-
dently 0.641* Posturing of feet, 

arms, tongue 0.943** Trunk oscillations

Standing indepen-
dently 0.516* Posturing of feet, 

arms, tongue 0.649* Broad base, trunk 
oscillations

Walking (toddlers 
gait) 0.630* Posturing of feet, 

arms, tongue 0.570* Broad base, vari-
able steps

Reaching 0.478 (ns)# Posturing of feet, 
arms, tongue 0.856** Dysmetria

Voluntary grasping 0.478 (ns)# Posturing of feet, 
arms, tongue 0.856** Dysmetria

The association (Cramer’s V correlation coefficients and the observed features) between various volun-
tary movements and dystonic and ataxic features in healthy children; Ataxic features were observed in the 
involved body region performing the voluntary movement, whereas dystonic features were observed in the 
whole body during all voluntary tasks (e.g. overflow, co-contraction); # Although the association between 
reaching and grasping and dystonic features was not significant, we did observe dystonic features of feet, 
arms and tongue. As the presence of the voluntary reaching and grasping (>4 months) concurs with a de-
crease in % of recognition (figure 1), this observation led to no statistic outcome. * p < 0.05; ** p < 0.001
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Appendix A. Description and age at presence of developmental motor patterns
Developmental motor pattern Description Age

Neonatal movements

Writhing general movements Gross movements involving the whole body in 
a variable and complex sequence, with small-
to-moderate amplitude and slow-to-moderate 
speed.2,4

0 – 9 weeks

Fidgety general movements Restless but smoothly rounded movements of the 
whole body with small amplitude, moderate speed 
and variable acceleration of neck, trunk and limbs 
in all directions. 2,4

6 – 20 weeks

Primitive reflexes

Startle A quick generalized movement, initiated in the 
limbs and spreading to neck and trunk, as a re-
sponse to tactile, auditory and visual stimuli.18,39

0 – 6 months

Asymmetric tonic neck reflex 
(ATNR)

Extension of the upper extremity on the side to 
which the face is rotated and flexion of the upper 
extremity on the side of the occiput. Elicited by 
rotation of the head.18 

0 – 6 months

Voluntary movements

Gross motor skills

Rolling Rolling over from supine into prone position, 
using rotation of the body on the pelvis.40

> 4.5 months

Wriggling and pivoting Spatial displacement without use of arms and/or 
legs. Wriggling: forward belly slide movements. 
Pivoting: rotating sliding movements around 
navel axis.40 

5 – 9 months

Crawling Abdominal crawling and/or crawling on four 
limbs.40 

> 9 months

Sitting independently Sitting without support > 1 minute.40 > 8 months

Standing independently Standing up and stand free without support.40 > 12 months

Walking independently Walking without support ≥ 7 paces consecu-
tively40 

> 15 months

Toddling gait Walking pattern with non-fluent, invariable 
movements, monotonous speed, block-like trunk 
movements, abducted shoulders and a broad gait 
width.8 

15 – 42 months
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Developmental motor pattern Description Age

Fine motor skills

Pre-reaching phase Arm extensions towards an object, with or with-
out opening the hand.41 

0 – 4 months 

Reaching Smooth approach of arms and hands towards an 
object and touching or grasping the object.41 

> 4 months

Successful voluntary grasping Grasping objects voluntary (not as a reflex).40 > 3 months

Palmar grasp Grasp the object with whole palmar surface of 
hands and fingers.40 

0 – 4 months

Radial palmar grasp Grasp the object with mainly the radial half of his 
palm, including thumb and index finger.40 

3 – 7 months

Scissoring grasp Grasp the object between the volar surfaces of 
extended thumb and index finger.40 

7 – 10 months

Inferior pincer grasp Grasp the object between the tip of index finger 
and volar side of the thumb.40 

8 – 12 months

Pincer grasp Grasp the object neatly between the tips of index 
finger and thumb.40 

> 11 months

Appendix A. continued
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Appendix B. Description of assessed movement disorders
Movement disorder Description

Ataxia A movement disorders characterized by an impairment of the smooth per-
formance of goal-directed movements, resulting in impaired ‘unconscious’ 
decision making about balance, speed, force and direction of intended move-
ments.32,42,43

Dystonia A movement disorder characterized by sustained or intermittent muscle con-
tractions causing abnormal, often repetitive, movements and/or postures.44 

Chorea A movement disorders characterized by ongoing, random-appearing sequence 
of one or more discrete involuntary movements or movement fragments.45 

Myoclonus A movement disorder characterized by a sequence of repeated, often non-
rhythmic, brief shock-like jerks due to sudden involuntary contraction or 
relaxation of one or more muscles.45 

Tremor A movement disorder characterized by a rhythmic back-and-forth or oscillating 
involuntary movement about a joint axis.45 

Tics A movement disorder characterized by repeated, individually recognizable, 
intermittent movements or movement fragments that are almost always briefly 
suppressible and are usually associated with awareness of an urge to perform 
the movement.45 

Hypotonia A decreased resistance to passive movement in rest, but with the ability to 
generate full force with active movements.45 

Movement disorder 
features

Physiological movement features of healthy children that resemble character-
istics of movement disorders, according to above described definitions. These 
features are not phenotyped as pathologic.

Dystonic features These physiologic movement features may resemble dystonia, such as the 
ATNR, inverse posturing of the feet, manipulation of objects, overflow move-
ments and grimacing movements of the mouth.

Ataxic features These physiologic movement features may resemble ataxia, such as suboptimal 
coordination during sitting, standing, walking and coordinated hand move-
ments.

Choreatic features These physiologic movement features may resemble chorea, such as the rest-
less, smoothly rounded movements of fidgety GMs.

Myoclonic features These physiologic movement features may resemble myoclonus, such as a 
quick, shock-like generalized movement (i.e. startle).

2
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Appendix C. Assessment form for the phenotypic appearance of movement 
disorder features

Name observer:…………………………………………………………………………
Date:………………………………………………………………………………………
Patient number: …………………………………………………..……………………

*Combined: in task specific, you may perceive different “main” features during 
different tasks, please describe:

A. task………………………………. Main feature…………………………….

B. task………………………………. Main feature…………………………….

If you perceive movement disorder features, please indicate for each:  

1. task relatedness (if so, which); 2. body region; 3. global time indication



NEUROLOGIC PHENOTYPE OF TYPICAL DEVELOPMENTAL MOTOR PATTERNS | 39

2





MJ Kuiper*
LVrijenhoek*
R Brandsma
RJ Lunsing
H Burger
H Eggink
KJ Peall
MF Contarino
JD Speelman
MAJ Tijssen
DA Sival

* Authors equally contributed to the study

CHAPTER 3
THE BURKE-FAHN-MARSDEN 
DYSTONIA RATING SCALE IS AGE-
DEPENDENT IN HEALTHY CHILDREN

Movement Disorder Clinical Practice 2016;3(6):580-586



42 | CHAPTER 3

ABSTRACT

INTRODUCTION: The Burke-Fahn-Marsden Dystonia Rating Scale is a uni-
versally applied instrument for the quantitative assessment of dystonia in both 
children and adults. However, immature movements by healthy young children 
may also reveal “dystonic characteristics” as a consequence of physiologically 
incomplete brain maturation. This could implicate that Burke-Fahn-Marsden scale 
scores are confounded by paediatric age. In healthy young children, we aimed 
to determine whether physiologically immature movements and postures can 
induce an age-related effect on Burke-Fahn-Marsden movement and disability 
scale scores.

METHODS: Nine assessors, specialized in movement disorders (3 adult-, 3 paedi-
atric- neurologists and 3 MD/PhD students) independently scored the Burke-Fahn-
Marsden movement scale in 52 healthy children (4-16 years; 4 children/year of 
age; male/female=1). Independent of that, parents scored their children’s functional 
motor development according to the Burke-Fahn-Marsden disability scale in an-
other 52 healthy children (4-16 years; 4 children/year of age; male/female=1). By 
regression analysis, we determined the association between Burke-Fahn-Marsden 
movement and disability scales outcomes and paediatric age. 

RESULTS: In healthy children, assessment of physiologically immature motor 
performances by the Burke-Fahn-Marsden movement and disability scales re-
vealed an association between the outcomes of both scales and age (until 16 years 
and 12 years of age, β=-0.72 and β=-0.60, for Burke-Fahn-Marsden movement 
and disability scale, respectively (both p<0.001)). 

CONCLUSIONS: The Burke-Fahn-Marsden movement and disability scales are 
influenced by the age of the child. For accurate interpretation of longitudinal 
Burke-Fahn-Marsden Dystonia Rating Scale scores in young dystonic children, 
consideration of paediatric age-relatedness appears advisory.  
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INTRODUCTION

Dystonia is a movement disorder characterized by sustained or intermittent muscle 
contractions, causing abnormal, often repetitive, movements or postures.1-3 The 
neuro-anatomical substrate for dystonia is ascribed to dysfunctional networks of 
the basal ganglia, cerebellum, thalamus, cerebral cortex and brainstem.4 The term 
‘early onset dystonia’ is used to denounce the initiation of dystonia before the 
26st year of life.1 As the characterization spans distinctly different developmental 
stages, paediatric subdivision into subgroups of infancy (0-2 years), childhood 
(3-12 years) and adolescence (13-20 years) has been advocated.1 

The Burke-Fahn-Marsden Dystonia Rating Scale (BFMDRS) is a universally 
applied biomarker for the severity of dystonia. The scale consists of a movement 
and disability subscale (Burke-Fahn-Marsden Movement Scale (BFMMS) and 
Burke-Fahn-Marsden Disability Scale (BFMDS), respectively).5 The BFMMS 
measures dystonia in nine body regions (including the eyes, mouth, speech and 
swallowing, neck, trunk, arms and legs) with scores ranging from zero (mini-
mum) to 120 (maximum). The BFMDS is a functional marker consisting of pa-
rental- or self- reported daily activities (involving speech, handwriting, feeding, 
eating, swallowing, hygiene, dressing and walking), with scores ranging from zero 
(completely independent) to 30 (completely dependent). Although BFMDRS was 
originally developed as an instrument for the measurement of primary torsion 
dystonia in adults, the scale is now uniformly being applied to quantify dystonia 
severity in children too.6 

In healthy young children, it was demonstrated that incomplete maturation of 
paediatric cerebral networks (involving the basal ganglia, cerebellum, brainstem 
and cortex)4,7-13 is reflected by developmental movements and postures.6,14-22 These 
physiological, immature movements and postures can transiently reveal features 
that fulfil the criteria for “dystonia” or “ataxia” (such as the asymmetrical tonic 
neck reflex before six months of age17 or the scissoring grasp in toddlers14).6,14-17 
Complex motor tasks by healthy school children may also reveal dystonic char-
acteristics such as during writing, playing the piano, finger or foot tapping or the 
fog test.18,19 Since these physiological features are attributed to incomplete matu-
ration of the central nervous system, they are likely to disappear when the child 
grows up.6,20-23 For adequate interpretation of longitudinal BFMDRS scores form 
paediatric to adult age, this would thus implicate that one may need to consider 
the effect by age (i.e. by physiologic cerebral maturation) on the scores, first. 
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In a large cohort of healthy children, we therefore aimed to evaluate the influence 
of age on BFMDRS (BFMMS and BFMDS) scores. To the best of our knowl-
edge, BFMDRS scores have never been studied for potential age-relatedness in 
children, before. We reasoned that forthcoming insight in potential BFMDRS 
age-dependency could provide information for: 1. reliable longitudinal treatment 
evaluation in young children (such as for longitudinal dystonia databases and for 
longitudinal evaluation of innovative therapies (such as deep brain stimulation 
(DBS))24,25 2. understanding of dystonia progression in different “age-of-onset” 
groups,1 and 3. adequate phenotypic discrimination between “immature” and “dys-
tonic” motor patterns, for adequate interpretation of next generation sequencing 
(NGS) panels.3,26 

METHODS

PARTICIPANTS
After informed consent by the parents and children (when older than 12 years of 
age), we included a total of 104 healthy children for the investigation of BFMDRS 
age-relatedness. In absence of existing quantitative age-related BFMDRS out-
comes in children, we based sample size selection on previously published data 
on inter-observer agreement in dystonic children.27 Detecting an Intraclass Cor-
relation Coefficient (ICC) of 0.80 for the total score or over the null hypothesis 
of a moderate ICC of 0.60 (0.86 published for children),27 a sample size of 36 
children would be needed. Using a significance level (alpha) of 0.05 would imply 
that inclusion of 52 children would be amply sufficient. 

For the investigation of potential BFMDRS age-relatedness, we thus included 
104 healthy children (4-16 years; n=4 per year of age; male/female=1, n=52 chil-
dren for each BFMMS and BFMDS subscale), following mainstream education 
at school. Before decision on study inclusion, the parents of the child completed 
a detailed questionnaire concerning the health of their child. This questionnaire 
involved neurological and/or skeletal diagnoses, prescribed medication, school 
performances, sporting activities and parental education level. Participants were 
excluded from the study if they: were diagnosed with a neurological or skeletal 
disorder; revealed a positive Gower’s sign; received medication with known side-
effects on motor behaviour; revealed developmental delay or cognitive impairment 
imposing the need for extra support by special schools. We recruited participants 
by open advertisements at regional schools. Analogous to previous age validation 
studies of ataxia rating scales,21 we did not exclude for paediatric behavioural 
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diagnoses such as Attention Deficit Hyperactive Disorder (ADHD) or Attention 
Deficit Disorder (ADD). For subject characteristics, see supplementary Table I. 

PROCEDURE
The study was approved by the medical ethical committee of the University Medi-
cal Center Groningen, the Netherlands. Collected physiognomic data included 
length, weight and head circumference. 

TEST- AND SCORING- METHODS:
1. BFMMS: In a set of 52 healthy children (4-16 years; n=4/year of age; male/
female=1), we video-recorded BFMMS in a quiet place, in accordance with a stan-
dardized video protocol (see supplementary Table II).28 Nine independent assessors 
from the movement disorder team (involving experienced paediatric neurologists 
(n=3) and adult neurologists (n=3) and less experienced (but weekly trained) MD/
PhD research students (n=3)) scored the BFMMS video recordings offline. Prior 
to the study, pilot data on BFMMS inter-observer agreement in dystonic children 
(scored by one paediatric neurologist (DAS), one adult neurologist (MAJT) and 
one MD/PhD student (HE)) had revealed appropriate inter-observer agreement 
(ICC > 0.90, i.e. excellent when interpreted according to Cicchetti29 and almost 
perfect when interpreted according to Landis and Koch30). All assessors received 
the same protocol and the written information indicating that they should assess 
the children’s motor behaviour according to the definition of dystonia,1 following 
BFMMS instructions,5 identical to the way they would assess the same motor 
behaviour in an adult patient. The assessors were aware that their BFMMS scores 
should not include other immature, developmental features that do not fulfil crite-
ria for dystonia. We determined the mean outcome of nine assessments per child, 
resulting in four data points per year of age (in the age range of 4-16 years). We 
subsequently associated the mean BFMMS scores with age and we determined 
inter- and intra-observer agreement and test-retest reliability (after a latent time 
interval of more than 3 weeks).

2. BFMDS: In a second set of 52 healthy children (4-16 years; n=4/year of age; 
male/female=1), we obtained BFMDS scores by parental reports on their children’s 
performances. We thus obtained four data points per year of age (in the age range 
of 4-16 years). We subsequently associated BFMDS scores with age.

3. BFMMS and BFMDS: We compared the age-dependency of mean total BFMMS 
scores and BFMDS scores. 

3
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STATISTICAL ANALYSIS
We performed statistical analyses using PASW Statistics 20 for Windows (SPSS 
Inc, Chicago IL, USA). We assessed normality of the distribution of the BFMMS 
and BFMDS total score, both graphically and by using the Kolmogorov-Smirnov 
test. With multivariable regression analysis we analysed the influence of age, 
gender, school performances, sporting activities and parental education level on 
BFMMS and BFMDS scores. When the variables significantly influenced the 
model, we calculated un-standardized (B) and standardized (β) regression coef-
ficients. We examined outliers’ ≥ 3SD in more detail by calculating DFbèta. When 
outliers were present (DFbèta > 1), they were removed from the regression model. 
We also performed logarithmic analysis to assemble the best-fitted trend line. 

To check for the reliability of BFMMS scores, we determined inter- and intra-
observer agreement and test-retest reliability of BFMMS outcomes by Intraclass 
Correlation Coefficients (ICC), using the two-way mixed model and single mea-
surement coefficients. According to Cicchetti,29 official cut-offs for qualitative 
rating of ICC values are as follows: ICC < 0.40: poor; 0.40 - 0.59: fair; 0.60 - 0.74: 
good; 0.75 - 1.00: excellent. For uniformity reasons with previously published 
data,21,22 we also interpreted outcomes by Landis and Koch criteria,30 which are 
originally described for categorical data. According to Landis and Koch30 we 
characterized ICC outcomes as follows: ICC < 0.20: slight; 0.21 - 0.40: fair; 0.41 
- 0.60: moderate; 0.61 - 0.80: substantial; > 0.81: almost perfect. 

To compare the age-dependency of the BFMMS and BFMDS scores, we fitted 
two linear regression models in the first and second set of children, respectively. 
To allow meaningful comparison between the age-dependency of the scales, the 
scores were transformed into z-scores prior to the analyses. Subsequently, we 
calculated the difference between the two regression coefficients and tested its 
statistical significance using the Z-test.31 

All statistical tests were two-sided. The p-values of < 0.05 (two-sided) were con-
sidered as statistically significant.
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RESULTS

CHARACTERISTIC OF INCLUDED CHILDREN
At inclusion, only a minority of the children was diagnosed with a medical con-
dition (involving asthma (n=2), bowel problems (n=1) and ADHD (n=1)). See for 
patient characteristics supplementary Table I. The included children participated 
more frequently in sports (48 - 69% > 2 hours a week) than the average Dutch 
population.32 Most parents of included children (58 - 69%) had achieved academic 
grades, compared to a minority (26 - 30%) of the average Dutch population.33 Ad-
ditionally, only 4% of the included children revealed school performances below 
average, compared to 25% of the average Dutch population.33 

1. BFMMS
Total BFMMS scores: Total BFMMS scores were not normally distributed (p < 
0.05). The criteria of multivariable linear regression were met. Total BFMMS 
scores were significantly predicted by age, both for the total observer group (β = 
-0.72; p < 0.001), as for the three observer-subgroups (paediatric neurologists: β 
= -0.64; p < 0.001; adult neurologists: β = -0.64; p < 0.001; research students: β = 
-0.57; p < 0.001). Age explained 51.9% of difference in scores of the total observer 
group (p < 0.001). Effects of gender, sporting activities, school performances 
and the educational level of the parents did not significantly influence BFMMS 
scores (see supplementary Table III). As age was the only significant predictor for 
total BFMMS scores, the inverse relation between age and mean total scores was 
determined by logarithmic analysis with a logarithmic trend (log-log line). The 
consistency between age and mean total BFMMS scores revealed an age-related 
effect, until 16 years of age (see figure 1A).  

BFMMS subscale scores: Subscale scores were not normally distributed (p < 
0.05). The “arms” subscales (i.e. during pro- and supination, finger tapping, writ-
ing/drawing and/or at rest) revealed the highest scores in comparison with the other 
subscales (p < 0.001). Legs, trunk and mouth also contributed significantly to the 
total scores (p < 0.01). With multivariable linear regression analysis, we observed 
a significant, inverse age-effect on the subscale scores of the arms, legs, mouth 
and trunk (p < 0.05). An age-relationship was absent for the subscale scores of the 
eyes, speech & swallowing and neck. For video examples of age-related BFMMS 
performances, see the included video recordings.

Observer agreement and test-retest reliability of BFMMS: Inter-observer agree-
ment revealed statistically significant ICC’s of 0.40 (total group, p < 0.001), 0.62 
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(paediatric neurologists, p < 0.001), 0.24 (adult neurologists, p = 0.002) and 0.47 
(research students, p < 0.001). ICC outcomes revealed a “fair” inter-observer 
agreement for the total group (according to both Cicchetti’s29 and Landis and 
Koch30 criteria). The ICC for the three individual observer-subgroups varied be-
tween “poor to good” and/or “fair to substantial” (according to both Cicchetti’s29 
and Landis and Koch30 criteria, respectively). For further information on inter- and 
intra-observer agreement and test-retest reliability, see supplementary Table IV.

2. BFMDS
Total BFMDS scores: Total BFMDS scores were not normally distributed (p < 
0.001). The criteria of multivariable linear regression were met. Total BFMDS 
scores were significantly predicted by age (β = -0.60; p < 0.001). Age explained 
36.2% of difference in scores (p < 0.001)). Effects of gender, sporting activities, 
school performances and the educational level of the parents did not significantly 
influence BFMDS scores (see supplementary Table III). As age was the only 
significant predictor for total BFMDS scores, the inverse relation between age 
and total scores was determined by logarithmic analysis with a logarithmic trend 
(log-log line). The consistency between age and total BFMDS scores revealed an 
age-related effect until about 12 years of age (see figure 1B).

3. ASSOCIATIOIN BETWEEN BFMMS AND BFMDS AGE-DEPENDENCY
The un-standardized regression coefficients between BFMMS (B = -0.19) and 
BFMDS age-dependency (B = -0.18) revealed no significant difference (p = 0.75).

Figure 1. BFMMS and BFMDS scores related to age

BFMMS (A) and BFMDS (B) scores related to age. Data points represent (mean) individual scores 
per child. BFMMS and BFMDS are age-dependent until 16 and 12 years of age, respectively. 
BFMMS = Burke-Fahn-Marsden Movement Scale; BFMDS = Burke-Fahn-Marsden Disability 
Scale.
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DISCUSSION

In healthy children, we investigated the potential influence by age on BFMDRS 
scores. Our results indicate that both movement and disability subscales (i.e. 
BFMMS and BFMDS) are influenced by age (until 16 and 12 years of age, re-
spectively). Additionally, BFMMS and BFMDS scores revealed a similar pat-
tern of age-dependency, suggesting that BFMMS age-relatedness has functional 
implications. 

The present study reveals that BFMMS scores are age-dependent, at least until 
16 years of age. This result was significantly provided by all observer-subgroups, 
i.e. by the total- observer group, by the experienced paediatric and adult neurolo-
gists and also by the less experienced research students. Since dystonic paediatric 
outcome parameters should be interpretable against healthy reference values, this 
would implicate that insight in paediatric age-related BFMMS reference values 
would be needed, first. When measured against the theoretically maximal BFMMS 
score, it appears that the quantitative age-related BFMMS effect seems relatively 
small. However, since young children are often at an early disease stage (i.e. 
remote from the theoretical maximum), consideration of the age-related effect 
appears advisory. Furthermore, BFMMS and BFMDS scores revealed a similar 
age-related effect, suggesting that the BFMMS age-relatedness is also reflected 
by functional changes. Since functional assessments are increasingly being advo-
cated as the best treatment outcome parameters,34,35 we would therefore suggest 
to interpret both BFMDRS subscales for age. Such data may appear of special 
interest for longitudinal treatment trials in small, heterogeneous groups of dys-
tonic children, measuring relatively small effects over time (such as for dystonic 
children receiving deep brain stimulation at an increasingly younger age). Under 
intra-individually, longitudinally assessed conditions, small quantitative changes 
in BFMMS and BFMDS scores could thus run the theoretical risk of being over-
interpreted as “therapeutically” and/or “functionally” effective.36 

Interestingly, the BFMMS age-dependency lingered until 16 years of age, re-
vealing no optimum score (zero) in the oldest included children (16 years of 
age). However, in absence of reference values in healthy adults, it is tempting 
to speculate that BFMMS scores of 16-year-old children are likely to approach 
adult optimality as a reflection of physiologic brain maturation. The basal ganglia 
receive signals from several cortical areas (i.e. motor, somato-sensory and (pre)
frontal cortex, the limbic system) and the cerebellum. They modulate and trans-
port these signals via the thalamus, to the brainstem, cortical motor areas (such as 
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primary motor, pre-motor and oculomotor cortex), posterior parietal cortex and 
the temporal cortex.7-9 Throughout childhood (until about 17 years of age), these 
networks mature by physiologic neuro-developmental processes, such as selective 
elimination of neuronal connections and myelination.13,37-40 As implicated by the 
interconnecting brain networks between the basal ganglia and cerebellum,10-12 
we also recognized a striking similarity between the presently reported BFMMS 
age-relatedness and the previously reported age-relatedness of the Scale for the 
Assessment and Rating of Ataxia (SARA).21 Comparing age-relatedness between 
BFMDRS and SARA scales, revealed that the BFMMS age-relatedness lingered 
for a longer time course than that of BFMDS and SARA (≥16 years versus 12 and 
10 years21 of age, respectively). This could theoretically be attributed to the more 
detailed subdivision of the BFMMS compared to that of BFMDS and SARA (120 
versus 30 and 40 units, respectively). 

We recognize several limitations to this study. In studies with (presumably) healthy 
control children, one could never provide a 100% proof that the included children 
are really healthy. However, before entering the study, all children fulfilled the 
pre-defined inclusion criteria and two years after inclusion we checked whether the 
included children still did. In this two-year interval after inclusion, two children 
had developed a neurological diagnosis, consisting of migraine (n=1) and a hernia 
nuclei pulposi leading to a radicular syndrome (n=1). We checked whether retro-
spective exclusion of these two children would have changed the outcomes, which 
was not the case. Furthermore, the paediatric neurologists had also independent-
ly provided phenotypic assessments, revealing suspicion of a potential dystonic 
movement disorder in one child (indicated by two of three paediatric neurologists 
and subsequently confirmed by MAJT). The parents of this child had reported 
no medical complaints. Two years after inclusion, we subsequently checked for 
the emergence of a dystonic movement disorder by repeating BFMMS scores. In 
this child, all “dystonic” features had disappeared. As this child still fulfilled the 
inclusion criteria, it is tempting to speculate that the transiently observed dystonic 
features are developmental in origin. Another potential weakness of the study is 
that the included children revealed above average educational attainment and that 
they also participated more frequently in sporting activities than the average Dutch 
population. However, since we did not observe a correlation between these factors 
and BFMDRS scores, we would not expect that this has influenced the results. 
Finally, all assessors had access to the study protocol, implicating that they were 
aware that they were scoring presumably healthy children. However, we checked 
the outcomes of all assessors by determining inter-observer agreement, both for 
the total group and also for each assessor subgroup. Furthermore, we obtained a 
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similar age-relatedness from the functional scores that were provided by parents 
(who were not aware of age-related motor score outcomes). In this perspective, 
we would therefore suggest that the presented BFMMS age-relatedness can be 
regarded as indicative. 

In conclusion, paediatric BFMDRS outcomes reveal an influence by age. For op-
timal interpretation of longitudinal BFMDRS scores in young dystonic children, 
consideration of paediatric BFMDRS age- relatedness appears advisory. In young 
children, we hope that further insight in the BFMDRS construct may contribute 
to adequate and uniform interpretation of longitudinal BFMDRS scores and may 
facilitate unanimous data entry in international dystonia databases, from paedi-
atric to adult age. 
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Supplementary Table I. Population characteristis
Total BFMMS 
Group (n = 52)

Total BFMDS 
Group (n = 52) Dutch pop.(%)

Age (years)
Range
Mean (SD)

4-16
10 (4)

4-16
10 (4)

Health issues
  ADHD
  Asthma
  Bowel problems

0 (0%)
2 (3.8%)
1 (1.9%)

1 (1.9%)
0 (0.0%)
0 (0.0%)

3-5%
7%
1.8%

Sporting activities
< 1 hour
1-2 hours
2-4 hours
4-6 hours
> 6 hours
Missing values

7 (13.5%)
20 (38.5%)
15 (28.8%)
7 (13.5%)
3 (5.8%)
0 (0.0%)

4 (7.7%)
12 (23.1%)
12 (23.1%)
13 (25.0%)
9 (17.3%)
2 (3.8%)

45.0%
23.2%
14.7%
7.8%
9.3%

School performances
Above average (A/B)
Average (C)
Below average (D/E)
Missing values

27 (51.9%)
20 (38.5%)
2 (3.8%)
3 (5.8%)

28 (53.8%)
19 (36.5%)
2 (3.8%)
3 (5.8%)

46.6%
28.1%
25.3%

Highest education achievement 
mother
Higher education
Vocational education
Secondary school
Missing values

32 (61.5%)
20 (38.5%)
0 (0.0%)
0 (0.0%)

36 (69.2%)
15 (28.8%)
0 (0.0%)
1 (1.9%)

25.9%
56.9%
16.9%
0.3%

Highest education achievement 
father
Higher education
Vocational education
Secondary school
Missing values

30 (57.7%)
21 (40.4%)
1 (1.9%)
0 (0.0%)

36 (69.2%)
14 (26.9%)
1 (1.9%)
1 (1.9%)

29.6%
54.8%
14.7%
0.9%

Sporting activities are indicated in hours per week; school performances are indicated as mean 
achievements; SD = standard deviation; pop. = population. Dutch population numbers were 
determined from Trimbos Institute,31 Central Statistical Office of the Netherlands and National 
Kompas.32 
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Supplementary Table II. Video recording examination protocol
Position Task View

General view Entering the room F - general view

Walking F - general view

Sitting – 
comfort position In rest (30s) F and P - general view and 

close-up

Eyes blinking (10x) F – close-up

Opening and closing mouth (10x) F – close-up

Tongue protrusion (10s) F – close-up

Counting to 10 F – close-up

Speech – standard sentences and interview* F – close-up 

Turn head to right then left (5x) F – close-up 

Lateroflexion of the head to the left and right (5x) F – close-up

Turn head up and downwards (5x) F – close-up

Arms extended in supination (10s) F – close-up 

Arms extended in pronation (10s) F – close-up

Hands in front of chest (10s) F – close-up

Take a cup from left to right and bring it to lips F – close-up

Finger to nose right and left (5x) F – close-up 

Finger tapping right and left (5x) F – close-up

Alternating heel to toe taps right and left (5x) F – close-up 

Drawing spiral right and left F – close-up 

Writing – “my name is…” F – close-up 

Active sitting In rest (30s) P - general view

Standing In rest (30s) F and P – general view

*Speech interview: standard sentences and questions, including questions about problems and 
the ability to swallow. F = frontal view; P = profile view. 
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Supplementary Table III. Multivariable regression analysis for the prediction of 
BFMMS and BFMDS scores

BFMMS BFMDS

Variables F change B° β F change B° β

Age 53.87* -0.54 26.64* -0.44 -0.60

Gender 1.24 (0.07) -0.72 0.08 (0.09)

School performances 0.37 2.22

Sporting activities 0.25 1.18

Education mother 1.94 0.89

Education father  0.50 2.68

Regression analysis results for the effects of the variables on BFMMS and BFMDS scores; when 
the variables significantly influenced the model (F change) we calculated B° (un-standardized coef-
ficient with standard error in parenthesis) and β (standardized regression coefficient); *p<0.001.

Supplementary Table IV. Intraclass correlation coefficients (ICCs) for BFMMS
Inter-observer 
agreement*

Intra-observer 
agreement*

Test-retest reliability*

Total 0.40 0.66 0.64 (ns)

Eyes 0.24 0.57 0.72 (ns)

Mouth 0.24 0.46 0.88

Speech & swallowing 0.04 (ns) = =

Neck 0.22 0.36 (ns) 0.79

Right arm 0.32 0.55 0.78

Left arm 0.31 0.62 0.62 (ns)

Trunk 0.06 = 0.94

Right leg 0.28 0.53 0.80

Left leg 0.25 0.43 (ns) 0.29 (ns)

Inter- and intra-observer agreement and test-retest reliability for BFMMS (ICCs); latent time 
interval for determining intra-observer agreement and test-retest reliability was more than 3 
weeks; = agreement is 1.0 (total agreement); * p < 0.05; ns = not significant.
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ABSTRACT

AIM: To investigate ataxia rating scales in children for reliability and the effect 
of age and gender.

METHODS: Three independent neuro-paediatric observers cross-sectionally 
scored a set of paediatric ataxia rating scales in a group of 52 healthy children 
aged 4 to 16 years. The investigated scales involved commonly applied ICARS, 
SARA, BARS and PEG-board tests. We investigated the inter-relatedness between 
individual ataxia scales, the influence of age and gender, inter- and intra-observer 
agreement and test- retest reliability.

RESULTS: Spearman rank correlations revealed strong correlations between 
ICARS, SARA BARS and PEG-board test (all p<.001). ICARS-, SARA-, BARS- 
and PEG-board test outcomes were age-dependent until 12.5, 10, 11 and 11.5 years 
of age, respectively. Intra-class correlation coefficients (ICCs) varied between 
moderate to almost perfect [inter-observer agreement: 0.85, 0.72 and 0.69; intra-
observer agreement: 0.92, 0.94 and 0.70; and test-retest reliability: 0.95, 0.50 and 
0.71; for ICARS, SARA and BARS, respectively]. Inter-observer variability de-
creased after the sixth year of life.

CONCLUSIONS: In healthy children, ataxia rating scales are reliable, but should 
include age-dependent interpretation in children up to 12 years of age. To enable 
longitudinal interpretation of quantitative ataxia rating scales in children, Euro-
pean paediatric normal values are necessary.
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INTRODUCTION

Early onset ataxia (EOA) is defined as chronic ataxia (of heterogeneous origin) 
starting before the 25th year of life. Underlying conditions are relatively rare, re-
sulting in an estimated EOA prevalence of 1.0 per 100.000 (Friedreich disease 
excluded).1 Knowledge about the aetiology, potential treatment and clinical course 
is still incomplete.2 To clarify the phenotypic spectrum and EOA disease course, 
European adult and the Childhood Ataxia and Cerebellar Groups strive to assemble 
one longitudinal European EOA-database. Until now, both children and adults are 
scored with identical ataxia rating scales. However, in children, age-related matura-
tion of the nervous system is associated with improved coordination and fine motor 
skills. This could result in false “ataxia” scores in young children. For longitudinal 
inclusion of ataxic patients in the EOA database from child- until adulthood, this 
means that age validated ataxia rating scale norms could be warranted.

Frequently applied ataxia rating scales in children and adults comprise the “In-
ternational Cooperative Ataxia Rating Scale (ICARS)”3, its derivate the “Brief 
Ataxia Rating Scale (BARS)”4 and the “Scale for Assessment and Rating of Ataxia 
(SARA)”.5 These scales quantify the ataxia severity on a scale from zero (optimal) 
to the maximal score of 100, 30 and 40 (for ICARS, BARS and SARA, respec-
tively). The assessed ataxia parameters concern four different domains: 1. Posture 
and gait, 2. Kinetic limb function, 3. Oculomotor function and 4. Speech.3-5 ICARS 
involves a frequently applied, relatively detailed scale. BARS concerns a shortened 
version of ICARS, which may facilitate scoring in children with fatigue or a limited 
concentration span. One of the drawbacks of ICARS and BARS is that they involve 
oculomotor sub-scores, which are influenced by cerebellar, cerebral and other ocu-
lomotor pathology. This diversity may impair the specificity as “ataxia” indicator.5 
Furthermore, it was indicated that ICARS might be less suitable for the follow-up 
of cerebellar degenerative disorders than for focal cerebellar lesions.6 SARA was 
originally developed for adult patients with ataxia, with the advantages that the test 
time is relatively short and that it excludes oculomotor scores.5 In healthy children, 
it is still unknown to what extent and in which manner ataxia rating scales are 
influenced by age-related development. In the present study, we therefore aimed 
to investigate ataxia rating scales in children for the inter-relatedness between 
individual ataxia scales, the influence of age and gender, inter- and intra-observer 
agreement and test- retest reliability.
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METHODS

PARTICIPANTS
For this pilot study, we estimated the number of children to include by already 
published inter-observer agreement data in adults.5 Assuming an Intraclass Cor-
relation Coefficient (ICC) of .90 (based on the .97 observed in adults)5, at least 
31 subjects would be needed. The associated 95% confidence interval is 0.801 
- 0.951. After informed consent by the parents and children (≥ 12 years of age), 
we included 52 healthy children between the age of 4 and 16 years, i.e. two boys 
and two girls per year of age. Characteristics are shown in Table I. The exclusion 
criteria involved: neurological or skeletal disorders interfering with coordination, 
a positive Gowers manoeuvre, mental retardation prohibiting regular mainstream 
education and medication with known side-effects on motor-behaviour. We deliber-
ately did not exclude for paediatric behavioural diagnoses such as Attention Deficit 
Disorder (ADD) and/or Attention Deficit Hyperactive Disorder (ADHD). Children 
were recruited by open advertisement (at a local primary school and at the Beatrix 
Children’s Hospital, Groningen, the Netherlands; n=37 and n=15, respectively). The 
latter group involved children from colleagues (n=9) and children (to whom the 
exclusion criteria were not applicable) visiting the hospital for diagnostic reasons 
for a short period of time (n=6).

METHODS
The medical ethical committee of the University Medical Center Groningen, the 
Netherlands approved the study. Collected growth data involved length, weight and 
head circumference. Parents of the included children completed a small question-
naire concerning sports activities, education of the parents, school achievement of 
the child and prescribed medication.

To avoid repetition of overlapping items we video-recorded an assembled set of 
ataxia rating scales, involving ICARS, SARA, BARS and a 9-hole PEG-board 
test. The presence of parents and/or siblings was allowed during the recording. To 
minimize anxiety, young children were allowed to perform the test together with 
their peers. To ensure that the combined test outcomes are interpretable as a rep-
resentative test for separate ICARS, SARA and BARS outcomes, we assessed the 
combined test outcomes and compared outcomes with separately recorded ICARS, 
SARA and BARS outcomes in a separate group of 13 healthy children (aged 4-16 
years, one boy or girl per year of age).
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Three independent observers scored all individually numbered video-fragments 
off-line, according to ICARS, SARA and BARS guidelines. Prior to assessment, 
observers were not informed about the children’s characteristics (involving age, 
school achievement, sports activities and parental degree of education).

We determined the association between ICARS, SARA and BARS and the chil-
dren’s characteristics. Furthermore, we determined ICARS, SARA and BARS 
outcomes for: 1. The association between individual tests and the PEG-board test; 
2. Age- and gender relationship; 3. Inter-observer reliability; 4. Intra-observer 
reliability and test-retest reliability (separately determined in a subgroup of 12 chil-
dren). In 12 children we separately determined test-retest reliability by repeating 
ICARS, SARA and BARS (after a median time interval of 5 (range 3-7) weeks). 
In the same 12 children we determined intra-observer agreement by repeating the 
assessors scores of the 12 children’s first video recorded combined ataxia scale test 
(after a median time interval of 5 (range 3-7) weeks). Observers were not allowed 
to review the results of their first recording.

STATISTICAL ANALYSIS
Statistical analysis was performed using PASW Statistics 18 for Windows. In the 
52 included children, we determined ICARS, SARA and BARS mean total scores 
from the first assessments by three observers. We assessed normality using Kol-
mogorov-Smirnov test for ICARS, SARA, BARS total scores and the 9-hole PEG-
board test. We determined whether the combined ataxia tests were interpretable as 
a representative test for ICARS, SARA and BARS outcomes by Wilcoxon matched 
pair signed rank test. With multivariable regression analysis we determined the 
influences of age, gender, sports activities, school achievements and educational 
achievements of the parents on ICARS, SARA, BARS total scores, subscale scores, 
and the 9-hole PEG-board test. We determined the correlation between the three 
ataxia scales as well as the correlation between the 9-hole PEG-board test and the 
ataxia scales by the Spearman rank correlation test. In the 52 children we assessed 
inter-observer agreement by Intraclass Correlation Coefficient (ICC). Thereafter, 
we also determined intra-observer and test-retest reliability in 12 children by ICC. 
According to Landis et al. criteria that could be used in the interpretation of ICC 
involve: <.20 slight; .21-.40 fair; .41-.60 moderate; .61-.80 substantial; >.81 almost 
perfect.7 We subjectively pre-defined a cut-off value for ICC of .80 as sufficient. We 
determined variance per observer from the mean total score (i.e. individual total 
score per observer minus mean total score) and plotted this against age.
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All statistical tests were two-sided. P-values of <.05 were regarded as statistically 
significant.

RESULTS

CHARACTERISTICS OF INCLUDED CHILDREN
Included children originated mostly from parents with academic or comparable 
educational degrees. Included children revealed above average school achieve-
ments (A’s and B’s) and participated more frequently in sports (i.e. more than 2 
times per week) than scheduled into average primary school curriculum, see Table 
I. Comparing the presently included children with the Dutch population8,9, revealed 
relatively more sports participation, higher school achievements and higher paren-
tal education in the first group, see Table I. Specifications of ICARS, SARA and 
BARS scores according to gender are shown in supplementary Table I.

TOTAL SCORES OF ICARS, SARA AND BARS
ICARS, SARA and BARS total scores were not normally distributed (Kolmogorov-
Smirnov test; p <0.001 for all three scales). Comparison of ICARS, SARA and 
BARS outcomes obtained in a combined setting versus ICARS, SARA and BARS 
outcomes obtained in a separate setting revealed no differences (n=0.13; Wilcoxon 
signed rank test; NS).

Multivariable regression analysis reveals that ataxia rating scale scores are signifi-
cantly predicted by age in ICARS (β=-0.778, p<0.001), SARA (β=-0.695, p<0.001) 
and BARS (β=-0.704, p<0.001). Age explained a significant proportion in variance 
of the ataxia rating scale scores in ICARS (R2=0.605, p<0.001), SARA (R2=0.483, 
p<0.001) and BARS (R2=0.495, p<0.001). Other variables, such as gender, sports 
activities, school achievements and parental education did not render significant 
F-changes and were thus omitted from our regression model for further analysis. 
See for F-change values supplementary Table II.

Since age appeared the only significantly predicting variable for ataxia rating 
scale scores, we performed a polynomial analysis with one phase decay trend to 
assemble figure 1. In figure 1a-c, we estimated the age at which adult optimum 
values are reached by the age at which the curve reaches its plateau. The age at 
which included children approached their “adult” optimum score was estimated 
at 12.5, 10 and 11 years of age (for ICARS, SARA and BARS respectively).



ATAXIA RATING SCALES ARE AGE-DEPENDENT | 65

TABLE I. Patient characteristics
Girls (n=26) Boys (n=26) Total (n=26) Dutch population (in %)

Age (in years)

Range 4-16 4-16 4-16

Mean (SD) 10.5 (3.9) 10.4 (3.9) 10.4 (3.9)

Sports activities

< 1 hour   2   (7.7%) 2   (7.7%) 4   (7.7%) 45.0%

1-2 hours 11 (42.3%) 8 (30.8%) 19 (36.5%) 23.2%

2-4 hours   5 (19.2%) 8 (30.8%) 13 (25.0%) 14.7%

4-6 hours   4 (15.4%) 5 (19.2%) 9 (17.3%) 7.8%

> 6 hours   4 (15.4%) 3 (11.5%) 7 (13.5%) 9.3%

School performances

A 14 (53.8%) 8 (30.8%) 22 (42.3%) 22.4%

B 8 (30.8%) 7 (26.9%) 15 (28.8%) 24.2%

C 3 (11.5%) 7 (26.9%) 10 (19.2%) 28.1%

D 1   (3.9%) 0   (0.0%) 1   (1.9%) 13.3%

E 0   (0.0%) 4 (15.4%) 4   (7.7%) 12.0%

Highest education 
achievement mother

Higher education   22 (84.6%) 19 (73.1%) 41 (78.9%) 25.9%

Vocational education    4 (15.3%) 6 (23.1%) 10 (19.2%) 56.9%

Secondary school    0   (0.0%) 0   (0.0%) 0    (0.0% 16.9%

Missing value    0   (0.0%) 1   (3.8%) 1   (1.9%) 0.3%

Highest education 
achievement father

Higher education 20 (76.9%) 17 (65.5%) 37 (71.2%) 29.6%

Vocational education 6 (23.1%) 7 (26.9%) 13 (25.0%) 54.8%

Secondary school 0   (0.0%) 0   (0.0%) 0   (0.0%) 14.7%

Missing value 0   (0.0%) 2   (7.6%) 2   (3.8%) 0.9%

Participation in sports is indicated in hours per week; school performances are indicated as mean 
achievements (reported by parents). A = excellent (> +2.5SD), B = above average, C = average, D 
= below average, E = failed (> -2.5 SD).  SD = standard deviation. There were three missing data 
points; one on educational level of the mother and two of the father. Dutch population numbers 

were determined from Central Statistical Office of the Netherlands and the Trimbos institute.8,9
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Figure 1. Ataxia rating scales (ICARS, SARA and BARS) and the 9-hole PEG-
board test related to age

Ataxia rating scales the International Cooperative Ataxia Rating Scale (ICARS), the Scale for 
the Assessment and Rating of Ataxia (SARA), and the Brief Ataxia Rating Scale (BARS) and the 
nine-hole PEG-board test related to age. Polynomial analysis with one phase decay trend line was 
used to form plots of total scores related to age. The vertical axis indicates the total scores of (a) 
ICARS, (b) SARA, (c) BARS and (d) the timed performance of the nine-hole PEG-board test (d). 
The horizontal axis indicates the age of the child in years. For each individual child mean data 
points are given. The blue line represents outcomes in males and the red line represents outcomes 
in females. The scales show age-dependency until 12.5, 10 and 11 years of age (for ICARS, SARA 
and BARS, respectively). The nine-hole PEG-board test shows age-dependency until 11.5 years 
of age. Ataxia rating scales ranges from zero reflecting no ataxia, to 100; 40 and 30 representing 
maximum ataxia in ICARS, SARA and BARS respectively.

QUANTITATIVE ATAXIA RATING SUBSCALE SCORES
Since BARS is derived from ICARS, we performed multivariable regression 
analysis on ICARS and SARA subscales involving gait, kinetic function and 
speech (oculomotor function is not included in SARA and was therefore left out). 
Regression analysis revealed that age significantly predicts ICARS and SARA gait 
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subscale scores (β=-0.665, p<0.001 and β=-0.492, p<0.001; respectively). Adult 
optimum gait subscale scores were reached at 10.2 and 8.2 years for ICARS and 
SARA, respectively (figure 2). Regression analysis revealed that age significantly 
predicts ICARS and SARA kinetic subscale scores (β = -0.778, p<0.001 and β = 
-0.749, p<0.001; respectively). Adult optimum kinetic subscale scores were reached 
at 14.2 and 13.0 for ICARS and SARA respectively (figure 2).  Regression analysis 
revealed that age and gender significantly predict ICARS speech subscale scores 
(β = -0.596, p<0.001 and β = 0.232, p =0.04; age and gender respectively). Regres-
sion analysis revealed that age significantly predicts SARA speech subscale scores 
(β = -0.514, p<0.001). Adult optimum speech subscale scores were reached at 9.0 
and 8.2 years for ICARS and SARA respectively (figure 2). The other variables, 
such as sport activities, school achievements and parental education did not render 
significant F-changes and were thus omitted from our regression model for further 
analysis. See for F-change values supplementary Table III-V. For SARA we deter-
mined adult optimum per individual subscale items, see supplementary Table VI.

Figure 2. Subscales of ICARS and SARA related to age

Subscales of the International Cooperative Ataxia Rating Scale (ICARS) and the Scale for the As-
sessment and Rating of Ataxia (SARA) related to age. Polynomial analysis with one phase decay 
trend line was used to form plots of sub-scores related to age. The sub-scores are indicated for (a) 
ICARS and (b) SARA. The vertical axis indicates the achieved score, expressed as percentage of 
the theoretical maximum score (% of max.) per sub-score. The horizontal axis indicates the age 
of the child in years. Figures reveal that speech tends to develop earlier than gait and gait earlier 
than kinetic function.

4
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CORRELATION BETWEEN ATAXIA RATING SCALES
All three ataxia scales were significantly correlated with each other. Spearman rank 
correlation between ICARS and SARA; between ICARS and BARS and between 
SARA and BARS revealed a rs of 0.82, 0.77 and 0.68, respectively (all p<0.001).

OBSERVER AGREEMENT AND TEST-RETEST RELIABILITY
The ICC for the inter-observer agreement of ICARS, SARA and BARS “total” 
scores was 0.856, 0.809 and 0.695, respectively (p<0.007); see Table II. Comparing 
outcomes in children younger and older than 6 years of age, revealed a reduction 
in scored ICARS and SARA variance per observer (from the mean total score) 
in children older than 6 years of age (supplementary figure 1 and supplementary 
figure 2).

ICCs in children older than 6 years of age were interpreted as substantial to per-
fect (0.702 and 0.849; SARA and ICARS, respectively), whereas ICCs in children 
younger than 6 years of age were interpreted as fair to moderate (0.457 and 0.703; 
for SARA and ICARS, respectively). For BARS, ICCs were interpreted as moder-
ate in children older than 6 years of age and fair in children younger than 6 years 
of age (0.288 and 0.491, respectively).

Intra-observer agreement showed median ICCs of 0.918, 0.940 and 0.696, for 
ICARS, SARA and BARS, respectively. The ICCs for test-retest reliability in 
ICARS, SARA and BARS were 0.945, 0.499 and 0.710, respectively. (p<0.041); 
see Table II.

9-HOLE PEG-BOARD TEST
Kolmogorov-Smirnov test revealed that the 9-hole PEG board test-score is not 
normally distributed (p <0.001). Multivariable regression analysis revealed that age 
predicts the 9-hole PEG board test significantly (β=-0.701, p<0.001). Age explained 
a significant proportion of the 9-hole PEG board test (R2=0.491, p<0.001). Other 
variables such as gender, sports activities, school achievements and parental educa-
tion did not render significant F-changes and were thus omitted from our regression 
model for further analysis. See for F-change values supplementary Table VII. Since 
age appeared the only significantly predicting variable for the 9-hole PEG board 
test, we performed a polynomial analysis with one phase decay trend to assemble 
figure 1d. Adult optimum was reached at 11.5 years of age.

Spearman rank correlation between 9-hole PEG board test and ICARS, SARA, 
BARS revealed rs of 0.65, 0.69 and 0.62 respectively (p<0.001).
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Table II. The intraclass correlation coefficients (ICCs) for ataxia rating scales
Inter-observer agreement Intra-observer agreement Test-retest reliability

ICARS total
Gait
Kinetic
Speech
Oculomotor

0.856
0.796
0.815
0.380
0.456

0.918
0.773
0.937
=
0.772

0.729
0.493
0.786
=
0.293

0.921
0.935
0.835
=
0.766

0.945
0.786
0.909
=
=

SARA total
Gait
Kinetic
Speech

0.809
0.776
0.794
0.185

0.940
0.889
0.896
=

0.845
=
=
0.734

0.957
=
0.557
=

0.499
0.600
0.521
=

BARS total
Gait
Kinetic
Speech
Oculomotor

0.695
0.686
0.553
0.535
0.230

0.615
=
0.453
=
=

0.774
=
0.727
=
0.474@

0.696
=
0.491
=
=

0.710
=
0.520
=
=

* = significant with p<0.007; §= significant with p<0.014; $= significant with p<0.003; = agree-
ment is 1.0 (total agreement); @ p=0.051

DISCUSSION

This is the first comparative study of ataxia rating scales in children. Our results 
reveal that the investigated scales and the PEG board test are age-dependent until 
12 years of age. Our data revealed that, inter-observer and intra-observer reliability 
for ICARS and SARA appears to coincide with our assumed ICC (0.90; 95% CI: 
0.801-0.951), which was based on ICC values found in adults. This implicates, that 
the presently observed inter-observer agreement was the same as that published in 
adults 4-6, 10, Comparison between the three tests revealed slightly better outcomes 
for ICARS and SARA than for BARS.

As previously suggested for ICARS, present results in healthy children confirm 
an age-relationship for ataxia rating scales.11 At a certain age, ICARS and SARA 
total scores reach a plateau phase (see figure 1), which shows similar results as for 
ICARS and SARA total scores in healthy adults (ICARS mean score; 1.56 (SD 
4.29) and SARA mean score; 0.4 (SD 1.1)).5, 12 From this point on age-dependency 
disappears. Concurrent neuro-developmental processes which could induce this 
confounding age-relationship involve: 1. Cerebellar growth and development 2. 
Selective elimination of abundant neuronal connections; and 3. Myelination of the 
central and peripheral nervous system.13 Especially the cerebellum is important for 
the execution of refined, coordinated movements and postural control. It receives 
a vast amount of input signals from the sensory, motor and visual cortex, the 
vestibular system and the spinal cord. Cerebellar processing occurs by intercon-
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necting loops involving the cortex, thalamus, basal ganglia, limbic system and 
cerebellum. The efferent fibres connect with the red nucleus, thalamus, vestibular 
complex and reticular formation, providing adapted information for balance con-
trol and decision-making regarding speed, force and direction of intended move-
ments.14 Since ataxia rating scales involve the scoring of timed and coordinated 
performances, it is inherent that cerebellar performance is assessed during the 
execution of the involved tasks. In children, cerebellar growth and development 
reveals a delayed peak compared to the rest of the brain.15 For instance, growth of 
the vermis (determining axial stability) is completed at the 8th year of life, whereas 
growth of the anterior and superior posterior- cerebellar regions (determining 
kinetic and executive functions, respectively.) stabilizes at 14 to 17 years of age.15 
Whether this differential cerebellar growth underlies the presently observed de-
velopmental order of sub-scores, remains largely speculative.16 However, when 
comparing age-dependency between individual sub-score items, we observed 
that the highest scores (i.e. the smallest outcomes) concurred with the sub-score 
items that develop latest, see supplementary Table VI. The selective elimination 
of neuronal synapses may additionally induce age-dependent improvement of 
motor performances. In literature, selective elimination of synapses is described 
in association with declined cerebral glucose consumption,17 which may continue 
until the end of adolescence (at the prefrontal and temporal lobe).18 Finally, ongoing 
myelination allows faster propagation of stimuli within the central and peripheral 
nervous system. Myelination is not completed until adulthood.19,20 Altogether, in 
young children under 12 years of age, several physiologic neuro-developmental 
processes can explain why ataxia rating scales are confounded by age.11,21 Although 
such age-related influences do not necessarily overlap with advanced ataxic scores 
in EOA patients, one may need to consider such influences before attributing intra-
individual longitudinal quantitative “improvements” to potential treatment effects.

Comparing ICARS and SARA, reveals that SARA develops earlier than ICARS 
(approaching adult optimum scores at 12.5 and 10 years of age, in ICARS and 
SARA respectively). We speculate that this could be attributed to the more de-
tailed scoring parameters involved in ICARS when compared to SARA. SARA 
outcomes are rated as averages from several attempts and subsequently calculated 
as the average of the left and right side, leaving out small imperfections. Regard-
ing subscales, SARA speech scores involve spontaneous speech production, al-
lowing the child to avoid complex words, which are learned later in life. This is 
contrasted by ICARS speech guidelines involving difficult sub-scores combina-
tions of consonants, which can be optimally pronounced at later ages.22 Since 
speech are thus dependent upon the intrinsic difficulty of the native language, 
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one should evaluate the different European language profiles before inclusion of 
speech in the EOA database. In future studies, we will therefore obtain additional 
information by including assessment of non-word/phonic speech (such as “pata-
pata-pata”, etc) in SARA speech sub-scores. Altogether, it is comprehensive that 
SARA outcomes are averaged and less detailed, rendering a relatively more stable 
and age-independent ataxia score (at least in children older than 10 years of age). 
This is contrasted by the more detailed ICARS outcomes, which appear age related 
until 12.5 years of age. In this perspective, it is tempting to speculate that SARA 
could be more suitable for long term quantitative ataxia assessment from child to 
adulthood (such as for the EOA database), whereas ICARS could be more suitable 
for detailed, short-term therapeutic comparisons between age matched groups.

Interestingly, our regression analysis did not reveal a significant association be-
tween gender and ataxia rating scale outcomes. From the general assumption that 
girls and boys differ in the performance of complex sequential motor tasks, one 
could have expected slight differences between boys and girls.23 However our 
study population was relatively small and we did observe a trend that girls devel-
oped total- and sub-scores earlier than boys. Before further conclusions can be 
drawn, we would advise to await results from the European SARA validation trail.

The limitations of the present pilot study include the lack of a population based 
study group. The parents and children volunteering for the present pilot study 
revealed higher educational levels and school achievements than average and, 
furthermore, the included children revealed a relatively high frequency in sports 
participation. Although we do not provide sufficient data on a potential bias by 
cognition and physical activity on ataxia rating scale outcomes, we would hypoth-
esize that larger, stratified study samples could elucidate this. Beside the lack of a 
stratified study group, our study population was small and therefore should be used 
with caution. The forthcoming European SARA validation trial aims to obtain 
healthy norm values according to age in a larger stratified European population. 
Another limitation is that all observers originated from the same paediatric neu-
rology department (UMCG, the Netherlands), which could theoretically induce 
higher ICC outcomes. However, preliminary international SARA validation data 
(by a panel of European paediatric neurologists) also tends to reveal an ICC within 
the reliable (i.e. moderate to substantial) range. Finally, for future application of 
ataxia rating scales in EOA children, it is important to realize that present data 
concern healthy children. When one would apply the rating scales for what they 
are actually designed for (i.e. the quantification of “ataxia” instead of “matura-
tion”), ICC outcomes would expected to be higher. Furthermore, it is important to 
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realize that paediatric ataxic disorders often concern a “mixed” phenotype. Before 
interpreting longitudinal quantitative SARA data in EOA children, one may need 
to consider these potentially confounding influences as well.

In summary, present pilot data reveal that ataxia rating scales are age-dependent 
and reliably applicable in healthy children. For reliable interpretation of longi-
tudinal EOA data from child- to adulthood, we would recommend to await the 
forthcoming SARA age validation trial by the Childhood Ataxia and Cerebellar 
Group first.
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Supplementary Table I. Quantitative ataxia rating scale characteristics according 
to gender

Females Males

ICARS (0-100)

Range 0 – 19 3 – 17 

Mean 3.69 5.08

Median 2.00 3.00

Lower quartile 0.50 1.50

Upper quartile 5.00 7.00

SARA (0-40)

Range 0 – 5 0 – 8 

Mean 0.81 1.20

Median 0.00 0.50

Lower quartile 0.00 0.00

Upper quartile 1.00 1.00

BARS (0-30)

Range 0 – 5 0 – 5 

Mean 0.75 1.00

Median 0.00 0.50

Lower quartile 0.00 0.00

Upper quartile 1.00 1.00

ICARS, SARA and BARS characteristics from our study population subdivided by gender
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Supplementary Table III. Multivariable regression analysis for the prediction of 
ataxia rating scale gait sub-scores

ICARS Gait sub-score SARA Gait sub-score

F change B° β F change B° β

Age 39.68*** -0.223 (0.04) -0.665*** 15.95*** -0.094 (0.02) -0.492***

Gender 1.14 0.01

Sport activities 0.85 0.28

School achievements 0.30 1.03

Educational level mother 0.14 0.14

Educational level father 1.22 1.17

Regression analysis results for the effects of age, gender sport activities, school achievement, 
educational level of mother and father on ataxia rating scale gait sub-score; when the potential 
confounders significantly influence the model  (F change) we calculated B° (unstandardized coef-
ficients with standard error in parenthesis) and β (standardized regression coefficient); * p<0.05; 
** p<0.01; **p<0.001

Supplementary Table IV. Multivariable regression analaysis for the prediction 
of ataxia rating scale kinetic sub-scores

ICARS Gait sub-score SARA Gait sub-score

F change B° β F change B° β

Age 76.76*** -0.678 (0.08) -0.778*** 63.89*** -0.201 (0.03) -0.749***

Gender 1.41 3.26

Sport activities 1.00 0.39

School achievements 1.49 0.61

Educational level mother 0.44 0.73

Educational level father 2.65 4.81

Regression analysis results for the effects of age, gender sport activities, school achievement, 
educational level of mother and father on ataxia rating scale kinetic sub-score; when the potential 
confounders significantly influence the model (F change) we calculated B° (unstandardized coef-
ficients with standard error in parenthesis) and β (standardized regression coefficient); * p<0.05; 
** p<0.01; *** p<0.001
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Supplementary Table V. Multivariable regression analysis for the prediction of 
ataxia rating scale speech sub-scores

ICARS Speech sub-score SARA Speech sub-score

F change B° β F change B° β

Age 27.53*** -0.678(0.08) -0.778*** 17.96*** -0.019 (0.01) -0.514***

Gender 4.46*  0.115 (0.06)  0.232* 0.32

Sport activities 0.94 0.38

School achievements 0.25 0.91

Educational level mother 0.60 0.37

Educational level father 2.18 0.79

Regression analysis results for the effects of age, gender sport activities, school achievement, 
educational level of mother and father on ataxia rating scale speech sub-score; when the potential 
confounders significantly influence the model (F change) we calculated B° (unstandardized coef-
ficients with standard error in parenthesis) and β (standardized regression coefficient); * p<0.05; 
** p<0.01; *** p<0.001

Supplementary Table VI. Sara subscales and items according to adult optimum
SARA items Adult optimum (in years)

Speech sub-score 8.2

Posture and Gait sub-score 8.2

Sitting item 5.3

Stance item 6.5

Gait item 7.3

Kinetic function sub-score 13.0

Nose-finger item 4.4

Finger chase item 5.4

Knee shin item 14.0

Fast alternating movements item 14.3

SARA subscale items with adult optimum in years
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Supplementary Table VII. Multivariable regression analsysis for the prediction 
of the timed 9-hole PEG-board test

9-hole PEG board performances

F change B° β

Age 48.32*** -0.847 (0.12) -0.701***

Gender 0.14   

Sport activities 0.85

School achievements 1.67

Educational level mother 0.98

Educational level father 2.29

Regression analysis results for the effects of age, gender sport activities, school achievement, 
educational level of mother and father on 9-hole PEG board performances; when the potential 
confounders significantly influence the model (F change) we calculated B° (unstandardized coef-
ficients with standard error in parenthesis) and β (standardized regression coefficient); * p<0.05; 
** p<0.01; *** p<0.001 4
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ABSTRACT

AIM: To determine whether paediatric ataxia speech sub-scores are reliably appli-
cable for international early onset ataxia (EOA) databases. If so, we reasoned that 
ataxia speech sub-scores should be associated with ataxia scores and involve high 
inter-observer agreement, including those for internationally applicable Scale for 
Assessment and Rating of Ataxia (SARA) syllable repetition tasks (SARASRT).

METHODS: Three independent paediatric neurologists and a speech therapist 
scored speech in 52 healthy children (mean age 10 years, range 4–16 years) and 
40 EOA patients (mean age 15 years, range 5–34 years). We compared ataxia 
speech sub-scores for the association with age and ataxia scores as well as inter-
observer reliability.

RESULTS: In healthy children, ataxia speech sub-scores were moderately as-
sociated with age (ICARS: r=-0.515; SARA: r=-0.321; p<0.05) and with ataxia 
scores (ICARS: r=0.552; SARA: r=0.336; p<0.05) and revealed slight to moderate 
inter-observer agreement (ICARS-ICC: 0.380; SARA-ICC: 0.185; SARASRT-
ICC: 0.509). In EOA, speech sub-scores have a strong association with ataxia 
scores (ICARS: r=0.735; SARA: r=0.730; p<0.001) and revealed substantial to 
nearly perfect inter-observer agreement (ICARS-ICC: 0.812; SARA-ICC: 0.854; 
SARASRT-ICC: 0.724).

CONCLUSIONS: EOA speech sub-scores are associated with ataxia and also 
reveal high inter-observer agreement, including those internationally applicable 
to SARASRT. We conclude that SARASRT appears to be applicable for EOA 
databases. However, before syllable repetition tasks are included, we would advise 
to wait for the results published by the international Childhood Ataxia and Cer-
ebellar Group.
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INTRODUCTION

Early onset ataxia (EOA) characterizes the initiation of ataxia before the 25th year 
of life.1 The underlying conditions are highly heterogeneous and are often rare. For 
clarification of the clinical and phenotypic EOA disease course from childhood to 
adulthood, European adult and childhood ataxia interest groups aim to assemble 
one longitudinal European EOA database.2 In adults, quantitative ataxia progres-
sion is often assessed by ICARS (International Cooperative Ataxia Rating Scale)3 
and more recently also by SARA (Scale for Assessment and Rating of Ataxia).4

However, before paediatric ataxia speech sub-scores become applicable for the 
international EOA database, one may need to consider several drawbacks. Firstly, 
age-related speech sub-score reference values in children are still lacking. Since 
young children generally improve articulation with age, “ataxia” speech sub-
scores could be confounded by maturation of the nervous system (i.e. by the age 
of the child).5 Secondly, internationally applied speech sub-scores should consider 
variation in the complexity of different languages.6 For example, English speaking 
children generally acquire their consonant clusters by the age of 5 years, whereas 
Dutch speaking children generally acquire their consonant clusters by the age of 
6 to 10 years.6 Thirdly, international research groups are likely to involve inves-
tigators who speak a different native language than the child, which may hamper 
reproducibility. Finally, one may realize that children with ataxia do not always 
present with a purely ataxic disorder. Particularly in children, ataxia may occur 
with manifest signs of other movement disorders,7,8 which could influence the 
scores as well.

In relation to these potential issues, our aim was to investigate whether paediatric 
ataxia speech sub-scores are reliably applicable for international EOA databases. 
We reasoned that EOA speech sub-scores could be applicable if outcomes are 
stronger indicators for ataxia than for age, and also if outcomes are obtained with 
sufficiently high inter-observer agreement. For uniform international application, 
we hypothesized that replacement of official speech sub-scores by syllable repeti-
tion tasks (involving a fixed set of syllables, such as “la-la-la”),9–11 could help to 
avoid potential language bias. ICARS already involves a syllable repetition task 
that is integrated in the official test score, whereas SARA does not.3,4 For this 
reason we compared outcomes between “official” speech sub-scores and syllable 
repetition tasks for SARA only. Finally, we determined speech sub-scores for two 
different EOA groups, one group involving “core ataxic” children and the other 
group involving “combined” phenotypes.
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In the present study of healthy children and children with EOA (with “core” and 
“combined” phenotype), we aimed to investigate ataxia speech sub-score for the 
association with age and ataxia scores and for inter-observer agreement. We rea-
soned that if EOA speech sub-scores (involving syllable repetition tasks) revealed 
a sufficiently strong association with ataxia scores and if speech sub-scores also 
revealed a sufficiently high inter-observer agreement, then speech sub-scores could 
provide applicable parameters for the EOA database.

METHODS

PARTICIPANTS
The medical ethical committee of the University Medical Center Groningen, the 
Netherlands, approved the present pilot study. After informed consent by the par-
ents and children (when older than 12 years of age), we included 52 healthy chil-
dren (range 4–16 years; four children per year of age; m:f=1)12 and 40 patients with 
EOA (range 5–34 years; mean 15 years of age; m:f=3). All 40 patients with EOA 
were described with “ataxia” (as a primary or secondary feature) initiating before 
their 25th year of life, as mentioned in the patient records at the University Medi-
cal Center Groningen between 1998 and 2013. Patient data are given in Table I.

The estimated patient number for inclusion was deduced from published data on 
inter-observer agreement data in adults.4 A sample size of 36 participants scored 
by three observers achieves 90% power to detect an Intraclass Correlation Coef-
ficient (ICC) for speech sub-scores of 0.8 or over the null hypothesis of a moderate 
ICC of 0.6 (0.85 published for adults4), using a significance level (alpha) of 0.05. 
This sample size is amply sufficient to attain the total score for which an ICC of 
0.97 has been reported in adults.4

PROCEDURE
Since ICARS and SARA differ regarding test content and scoring guidelines,3,4 
we assessed both scales. To avoid repetition by overlapping scoring items, we 
assembled a combined test and separated ICARS, SARA, and SARA syllable 
repetition tasks (SARASRT) video fragments for assessment thereafter.12 In a 
previous study, we had already proven that outcomes from combined videotaped 
sessions do not differ from separately taped ICARS and SARA performances.12 
In healthy children and patients with EOA, three paediatric neurologists and a 
speech therapist independently scored ICARS and SARA offline. The SARASRT 
was assessed in a separate setting (median time interval between both tests in 
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healthy children: 1y 3mo [range: 1y 2mo-1y 4mo] and in patients with EOA 7mo 
[range: 5–8mo]). The syllable repetition task involved vocal repetition of “putteke-
putteke-putteke” and “la-la-la”, which is included in the Dutch version of ICARS.3 
Syllable repetition performances were rated according to SARA speech sub-score 
guidelines.4 Since syllable repetition tasks are integrated in ICARS (as part of the 
total ICARS speech score) but not in SARA, we tested whether speech sub-scores 
can be exchanged by a syllable repetition task for SARA alone.

In patients with EOA, we assessed the same parameters as in healthy children 
and we additionally explored whether speech sub-score characteristics differed 
between “core” and “combined” ataxia subgroups. We assigned patients to a “core 
ataxia” subgroup (1) when an underlying diagnosis for ataxia was genetically 
or metabolically confirmed and when all three paediatric neurologists indepen-
dently recognized presence of ataxia; or (2) when an ataxic diagnosis was not 
genetically or metabolically confirmed, but all three paediatric neurologists had 
independently recognized ataxia as the main symptom of the movement disorder. 
All other patients were assigned to a “combined” subgroup. Phenotypic assess-
ment and subsequent group assignment was repeated by the University Medical 
Center Groningen movement disorder team, revealing significant agreement upon 
the presented group assignment (unpublished data). Underlying diagnoses for the 
“core ataxia” subgroup (n=26) involved: Friedreich’s ataxia (n=7), AVED (n=3), 
GOSR2 mutation (n=4), Niemann‒Pick type C (n=1), NARP mutation (n=1), ataxia 
telangiectasia (n=1), Kearns Sayre syndrome (n=1), Joubert syndrome (n=1) and 
unknown association with ataxia (n=7). Diagnoses of the “combined” subgroup 
(n=14) involved: TITF-1 mutation (brain-thyroid-lung syndrome; n=1), Hunting-
ton disease (n=1), syndrome of Chediak Higashi (n=1), SPG11 mutation (n=1) and 
unknown association with ataxia (n=10).

STATISTICAL ANALYSIS
We performed statistical analyses using PASW Statistics 18 for Windows (IBM 
SPSS Statistics, IBM Corp, Armonk, NY, USA). We assessed the normality of 
ICARS and SARA speech sub-scores both graphically and by the Shapiro-Wilk 
test. We compared outcomes between the paediatric neurologists and speech 
therapist by the unpaired Student’s t-test or by Wilcoxon signed rank test (when 
outcomes were not normally distributed). By calculating the Spearman rank cor-
relation coefficient r, we quantified the association between ICARS and SARA 
median speech sub-scores, and also with age, age of ataxia onset, and median 
total ataxia scores. We determined inter-observer agreement by ICCs, using the 
two-way mixed model and single measurement coefficients.13 For uniformity rea-
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sons with previously published data,12 we applied Landis and Koch criteria14 that 
were originally described for categorical data. According to Landis and Koch,14 
we interpreted ICC outcomes as follows: ICC <0.20=slight; 0.21‒0.40=fair; 
0.41‒0.60=moderate; 0.61‒0.80=substantial; >0.81=almost perfect. Finally, we 
compared “core” and “combined” ataxia subgroups regarding patient character-
istics (age, duration of disease) and speech sub-score outcomes using the Mann 
Whitney U test. All statistical tests were two-sided. The p-values of <0.05 were 
considered as statistically significant.

RESULTS

Obtained datasets were complete. In both healthy children and children with EOA, 
ICARS and SARA speech sub-scores were not normally distributed (Shapiro-Wilk 
test; p<0.05). Comparing speech sub-score outcomes between the paediatric neu-
rologists and the speech therapist, revealed no significant differences.

SPEECH SUB-SCORES IN ASSOCIATION WITH AGE AND ATAXIA SCORES
In healthy children, SARA speech sub-scores were correlated with ICARS speech 
sub-scores (r=0.554, p<0.001), but not with SARASRT (r= 0.185, p=0.190). All 
speech sub-scores were correlated with age (ICARS: r=‒0.515, p<0.001; SARA: 
r=‒0.321, p=0.020; and SARASRT: r=‒0.543, p=<0.001) and with total “ataxia” 
scores (ICARS: r=0.552, p<0.001; SARA: r=0.336, p=0.015; and SARASRT: 
r=0.533, p<0.001).

In EOA patients, SARA speech sub-scores were correlated with ICARS speech 
sub-scores (r=0.924, p<0.001) and with SARASRT (r =0.770, p<0.001). Speech 
sub-scores showed no correlation with age (ICARS: r=0.065, p=0.690; SARA: 
r=0.039, p=0.811; and SARASRT: r=‒0.084, p=0.607) and also no correlation with 
“age of ataxia onset” (ICARS: r=‒0.091, p=0.576; SARA: r=‒0.078, p=0.630; 
and SARASRT: r=‒0.221, p=0.171). All speech sub-scores were correlated with 
total ataxia scores (ICARS: r=0.735, p<0.001; SARA: r=0.730, p<0.001; and 
SARASRT: r=0.535, p<0.001).

Comparing speech sub-score outcomes between “core” (n=26) and “combined” 
(n=14) ataxic subgroups revealed higher speech sub-scores in the “core” ataxia 
group (p<0.05). Speech sub-scores in the “core” ataxia group were associated 
with total ataxia scores (ICARS: r=0.813, p<0.001; SARA: r=0.826, p<0.001; 
and SARASRT: r=0.619, p=0.001), whereas this correlation was lacking in the 
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“combined” ataxia group (ICARS: r=0.122, p=0.677; SARA: r=0.244, p=0.401; 
and SARASRT: r=0.157, p=0.591), see Table I.

Comparing speech and total ataxia scores between healthy children and patients 
with EOA revealed a small overlap between both groups within the lower scoring 
ranges (<20 points for total ICARS score and <8 points for total SARA score; 
Figure 1).

Table I. Characteristics and correlation coefficients for ataxia rating scales in 
healthy and ataxic (sub)groups 

Healthy children Patients with ataxia

Total 
(n=52)

Total
 (n=40)

“Core” 
(n=26)

“Combined” 
(n=14)

Age range (years)
Range
Mean (SD)

4–16
10 (4)

5–34
15 (7)

6–34
17 (8)

5–18
12 (4)

Duration of disease (years)
Range
Mean (SD)

0.5–25
10 (7)

3–25
12 (7)

0.5–15
7 (5)

ICARS speech sub-score
Range
Mean (SD)

0–1
0.12 (0.32)

0–6
2.61 (1.7)

0–6
3.09 (1.8)

0–4
1.71 (1.1)

SARA speech sub-score
Range
Mean (SD)

0–1
0.03 (0.15)

0–6
1.80 (1.4)

0–6
2.13 (1.4)

0–4
1.18 (1.1)

Speech sub-score correlation coefficientsa with
Total scores (ICARS)
Total scores (SARA)

0.552
0.336

0.735
0.730

0.813
0.826

0.122 (NS)
0.244 (NS)

SARASRT correlation coefficientsa with
Speech sub-scores (SARA)
Total scores (SARA)

0.185 (NS)
0.533

0.770
0.535

0.712
0.619

0.781
0.157 (NS)

ICARS (International Cooperative Ataxia Rating Scale); SARA (Scale for assessment and Rating 
of Ataxia); SARASRT (SARA syllable repetition tests); NS = not significant; SD = standard de-
viation. a All indicated correlations were significant (p<0.05), except for the ataxic group with 
“mixed” features.
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Figure 1. Association between speech subscores and total ataxia scores

The association between speech subscores and total ataxia scores. The figure shows (a) ICARS 
and (b) SARA speech subscores versus total ataxia scores in healthy children and children with 
EOA. The x-axis indicates the total score of the ataxia rating scales, ranging from 0 (no ataxia) to 
100 and 40 (most severe ataxia; ICARS and SARA, respectively). The y-axis indicates the speech 
subscore, ranging from 0 (no ataxic speech) to 8 and 6 (most severe ataxic speech; ICARS and 
SARA, respectively). EOA speech subscores were associated with total ataxia scores and revealed 
hardly any overlap between healthy children and EOA patients. The red insert reveals scores in 
healthy children. Red dots represent median scores in healthy children, blue dots represent median 
scores in EOA children.

Table II. Intraclass correlation coefficients for speech sub-scores in EOA patients
Inter-observer reliability (ICC)

Totala “Core”a “Combined”a

ICARS 0.812 0.827 0.625
SARA 0.854 0.864 0.767
SARASRT 0.724 0.775 0.606

ICARS (International Cooperative Ataxia Rating Scale); SARA (Scale for assessment and Rating 
of Ataxia); SARASRT (SARA syllable repetition tests). Inter-observer reliability are expressed by 
intraclass correlation coefficients (ICCs); inter-observer agreement is calculated between three 
paediatric neurologists. a p<0.001 for all indicated conditions.

INTER-OBSERVER AGREEMENT FOR SPEECH SUB-SCORES
In healthy children, inter-observer agreement revealed a fair ICC for ICARS 
speech sub-scores (0.380), a slight ICC for SARA speech sub-scores (0.185) and 
a moderate ICC for SARASRT (0.509).

In patients with EOA, inter-observer agreement for speech sub-scores revealed 
an almost perfect ICC for ICARS speech sub-scores (0.812) and SARA speech 
sub-scores (0.854) and a substantial ICC for SARASRT (0.724). For ICC values 
according to subgroup analysis, see Table II.
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DISCUSSION

Speech sub-scores in healthy children were associated with age and “ataxia” rating 
scales, whereas speech sub-scores in children with EOA were only associated 
with ataxia rating scales. EOA inter-observer agreement for speech sub-scores 
(including syllable repetition tests) was substantial to almost perfect. These data 
may implicate that speech sub-scores can provide a useful quantitative parameter 
for assessment of ataxia in international EOA databases.

Speech sub-scores in healthy children were associated with age. Analogous to our 
previous reports on “ataxia” scores in healthy children,5,12 one may explain such 
speech sub-score age relatedness by the physiologic maturation of the nervous 
system (including the cerebellum) continuing until about 17 years of age.15-17 How-
ever, we did not observe a similar speech sub-score age relatedness in young pa-
tients with EOA, which appears attributable to a stronger (potentially overruling) 
effect by ataxia itself. These findings could also explain why speech sub-scores in 
healthy and children with EOA only overlap within the lower scoring ranges (i.e. 
during the early ataxia disease stages, when ataxia scores are low). From these 
data, one may reason that paediatric EOA speech sub-scores are applicable for 
quantitative “ataxia” assessment, especially when a small age correction would 
be accounted for in the early disease stages.

Regarding the speech sub-score inter-observer agreement, we observed higher 
outcomes in patients with EOA than in healthy children, and also higher outcomes 
in “core” compared to “combined” ataxic groups. Since ataxia rating scales target 
quantification of ataxia (instead of “maturation” or other concurrent movement 
disorders), these outcomes could reflect a proper test construct. However, we 
cannot exclude the possibility that the mathematical ICC calculation also contrib-
uted to this result. Since ICC outcomes are influenced by the variance in scores, 
subgroups with a lower variance in scores are more likely to reveal a lower ICC 
outcome than children with a higher variance in scores.

Finally, we explored whether syllable repetition tasks could reliably provide in-
ternationally uniform speech test conditions. We therefore investigated whether 
simple syllable repetition tasks (SARASRT) could reliably replace the more de-
tailed SARA speech tasks. In children with EOA, results indicated a significant 
association between SARASRT and SARA speech sub-scores. Although the ICC 
of SARA speech sub-scores exceeded the ICC of SARASRT (i.e. 0.854 versus 
0.724), the ICC of SARASRT was still interpreted as substantially high. This 
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implies that syllable repetition tasks can provide a solution for international EOA 
databases requiring uniform speech test conditions. However, we do not intend to 
suggest that the official SARA test content should be altered for other purposes.

We do recognize several weak points of this pilot study. Firstly, the number of 
children included in the study was relatively small. Secondly, the healthy children 
volunteering for the healthy speech scores revealed higher school achievements 
than average. In addition, as both assessors and children were Dutch, the relation 
between language and SARASRT needs further exploration by an international 
research panel. Hopefully the forthcoming European SARA validation trial may 
provide healthy international norm values by application of a stratified assess-
ment. Thus far, preliminary international data in healthy children suggest that 
ICC outcomes tend to decline when different languages are involved (personal 
communication TF Lawerman, on behalf of the Childhood Ataxia and Cerebellar 
Group; European Paediatric Neurology Society meeting Brussels 2013). However, 
analogous to the present local EOA data, we expect that the international ICC 
outcomes will demonstrate a sharp increase in children with EOA. We will have 
to wait for the results from the international Childhood Ataxia and Cerebellar 
Group for further information. The third weak point of the study is that we applied 
Dutch syllable repetition tasks from ICARS (involving “putteke-putteke-putteke” 
and “la-la-la”)3 instead of English syllable repetition tasks from Friedreich Ataxia 
Rating Scale (involving “pata-pata-pata”).18 However, since both syllable repeti-
tion tasks reveal strong similarities, we would also expect similar results. Finally, 
we are aware that the same paediatric neurologists performed both quantitative 
and phenotypic assessments during separate assessments. Phenotypic outcomes 
were also confirmed by a movement disorder panel who did not quantify the 
scores (unpublished results) and the group differences were also confirmed by 
the essential differences in underlying diagnoses of both subgroups. We would 
therefore suggest that the observed differences between “core” and “combined” 
ataxic subgroups could be regarded as indicative.

Taken together, the current data presented here suggest that syllable repetition 
tasks can provide a useful quantitative solution for international EOA databases. 
However, before syllable repetition tasks are included, we would advise to wait for 
the results published by the international Childhood Ataxia and Cerebellar Group.
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ABSTRACT

AIM: To compare physiological age-relatedness between dyskinesia (dystonia/
choreoathetosis), dystonia and ataxia rating scale scores in healthy children.

METHODS: Three movement disorders specialists quantified dyskinetic-like fea-
tures in healthy children (n=52; 4-16 years) using the Dyskinesia Impairment Scale 
(DIS= DIS-choreoathetosis (DIS-C) + DIS-dystonia (DIS-D)). We compared the 
age-related regression coefficients of the DIS with data processed from previous 
studies on dystonia and ataxia rating scales (Burke-Fahn-Marsden Movement and 
Disability Scales (BFMMS and BFMDS) and Scale for Assessment and Rating 
of Ataxia (SARA), International Cooperative Ataxia Rating Scale (ICARS) and 
Brief Ataxia Rating Scale (BARS)).

RESULTS: Dyskinetic scores were obtained in 79% (DIS); 65% (DIS-D) and 17% 
(DIS-C) versus dystonic and ataxic scores in 98% (BFMMS) and 89% (SARA/
ICARS/BARS) of the children. Age-related DIS and DIS-D scores (B=-0.90 
and 0.77; p<0.001) were correlated with age-related BFMMS scores (B=-0.49; 
p<0.001; r=0.87; p<0.001), whereas DIS-C scores were age-independent. Ataxic 
scores revealed stronger age-related regression coefficients than dyskinetic and 
dystonic scores (4-8 years; p<0.05). 

CONCLUSIONS: In healthy children, comparison between physiological dyski-
nesia, dystonia and ataxia rating scale scores revealed: 1. inverse age-relatedness 
for dystonic and ataxic scores, but not for choreoathetotic scores, 2. interrelated 
dystonic DIS-D and BFMMS scores, 3. the strongest age-related expression by 
ataxic scores. In healthy children, these physiological movement disorder-like fea-
tures are interpreted as an expression of the developing underlying motor centres. 
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INTRODUCTION

Throughout childhood, physiological characteristics of motor patterns may reveal 
a resemblance to movement disorder features, including infantile fidgety move-
ments (choreoathetosis), toddlers gait (ataxia) and the asymmetrical tonic neck 
reflex (dystonia).1-9 These features are functionally attributed to the developing 
central nervous system (CNS), including the formation and shaping of motor 
networks between the basal ganglia, cerebral cortex and cerebellum.4-6 Such physi-
ological movement disorder-like features may often meet the scoring criteria of 
movement disorder rating scales. This suggests that rating scale scores in chil-
dren are not only influenced by the movement disorder, but also by the age of 
the child. Longitudinal paediatric rating scale scores could thus run the risk of 
over-interpretation, especially when small longitudinal “improvements” are inter-
preted as “therapeutic”.10 For adequate interpretation of paediatric rating scales, 
we have recently determined the age-dependent effect on ataxia (SARA, ICARS, 
BARS) and dystonia (BFMMS and BFMDS) rating scales in healthy, typically 
developing children (4-16 years of age).4,5 Outcomes revealed an inverse relation-
ship between the rating scale scores and age, with a disappearance of ataxic- and 
dystonic-like features before adulthood.4-6 Under the premise that the age-related 
physiological movement disorder-like features are attributable to the developing 
motor system, we hypothesized that other features of paediatric movement dis-
orders, such as dyskinetic-like (i.e. choreoathetotic- and dystonic-like) features, 
could also be systematically present. In healthy, typically developing children 
(4-16 years of life), we therefore quantified dyskinetic-like features, by applica-
tion of the newly developed Dyskinesia Impairment Scale (DIS); consisting of 
the summed choreoathetosis (DIS-C) and dystonia (DIS-D) subscales.11recruited 
from special schools for children with motor disorders, were included. Exclusion 
criteria were changes in muscle relaxant medication within the previous 3 months, 
orthopaedic or neurosurgical interventions within the previous year, and spinal 
fusion. Interrater reliability was verified by two independent raters. For interra-
ter reliability, intraclass correlation coefficients were assessed. Standard error of 
measurement, the minimal detectable difference, and Cronbach\u2019s alpha for 
internal consistency were determined. For concurrent validity of the DIS dystonia 
subscale, the Barry\u2013Albright Dystonia Scale was administered. RESULTS: 
The intraclass correlation coefficient for the total DIS score and the two subscales 
ranged between 0.91 and 0.98 for interrater reliability. The reliability of the cho-
reoathetosis subscale was found to be higher than that of the dystonia subscale. 
The standard error of the measurement and minimal detectable difference values 
were adequate. Cronbach\u2019s alpha values ranged from 0.89 to 0.93. Pearson\
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u2019s correlation between the dystonia subscale and Barry\u2013Albright Dysto-
nia Scale was 0.84 (p<0.001 Assuming that DIS-D (dystonia scores) would relate 
with paediatric age, we hypothesized that DIS-D and BFMMS scores would reflect 
the same age-related pattern and would be interrelated. Furthermore, following 
the unique developmental trajectories of the underlying motor centres (basal gan-
glia, cerebellum and cortex), we reasoned that age-related patterns would differ 
between dystonic, ataxic and choreoathetotic scores. 

Altogether, in healthy, typically developing children (4-16 years of age), we aimed 
(1) to investigate the age-related influence on dyskinesia (DIS, DIS-D and DIS-C) 
rating scale scores and, (2) to compare the age-related effect between dyskinesia 
(DIS, DIS-D and DIS-C), dystonia (BFMMS and BFMDS) and ataxia (SARA, 
ICARS and BARS) rating scale scores. We reasoned that comparative insight in 
the age-related effect on rating scale scores would contribute to the understand-
ing of the functional expression of the developing motor centres and would also 
contribute to reliable interpretation of longitudinal rating scale scores in children.

METHODS

PARTICIPANTS
After written informed consent by the parents and children (when older than 12 
years of age), we included 52 healthy, typically developing children between 4 
and 16 years of age, consisting of 2 males and 2 females (n=4) per year of age. In 
the absence of existing quantitative age-related DIS data in healthy children, we 
based our sample size on previously published data on inter-observer agreement 
in patients with dyskinetic cerebral palsy.11 Detecting an Intraclass Correlation 
Coefficient (ICC) of 0.90 for the DIS or over the null hypothesis of a moderate 
ICC of 0.60 (0.96 published for DIS in young patients with dyskinetic cerebral 
palsy11), a sample size of 31 children would be needed. Analogous to previous 
studies determining age-related influences on ataxia and dystonia rating scale 
scores, we included 52 healthy children using the same inclusion and exclusion 
criteria.4,5 Inclusion criteria were: healthy children, attending mainstream educa-
tion at a regular school. Before deciding on study inclusion, the parents of included 
children completed a small questionnaire concerning neurological, skeletal and/
or muscle disorder diagnosis, prescribed medication, sporting activities, school 
performances and parental education level. Participants were excluded from the 
study if they: (1) were diagnosed with a neurological or skeletal disorder; (2) 
showed a positive Gower’s sign; (3) received medication with known side-effects 
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on motor behaviour; (4) presented with developmental delay or cognitive im-
pairment imposing the need for extra support by special schools. Analogous to 
previous age validation studies of ataxia and dystonia rating scales,4,5 we did not 
exclude paediatric behavioural diagnoses such as Attention Deficit Hyperactive 
Disorder (ADHD) or Attention Deficit Disorder (ADD). We recruited participants 
through open advertisements at regional schools. Participants characteristics were 
compared with participant characteristics from previous studies determining age-
related influences on ataxia and dystonia rating sale scores. 4,5 

PROCEDURE
The study was approved by the medical ethical committee of the University Medi-
cal Center Groningen, the Netherlands. Collected physiognomic data included 
length, weight, and head circumference. 

DIS SCORES IN HEALTHY CHILDREN
In accordance with the standardized DIS video protocol,11 we video-recorded 
motor tasks in 52 healthy children, in a quiet place. The Dyskinesia Impairment 
Scale (DIS) is a recently developed rating scale, consisting of the summed score 
of the dystonia (DIS-D) and choreoathetosis (DIS-C) subscales.11 These subscales 
quantify the duration and amplitude of dystonia and choreoathetosis, respectively, 
in 12 body regions, involving the eyes, mouth, neck, trunk, proximal and distal 
limbs on each side.11 

After DIS assessment training, three independent movement disorder special-
ists scored the video recordings offline, according to exact DIS guidelines.11 We 
determined inter-observer agreement and subsequently associated median DIS 
outcomes (per subscale) with age and socio-economic factors. 

AGE-RELATED COMPARISON BETWEEN DYSKINESIA, DYSTONIA AND 
ATAXIA RATING SCALES
In the study group, we calculated the percentage of children with dyskinetic, 
dystonic and ataxic-like features (dystonic and ataxic percentages were processed 
from historic data, obtained in an identical way).4,5 For descriptions of movement 
disorder-like features and for rating scale information, see Appendix A and B, 
respectively. Subsequently, we compared the age-related influence between dyski-
netic- (DIS, DIS-D and DIS-C), dystonic- (BFMMS and BFMDS) and ataxic-like 
features (SARA, ICARS and BARS) by regression coefficients. As children had 
previously revealed the strongest age-related effects between the age of 4 to 8 
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years,4,5 we stratified age-related outcomes between the youngest (4–8 years) and 
oldest (9-16 years) paediatric subgroups. 

STATISTICAL ANALYSIS
We performed statistical analyses using PASW Statistics 22 for Windows (SPSS 
Inc., Chicago IL). We compared the participant characteristics of the present study 
with previously published studies with the Chi-Square test. To test the reliability 
of the DIS scores, we determined inter-observer agreement of scores by ICC, 
using the two-way mixed model and single measurement coefficients. We as-
sessed normality of the distribution of the DIS, DIS-D and DIS-C outcomes, both 
graphically and using the Kolmogorov-Smirnov test. We tested DIS outcomes for 
homoscedasticity (i.e. the homogeneity of the residuals after performing regres-
sion analysis)12 using the Koenker test. Subsequently, we performed multivariate 
regression analysis on the influence of age, gender, school performances, sporting 
activities and parental education level on DIS outcomes. We determined the age 
at which DIS outcomes reached the optimum score by performing a polynomial 
trend analysis with a one phase decay or logarithmic analysis (depending on the 
best fitted trend line) [Graphpad Prism 5, Version 5.04]. We correlated DIS-D 
with BFMMS with Pearson’s or Spearman’s rank correlation coefficient (when 
outcomes were not normally distributed). For the comparison between age-related 
factors of the rating scales, we standardized the scales by transforming the scores 
for each rating scale into z-scores and performed linear regression of the z-scores 
on age. Subsequently, we compared the regression coefficients of the different 
rating scales and tested its statistical significance using the t-test (in each age 
(sub)group). P-values of <0.05 (two-sided) were considered to indicate statistical 
significance.

RESULTS

CHARACTERISTICS OF INCLUDED CHILDREN
For characteristics of the included children, see supplementary Table I. Socio-
economic factors (school performances and sports participation) did not signifi-
cantly influence DIS scores. Participants’ characteristics did not significantly differ 
between the presently included children for the DIS assessment and previously 
included children for the BFMMS, BFMDS, SARA, ICARS and BARS assess-
ments (p>0.05).4,5 ADHD and/or school performances below average did not in-
fluence the DIS-D and DIS-C scores, analogous to identically reported paediatric 
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data on paediatric dystonia (BFMMS and BFMDS) and ataxia (SARA, ICARS 
and BARS) rating scale scores, see supplementary Table II.

INTER-OBSERVER AGREEMENT OF DIS SCORES 
Inter-observer agreement revealed statistically significant results: ICCs (p < 0.01) 
of 0.42 (DIS), 0.46 (DIS-D) and 0.23 (DIS-C). 

AGE-DEPENDENCY OF DIS SCORES 
DIS, DIS-D and DIS-C scores were not normally distributed (p < 0.001) and re-
vealed no deviation of homoscedasticity (p > 0.05). DIS (range: 0 - 22; mean: 6.2) 
and DIS-D scores (range: 0 - 17; mean: 4.5) were significantly predicted by age (B 
= -0.90, p < 0.001 and B = -0.77, p < 0.001, respectively). Age explained 30.4% 
(DIS) and 33.9% (DIS-D) of differences in scores. The associations between age 
and median DIS and DIS-D scores showed a consistent age-related effect until 
16 years of age for both (sub)scales, see figure 1A and 1B. DIS-C scores (range: 
0 – 10; mean: 1.1) were not significantly predicted by age (B = -0.11, p = 0.162).

Figure 1. Dyskinesia Impairment Scale (DIS) scores related to age

DIS (A) and DIS-Dystonia (B) scores related to age. Data points represent median scores per child. 
DIS and DIS-Dystonia scores are age-dependent until 16 years of age (p<0.001). 

AGE-RELATED COMPARISON BETWEEN DYSKINESIA (DIS), DYSTONIA 
(BFMMS AND BFMDS) AND ATAXIA RATING SCALE (SARA, ICARS 
AND BARS) SCORES
In children between 4–16 years of age, 79%, 65% and 17% of the children revealed 
DIS scores above the optimum score 0 (DIS, DIS-D and DIS-C, respectively) 
versus 98% and 89% of the children with dystonic (BFMMS) and ataxic (SARA, 
ICARS and BARS) scores above the optimum score 0 (processed from previous 
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study data4,5), respectively. For definitions of movement disorder-like features and 
scored video examples, see Appendix A and video recordings. Dystonia rating 
scale scores DIS-D and BFMMS were significantly correlated: r = 0.87 (p < 
0.001). 

Stratification of the standardized regression coefficients per age subgroup re-
vealed significantly higher ataxic than dystonic scores in the youngest children 
(4-8 years; p<0.05), see Table I, supplementary Table III and figure 2. In the oldest 
age subgroup (9-16 years) and the total group (4-16 years), the standardized regres-
sion coefficients of DIS, DIS-D, BFMMS, SARA, ICARS and BARS revealed 
no statistically significant differences (p > 0.05), see Table I and supplementary 
Table IV and V. 

Figure 2. Movement disorder rating scale age-relatedness in perspective of the 
physiologic brain maturation

Movement disorder rating scale scores are provided as the % of the maximum score per rating 
scale. The age-relatedness of movement disorder rating scales in children between 4 – 16 years 
(A) and between 9 – 16 years of age (B) in perspective of motor centre maturation (determined 
by a peak in gray matter volume on MRI27). Dystonia- and ataxia- motor rating scales reach 
the ”adult” optimum value around 12 and ≥16 years of age, respectively. DIS-D = Dyskinesia 
Impairment Scale-Dystonia subscale; BFMMS = Burke-Fahn-Marsden Movement Scale; BFMDS 
= Burke-Fahn-Marsden Disability Scale; SARA = Scale for the Assessment and Rating of Ataxia; 
ICARS = International Cooperative Ataxia Rating Scale; BARS = Brief Ataxia Rating Scale; BG 
= Basal Ganglia; PSC = Primary Somatosensory Cortex



MOVEMENT DISORDER-LIKE FEATURES DURING MOTOR DEVELOPMENT | 103

The dystonia (DIS-D, BFMMS) and ataxia (SARA, ICARS, BARS) rating scale 
scores approached the ”adult” optimum value of zero at about 16 and 12 years of 
age, respectively. Between 12 and 16 years of age, the dystonia and ataxia rating 
scales scores revealed a decrease of 0.5% of the maximum score (p > 0.05), see 
figure 2. 

Table I. Regression coefficients for z-scores of dyskinesia, dystonia and ataxia 
rating scale scores predicted by age 

B (SE)
4 – 16 years

B (SE)
4 – 8 years

B (SE)
9 – 16 years

DIS
Total scores
Dystonia subscores
Choreoathetosis subscores

-0.15 (0.03)**
-0.14 (0.05)*
-0.05 (0.05)

-0.12 (0.16)
-0.25 (0.16)
0.16 (0.16)

-0.05 (0.06)
-0.03 (0.05)
-0.11 (0.08)

BFMDRS
Movement scale (BFMMS)
Disability scale (BFMDS)

-0.19 (0.03)**
-0.18 (0.03)**

0.06 (0.13)
-0.67 (0.12)**

-0.05 (0.03)
-0.02 (0.03)

Ataxia rating scales
SARA 
ICARS
BARS

-0.18 (0.03)**
-0.20 (0.02)**
-0.19 (0.03)**

-0.64 (0.14)**
-0.66 (0.10)**
-0.74 (0.10)**

-0.04 (0.01)*
-0.08 (0.02)*
-0.03 (0.02)

Linear regression results for z-scores of movement disorder rating scales scores predicted by age; 
DIS = Dyskinesia Impairment Scale; BFMDRS = Burke-Fahn-Marsden Dystonia Rating Scale; 
SARA = Scale for the Assessment and Rating of Ataxia; ICARS = International Cooperative Ataxia 
Rating Scale; BARS = Brief Ataxia Rating Scale; B = regression coefficient; SE = standard error; 
* p<0.01; ** p<0.001 

DISCUSSION

In healthy, typically developing children of 4 to 16 years of age, we compared the 
influence of age on physiological movement features resembling dyskinesia (i.e. 
dystonia and choreoathetosis), dystonia and ataxia. Dystonic DIS-D and BFMMS 
scores were strongly correlated (r = 0.87), analogous to previously reported cor-
relations between SARA, ICARS and BARS (range: r = 0.68 – 0.82) scores.4 
Both dystonic (DIS-D, BFMMS, BFMDS) and ataxic (SARA, ICARS, BARS) 
scores appeared inversely related with age, with the strongest age-related effects 
on ataxia rating scale scores in the younger children (4-8 years of age). In contrast 
to age-dependent dystonic- and ataxic-like features, more sparsely occurring cho-
reoathetotic (DIS-C) scores appeared age-independent.

Comparing inter-observer agreement (ICC) on DIS scores between healthy chil-
dren (DIS: 0.42, DIS-D: 0.46, DIS-C: 0.23) and children with dyskinetic cerebral 
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palsy (DIS: 0.96, DIS-D: 0.91, DIS-C: 0.98)11, revealed lower ICC values in the 
first group, although still significant. This can be attributed to the smaller scoring 
range in healthy children compared to children with a movement disorder, caus-
ing a mathematic reduction in the ICC outcome.12 This explanation is supported 
by the high percentage of agreement when outcomes would be subdivided into 
subgroups of 5% of the maximum score (DIS: 96.1%; DIS-D: 88.5% and DIS-C: 
97.4%). Thus, although absolute ICC values may seem relatively small, the per-
centage of inter-observer agreement appears relatively high. 

In healthy children (4-16 years of age), physiological dystonic DIS-D scores re-
vealed an age-dependent effect, analogous with previously reported age-related-
ness of BFMMS scores and functional BFMDS scores.5 These physiologically 
age-related scores are attributed to CNS development, including the basal ganglia 
and cerebellum.5 Throughout childhood, the basal ganglia are developing and 
strengthening by synaptic elimination and myelination of connections.13-15 These 
maturational processes are likely to be expressed by a reduction in co-contractions 
and dystonic-like features.2,3,5,7 In contrast to age-dependent dystonic-like fea-
tures, paediatric choreoathetotic scores (DIS-C) were sparsely present (mean: 1.1 
point; range: 0-10 points (3.5% of maximum score)) and lacked an age-dependent 
effect. This may seemingly contrast with the commonly reported choreoathetotic-
like fidgety movements in typically developing neonates, which are considered 
as an integral part of healthy infantile motor development.2,16,17 The underlying 
mechanism for the early disappearance of these physiological choreoathetotic-like 
movement patterns remains elusive. It has been suggested that increased inhibi-
tion by the cerebral cortex and basal ganglia are involved.15,18 Hypothetically, this 
may concur with a gradual shift from subplate activity (which induces general 
movement complexity and variation) to activity of developing neural networks 
centred in the cortical plate.19 

Comparing age-dependency between choreoathetotic-, dystonic- and ataxic-like 
features, revealed a stronger age-related influence on ataxic- than on dystonic-like 
features in the youngest age-subgroup (4-8 years), whereas choreoathetotic-like 
features lacked age-dependency. These age-related differences in physiologically 
occurring movement disorder-like features are attributed to specific developmen-
tal patterns of the underlying motor centres. During brain development, the grey 
matter volume of the putamen and globus pallidus reaches a peak before 8 years 
of age,20 the caudate nucleus between 8 and 10 years of age,14,21 and the grey matter 
volume of the cerebellum by 15-18 years of age.21 In perspective of the relatively 
late maturation of the cerebellum compared to the basal ganglia, one could easily 
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understand the relatively stronger age-related effect on ataxic scores in young 
children. Thus, following the unique age-related profiles of dystonic, ataxic and 
choreoathetotic rating scale scores, one could approximately derive the underly-
ing developmental patterns of the associated motor centres and networks (basal 
ganglia, cerebellum and cerebral cortex). 

In healthy children (4-16 years of age), physiological age-related movement dis-
order-like features are thus interpretable from developmental perspective of the 
corresponding motor centres. Previously, it has been indicated that children with 
ADHD or learning disabilities may reveal “soft neurological signs”.22 As we delib-
erately did not exclude for ADHD and/or learning disabilities as part of a regular 
study sample of school aged children, it could be argued that this might have in-
fluenced the outcomes. However, in the presently included study group (and also 
in the previous study groups for the dystonia and ataxia rating scales studies),4,5 
the prevalence of ADHD (present study: 0%; previous studies: 1%) and learning 
disabilities (present study: 4%; previous studies: 4%) was lower than in the average 
Dutch population (ADHD: 3-5% and learning disabilities: 25%). Furthermore, the 
included children with ADHD and/or learning disabilities scored within a small 
range (± 1 SD) from the mean, and exclusion of these children resulted in the same 
age-related scores and regression coefficients. From this data it may be derived 
that the age-relatedness of the presently investigated movement disorder rating 
scale scores do not represent “soft neurological signs”, a concept that may imply 
a disorder, but rather the influence by “physiological immaturity” during typical 
neurodevelopment in healthy children.

We recognize several limitations to the present study. First, the number of included 
children is relatively small. However, we have recently replicated the SARA pilot 
study,4 that was based on exactly the same methods in a large international set-
ting (n=156), with only 1% difference in explained SARA-score variance by age.6 
Second, in studies with (presumably) healthy control children, one could never 
provide a 100% proof that the included children are really healthy. However, one 
may state that, before entering the study, all children fulfilled the predefined in-
clusion criteria and were considered to be healthy by their parents and teachers. 
Although the presently included children were screened for ADHD and learning 
difficulties by an interrogation list, and although all included children attended a 
regular Dutch school system with easy access to behavioural and/or cognitive as-
sessment, one could still argue that some of the children might have “missed” the 
diagnosis ADHD and/or learning disabilities at study inclusion. However, as the 
study group also revealed a much smaller percentage of “below average” school 
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achievements than the average Dutch school children (4% versus 25%, respec-
tively) this appears less likely. Third, we are aware that we deliberately applied 
movement disorder rating scales as an instrument to measure physiological motor 
development in healthy children. Although this is not the original intention of the 
scales, the assessors scored the observed movement features strictly according to 
the official rating scale guidelines. As all ICC values were significant, we suggest 
that the presented age-related outcomes could be interpreted as indicative.

In conclusion, the present study demonstrates a consistent age-related effect on 
dystonia (DIS-D, BFMMS, BFMDS) and ataxia (SARA, ICARS, BARS) rating 
scale scores, whereas sparsely occurring choreoathetosis (DIS-C) rating scale 
scores are age-independent. Age-related comparison between dystonia and ataxia 
rating scale scores reveals a stronger age-dependent effect on ataxia scores in 
children of 4 to 8 years of age. We conclude that physiological paediatric move-
ment disorder-like features are transiently present, as a functional expression of 
the underlying development of the corresponding motor centres.
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Supplementary Table I. Patient characteristics
DIS subjects
(n = 52)

Historic data*
 (n = 156)

Dutch pop.
(%)

Age (years)
Range
Mean (SD)

4-16
10 (4)

4-16
10 (4)

ADHD diagnosis, n (%) 0 (0%) 2 (1.3%) 3-5%

Sporting activities, n (%)
< 1 hour
1-2 hours
2-4 hours
4-6 hours
> 6 hours
Missing values

7 (13.5%)
20 (38.5%)
15 (28.8%)
7 (13.5%)
3 (5.8%)
0 (0%)

15 (9.6%)
51 (32.7%)
40 (25.6%)
29 (18.6%)
19 (12.2%)
2 (1.3%)

45.0%
23.2%
14.7%
7.8%
9.3%

School performances, n (%)
Above average (A/B)
Average (C)
Below average (D/E)
Missing values

27 (51.9%)
20 (38.5%)
2 (3.8%)
3 (5.8%)

92 (59.0%)
49 (31.4%)
9 (5.8%)
6 (3.8%)

46.6%
28.1%
25.3%

Sporting activities are indicated in hours per week; school performances are indicated as mean 
achievements; SD = standard deviation; *Historic data = data of subjects included in the BFMMS, 
BFMDS, SARA, ICARS and BARS studies; pop. = population. Dutch population numbers were 
determined from Trimbos Institute, Central Statistical Office of the Netherlands and National 
Kompas. DIS = Dyskinesia Impairment Scale; BFMMS = Burke-Fahn-Marsden Movement Scale; 
BFMDS = Burke-Fahn-Marsden Disability Scale; SARA = Scale for the Assessment and Rating of 
Ataxia; ICARS = International Cooperative Ataxia Rating Scale; BARS = Brief Ataxia Rating Scale
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Supplementary Table II. Descriptive statistics and regression coefficients of 
rating scale scores with and without participants with ADHD and/or learning 
disabilities

Total group Total group – 
ADHD

Total group – 
learning disabilities

Total group – ADHD 
and learning disabilities

DIS-Total
Range
Mean
B (SE)

0 – 4
1.1

-0.15 (0.03)

= 0 – 4
1.1

-0.14 (0.03)

=

DIS-D
Range
Mean
B (SE)

0 – 6
1.6

-0.15 (0.03)

= 0 – 6
1.5

-0.15 (0.03)

=

DIS-C
Range
Mean
B (SE)

0 – 3
0.4

-0.05 (0.162)

= 0 – 3
0.4

-0.06 (0.04)

=

BFMMS
Range
Mean
B (SE)

1 – 11
4.6

-0.19 (0.03)

= 1 – 11
4.5

-0.19 (0.03)

=

BFMDS
Range
Mean
B (SE)

0 – 40
6.0

-0.18 (0.03)

0 – 40
6.1

-0.18 (0.03)

0 – 33
5.4

-0.17 (0.02)

0 – 33
5.5

-0.17 (0.03)

SARA
Range
Mean
B (SE)

0 – 20
2.5

-0.18 (0.03)

0 – 20
2.6

-0.18 (0.03)

0 – 20
2.7

-0.21 (0.03)

0 – 20
2.8

-0.21 (0.03)

ICARS
Range
Mean
B (SE)

0 – 19
4.4

-0.20 (0.02)

0 – 19
4.4

-0.20 (0.02)

0 – 19
4.6

-0.23 (0.03)

0 – 19
4.7

-0.23 (0.03)

BARS
Range
Mean
B (SE)

0 – 17
2.9

-0.19 (0.03)

0 – 17
3.0

-0.19 (0.03)

0 – 17
3.1

-0.21 (0.03)

0 – 17
3.2

-0.21 (0.03)

Range, mean and regression coefficients for percentage of maximum scores and z-scores of all 
rating scales, respectively. Exclusion of participants with ADHD and/or learning disabilities re-
veals similar outcomes as inclusion of these participants for all rating scales. Learning disabilities 
= below average school performances; DIS = Dyskinesia Impairment Scale; DIS-D = Dystonia 
subscale of DIS; DIS-C = choreoathetosis subscale of DIS; BFMMS = Burke-Fahn-Marsden Move-
ment Scale; BFMDS = Burke-Fahn-Marsden Disability Scale; SARA = Scale for the Assessment 
and Rating of Ataxia; ICARS = International Cooperative Ataxia Rating Scale; BARS = Brief 
Ataxia Rating Scale; B = regression coefficient; SE

6
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Supplementary Table III. P-values for comparing regression coefficients between 
dyskinesia, dystonia and ataxia motor rating scales in children between 4 - 8 years 
of age

DIS DIS-D BFMMS SARA ICARS BARS

DIS 0.57 0.38 0.02* 0.005* 0.002*

DIS-D 0.14 0.07 0.04* 0.01*

BFMMS <0.001* <0.001* <0.001*

SARA 0.93 0.57

ICARS 0.56

BARS

Regression coefficients revealed significantly higher outcomes for the ataxia rating scales (SARA, 
ICARS and BARS) than for the dyskinesia (DIS) and dystonia rating scales (DIS-D and BFMMS) 
in children between 4 - 8 years of age (except SARA ≈ DIS-D); * statistically significant differ-
ences between regression coefficients (p < 0.05); DIS = Dyskinesia Impairment Scale; DIS-D = 
DIS Dystonia subscale; BFMMS = Burke-Fahn-Marsden Movement Scale; SARA = Scale for the 
Assessment and Rating of Ataxia; ICARS = International Cooperative Ataxia Rating Scale; BARS 
= Brief Ataxia Rating Scale

Supplementary Table IV. P-values for comparing regression coefficients between 
dyskinesia, dystonia and ataxia motor rating scales in children between 9 - 16 
years of age

DIS DIS-D BFMMS SARA ICARS BARS

DIS 0.72 0.96 0.89 0.60 0.67

DIS-D 0.61 0.71 0.27 1

BFMMS 0.76 0.48 0.47

SARA 0.16 0.49

ICARS 0.08

BARS

Regression coefficients of dyskinesia (DIS), dystonia (DIS-D and BFMMS) and ataxia (ICARS, 
SARA and BARS) rating scales revealed no significant differences in children between 9 - 16 years 
of age; DIS = Dyskinesia Impairment Scale; DIS-D = DIS Dystonia subscale; BFMMS = Burke-
Fahn-Marsden Movement Scale; SARA = Scale for the Assessment and Rating of Ataxia; ICARS 
= International Cooperative Ataxia Rating Scale; BARS = Brief Ataxia Rating Scale
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Supplementary Table V. P-values for comparing regression coefficients between 
dyskinesia, dystonia and ataxia rating scales in children between 4 – 16 years of 
age

DIS DIS-D BFMMS BFMDS SARA ICARS BARS

DIS 0.85 0.29 0.43 0.38 0.15 0.35

DIS-D 0.38 0.44 0.40 0.21 0.37

BFMMS 0.79 0.85 0.69 0.92

BFMDS 0.94 0.52 0.88

SARA 0.61 0.92

ICARS 0.62

BARS

Regression coefficients of dyskinesia (DIS), dystonia (DIS-D and BFMMS) and ataxia (ICARS, 
SARA and BARS) rating scales revealed no significant differences; DIS = Dyskinesia Impairment 
Scale; DIS-D = DIS Dystonia subscale; BFMMS = Burke-Fahn-Marsden Movement Scale; BFMDS 
= Burke-Fahn-Marsden Disability Scale; SARA = Scale for the Assessment and Rating of Ataxia; 
ICARS = International Cooperative Ataxia Rating Scale; BARS = Brief Ataxia Rating Scale

6
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Appendix A. Definition of movement disorders and movement disorder-like features
Movement 
disorder Description

Dyskinesia A movement disorder that encompasses a broad spectrum of hyperkinetic move-
ments and can be differentiated into dystonia and choreoathetosis.23,24

Dystonia A movement disorder characterized by sustained or intermittent muscle contrac-
tions causing abnormal, often repetitive, movements and/or postures.25 

Choreoathetosis A movement disorders characterized by the combination of chorea (i.e. ongoing, 
random-appearing sequence of one or more discrete involuntary movements or 
movement fragments) and athetosis (i.e. slow, continuous, involuntary writhing 
movements that prevent maintenance of a stable posture).11,26

Ataxia A movement disorders characterized by an impairment of the smooth performance 
of goal-directed movements, resulting in impaired ‘unconscious’ decision making 
about balance, speed, force and direction of intended movements.27-29 

Movement disorder-
like features

Physiological movement features of healthy children that induce falsely posi-
tive scores according to official dyskinesia (DIS), dystonia (BFMMS) and ataxia 
(SARA, ICARS and BARS) rating scale guidelines. These features are not phe-
notyped as pathologic.

Dyskinetic-like 
features

These physiologic movement features may resemble dyskinesia, such as dystonic- 
and choreoathetotic-like features (see below).

Dystonic-like features These physiologic movement features may resemble dystonia, such as suboptimal 
hand posturing during drawing and walking, grimacing movements of the mouth 
and overflow movements during finger tapping, see supplementary video.

Choreoathetotic-like 
features

These physiologic movement features may resemble choreoathetosis, such as sac-
cadic eye movements, fragmented movements of the neck and wriggling move-
ments of hands and feet, see supplementary video.

Ataxic-like features These physiologic movement features may resemble ataxia, such as suboptimal 
coordination during walking with feet in tandem position, standing on one leg, fast 
alternating hand movements and drawing, see supplementary video.
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Appendix B: Rating scales characteristics

DYSKINESIA IMPAIRMENT SCALE (DIS)
The Dyskinesia Impairment Scale (DIS) is a recently developed quantitative as-
sessment tool for children with dyskinetic cerebral palsy. The DIS-Total consists 
of the sum of the dystonia and a choreoathetosis subscales (DIS-D and DIS-C). 
Both subscales quantify the duration and amplitude of dystonia or choreoathetosis 
in 12 body regions, involving the eyes, mouth, neck, trunk, proximal and distal 
limbs on each side. Scores range from zero (optimal) to 288 (maximum) for both 
subscales.11 

BURKE-FAHN-MARSDEN DYSTONIA RATING SCALE (BFMDRS)
The Burke-Fahn-Marsden Dystonia Rating Scale (BFMDRS) is a universally ap-
plied biomarker for the severity of dystonia. The BFMDRS consists of the sum of 
a movement (Burke-Fahn-Marsden Movement Scale [BFMMS]) and a disability 
subscale (Burke- Fahn-Marsden Disability Scale [BFMDS]).(Burke et al. 1985) 
The BFMMS quantifies the severity and provoking factor of dystonia in 9 body 
regions, including the eyes, mouth, speech and swallowing, neck, trunk, arms, 
and legs. Scores range from zero (optimal) to 120 (maximum). The BFMDS is 
a functional marker consisting of parental- or self-reported daily activities (in-
volving speech, handwriting, feeding, eating, swallowing, hygiene, dressing, and 
walking), with scores ranging from 0 (completely independent) to 30 (completely 
dependent).30 

ATAXIA RATING SCALES 
Universally applied markers for the severity of ataxia are the Scale for Assess-
ment and Rating of Ataxia (SARA), the International Cooperative Ataxia Rating 
Scale (ICARS) and its derivate, the Brief Ataxia Rating Scale (BARS). The as-
sessed ataxia parameters comprise four different domains: (1) posture and gait; 
(2) kinetic limb function; (3) speech and (4) oculomotor function (only in ICARS 
and BARS). Scores range from zero (optimal) to a maximum of 40, 100 and 30 
for SARA, ICARS and BARS, respectively.31-33 
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ABSTRACT

INTRODUCTION: Therapeutic hypothermia (TH) can improve neurological 
outcome and ameliorate the risk of cerebral palsy after perinatal asphyxia and 
subsequent hypoxic-ischaemic encephalopathy (HIE). In previously treated TH-
children, we reasoned that phenotypic and quantitative insight in motor outcome 
would contribute to surveillance and evaluation of subsequent treatment options. 
We therefore aimed to phenotype and quantify motor features in (pre)school chil-
dren diagnosed with HIE and treated with TH, in association with parameters 
regarding neonatal HIE and neurological outcome. 

METHODS: We included 21 children of 3-6 years of age; born between 2009 and 
2012 after perinatal asphyxia and treated with TH because of HIE at the Neonatol-
ogy Intensive Care Unit of the UMCG. In each child, we phenotyped and quanti-
fied videotaped motor function according to the Dyskinesia Impairment Scale 
(DIS) guidelines, consisting of the summed dystonia (DIS-D) and choreoathetosis 
(DIS-C) subscale scores. We associated (pre)school motor outcome and neurologi-
cal outcome with retrospectively collected neonatal MRI and EEG parameters.

RESULTS: TH-children revealed normal (n=18), mildly abnormal (n=2, ataxia) 
and abnormal (n=1; cerebral palsy [CP] with spasticity and dystonia) motor phe-
notypes. DIS scores varied between pathological (n=1; CP) and non-optimal (i.e. 
statistically higher scores than those of healthy, age-matched controls [n=20; 
p<0.05]). The assessed motor phenotypes and DIS scores were associated with 
neurological outcome (cognition and behaviour), radiologic injury to the basal 
ganglia and thalamus (MRI) and EEG background discontinuity (p<0.05). 

CONCLUSIONS: In previously treated TH-children (3-6 years), motor outcome 
is relatively favourable, despite statistically non-optimal DIS scores. Future stud-
ies may elucidate whether non-optimal quantitative DIS scores have a functional 
significance for neurological functioning later in life, or not. 
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INTRODUCTION

Two decades after the first randomized controlled study,1 therapeutic hypothermia 
(TH) has become an established therapy for term and late preterm infants with 
hypoxic-ischaemic encephalopathy (HIE) after perinatal asphyxia.2 In these chil-
dren, TH has been identified as an effective treatment strategy for the reduction of 
mortality and neurological damage.2-5 In term asphyxiated children, the associated 
cerebral damage has been described in two phases: 1. the primary phase, associ-
ated with immediate neuronal death and, 2. the secondary phase, associated with 
delayed neuronal death, starting 6 hours after the insult and peaking at 24 to 48 
hours.6 The secondary phase is characterized as the window of opportunity to 
ameliorate the neurological damage by TH.6-9 The underlying pathological mecha-
nism of the secondary phase can be attributed to (1) apoptosis, (2) accumulation 
of excito-toxic neurotransmitters (i.e. glutamate), (3) the release of free radicals 
and (4) increased pro-inflammatory cytokines (i.e. IL-1, IL-6 and IL-8).6,9,10 Some 
brain areas are considered specifically vulnerable, including vascular border zones, 
regions with a high metabolic rate and regions with a high density of excitatory 
(glutamate) receptors.6 This selective vulnerability implies that the cortex (espe-
cially peri-rolandic and visual cortical areas), deep nuclear structures (basal gan-
glia and thalamus), the cerebellum and the corticospinal tracts (e.g. posterior limb 
of the internal capsule (PLIC)) are at risk for damage at term age by asphyxia.6,11 
Consequently, neurological dysfunction may involve dystonia, choreoathetosis and 
spasticity (i.e. dyskinetic cerebral palsy [CP]12), hypotonia, epilepsy and cognitive 
or behavioural non-motor symptoms.12-15 

After term HIE, neurological motor symptoms can be separately phenotyped and 
quantified by the newly developed dyskinesia impairment scale (DIS), consisting 
of the summed dystonia (DIS-D) and choreoathetosis (DIS-C) subscale scores.16 
Previous studies reported pathological DIS scores in children with dyskinetic 
CP13 and age-related, physiological DIS scores in healthy children.17 In TH treated 
HIE children (TH-children), we hypothesized that minor abnormal motor features 
could be quantitatively expressed by higher DIS scores than those of healthy, age-
matched controls. If so, we hypothesized that DIS scores would be related with 
other neurological and neonatal outcome parameters. We reasoned that insight in 
the DIS scores in association with other neurological parameters could contrib-
ute to neurodevelopmental surveillance of TH-children. Furthermore, as innova-
tive treatment and intervention strategies are becoming increasingly important at 
younger ages,18-21 we reasoned that early identification of emerging motor features 
could be of benefit for the child.22,23 
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In previously treated TH children (3-6 years of age), we therefore aimed to deter-
mine the phenotypic and quantitative motor features in association with (1) neuro-
logical outcome and with (2) retrospective neonatal asphyxia severity, radiologic 
(MRI) and electro-encephalographic (EEG) diagnostic parameters. 

METHODS

STUDY POPULATION
The medical ethical committee of the University Medical Center Groningen 
(UMCG), the Netherlands, approved the present study. Between 2009 and 2012, 
48 children suffering from HIE due to perinatal asphyxia had received TH at the 
UMCG according to the Dutch TH guidelines.24 The Dutch TH criteria involve: (1) 
born at gestational age (≥ 36 weeks), (2) Apgar score of ≤5 at 5 minutes, umbili-
cal cord pH of <7.0, base deficit of >16 mmol/L and/or lactate of >10.0 mmol/L 
(umbilical cord blood or arterial/venous blood within 1 hour after birth) and (3) 
Thompson score for encephalopathy >7 (1-3 hours postpartum) or an abnormal 
amplitude-integrated electroencephalography (aEEG including discontinuous 
normal voltage, continuous low voltage, burst suppression or flat trace).24 Within 
6 hours after birth, we started treatment with total body hypothermia by Criti-
Cool® (Charter Kontron, Milton Keynes, UK), achieving a rectal temperature of 
33.5ºC for 72 hours. Exclusion criteria for TH were: birth weight < 1800g or severe 
congenital abnormalities for which intensive care treatment was not considered. 
Exclusion criteria for the present study at (pre)school age were: chromosomal 
anomalies, syndromes or other disorders (independent of perinatal asphyxia) that 
could interfere with the execution of motor tasks.

Of the 48 TH treated children, 16 children died (shortly after TH) and 2 chil-
dren did not fulfil the inclusion criteria at (pre)school age because of shoulder 
dystocia (n=1) and the velo-cardio-facial syndrome (22q11.2 deletion; n=1). We 
invited all 30 remaining children to participate in the present study, of which 22 
parents (73%) agreed to participate (n=4/8 could not be reached and n=4/8 did 
not consent to participate). After written informed consent by the parents, we 
included the remaining 22/30 (pre)school TH-children, aged 3-6 years. One child 
was finally excluded because he refused execution of the motor tasks. For study 
inclusion and neonatal patient characteristics, see Figure 1 and supplementary 
Table I, respectively. 
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Figure 1. Study inclusion

Flowchart of study inclusion. ^ 2 children were excluded because of shoulder dystocia (n=1) and 
velo-cardio-facial syndrome (22q.11.2 syndrome); 

*
 parents of 1 child did not want to participate 

because they felt it would be too tiring for the child who is diagnosed with dyskinetic cerebral palsy. 

PROCEDURE

PHENOTYPICAL ASSESSMENT
In the included 3 to 6 year old children, three paediatric neurologists (OFB, RB 
and DAS) provided phenotypic neurological assessment of standardized video-
taped motor performances.16 Each assessor indicated whether the perceived phe-
notype was normal, or not. In case of abnormally perceived motor characteristics, 
each assessor provided the presence and severity of one main and a maximum of 
two secondary pathological movement features, see Appendix A. We assigned 
patients to a specific phenotypic group, if at least 2 of 3 observers had indicated 
the same phenotype. We determined the phenotypic inter-observer agreement.

7
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QUANTIFICATION OF DYSKINETIC CP FEATURES
Seven independent movement disorder investigators quantified the videotaped 
motor performances of all children, according to the DIS guidelines.16 The DIS 
is a recently developed rating scale for children with dyskinetic cerebral palsy, 
consisting of the summed score of the dystonia (DIS-D) and choreoathetosis (DIS-
C) subscale.16 Both subscales quantify the duration and amplitude of dystonia 
and choreoathetosis in 12 body regions, including the eyes, mouth, neck, trunk, 
proximal and distal limbs on each side.16 According to the DIS guidelines, dysto-
nia and choreoathetosis are scored within the body region that is performing the 
task.16 As dystonia and choreoathetosis may also be seen in other body regions 
than the region that is performing the task, we additionally evaluated whether 
dystonic or choreoathetotic movements could be observed in other body regions 
than the body region that was performing the task (extended DIS). We compared 
mean outcomes between the original and extended DIS scores. As original and 
extended DIS scores showed strong and significant correlation coefficients (DIS: 
r=0.988, p<0.001; DIS-D: r=0.997, p<0.001; DIS-C: r=0.888, p<0.001), we used 
the mean original DIS scores for our analysis. 

We determined inter-observer agreement on DIS (sub)scores between all assessors 
and compared outcomes between paediatric neurologists and research students. 
Analogous to ataxia and dystonia rating scale scores,25-27 DIS scores were also 
shown to be age-dependent in healthy children.17 To avoid potential age-related 
bias on the scores, we interpreted outcomes for the age of the child by comparing 
the mean DIS scores between TH-children and 1. healthy, age-matched controls 
(data obtained by our group; n=12)17 and 2. a historic cohort of dyskinetic CP chil-
dren (n=55).13 Furthermore, in children who were phenotyped with ataxic features, 
we additionally obtained SARA (Scale for the Assessment and Rating of Ataxia) 
scores and compared SARA outcomes of the TH-children with 1. healthy, age-
matched controls25,27 and 2. a historic cohort of children with early onset ataxia 
(n=38).28 

ASSOCIATION BETWEEN MOTOR FEATURES AND NEUROLOGICAL 
OUTCOME PARAMETERS
Parents of all included children completed a questionnaire concerning neurologi-
cal diagnosis and/or complaints, cognitive and behavioural complaints, visits to 
specialists, prescribed medication and school performances, see Appendix B. We 
associated neurological motor phenotypes with parentally reported neurological 
outcome parameters.
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ASSOCIATION BETWEEN MOTOR FEATURES AND RETROSPECTIVE 
ASPHYXIA SEVERITY PARAMETERS
We retrospectively collected neonatal data concerning asphyxia severity, includ-
ing Apgar scores at 1, 5 and 10 minutes, umbilical artery pH and the Thompson 
score. Regarding the motor phenotype, we calculated the predictive value of these 
parameters, after categorizing them by the recommended cut-off value in literature 
(i.e. Apgar score £3,29 umbilical artery pH < 7.0,30 Thompson score ³1131). Regard-
ing the DIS scores, we calculated the predictive value of the asphyxia parameters 
with the actual values. 

ASSOCIATION BETWEEN MOTOR FEATURES AND RETROSPECTIVE 
NEONATAL MRI PARAMETERS
A specialized paediatric neuro-radiologist (LM) performed blinded assessments 
of the MRI scans (i.e. conventional and diffusion weighted imaging MRI), in 
accordance with a standardized protocol, see Appendix C.32 We calculated the 
predictive value of all MRI parameters for the motor phenotype and for DIS scores.

ASSOCIATION BETWEEN MOTOR FEATURES AND RETROSPECTIVE 
NEONATAL EEG PARAMETERS
For clinical purposes, EEGs were previously assessed by a neurophysiologist (in-
cluding background activity (continuous/discontinuous), frequency and voltage), 
epileptiform activity and reactivity. We calculated the predictive value of EEG 
abnormalities for the motor phenotype and for DIS scores.

STATISTICAL ANALYSIS
We performed statistical analyses using PASW Statistics 20 for Windows (SPSS 
Inc, Chicago IL, USA). We determined inter-observer agreement for the phe-
notypic assessment by Gwet’s Agreement Coefficient (AC1) and interpreted the 
outcomes by criteria of Landis and Koch: AC1 < 0.20: slight; 0.21 to 0.40: fair; 
0.41 to 0.60: moderate; 0.61 to 0.80: substantial; >0.81: almost perfect.33 We as-
sessed normality of the distribution of the DIS scores, both graphically and with 
the Shapiro-Wilk test. We determined inter-observer agreement by the Intraclass 
Correlation Coefficient (ICC), using the two-way mixed model and single mea-
surement coefficients. For uniformity reasons, we also interpreted ICC outcomes 
by criteria of Landis and Koch.33 We compared DIS, DIS-D and DIS-C outcomes 
with healthy age-matched controls by the unpaired t-test or, when outcomes were 
not normally distributed, by the Mann Whitney U test. To determine the influ-
ence by age on the DIS scores, we performed a linear regression analysis on 
the influence of age on DIS outcomes. For the predictive value of neurological 
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outcome parameters, asphyxia severity and neonatal MRI and EEG parameters 
on motor phenotype, we calculated the sensitivity, specificity, positive predictive 
value (PPV) and negative predictive value (NPV) per parameter. For the influ-
ence of neurological outcome parameters and asphyxia severity, MRI and EEG 
parameters on DIS scores, we performed multivariable regression. All statistical 
tests were two-sided. P-values of < 0.05 (two-sided) were considered to indicate 
statistical significance.

RESULTS

RETROSPECTIVE CLINICAL NEONATAL DATA
Neonatal asphyxia severity: For perinatal asphyxia parameters, see supplementary 
Table I.

Neonatal MRI parameters: Neonatal cerebral MRIs were performed in all included 
TH-children, at a median age of 6 days (range 3 – 38 days). For conventional and 
diffusion-weighted imaging MRI outcomes, see supplementary Tables II and III.

Neonatal seizures and/or EEG parameters: Nine of 21 patients revealed clinical 
neonatal seizures (median age: 2 days post-partum (pp); range: 1-hour pp – 9 days 
pp). Neonatal EEGs were performed in 17 of the 21 infants (81%), at a median 
age of 5 days pp (range 1 – 19 days). Neonatal EEGs revealed discontinuous 
background activity (n=3/17; 18%) and/or epileptiform activity (n=12/17; 71%), 
see supplementary Table IV. 

MOTOR OUTCOME
PHENOTYPIC ASSESSMENT
At (pre-)school age, the phenotype was assessed as normal in 18 of 21 children 
(86%). Three of 21 TH-children (14%) revealed an abnormal (n=1) or mildly ab-
normal (n=2) motor phenotype. In the child with an abnormal phenotype, all as-
sessors (n=3/3) indicated severely spastic and dystonic features, consistent with 
the clinical diagnosis cerebral palsy, GMFCS level 2. In the two children with a 
mildly abnormal phenotype, 2 of 3 assessors indicated the existence of discrete, 
secondary ataxic features. 

Inter-observer agreement regarding the motor phenotype revealed a statistically 
significant agreement coefficient (Gwet’s AC1) of 0.80 for spasticity (“almost per-
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fect”), 0.66 for dystonia (“moderate”), 0.80 for ataxia (“almost perfect”) and 0.72 
for normal (“substantial”).

DIS OUTCOMES
Mean DIS, DIS-D and DIS-C scores were not normally distributed (p<0.01). In 
the child with CP, DIS scores were consistent with the previously published patho-
logical range for children with dyskinetic CP.13 The DIS scores of the two children 
with a mildly ataxic phenotype, did not differ from the other 18 TH-children with a 
normal phenotype, see figure 2.13 These two children revealed higher ataxia rating 
scale scores (SARA) than age-matched controls, although still within the physi-
ological range for age.27 TH-children with a normal phenotype (n=18) revealed 
significantly higher DIS scores than healthy, age-matched controls for DIS, DIS-D 
and DIS-C scores (p<0.05), see Figure 2 and Table I. Mean DIS and DIS-D scores 
of the normal phenotypic subgroup were also significantly associated with age 
(months) (DIS: B = -0.29, p = 0.044; DIS-D: B = -0.24, p = 0.024). 

Inter-observer agreement (ICC) was statistically significant (p < 0.001) for DIS 
(ICC = 0.31; “fair”) and DIS-D scores (ICC = 0.43; “moderate”).

Figure 2. DIS outcomes in relation to age

DIS-Dystonia (A), DIS-Choreoathetosis (B) and DIS-Total (C) scores in relation to age. Data 
points represent mean scores per child. Asphyxiated children revealed significantly higher scores 
than healthy controls (p < 0.05).

7



126 | CHAPTER 7

Table I. DIS outcomes for optimal and abnormal phenotypic subgroups
Total 
group

Normal 
phenotype 

Ataxic phe-
notype

CP pheno-
type 

Healthy 
controls17

Dyskinetic 
CP children10

n = 21 n=18 n=2 n=1 n=12 n=55

DIS-D
  Range
  Median 

8-89
16

8-25
15

18-23
20 89

0-17
10

52-81
70

DIS-C
  Range
  Median 

5-31
12

5-18
11

8-16
12 31

0-6
0

14-41
27

DIS
 Range
  Median

14-121
26

14-38
26

26-39
32 121

0-21
12

66-122
97

Dyskinesia Impairment Scale (DIS) outcomes for the total group and the phenotypic subgroups. 
Cooled, post-asphyxiated children (all subgroups) reveal significantly higher DIS, DIS-D and 
DIS-C scores compared to healthy controls (p < 0.05). DIS-D = Dystonia subscale of the DIS; 
DIS-C = Choreoathetosis subscale of the DIS.

ASSOCIATION BETWEEN MOTOR OUTCOME AND NON-MOTOR 
OUTCOME 
Phenotype: At 3-6 years of age, the child with CP revealed impaired cognition 
(BSID-III cognition: 70) and attended a special school for children with physical 
and learning disabilities. The two children with discrete ataxic features revealed 
attention deficits (n=1) and a specific language impairment (n=1). The 18 children 
with a normal phenotype revealed no cognitive and/or behavioural problems, 
except for one child with social emotional problems. None of the children devel-
oped epilepsy.

DIS scores: Cognitive and behavioural problems were statistically associated with 
DIS-D scores (B = 18.3; p = 0.046), see Table II. 

ASSOCIATION BETWEEN MOTOR FEATURES AND NEONATAL 
PARAMETERS
Phenotype: Neonatal damage to the cerebral cortex, basal ganglia, thalamus and 
cerebellum on MRI and a discontinuous neonatal EEG background pattern were 
associated with an abnormal phenotypic motor outcome (PPV: 100% and 67%, 
respectively).

DIS scores: Neonatal damage to the basal ganglia and thalamus (on DWI MRI) 
was associated with DIS, DIS-D and DIS-C scores (B = 46.5, B = 36.5 and B = 
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10.0, respectively (all p < 0.001). A discontinuous EEG background pattern ap-
peared predictive for DIS and DIS-D scores (B = 29.7; p = 0.044 and B = 24.4; p 
= 0.032, respectively).

For an overview of motor outcome in association with clinical neonatal asphyxia 
parameters and other MRI and EEG abnormalities (all ns), see Table II, supple-
mentary Table II, III, IV and supplementary Figure 1 and 2.

DISCUSSION

In 21 previously TH-treated children, we evaluated phenotypic and quantitative 
motor outcome parameters at (pre)school age (3-6 years of age). Results revealed 
normal (n=18), mildly abnormal (n=2) and abnormal (n=1; CP) phenotypes. DIS 
scores were statistically higher than age-matched controls but only slightly higher 
than the physiological range, except for the one child with CP, who revealed DIS 
scores within the pathological range.13 To the best of our knowledge, this is the 
first study associating DIS scores with other neurological and neonatal asphyxia 
parameters in TH-treated children. 

MOTOR OUTCOME
In the present cohort of post-asphyxiated TH-children, the motor phenotype was 
normal in the vast majority. This favourable motor outcome underpins previous 
outcome reports after TH treatment.34-37 The percentage of surviving, non-dis-
abled TH-children revealed slightly more favourable results in the present cohort 
compared with previous studies (86% vs 41-68%).34-37 This could be explained in 
several ways. First, we are aware of the relatively mild Dutch inclusion criteria for 
TH.24 In the Dutch national protocol, children with a 5-minute Apgar score £5 are 
included, whereas other centers often include children when the 10-minute Apgar 
score is £5.3,5,38,39 Furthermore, according to the Dutch protocol, clinical signs for 
encephalopathy or abnormal aEEG parameters have to be present, whereas other 
centers may require presence of both criteria.5,38,40 This could implicate that we 
have included relatively mildly asphyxiated children (severe encephalopathy in the 
present study: 14% vs previous studies: 43-60%34,35). However, the mortality rate 
of the present study (33%) appeared in line with that of other studies (28-33%).34-36 
Second, one cannot exclude that TH-children might grow into functional deficits 
later in life, when motor performances become more complex. 
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In children with a normal or mildly abnormal motor phenotype, DIS scores were 
significantly higher than those of healthy age-matched control children, but outside 
the pathological CP range.13 Although these results could theoretically implicate 
minor motor impairment in TH-children, this appears less likely as a significant 
difference does not necessarily implicate a functional difference. Furthermore, 
analogous to healthy children,17 we observed an inverse relationship between DIS 
scores and age. Extrapolating these findings with age could theoretically implicate 
that TH-children might overgrow their higher DIS profile at a later age. 

Comparing the ICC on DIS scores between post-asphyxiated children (DIS: 0.32; 
DIS-D: 0.43; DIS-C: ns), healthy children (DIS: 0.42, DIS-D: 0.46, DIS-C: 0.23)17 
and dyskinetic cerebral palsy children (DIS: 0.96, DIS-D: 0.91, DIS-C: 0.98)16, 
revealed comparably small outcomes in the first two groups. These outcomes can 
be mathematically explained. As ICC values are influenced by the variance in 
scores, subgroups with a low variance in scores are more likely to reveal a lower 
ICC than subgroups with a high variance in scores.41,42 Analogous to DIS scores 
in healthy children, DIS scores in TH-children revealed a relatively smaller scor-
ing range compared to children with dyskinetic CP, leading to a mathematical 
reduction in the ICC.41 

Altogether, from these data one may derive that TH-children mostly reveal a fa-
vourable motor outcome, although ultimate (adult) neurological functioning still 
remains elusive.

ASSOCIATION BETWEEN MOTOR AND NEUROLOGICAL OUTCOME 
PARAMETERS
Both phenotypic and quantitative (DIS) motor parameters revealed an associa-
tion with cognition and behaviour at 3-6 years. This comorbidity between motor, 
cognitive and/or behavioural problems could specifically express the underlying 
consequences,34 although the prevalence of cognitive and behavioural problems in 
the Dutch population (i.e. 5-10%)43,44 is only slightly lower. Interestingly, none of 
the included children developed epilepsy. As especially children with CP are at a 
higher risk for developing epilepsy,45 the low percentage of CP could be explana-
tory for the absence of epilepsy (previous studies: 6%-13% at 2 and 4-8 years).45 

ASSOCIATION BETWEEN MOTOR OUTCOME AND NEONATAL 
ASPHYXIA SEVERITY PARAMETERS
The motor outcome was not associated with neonatal asphyxia severity param-
eters. However, previous studies reported high predictive values of the 10-minute 
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Apgar score and the Thompson score.29,31 As those studies also included children 
who died, the different outcomes can be attributed to the different study popula-
tions. In this perspective, 10-minute Apgar scores and the Thompson score could 
be especially valuable in predicting mortality, but not in predicting an abnormal 
motor outcome. Future studies may elucidate this into further extent. 

ASSOCIATION BETWEEN MOTOR OUTCOME AND NEONATAL MRI 
PARAMETERS
The motor outcome was associated with neonatal MRI parameters, regarding 
radiological injury at the basal ganglia and thalamus. The predictive value of 
these MRI abnormalities was present for both an abnormal phenotype and DIS 
scores within the pathological range. This is in line with previous reports.7,13,46,47 
Furthermore, injury at the cerebral cortex and cerebellum (on DWI MRI) ap-
peared predictive for a mildly abnormal ataxic phenotype. Interestingly, recent 
studies have demonstrated that cerebellar growth may be reduced after asphyxia, 
especially in children with cerebral injury.48 This could implicate that the mildly 
ataxic features in combination with the reported cognitive and behavioural prob-
lems could be attributed to cerebellar dysfunction. Future studies may elucidate 
this into further extent. 

Associating the motor outcome (both phenotype and DIS scores) with PLIC ab-
normalities on conventional MRI (52%, n=11/21), revealed no association. This 
indicates that injury to the basal ganglia and thalamus are stronger predictors 
for motor outcome than injury to the corticospinal tracts. In this perspective, it 
is tempting to speculate that isolated PLIC abnormalities (in absence of adjacent 
BGT damage) in TH-children, do not necessarily induce motor complaints at 
(pre)school age.

ASSOCIATION BETWEEN MOTOR OUTCOME AND NEONATAL EEG 
PARAMETERS
The observed motor outcome (both phenotype and DIS scores) was associated 
with retrospectively collected neonatal EEG parameters, regarding a discontinuous 
background pattern on EEG. Again, this is in line with previous studies.49 Strik-
ingly, despite a high prevalence of neonatal clinical seizures (48%) and/or neonatal 
epileptiform EEG activity (71%), these findings did not predict the development 
of epilepsy later in life. 

We recognize several limitations to the present study. First, we are aware of the 
explorative character of the present study. Second, future prolongation of the 
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observation period including additional measurement tools, such as Movement-
ABC, Child Behaviour Checklist (CBCL), neuropsychological testing and IQ 
measurements, are needed to explore more discrete, subclinical functional dis-
abilities. Finally, the response rate was only 73%, which is not surprising for a 
large regional reference area up to 200 km. Nevertheless, as the non-inclusion 
was random and the presently included group of children revealed a similar CP 
percentage as the total group of surviving TH children (i.e. 5% (n=1/21) vs. 7% 
(n=2/30), respectively), we would like to stress that the present study sample may 
be regarded as representative. 

From neurodevelopmental perspective, the present study demonstrates a favour-
able motor outcome in post-asphyxiated TH-children. Although the majority of the 
children revealed a normal phenotype, DIS scores were still significantly higher 
than scores in healthy, age-matched controls. Future studies may elucidate whether 
the relatively higher DIS scores have a functional significance for neurological 
outcome, or not.

7
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Supplementary Figure 1. MRI abnormalities in association with phenotypic 
motor outcome

Main abnormalities on conventional (A) and DWI (B) MRI scans in association with motor phe-
notype at (pre-)school age. Basal ganglia and thalamus abnormalities on DWI MRI scans predict 
the CP phenotype. Abnormalities in the cerebral cortex and cerebellum on both conventional and 
DWI MRI scans predict the ataxic phenotype. MRI abnormalities are shown by colour (main) and 
symbols (additional); * PLIC abnormalities; # Abnormal cortical signal intensity; [O] = Occipital; 
[F] = Frontal; CP = Cerebral Palsy
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Supplementary Figure 2. EEG background pattern in association with phenotypic 
motor outcome

EEG background pattern appears predictive for motor phenotype; CP = Cerebral Palsy 
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Supplementary Table I. Neonatal patient characteristics
Total group Normal phenotype Ataxic phenotype CP phenotype 

n = 21 n=18 n=2 n=1

Gestational age 
(weeks)
  Range
  Mean

37+0 – 42+1
40+2

37+0 – 42+1
40+2

39+1 – 41+2 
40 +1 40+2

Birth weight, grams
  Range
  Mean (SD)

2.648 – 4.915
3.544 (591)

2.648 – 4.915
3.562 (620)

2.910 – 3676 
3293 (542) 3730

Gender
  Male (n(%)
  Female (n(%))

12 (57.1%)
9 (42.9%)

10 (55.6%)
8 (44.4%)

1 (50%)
1 (50%)

1 (100%)
0 (0%)

Umbilical artery pH
  Range
  Mean (SD)

6.70 – 7.26
6.97 (0.14)

6.70 – 7.26
6.98 (0.15)

6.83 – 7.06
6.95 (0.16) 6.84

Lactate (mmol/L)
  Range
  Mean (SD)

1.9 – 24.0
10.7 (6.2)

2.7 – 19.5
10.4 (5.5)

11.5 – 24.0
17.8 (8.8) 1.9 (>4h PP)

Apgar score at 1 
minute
  Range
  Median 

0 – 4
2

0 – 4
2

1 – 3 
2 1

Apgar score at 5 
minutes
  Range
  Median

0 – 7
3

0 – 7 
3.5

1 – 4 
2.5 2

Apgar score at 10 
minutes
  Range
  Median

0 – 8
5

0 – 8 
5

4 – 5 
4.5 3

Thompson score
  Range
  Median

7 – 15
9

7 - 13
9

10 – 15
12.5 8

Seizures (n(%)) 9 (43%) 7 (38.9%) 2 (100%) 1 (100%)

Inotropics (n(%)) 16 (76%) 13 (72.2%) 2 (100%) 1 (100%)

Neonatal patient characteristics for the total group and phenotypic subgroups. Umbilical artery 
pH, lactate, Apgar scores and Thompson scores did not significantly predict motor phenotype (p 
> 0.05). SD = Standard deviation; CP = cerebral palsy; PP = post-partum.
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Supplementary Table II. Neonatal conventional MRI outcomes
Pt# Age (days) Conventional MRI

Cortex+ PLIC BG Th HC CC PWML Other

1 6 2 (O,PCG) 1bi

2 10

3 6

4 38 1le

6 4 1 (F)

7 3

8 7

9 13 1bi

10 8 1bi

11 5 1ri

12 5 1ri

13 6

14 6 2 (FP) 1bi 1ri CB*

15 5 2bi

16 4

17 6 2bi

18 7 1bi

19 6

20 7

21 7 2bi 1

22 7
+location of cortical damage: [O] = occipital region, [PCG] = postcentral gyrus, [FP] = fronto-
parietal region; PLIC = Posterior Limb Internal Capsula; BG= Basal Ganglia; Th = thalamus; 
HC = hippocampus; CC = Corpus callosum; PWML = punctate white matter lesions; * CB = 
cerebellum: tissue loss of left cerebellar tonsil; bi = bilateral; ri = right; le = left

7
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Supplementary table III. Neonatal DWI MRI outcomes
Pt# Age (days) DWI MRI

Cortex+ PLIC BG Th HC CC PWML Other

1 6 2 (F, O) 1

2 10

3 6

4 38

6 4 2 (F)

7 3 2 (O, DI, RG) 2bi 2bi 2bi 2 (RO)

8 7

9 13

10 8

11 5

12 5

13 6

14 6 2 (FI) 1 le 2 CB*

15 5

16 4

17 6

18 7

19 6

20 7

21 7 1

22 7
+ location of cortical damage: [F] = frontal region; [O] = occipital region; [CC] = corpus cal-
losum; [DI] = dorsal insula; [FI] = frontal insula; [RG] = rolandic gyrus; PLIC = Posterior 
Limb Internal Capsula; BG = Basal Ganglia; Th = thalamus; HC = hippocampus; CC = Corpus 
callosum; PWML = punctate white matter lesions; RO = radiatio optica; bi = bilateral; le = left; 
*CB = cerebellum: diffusion restriction in left cerebellar tonsil
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Supplementary Table IV. Neonatal EEG outcomes

Pt#
Age 

(days)
Background 
(C/D (IBI))

Epileptiform activity
(Location, intensity)

Neonatal 
convulsions AED

1 4 D (2-10s) MF, I 1 Phe (once)

2 5 C MF, MI 0 -

3 7 C MF, MI
1 Phe (twice)

10 C -

4 19 C - 1 Phe (once)

6 5 C MF, I 0 Phe (twice)

7 1 D (4-16s) G, MI 1 Phe (twice)

8 6 C MF, MI 1 Phe (once)

9 2 D (3-30s) -
0 -

13 C -

10 6 C MF, MI 0 -

11 5 C F [left hemisphere], S 0 Phe (once)

12 - - - 1 Phe (twice)

13 5 C -
1 Phe (10 weeks)

13 C -

14 5 C MF, MI 1 Phe (once)

15 - - - 0 Phe (once)

16 5 C - 1 Phe (once)

17 4 C F [max F-T]
0 -

15 C -

18 8 C - 0 Phe (once)

19 - - - 0 Phe (once)

20 5 C MF, MI
0 -

12 C -

21 - - - 1 Phe (twice)

22 7 C MF, I 0 Phe (once)
135 C -

Neonatal EEG outcomes in relation to phenotype per patient number; C= continuous; D 
= discontinuous; IBI = inter burst interval; epileptiform activity: location: generalized 
(G), multifocal (MF), focal (F)); [F-T] = Fronto-Temporal; intensity epileptiform activity: 
continuous (C; status epileptics), intensive (I), moderate intense (MI), sporadic (S); convulsions: 
0 = none, 1 = yes; AED = anti-epileptic drugs, Phe = phenobarbitone 
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Appendix A. Assessment form for the phenotypic assessment

Name observer:…………………………………………………………………………
Date:………………………………………………………………………………………
Patient number: …………………………………………………..……………………

Global clinical impression: Motor behaviour within the pathological range?  
yes/no (encircle your choice)
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Appendix B. Questionnaire 

Number:     (to be filled in by investigator)

  1. Is your child diagnosed with a neurological disorder? Or does your child have 
any neurological complaints?

 □ No
 □ Yes, namely
 

 2. Does your child have any cognitive or behavioural complaints?
 □ No
 □ Yes, namely
 

  3. Is your child under treatment of a specialist, for example a paediatrician or 
rehabilitation doctor?

 □ No
 □ Yes, namely 
 

 4. Does your child use prescribed medication? 
 □ No
 □ Yes, namely
 

 5. Does your child follow mainstream education?
 □ Yes
 □ No, namely 
 

 6. What grades does your child get on average?
 □ A □ B □ C □ D □ E

7



Appendix C. MRI assessment form
Score 0 1 2

Cerebral oedema No Yes -

G/W matter differentiation Present Absent in 1 location
Absent in > 1 location

Global cerebral

Cortex abnormal SI No 1 location
> 1 location

Global cerebral

Rolandic gyrus increased SI No Yes -

PWML No < 6 > 6

PLIC Normal Equivocal (small) Absent

BG abnormal SI No 1 location > 1 location

Thalamus abnormal SI No - Yes, bilateral

Hippocampal abnormality No - Yes, bilateral

Swelling corpus callosum No Yes -

Brainstem abnormal SI No 1 location > 1 location

Haemorrhagic lesions No 1 location > 1 location

Other findings

G/W = Grey/White; SI = Signal intensity; PWML = Punctate White Matter Lesion; PLIC = Pos-
terior Limb of Internal Capsula; BG = Basal Ganglia
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ABSTRACT

INTRODUCTION: Toxic lead exposure is associated with peripheral neuropathy 
and coordination impairment. In contrast to western countries, industrial lead 
pollution in Peru only decreased almost a decade ago. In Peruvian children, it is 
unknown whether preceding lead exposure, until 5 years ago, can still be related 
to neurologic impairment. In this study, we thus aimed to (1) determine neurologic 
outcomes in children and adolescents born and raised in severely and moderately 
lead-polluted Peruvian cities and to (2) compare these parameters with Dutch 
children, living in a non-lead-polluted rural area.

METHODS: We determined and compared the neurologic examination, includ-
ing vibration sensation, tendon reflexes and scores from the Scale Assessment 
for Rating Ataxia (SARA) in subjects from (1) La Oroya, Peru, an industrial 
lead-polluted city (n=48; mean age 15.2y; range 8-31y); (2) Concepción, Peru, an 
adjacent, presumably less severely lead-polluted city of comparable socioeconomic 
status (n=42; mean age 14.7y; range 8-31y); and (3) Groningen, the Netherlands, 
a non-polluted city within a rural area (n=46; mean age 14.6y; range 8-33y). We 
stratified outcomes for socio-economic status. All participating Peruvian children 
with previously assessed blood lead levels had revealed outcomes above the toxic 
level (>5.0 μg/dL).

RESULTS: Median metacarpal and metatarsal vibration sensation of Peruvian 
subjects (6.5 and 6.0, respectively) were both significantly decreased, compared 
with control subjects from Groningen (7.3 and 7.1, respectively; p<0.001) and 
international standards. Comparing Peruvian (La Oroya and Concepción) and 
age-matched control subjects from Groningen, revealed higher (worse) total and 
kinetic SARA (sub)scores in the Peruvian subjects (p<0.001). There were no sig-
nificant differences between subjects from La Oroya and Concepción (p>0.05). 
Stratification for socio-economic status did not reveal significant influences.

CONCLUSIONS: Five years since toxic paediatric lead exposure had ceased, 
Peruvian subjects still revealed mild neurologic impairment. These data implicate 
persistent neurologic consequences years after toxic lead exposure (blood levels 
>5.0 μg/dL) was restricted. 
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INTRODUCTION

Exposure to the heavy metal lead (Pb) can cause severe organ damage in the 
human body.1 By mimicking calcium’s chemical traits, lead has the ability to 
cross many of the physical barriers and permeate the adjoining tissues, such as 
bone marrow, internal organs and the nervous system.2 Subsequent toxic effects 
include the degeneration of these tissues.2 Lead poisoning may occur acutely, at 
the time of direct lead exposure, or chronically by the slow release of lead from the 
body’s storage sites. In case of chronic lead poisoning, the toxicity can continue 
for a prolonged period of time, even after exposure has stopped.2 The neurologic 
consequences of lead poisoning include dysfunction of the peripheral nervous 
system (PNS), resulting in muscle weakness, sensory dysfunction, and loss of re-
flexes. By crossing the blood-brain barrier, lead may also affect the central nervous 
system (CNS), including the cerebellum and basal ganglia. The consequences can 
be severe, including: coordination impairment, confusion, headache, cognitive 
decline, behavioural problems, seizures, and eventually coma and death.2-4 As the 
paediatric cerebellar and basal ganglia networks continue to develop throughout 
childhood,5-7 paediatric lead poisoning could theoretically induce a persistent effect 
on motor coordination from childhood into adulthood. 

Blood lead levels (BLL’s) may serve as a biomarker for lead poisoning. Previous 
studies have shown that BLL’s greater than 3.0 μg/dL could correlate with neu-
rologic dysfunction, such as decreased nerve conduction and impaired coordina-
tion.8-12 The Centre for Disease Control (CDC), therefore, decreased the “accept-
able” BLL from 10.0 μg/dL to 5.0 μg/dL in 2012.13 However, it is important to be 
aware that “safe” blood lead thresholds do not exist, since levels below the maxi-
mally tolerated threshold of 5.0 μg/dL could already affect the nervous system.3,13,14 

In contrast to most western countries, industrial Peruvian lead pollution only sub-
sided in 2009. In 2005, Serrano et al investigated BLL’s in Peruvian children from 
La Oroya, where a lead smelter functioned from 1922 until 2009.15 Resultant BLL’s 
exceeded 10.0 μg/dL in 98% of young children (0-12 years of age) and in 71% of 
adolescents (13-18 years of age).15 Comparative measurements of BLL’s within the 
population of Concepción, a city located 80 kilometres from the lead smelter in 
La Oroya, but connected by the lead-contaminated Mantaro watershed, revealed 
lower BLL’s, yet still within the toxic range.15 In Concepción, BLL’s exceeded: 
10.0 μg/dL in 8%;  5.0 μg/dL in 46% and 3 μg/dL in 100% of the participants.15 
Years after closure of the lead smelter in La Oroya (and partial re-opening under 
improved conditions), it is unclear whether the previously reported toxic lead levels 

8



150 | CHAPTER 8

from La Oroya and Concepción could still impact neurologic functioning and, if 
so, whether there would be a differential effect between severely and moderately 
intoxicated cities. 

In the present study, we aimed to explore and compare the influence of the previ-
ously measured lead toxicity on neurologic parameters in children and adolescents 
living in La Oroya and Concepción, Peru. The neurologic biomarkers for the non-
invasive assessment of the peripheral and central nervous systems were: vibration 
sensation, coordination, muscle strength, and tendon reflexes. For measurement of 
coordination impairment, we applied the Scale for the Assessment and Rating of 
Ataxia (SARA), which has been designed and validated in ataxic patients.16,17 In 
children, we have shown that the SARA is a very reliable and robust instrument 
for coordination measurement independent of nationality, ethnicity, socio-eco-
nomic class or school performance.6,18 As paediatric coordination parameters are 
known to improve with age (by maturation of the cerebellum), the CACG-EPNS 
(Childhood Ataxia and Cerebellar study Group [CACG] of the European Paedi-
atric Neurology Society [EPNS]) has recently obtained international, age-related 
values for SARA scores in healthy children,18 allowing inter-group comparison 
with stratification for age. In healthy children from Groningen, age-related SARA 
values are known to be comparable to the European scores, with only a 1% dif-
ference in explained SARA score variance, independent of socio-economic or 
geographic status of the participants.6,18

In the present study, we thus aimed to determine and compare neurologic out-
comes between children and adolescents who were born and raised in La Oroya 
(Peru, a severely lead polluted area), Concepción (Peru, a moderately lead polluted 
area) and Groningen (the Netherlands, a non-lead-polluted rural area). 

METHODS

The medical ethical committee of the Universidad Peruana Cayetano Heredia, Peru, 
and the University Medical Centre Groningen (UMCG), University of Groningen 
approved the present study. The collected Dutch data had been obtained after ap-
proval from the UMCG. We received informed consent from all participants, and 
their parents when under 18 years of age. Due to the absence of existing data on 
quantified vibration sensation and SARA scores in patients with lead poisoning, 
we based the inclusion number on previously published data regarding the inter-
observer agreement of SARA scores in healthy and ataxic Dutch children.6,17 As-
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suming an Intraclass Correlation Coefficient (ICC) of 0.80 (based on the 0.81 and 
0.97 in healthy children and ataxic children, respectively), we estimated that 30 
individuals per study group would correspond with a power > 0.98. 

PARTICIPANTS 
In the present study, we included children and adolescents from 1. La Oroya, 
Peru, a heavily lead-polluted city (n=48; age range 8-31y); 2. Concepción, Peru, a 
moderately lead polluted city of comparable socioeconomic status, located 80 km 
from La Oroya (n=42; age range 8-31y); and 3. Groningen, the Netherlands, a non-
lead-polluted city within a farming area (n=46; age range 8-33y). Although up-to-
date BLL’s in Dutch children from Groningen are lacking, studies in surrounding 
countries (i.e. Belgium and Germany) have shown non-toxic BLL values ≤ 2 μg/
dL.19 Before study inclusion, each subject or parent completed a basic questionnaire, 
including items about school performance, level of parental education, diagnosed 
neurological and/or skeletal diseases and medication use.

We included participants when they were a consistent inhabitant of La Oroya, 
Concepción or Groningen since the first year of life.  We excluded participants 
when conditions other than lead poisoning could potentially interfere with the re-
sults, including: (1) an underlying neurological and/or skeletal diagnosis; (2) mental 
impairment interfering with the understanding of the required test performances; 
(3) a psychiatric or behavioural impairment potentially interfering with the test 
performances; and (4) use of medication with known side effects on coordinated 
motor function. We recruited Peruvian and Dutch participants by open advertise-
ments at primary and secondary schools or local community centres. After inclu-
sion, we collected physiognomic data, consisting of height and head circumference. 

PROCEDURE
We video-recorded participants during their neurological examination (including 
muscle strength and reflexes), and their SARA performances. We additionally 
measured vibration sensation of the first metacarpals and metatarsals. 

We assessed muscle strength using the Medical Research Council (MRC) grad-
ing scale. We tested the presence of tendon arm and leg reflexes and assessed the 
reflexes on a four-point scale, including absent (0), low (1), normal (2) or high (3). 

We quantified vibration sensation using a Rydel-Seiffer tuning fork, which has a 
measurement range of 0 to 8. For individuals under 40 years of age, metacarpal 
scores ≥6.5 and metatarsal scores ≥4.5 are regarded as normal.20

8
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Three independent paediatric neurologists from the UMCG blindly and indepen-
dently assessed video-recordings according to the SARA guidelines. Before as-
sessment, the observers were not informed of the children’s personal characteristics 
(such as age, city of residence, school performance or parental education). We 
determined the inter-observer agreement of SARA scores. In previous studies, 
assessments by this team have been shown to be highly reliable, with a 1% differ-
ence in reproducibility by an international team of experts.17,18

We compared neurologic parameters between Peruvian and Dutch participants and 
also between participants from La Oroya and Concepción, Peru. We associated 
median SARA scores with age, gender, school performance and parental education 
level. Furthermore, in a subgroup of 14 children with previously available BLL’s 
(obtained during the industrial lead emission period in 200515), we associated the 
neurologic outcome parameters with the retrospective BLL outcomes, subdivided 
into: mildly toxic (3.0 - 5.0 μg/dL), moderately toxic (5.0 – 10.0 μg/dL) and severely 
toxic (≥10.0 μg/dL) subgroups. 

STATISTICAL ANALYSIS 
We performed statistical analysis using SPSS 22. We assessed normality of vibra-
tion sensation and median SARA scores by the Shapiro-Wilk test. We assessed 
inter-observer agreement of SARA scores by ICC and interpreted the results ac-
cording to Landis and Koch criteria; ICC <0.20: slight, from 0.21 to 0.40: fair, from 
0.41 to 0.60: moderate, from 0.61 to 0.80: substantial,  > 0.81: almost perfect.21 
We analysed differences in median vibration sensation and median SARA scores 
between the subgroups using an unpaired t-test or Mann-Whitney U test (when 
outcomes were not normally distributed). Using a multivariate regression analysis, 
we determined the influence of age, gender, school achievements, and parental 
educational achievements on SARA scores. 

Regarding the BLL’s, we compared BLL’s between La Oroya and Concepción using 
an unpaired t-test or Mann-Whitney U test (when outcomes were not normally 
distributed). Additionally, we compared vibration sensation and SARA scores 
between participants with known and unknown BLL’s by an unpaired t-test or 
Mann-Whitney U test (when outcomes were not normally distributed). Finally, we 
correlated BLL’s with median vibration sensation outcomes and median SARA 
scores using Pearson’s r or Spearman’s rho (when outcomes were not normally 
distributed). All statistical tests were two-sided. We considered a p value of <0.05 
as statistically significant.
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RESULTS

PARTICIPANT CHARACTERISTICS
Participant characteristics are summarized in Table I.

Table I. Participant characteristics from La Oroya, Peru, Concepción, Peru and 
Groningen, the Netherlands.

Concepción 
(n=42)

La Oroya 
(n=48)

Peru 
(n=90)

Groningen* 
(n=46)

Age (years)

   Range 8-31 8-31 8-31 8-33

   Mean (SD) 14.7 (4.6) 15.1 (4.7) 14.9 (4.6) 12.0 (2.6)

Gender, n (%)

   Female 19 (45.2) 35 (72.9) 54 (60.0) 26 (56.5)

   Male 23 (54.8) 13 (27.1) 36 (40.0) 20 (43.5)

School performance, n (%)

   90-100% 5 (11.9) 9 (18.8) 14 (15.6) 27 (58.7)

   80-89% 21 (50.0) 24 (50.0) 45 (50.0) 10 (21.7)

   70-79% 14 (33.3) 8 (16.7) 22 (24.4) 4 (8.7)

   60-69% 0 (0.0) 5 (10.4) 5 (5.6) 1 (2.2)

   <60 1 (2.4) 2 (4.2) 3 (3.3) 4 (8.7)

   Missing 1 (2.4) 0 (0.0) 1 (1.1) 0 (0.0)

Highest education achievement, 
mother, n (%)

   Higher education 7 (16.7) 7 (14.6) 14 (15.6) 39 (84.8)

   Vocational education 0 (0.0) 6 (12.5) 6 (6.7) 6 (13.0)

   Secondary education 24 (57.1) 24 (50.0) 48 (53.3) 0 (0.0)

   Other 10 (23.8) 11 (22.9) 21 (23.3) 0 (0.0)

   Missing 1 (2.4) 0 (0.0) 1 (1.1) 1 (2.2)

Highest education achievement, 
father, n (%)

   Higher education 11 (26.2) 8 (16.7) 19 (22.1) 38 (82.6)

   Vocational education 2 (4.8) 11 (22.9) 13 (14.4) 6 (13.0)

   Secondary education 19 (45.2) 25 (52.1) 44 (48.9) 0 (0.0)

   Other 8 (19.0) 2 (4.2) 10 (11.1) 0 (0.0)

   Missing 2 (4.8) 2 (4.2) 4 (4.4) 2 (4.3)

School performances are indicated as mean achievements; “other” education achievement was 
clarified as no education, some level of primary education, or incomplete secondary education; 
School performances and parental education achievement were significantly lower in the Peruvian 
cohort than in the Dutch cohort (p < 0.001); *Historic SARA data from Groningen.6

8



154 | CHAPTER 8

NEUROLOGIC EXAMINATION
All participants revealed normal muscle strength, defined as MRC scale 5. Tendon 
reflexes were symmetrically present in all, except 4 Peruvian children [absence 
of  ³2 tendon (n=3) and/or foot sole (n=1) reflexes, from La Oroya (n=1) and Con-
cepción (n=3)]. 

QUANTITATIVE VIBRATION SENSATION MEASUREMENTS
Vibration sensation values in all groups were not normally distributed (p< 0.001). 
Median metacarpal and metatarsal vibration sensation of Peruvian subjects (6.5 
and 6.0, respectively) were significantly lower than median vibration sensation of 
age-matched control subjects from Groningen (7.3 and 7.1, respectively; p<0.001). 
Comparing vibration sensation between La Oroya and Concepción revealed no 
significant differences for metacarpal and metatarsal values (p> 0.05), see Table II. 

Table II. Vibration sensation and SARA outcomes per subgroup.
Concepción 

(n=42)
La Oroya 

(n=48)
Peru 

(n=90)
Groningen* 

(n=46)

Vibration sensation

Bilateral metacarpal
   Range
   Median 

5.3 – 7.5
6.5 

3.3 – 7.5
6.5 

3.3 – 7.5
6.5 

6.3 – 7.8
7.3

Bilateral metatarsal
   Range
   Median 

3.5 – 7.8
6.3 

2.3 – 7.5
6.0 

2.3 – 7.8
6.0 

4.8 –8.0
7.1

SARA 

Total scores
   Range
   Median 

0 – 3.5
.5 

0 – 2.0
.5 

0 – 3.5
.5 

0 – 1.5
0 

Gait sub-scores
   Range
   Median 

0 – 1.0
0 

0 – 1.0
0 

0 – 1.0
0 

0 – 1.0
0 

Kinetic sub-scores
   Range
   Median 

0 – 2.5
.5 

0 – 2.0
.5 

0 – 2.5
.5 

0 – 1.5
0 

SARA = Scale for the Assessment and Rating of Ataxia; SARA speech sub-scores revealed an 
optimal score of zero in all groups and were therefore excluded from this table; *Paediatric SARA 
data from Groningen6
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QUANTITATIVE SARA SCORES
SARA scores in all subgroups were not normally distributed (p< 0.001). The inter-
observer agreement for total SARA scores was significant, with an ICC of 0.69 and 
0.68 (“substantial”) for children from La Oroya and Concepción, respectively. Pe-
ruvian participants revealed significantly higher total SARA scores (median = 0.5) 
than Dutch controls (median = 0; p<0.001). SARA scores of participants from La 
Oroya and Concepción revealed no significant differences (p>0.05), see Table II. 
For comparison of age-related SARA scores in Peruvian and Dutch participants, 
see Figure 1. There were no significant effects of gender, school performances or 
parental education on the SARA scores.

Figure 1. Median total SARA scores related to age

 
Participants from La Oroya and Concepción scored persistently higher than healthy Dutch con-
trols (p<0.001).

BLOOD LEAD LEVELS
In 14 of 90 Peruvian participants (La Oroya: n=4, Concepción: n=10), previously 
obtained BLL’s were available.15 In all 14 participants, previously obtained BLL’s 
exceeded the threshold for moderate toxicity (range: 5.40 – 47.00 μg/dL), see 
supplementary Table I. Median BLL’s of La Oroya (28.50 μg/dL) and Concepción 
(7.55 μg/dL) were characterized as severely and moderately toxic, respectively. 
Comparing BLL’s between La Oroya and Concepción revealed significantly higher 
toxic values in the former (p= 0.007). Comparing vibration sensation and total 
SARA scores between participants with retrospectively available and unavailable 
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BLL’s revealed no significant differences (p> 0.05). The extent of BLL toxicity 
was also not correlated with total SARA scores (p> 0.05).

DISCUSSION

Five years after the cessation of toxic industrial lead emission, we evaluated whether 
previous lead exposure still induces a prolonged neurologic effect. Peruvian children 
and young adults from lead intoxicated areas revealed significantly impaired vibration 
sensation and SARA scores compared to control children from a non-polluted area. 

In the presently investigated Peruvian cohort, previously proven toxic BLL’s had 
assisted in the temporary closure of a local lead smelter in 2009. Recently, the fac-
tory has been partially re-opened, with emission restrictions to prevent further en-
vironmental pollution. In this Peruvian area, we aimed to evaluate whether previ-
ously proven chronic lead toxicity could exert a prolonged neurologic effect. Our 
outcomes revealed significantly lower vibration sensation and higher (less optimal) 
SARA scores in comparison to the Dutch control participants and international norm 
values.6,18,22 As vibration sensation quantitatively reflects the functional sensory nerve 
conduction of the dorsal columns, these outcomes appear indicative of a chronic 
neurologic effect, even years after lead exposure has subsided.23 The toxic impact 
of lead can be theoretically explained by the substitution of calcium by lead within 
neurons. This may cause various cellular dysfunctions, including the induction of 
apoptosis, alterations in neurotransmitter release and receptors, and axonal degenera-
tion or demyelination (by affecting Schwann cells).24,25 

Analogous to impaired vibration sensation, Peruvian participants also revealed con-
sistently higher SARA scores than unexposed controls.6,18 In addition to impaired 
sensory nerve conduction of the dorsal columns, these differences could also be 
attributed to sub-optimal cerebellar functioning in association with lead accumula-
tion.26 Despite higher (worse) SARA outcomes, most Peruvian SARA scores still 
remained within the 95% prediction interval of norm values.18 However, this appears 
attributable to the wide confidence intervals of the control group,18 since Peruvian 
SARA scores are consistently higher at all ages. Thus, although Peruvian SARA 
scores are not assigned to “ataxic” domains, the persistently higher (worse) scores 
are attributable to the domain of sub-clinically impaired coordination. 

Altogether, five years after significant restriction of previous lead exposure, our 
results implicate persistent, sub-clinical impairment of neuronal parameters. 
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Interestingly, our outcomes did not reveal a direct association between previously 
measured BLL’s (from 2005), the extent of quantitatively reduced vibration sensa-
tion, and/or quantitatively increased SARA scores. As the latency interval between 
the previously measured BLL’s and the present data collection was nine years, this 
inconsistency could theoretically be attributed to the difference in chronic, time-
weighted BLL’s and the actual BLL measurement.28 Furthermore, other studies 
have also reported absent associations between BLL’s and motor outcomes.8-12,28-31 
Concerning vibration sensation, previous studies have described an association be-
tween impaired vibration sensation and BLL’s above 10μg/dL.8,12,30,31 However, for 
intermediate BLL’s between 3-10μg/dL, such data are lacking.  While in the present 
study 57% of the included children with known BBL’s had revealed a BLL within 
this domain, we cannot automatically assume a direct relationship between BLL’s 
and vibration sensation. 

We recognize several limitations to the present study. As the current clinical evalua-
tion concerned a follow-up study of the 2005 Serrano et al. study,15 we did not obtain 
permission for invasive procedures, such as up-to-date blood sample measurements 
per subject. Since we had agreed with the Peruvian medical ethical committee to 
invite potential subjects for inclusion anonymously, we were also unable to specifi-
cally include the same persons in whom the BLL’s had been measured in 2005. How-
ever, in all 14/14 Peruvian subjects, from both La Oroya and Concepción, in whom 
we were able to trace previous BLL’s, all BLL’s were within the toxic range. Since 
these subjects, analogous to the other included subjects, had lived their entire lives 
in the investigated areas and, as the BLL’s from this “sample” of 14 persons did not 
significantly differ from the original cohort, we would suggest that this “sample” of 14 
persons could be taken as representative of the presently included study group. Fur-
thermore, we are also aware that we did not have permission to extend our research 
to other Peruvian rural areas. However, both vibration sensation and SARA scores 
have been shown to reveal very robust results independent of different geographic 
and socio-economic factors.6,18,20 

In conclusion, five years after the restriction of industrial lead emission, our data 
indicate that previous toxic lead exposure has a prolonged neurologic effect, inde-
pendent of the severity of the BLL’s. We hope that functional neurologic insight into 
the persistent effects of lead exposure and public awareness may contribute to sup-
porting strong, international recommendations for the protection of the vulnerable 
nervous system of developing children.

8
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Supplementary Table I. Participant’s blood lead level values from 2005.
Concepción

(n=10)
La Oroya

(n=4)
Peru

(n=14)

Range (μg/dL) 5.40 – 22.00 16.00 – 47.00 5.40 – 47.00

Median (μg/dL) 7.55 28.50 8.75

Blood Lead Levels (BLL’s) of 14 participants of the present study were known by Serrano et al.15 
All BLL’s were in the toxic range (>5 ug/dL).
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Movement disorders in children have different aetiologies, manifestations and 
disease courses than those in adults.1 Accurate clinical assessment of paediatric 
movement disorders is important for early recognition, reliable categorization and 
adequate treatment. Before defining paediatric movements as abnormal, it is im-
portant to realize that the maturing CNS may influence the clinical assessment. In 
the first part of this thesis, we therefore aimed to elucidate the influence of physi-
ological motor development (i.e. age) on qualitative (chapter 2) and quantitative 
(chapter 3 – 6) assessment tools for movement disorders. In the second part of 
this thesis (chapter 7 and 8), we aimed to interpret movement disorder assessment 
tools under pathological conditions, including after perinatal asphyxia treated with 
therapeutic hypothermia and after lead intoxication. Both conditions are known 
to be risk factors for developing movement disorders. 

PHYSIOLOGICAL MOVEMENT DISORDER-LIKE FEATURES FROM 
BIRTH UNTIL ADULTHOOD
In healthy children between 0 and 3 months of age, neonatal developmental motor 
patterns (fidgety general movements (GMs) and startles) reveal a striking resem-
blance with myoclonic- and choreatic-like features, as indicated by phenotypic 
assessment (chapter 2). After 3 months of age, neonatal developmental motor 
patterns are gradually replaced by goal-directed, voluntary movements. This co-
incides with the disappearance of myoclonic- and choreatic-like features, see 
figure 1A. During the neonatal period, the disappearance of these hyperkinetic 
characteristics is attributed to physiological neurodevelopmental processes, such 
as synaptic organization and myelination.2 During the period of synaptic organiza-
tion (peak: 20 weeks of gestation until first two postnatal years), neural networks 
between the basal ganglia, cerebral cortex and the cerebellum are formed. The 
connectivity of these neural networks significantly increases around 3 months of 
post-term age,3 hypothetically resulting in enhanced inhibition of neuronal excit-
ability. From this perspective, it is tempting to speculate that the disappearance 
of hyperkinetic (myoclonic- and choreatic-like) features could be associated with 
enhanced neuronal inhibition.1 

In healthy children between 0 and 16 years of age, we observed dystonic-like fea-
tures. Examples of dystonic-like features involve short, transient posturing of eyes, 
tongue, neck and limbs during object manipulation, drawing, sitting and walk-
ing. In healthy infants and toddlers (chapter 2), we observed such dystonic-like 
features during the asymmetrical tonic neck reflex (ATNR) and during voluntary 
movements, as indicated by phenotypic assessment. In healthy school aged chil-
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dren (4-16 years; chapter 4), we continued to observe the dystonic-like features 
during more complex voluntary movements (such as writing and alternating and 
sequential hand or foot movements), as indicated by the applied dystonia rating 
scales (i.e. the Burke-Fahn-Marsden Movement Scale (BFMMS; chapter 3) and 
the dystonia subscale of the Dyskinesia Impairment Scale (DIS-D; chapter 6)).4,5 
Both rating scales revealed an inverse relationship with age, with the highest scores 
in the youngest children and the disappearance of dystonic-like features around 16 
years of age.6 The persistence of these physiological dystonic-like features until 
16 years of age contrasts with the early disappearing choreatic- and myoclonic-
like features. We speculate that the choreatic- and myoclonic-like features during 
involuntary movements disappear by increased neuronal inhibition, whereas the 
prolonged continuation of dystonic-like features during voluntary movements 
may be explained by the underlying development of basal ganglia networks. The 
basal ganglia are known to control desired motor patterns and inhibit compet-
ing motor patterns.7,8 Throughout childhood, selective synaptic elimination and 
myelination of basal ganglia networks may hypothetically result in the transient 
appearance and final disappearance of dystonic-like features during motor per-
formances.2,3,6,9-13

Analogous to the dystonic-like features, we also observed ataxic-like features 
between 0 and 16 years of age. In healthy infants and toddlers (chapter 2), the 
initiation of phenotypically observed ataxic-like features occurred simultaneously 
with the first goal-directed voluntary movements (such as reaching and grasping) 
around 4 months of age until 3 years of age (during sitting, standing and walk-
ing). In healthy school-aged children (4-16 years; chapter 4), these ataxic-like 
features continued during complex motor tasks that require ample coordination 
(such as the tandem gait, standing on one leg, and fast alternating hand move-
ments) as indicated by the applied ataxia rating scales (i.e. the Scale for the As-
sessment and Rating of Ataxia (SARA), International Cooperative Ataxia Rating 
Scale (ICARS) and the Brief Ataxia Rating Scale (BARS)).14-16 Analogous to the 
dystonia rating scales, all three ataxia rating scales reveal an inverse relationship 
with age, with the disappearance of ataxic-like features between 10 and 12 years 
of age.17 These physiological ataxic-like features are likely to be related with 
cerebellar development. Cerebellar networks receive, process and adapt informa-
tion for balance and for decision-making regarding speed, force, and direction 
of intended movements.18 Throughout childhood, selective synaptic elimination 
and myelination will result in improved fine-tuning of cerebellar networks and 
coordinated motor output.9,19,20  Comparison between the age-related ataxic- and 
dystonic-like features, reveals relatively higher ataxia rating scale scores and a 

9
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stronger decrease in young children (4-8 years) compared to the dystonia rating 
scale scores (chapter 6). In perspective of the relatively late maturation of the 
cerebellum (i.e. until 15-18 years of age) compared to the basal ganglia (i.e. until 
8-10 years of age),9,21,22 one could understand why the age-related expression of 
ataxic-like features is relatively strong. 

Finally, we investigated the age-relationship of speech sub-scores, which is also 
part of ataxia rating scales. For reliable interpretation of international ataxia rating 
scale speech sub-scores in children, it is important to consider the influence of 
both age and language. For reliable data entry in international databases, we 
investigated whether replacement of official speech subscores by syllable repeti-
tion tasks (SRT) could help to avoid such a language bias (chapter 5). Outcomes 
revealed that both official speech and SRT outcomes were moderately associated 
with age. The reliability did not differ between the official speech sub-scores and 
SRT scores. This implicates that the SRT could be used for data entry in interna-
tional ataxia databases, including different languages, especially when outcomes 
are interpreted according to the age of the child.

IMPLICATIONS OF PHYSIOLOGICAL MOVEMENT DISORDER-LIKE 
FEATURES
Forthcoming insight in the presence of age-related movement disorder-like fea-
tures may have several implications. First, evaluation of age-related movement 
disorder-like features in healthy children can provide more insight in the matura-
tion of the underlying motor centres. Second, the present findings may provide 
the conditions for early and reliable recognition of paediatric movement disorders.  
Healthy motor behaviour is characterized by complexity, fluency and variability, 
whereas pathological motor behaviour lacks these characteristics.23-25 In typically 
developing children, it is important to realize that the movement disorder-like fea-
tures are only short, variable and transiently present during otherwise fluent and 
complex motor behaviour. This is essentially different in children with a movement 
disorder, who are more likely to reveal monotonous, permanent and invariably ab-
normal motor features. Importantly, present data in healthy children may provide a 
basis for adequate, longitudinal age-related interpretation of rating scale scores in 
children with a movement disorder. The physiological ataxia and dystonia rating 
scale scores decrease as the child grows up. When such longitudinal changes by 
maturation are observed under pathological conditions, the improved rating scale 
scores could be over-interpreted as treatment effects. This is especially important 
in the youngest children (<8 years), who show the major changes in movement 



DISCUSSION | 167

disorder-like features. Therefore, application of physiological movement disorder 
rating scale scores may hopefully contribute to future treatment evaluation. 

MOVEMENT DISORDER CHARACTERISTICS IN CHILDREN AT RISK 
FOR DEVELOPING DYSTONIA AND ATAXIA
In the second part of the thesis we aimed to interpret movement disorder assess-
ment tools under pathological conditions, against the background of the physiologi-
cal data obtained in the first part of the thesis. We therefore analysed movement 
disorder parameters in two patient groups. The first patient group consisted of 
post-asphyxiated children (3 to 6 years of age), treated by therapeutic hypothermia 
during the neonatal period. These patients are at risk of developing dystonia as 
part of dyskinetic cerebral palsy (CP). The second patient group includes Peruvian, 
lead intoxicated children and young adults (8 to 31 years of age), who are at risk 
for developing ataxia. 

THE ASSOCIATION BETWEEN PERINATAL ASPHYXIA AND DYSTONIA 
In asphyxiated children treated with therapeutic hypothermia during the neonatal 
period, we qualitatively and quantitatively evaluated movement disorder charac-
teristics between 3 and 6 years of age (chapter 7). Our qualitative results indicate 
normal (86% (n=18/21)), mildly abnormal (i.e. discrete ataxia; 14% (n=2/21)) and 
abnormal (i.e. cerebral palsy with severe spasticity and dystonia; 5% (n=1/21)) 
phenotypes. Quantitative assessment revealed DIS scores within the pathological 
range for the child with CP.26 DIS scores of children with a normal or mildly abnor-
mal phenotype were statistically higher in the post-asphyxiated children compared 
to healthy, age-matched controls, but not within the pathological dyskinetic CP 
range.26 This implicates that between the physiological and clear pathological DIS 
scoring range,26 there is a range of scores which do not fulfil both criteria (see 
figure 1B). When scores are between the physiological and pathological area, the 
scores can be considered as suspect (potentially not physiological) or in the begin-
ning stage of abnormal. As this “in-between” area has not been studied before, cat-
egorizing the motor behaviour by DIS scores in this area is very difficult. Because 
the DIS scores of post-asphyxiated children with a normal phenotype are only 
slightly higher than the physiological range and are age-related, we hypothesized 
that the motor behaviour of post-asphyxiated children could be considered as “non-
optimal”. Future studies, including more detailed and prolonged assessments, may 
elucidate whether these children will develop normally or not. 9
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THE ASSOCIATION BETWEEN LEAD INTOXICATION AND ATAXIA 
In Peruvian children and young adults from previously proven lead-intoxicated 
areas, we investigated the influence of lead intoxication on coordinative motor 
function (assessed by the SARA; chapter 8). The toxic impact of lead particles 
on neurons can cause cellular dysfunction, including the induction of apoptosis, 
alterations in neurotransmitter release and receptors, demyelination (by affecting 
Schwann cells) and axonal degeneration.27,28 Furthermore, lead particles may accu-
mulate in the cerebellum, disturbing the formation and optimization of cerebellar 
networks.27,29 We hypothesized that the consequences of lead intoxication on motor 
coordination could be demonstrated by SARA scores. Our outcomes revealed 
significantly higher SARA scores in subjects from the previously lead intoxi-
cated areas compared to age-related controls. Despite consistently higher SARA 
scores, the outcomes were not within the pathological range, see figure 1C.17,30,31 
Analogous to the DIS scores, there is an area between the physiological and clear 
pathological scores, which can be considered as suspect or in the beginning stage 
of abnormal. As the scores from the Peruvian, lead intoxicated participants were 
close to the physiological range and age-related (see figure 1C), we hypothesized 
that the coordination of these children and young adults could be considered as 
“non-optimal”. Future studies, including more detailed and prolonged assessment 
in combination with actual blood lead levels, may elucidate the influence of lead 
intoxication on coordination into further extent.
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Figure 1. Physiological, suspect/abnormal and pathological ranges for movement 
disorder assessment tools

Physiological, suspect (potentially not physiological)/abnormal and pathological ranges for move-
ment disorder biomarkers. A: The black and blue line indicate the physiological choreatic- and 
myoclonic-like features in healthy children from 0 to 36 months of age, respectively. The green and 
red area indicate the physiological and pathological range (i.e. age) of choreatic- or myoclonic-like 
features. B-C: The green, orange and red area indicate the physiological, suspect (potentially not 
physiological)/abnormal and clear pathological range of DIS-D and SARA scores (as percentage of 
maximum score per rating scale), respectively.26,31 Scores of post-asphyxiated and lead intoxicated 
children can be regarded as non-optimal (black lines). DIS-D = Dyskinesia Impairment Scale-
Dystonia subscale; SARA = Scale for the Assessment and Rating of Ataxia

9
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SUMMARY AND FUTURE PERSPECTIVES 
To summarize, in healthy children under physiological conditions, we observed 
myoclonic-, choreatic-, dystonic- and ataxic-like features in healthy children in 
an age-related way. The phenotypically observed myoclonic- and choreatic-like 
features disappear around 3 months of age, whereas dystonic- and ataxic-like fea-
tures disappear during adolescence. Present outcomes indicate that assessment of 
(potentially) pathological movement disorders by dystonia or ataxia rating scales 
should be interpreted for age. This is especially important for two reasons. First, 
the physician is able to recognize an initiating movement disorder by using the 
physiologically healthy motor behaviour as a reference. With the present outcomes, 
one may assume that choreatic- and myoclonic-like features after 12 months of 
age are likely to be pathological, whereas ataxic- and dystonic-like features can 
be physiologically observed until 12 and 16 years of age, respectively. Second, 
interpretation of treatment effects in patients with a movement disorder (based 
on rating scales scores) should take improvement by physiological motor develop-
ment into account. 

In the second part of this thesis, we applied the physiological values of move-
ment disorder assessment tools to interpret motor behaviour of children under 
potentially pathological conditions (treated asphyxia and transient exposure to 
environmental lead pollution). Under both conditions, application of physiological 
values helped us to interpret the observed outcomes. Although outcomes of both 
patient groups revealed statistically higher scores compared to healthy, age-related 
controls, the outcomes were not interpreted as pathological, but rather as suspect, 
potentially not physiological, motor behaviour. The present thesis may hopefully 
contribute to awareness of these non-optimal characteristics, which may occur 
after perinatal asphyxia and lead intoxication. Furthermore, it provides a tool to 
recognize potential deviations from this non-optimal motor behaviour, for which 
treatment could be initiated if necessary.

Present outcomes provide insight in the applicability of movement disorder assess-
ment tools, both under physiological and pathological conditions. We are aware of 
some weak points, that might be overcome by future studies. First, in the present 
thesis, we could only use a qualitative approach to assess motor patterns in healthy 
children younger than 4 years of age. In toddlers, sufficiently reliable quantita-
tive evaluation tools are not yet available, due to the duration of the tests and the 
complexity of the tasks. However, in future studies, performance of only a part 
of a rating scale could be less demanding for the child and could help to improve 
the discrimination between physiological motor behaviour and initiating move-
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ment disorders in young children. For example, the SARA gait subscale includes 
relatively easy tasks for the child and the scores are strongly associated with total 
SARA scores.32 In this perspective, it is tempting to speculate that SARA gait 
could be used as a surrogate assessment tool for ataxia rating scales in children 
between 2 and 4 years of age. 

Second, we hypothesize that future studies may increase insight in the discrimina-
tion between physiological, suspect and (initiating) abnormal rating scale scores. 
Scores in the sub-optimal range may be interpreted as either still physiological 
(“clumsy children”) or mildly abnormal (at the initial stage of disease manifesta-
tion). Increased insight in such sub-optimal scores could aid the physician into cat-
egorizing motor behaviour and deciding whether diagnostic tests and/or treatment 
can be beneficial. For instance, in post-asphyxiated and lead-intoxicated children, 
such information may elucidate whether motor behaviour is likely to improve 
with development and/or can be improved by additional aids and physiotherapy. 

CONCLUSIONS
The maturation of the healthy nervous system is expressed by immature motor 
characteristics, which resemble characteristics of movement disorders, involv-
ing myoclonic-, choreatic-, dystonic- and ataxic-like features. These features are 
present during innate motor patterns (i.e. myoclonic-, choreatic- and dystonic-
like features) and/or during complex, voluntary motor behaviour (dystonic- and 
ataxic-like features). Application of the physiological values of movement disorder 
assessment tools can help to interpret motor behaviour both under non-optimal 
and pathological conditions. 

9
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Dit proefschrift gaat over de klinische beoordeling van bewegingen bij kinderen, 
zowel bij normale, gezonde kinderen als bij hersenbeschadigde kinderen. De nor-
male motorische ontwikkeling van het kind start vroeg tijdens de zwangerschap. 
Al vanaf 8 weken na de conceptie kunnen de eerste bewegingen geobserveerd 
worden. Deze allereerste, onwillekeurige bewegingen ontstaan door spontane ac-
tiviteit van het centrale zenuwstelsel (CZS) en bestaan onder andere uit primitieve 
reflexen, startles, hikken, adembewegingen en “general movements” (gegenerali-
seerde bewegingen; GMs). GMs zijn spontane bewegingen waaraan het gehele 
lichaam van het kind meedoet. Deze bewegingen variëren in amplitude en snelheid 
en blijven bestaan tot ongeveer 3 à 4 maanden na de geboorte. Rond deze leeftijd 
worden GMs geleidelijk vervangen door willekeurige, doelgerichte bewegingen 
(zoals reiken en grijpen). De verandering van onwillekeurige naar willekeurige 
bewegingen gaat samen met de ontwikkeling van verbindingen binnen netwerken 
van het zenuwstelsel. Tijdens de ontwikkeling van het kind wordt de onderlinge 
afstemming tussen deze netwerken geoptimaliseerd, wat resulteert in een pre-
cieze aansturing en coördinatie van de motoriek. Belangrijke regio’s binnen deze 
netwerken worden gevormd door de basale kernen en de kleine hersenen (het 
cerebellum). De basale kernen zijn vooral betrokken bij de coördinatie van het 
aanspannen van spieragonisten en antagonisten, zodat de spieren in een goede 
uitgangshouding komen om de motorische taken uit te voeren. Het cerebellum 
zorgt daarbij vooral voor de juiste timing en coördinatie van de bewegingen. 

Door schadelijke invloeden of ziektes kan de rijping van het centraal zenuwstelsel 
(CZS) verstoord raken, wat kan leiden tot het ontstaan van bewegingsstoornissen. 
In de neurologische literatuur worden bewegingsstoornissen onderverdeeld in 
groepen die gekenmerkt worden door: 1. een overmaat aan bewegingen (hyper-
kinesie), 2. een gebrek aan vrijwillige bewegingen (hypokinesie) of 3. een gebrek 
aan coördinatie binnen een doelgericht bewegingstraject (ataxie). De aard van de 
bewegingsstoornis wordt bepaald door de aard, omvang en plaats van de schade 
binnen de verbindende netwerken en de motorische regio’s. In dit proefschrift rich-
ten we ons op de meest voorkomende bewegingsstoornissen bij kinderen, namelijk 
de hyperkinetische bewegingsstoornis dystonie (onwillekeurige aanhoudende of 
intermitterende spiercontracties die leiden tot abnormale, zich repeterende, beweg-
ingen en/of houdingen) en ataxie (verstoorde gecoördineerde bewegingsuitvoering 
van doelgerichte bewegingen). Dystonie ontstaat door dysfunctionele netwerken 
van de basale kernen en ataxie ontstaat door dysfunctionele netwerken vanuit de 
kleine hersenen. 
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Het herkennen en classificeren van dystonie en ataxie aan de hand van interna-
tionaal geaccepteerde definities wordt fenotyperen genoemd. Door middel van 
fenotypering kan men de juiste diagnostiek en behandeling toepassen. Om even-
tuele behandeleffecten vast te leggen, is het van belang om de ernst van de bewe-
gingsstoornis in cijfers uit te drukken (kwantificeren) met behulp van beoordel-
ingsschalen. De beschikbare beoordelingsschalen zijn oorspronkelijk ontwikkeld 
voor volwassen patiënten. Bij toepassing van dezelfde schalen bij jonge kinderen 
is het belangrijk om te realiseren dat jonge, onrijpe netwerken in het brein ook 
zullen leiden tot onrijpe bewegingen die normaal zijn voor de leeftijd van het kind. 
Deze normale, onrijpe bewegingen kunnen ook kenmerken van ataxie en dystonie 
vertonen. Een voorbeeld hiervan is het ongecoördineerde looppatroon van een 
peuter (“ataxie”) of het uitsteken van de tong tijdens het uitvoeren van moeilijke 
taken (“dystonie”). Doordat de gezonde, onrijpe motoriek van jonge kinderen kan 
overeenkomen met kenmerken van bewegingsstoornissen, kan dat de uitkomsten 
van beoordelingsschalen voor bewegingsstoornissen beïnvloeden. 

In het eerste gedeelte van dit proefschrift bestuderen wij de invloed van leeftijd 
op beoordelingsschalen voor bewegingsstoornissen bij gezonde kinderen (hoofd-
stuk 2-6). Met de kennis uit het eerste gedeelte, onderzoeken we in het tweede 
gedeelte van het proefschrift de ontwikkeling van de bewegingsstoornis dystonie 
en ataxie bij twee patiëntengroepen. Deze patiëntengroepen bestaan uit kinderen 
die werden blootgesteld aan zuurstoftekort tijdens de geboorte (hoofdstuk 7) en 
uit kinderen die tijdens de ontwikkeling werden blootgesteld aan lood (hoofdstuk 
8). Bij beide patiëntengroepen zijn de hersenen normaal aangelegd, maar leidden 
externe condities tot schade binnen de hersenen. 

In hoofdstuk 1 geven we achtergrondinformatie over motorische ontwikkeling, 
bewegingsstoornissen en de beoordeling hiervan. Vervolgens wordt de overkoe-
pelende doelstelling van het onderzoek geformuleerd. 

In hoofdstuk 2 presenteren we de overeenkomsten tussen gezonde motorische 
ontwikkelingspatronen en kenmerken van bewegingsstoornissen bij gezonde 
baby’s en peuters (0-3 jaar). Baby’s tussen 0 en 3 maanden vertonen ontwik-
kelingspatronen (startles, asymmetrische tonische nek reflex (ATNR) en fidgety 
general movements) die kenmerken van dystonie, chorea (onwillekeurige, soms 
dansachtige bewegingen van willekeurige lichaamsdelen) en myoclonus (herhaal-
de, korte schokkerige bewegingen) vertonen. Na de leeftijd van 3 maanden gaan 
de vroege, onwillekeurige bewegingspatronen over in willekeurige bewegingen 
(zoals reiken en grijpen). Tegelijkertijd lijken de choreatische en myoclonische ken-
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merken te verdwijnen. Deze motorische veranderingen kunnen verklaard worden 
doordat de invloed van de grote hersenen (cerebrale cortex) op de motoriek toe-
neemt rond de leeftijd van 3 maanden. Van 3 maanden tot 3 jaar blijft de onrijpe 
motoriek overeenkomsten vertonen met de bewegingsstoornissen dystonie en 
ataxie. Dit is zichtbaar tijdens de uitvoering van willekeurige, doelgerichte beweg-
ingen zoals grijpen, zitten, staan en lopen. De aanwezigheid van deze kenmerken 
van bewegingsstoornissen kan verklaard worden door onvoltooide rijpingsproces-
sen van het zenuwstelsel, waarbij de netwerken tussen de basale kernen, de grote 
en de kleine hersenen nog geoptimaliseerd moeten worden. 

In hoofdstuk 3, 4 en 6 beschrijven we de invloed van leeftijd op scores van dys-
tonie (BFMDRS), ataxie (SARA, ICARS en BARS) en dyskinesie (dystonie en 
chorea; DIS) schalen bij gezonde kinderen tussen 4 en 16 jaar. Zowel de dystonie 
als de ataxieschalen worden beïnvloed door de leeftijd, waarbij de jongste kinderen 
de hoogste (“slechtste”) scores vertonen. De ataxie scores van de jongere kinderen 
zijn relatief hoger en dalen sneller dalen dan de dystonie scores. Dit wijst erop dat 
de ataxieschalen sterker worden beïnvloed door onvoltooide rijping dan de dystoni-
eschalen, wat te maken heeft met de specifieke rijpingspatronen van de betrokken 
hersenregio’s. Doordat de kleine hersenen later rijpen dan de basale kernen (18 jaar 
vs. 10 jaar, respectievelijk), worden ataxieschalen vermoedelijk sterker beïnvloed 
door leeftijd dan de dystonieschalen. In tegenstelling tot dystonie en ataxieschalen 
wordt de choreaschaal echter niet beïnvloed door leeftijd. Deze waarneming wordt 
ook beschreven in hoofdstuk 2. Choreatische kenmerken verdwijnen dan ook al 
vroeg tijdens de normale ontwikkeling, namelijk na 3 maanden. 

Schalen die ataxie meten bestaan uit verschillende subscores, zoals voor lopen, 
staan, wijzen en spraak. Voor universeel gebruik van ataxieschalen is het belan-
grijk dat de scores internationaal goed en unaniem te beoordelen zijn. Dit betekent 
dat ze niet beïnvloed horen te worden door de geboortetaal van het kind of de 
beoordelaar. In dit kader beschrijven we in hoofdstuk 5 de leeftijdsafhankeli-
jkheid en de betrouwbaarheid van spraak subscores van ataxieschalen bij gezonde 
kinderen en bij kinderen met ataxie. Daarnaast presenteren we de uitkomsten 
van lettergreep herhalingstaken (zoals la-la-la en pata-pata-pata) naast de gebrui-
kelijke, zelfgekozen zinnen in de eigen taal. Met de lettergreep herhalingstaken 
wordt de mogelijke verstorende invloed van de geboortetaal op de spraak scores 
vermeden. De resultaten tonen aan dat spraak subscores (zelfgekozen zinnen en 
lettergreep herhalingstaken) geassocieerd zijn met de totale ataxie score, zowel 
bij gezonde als bij kinderen met ataxie. Bij gezonde kinderen zijn de spraak sub-
scores tevens geassocieerd met de leeftijd van het kind. Hierbij lijkt de maat voor 
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inter-beoordelaar betrouwbaarheid (ICC) van zowel zelfgekozen zinnen als van 
lettergreep herhalingstaken bij de kinderen met ataxie goed, terwijl deze bij de ge-
zonde kinderen matig lijkt. Dat wil echter niet automatisch zeggen dat de scores bij 
gezonde kinderen onbetrouwbaar zijn. De matige inter-beoordelaarsbetrouwbaar-
heid kan namelijk ook rekenkundig verklaard worden. Aangezien ICC-uitkomsten 
beïnvloed worden door de variantie van de scores, kan een lage variantie in de 
scores (zoals bij gezonde kinderen) leiden tot lagere ICC-uitkomsten. Conclud-
erend kunnen zowel gewone spraak als lettergreep herhalingstaken betrouwbaar 
worden toegepast bij kinderen met ataxie, waarbij een geringe leeftijdscorrectie 
noodzakelijk is. Om een verstorende invloed van de geboortetaal te voorkomen, 
zouden lettergreep herhalingstaken een geschikte oplossing kunnen zijn voor data 
invoer in internationale databases. 

In het tweede gedeelte van het proefschrift passen we de verkregen leeftijdsafhan-
kelijke uitkomsten van gezonde kinderen toe bij twee patiëntengroepen. 

In hoofdstuk 7 presenteren we de motorisch uitkomst van kinderen die tijdens 
de geboorte zuurstoftekort hadden en daarvoor werden behandeld met neuro-
protectieve koeling. Dit is een medische behandeling, waarbij de temperatuur 
van de baby 3 dagen lang rond de 33,5ºC wordt gehouden. Hierdoor wordt de 
stofwisseling geremd en wordt het centrale zenuwstelsel beschermd tegen ver-
dere beschadiging. Ondanks koeling kan zuurstoftekort rond de geboorte bij een 
voldragen kind (>37 weken) resulteren in schade aan de basale kernen, de grote 
hersenen en/of de kleine hersenen. Kinderen met schade aan deze gebieden lopen 
het risico om dystonie, chorea en/of spasticiteit (dyskinetische cerebrale parese 
[CP]) te ontwikkelen. 

In dit hoofdstuk wordt de motoriek van (pre-)schoolgaande kinderen (3-6 jaar) 
uit deze patiëntengroep gefenotypeerd op kenmerken van bewegingsstoornis-
sen en gekwantificeerd aan de hand van een dyskinesie schaal (DIS). Van de 21 
geïncludeerde kinderen, vertonen 18 kinderen een normaal fenotype, 2 kinderen 
vertonen een licht afwijkend fenotype (discrete ataxie) en 1 kind vertoont een 
duidelijk afwijkend fenotype (cerebrale parese [CP] met spasticiteit en dystonie). 
Beoordeling van de motoriek aan de hand van bewegingsschalen toont een pa-
thologisch hoge DIS score bij het kind met CP. De kinderen met een normaal of 
mild afwijkend fenotype vertonen DIS scores onder deze pathologische grens, 
maar wel hoger dan de scores van gezonde kinderen. Hieruit kunnen we conclud-
eren dat de motoriek van gekoelde kinderen na zuurstoftekort bij de geboorte er 
meestal normaal uitziet, maar toch subtiele verschillen kan vertonen met gezonde 
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kinderen. Tot nu toe is het nog onduidelijk wat de functionele en langere termijn 
gevolgen hiervan kunnen zijn. 

In hoofdstuk 8 beschrijven we de motoriek van kinderen en jongvolwassenen 
die in het verleden (tot 5 jaar geleden) blootgesteld zijn geweest aan lood. Lood 
kan de bloed hersenbarrière passeren, waardoor het een schadelijk (toxisch) effect 
op de hersenen kan hebben. Hierdoor kunnen zenuwcellen afsterven, er kunnen 
veranderingen in de afgifte van chemische stofjes in de hersenen (neurotransmit-
ters) ontstaan en het isolatiemateriaal (myeline) om zenuwbanen kan verloren 
gaan (demyelinisatie). Dit kan onder andere leiden tot verwardheid, hoofdpijn, 
epilepsie, gedragsproblemen en gevoelsstoornissen. Omdat lood zich ook kan 
ophopen in de kleine hersenen, kan het tevens leiden tot coördinatieproblemen 
(zoals ataxie). Aangezien het rijpende zenuwstelsel van het jonge kind met name 
gevoelig is voor schadelijke invloeden, kan loodvergiftiging op jonge leeftijd een 
blijvend effect op de motoriek hebben. In dit hoofdstuk presenteren we de invloed 
van loodvergiftiging op de coördinatie van kinderen en jongvolwassenen (8 – 31 
jaar). We kwantificeren de coördinatie hierbij met behulp van een ataxieschaal 
(SARA). De SARA scores van de kinderen die opgroeiden in een door lood ver-
vuilde omgeving zijn lager dan de pathologische ataxie grens, maar hoger dan 
de scores van kinderen die opgroeiden in een omgeving zonder loodvervuiling. 
Hieruit leiden wij af dat chronische blootstelling aan lood mogelijk kan leiden tot 
subtiele afwijkingen in de coördinatie van kinderen en jongvolwassenen. 

In hoofdstuk 9 geven wij een samenvatting van onze studies. Samengevat ver-
toont de motoriek van gezonde kinderen overeenkomsten met kenmerken van de 
bewegingsstoornissen chorea, myoclonus, dystonie en ataxie. Deze “normale” 
kenmerken van bewegingsstoornissen zijn sterker aanwezig op jonge leeftijd dan 
bij het adolescente kind. Myoclonische en choreatische bewegingen zijn aanwezig 
vanaf de geboorte tot 3 maanden. Dystone en atactische kenmerken zijn langer 
aanwezig en verdwijnen pas rondom de puberteit. Deze uitkomsten betekenen dat 
bij de beoordeling van dystonie en ataxie, zowel bij fenotypering als bij kwantifi-
cering met beoordelingsschalen, rekening gehouden moet worden met de leeftijd 
van het kind. Bij toepassing in de klinische praktijk kan dit helpen om normale 
en abnormale motoriek beter van elkaar te onderscheiden. Daarnaast kan dit 
helpen om het effect van een behandeling (in de loop van de tijd) beter te kunnen 
beoordelen. Hierbij is het met name belangrijk om bij een verbetering van de be-
wegingsstoornis onderscheid te maken tussen een eventueel behandelingseffect 
en een rijpingseffect. 
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Toepassing van bovenstaande uitkomsten bij kinderen die zijn blootgesteld aan 
schadelijk omgevingsinvloeden, toont aan dat een ogenschijnlijke normale moto-
riek nog steeds gepaard kan gaan met relatief hoge scores op de bewegingsschalen 
(DIS en/of SARA). Deze scores zijn hoger (slechter) dan bij kinderen die niet 
zijn blootgesteld aan zuurstoftekort of lood. Of deze hogere scores daadwerkelijk 
functionele consequenties hebben voor de prognose van het kind, zal toekomstig 
onderzoek uitwijzen. 
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rels, weekendjes weg en vakanties. Ik ben blij dat ook na onze studententijd er 
nog regelmatig borrels georganiseerd worden. In het bijzonder wil ik Suus en Bibi 
(de Gouwe Ouwe’s) bedanken voor jullie hechte vriendschap. Suus, wij maken 
dezelfde processen mee als coassistent, onderzoek medewerker en nu als ANIOS. 
Ik vind het heerlijk om hier verhalen over te delen en zo nodig even lekker over 
te klagen. Bibi, ondanks dat we elkaar nu iets minder zien sinds ik verhuisd ben, 
vind ik het altijd gezellig om met jou te borrelen, uit eten te gaan, of lekker te 
genieten van een saunadagje. Bedankt dat je mijn paranimf wil zijn.

JC Toef, bedankt voor de gezellige studentenjaren. Ik wil met name Fardou, Mar-
jolein en Iris, bedanken voor de blijvende vriendschap na onze studietijd. Ik geniet 
altijd erg van onze borrels en etentjes, maar met name van onze escape room 
ervaringen! Hopelijk volgen nog vele van deze gezellige uitjes. 

Ten slotte wil ik ook mijn studiegenootjes en mijn vrienden uit Bolsward bedan-
ken voor de geweldige tijd die ik in Groningen (en Almelo), mede dankzij jullie, 
heb gehad.

Lieve Jos sr., Nelly, Rebekka, Dirk, Hein, Shani en Opa, bedankt voor het warme 
welkom in jullie gezin en jullie interesse. Fijn dat jullie bij deze mijlpaal in mijn 
carrière kunnen zijn.

Lieve Boukje, bedankt voor het schilderen van de kaft van dit proefschrift, ik vind 
het prachtig geworden!

Lieve pap en mam, jullie hebben altijd voor me klaar gestaan en me geholpen 
de juiste keuzes te maken. Als ik mijn verhaal even kwijt moest, waren jullie de 
eersten die ik belde. Ik kan in woorden niet uitdrukken hoe dankbaar ik hiervoor 
ben.
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Lieve Gé en Jorno, ik ben ontzettend blij met onze hechte band. Gé, vanaf mijn 
eerste dag in Groningen heb jij me onder je hoede genomen en tips gegeven over 
de studie en het sociale studentenleven. De laatste jaren deden we allebei promo-
tieonderzoek, waarbij we heerlijk konden klagen over wat er allemaal fout ging en 
hoe dingen effectiever zouden kunnen. Fijn om iemand te hebben die precies weet 
wat je doormaakt. Jorno, ik heb veel bewondering voor de persoonlijke ontwik-
keling waar je doorheen gaat. Jouw diepzinnige vragen en doortastendheid zorgen 
ervoor dat ik mezelf ook wil blijven ontwikkelen. 

Lieve pap, mam, Gé-Ann en Jorn, ik ben ontzettend dankbaar voor jullie onvoor-
waardelijke liefde. Ik had me geen beter gezin kunnen wensen.

Lieve Jos, doordat jij in een heel ander vak zit, heb je een hele andere kijk op 
dingen. Ondanks dat ik niet altijd iets met je adviezen kan, weet je me altijd op te 
vrolijken. Ik ben enorm dankbaar voor je liefde en je steun, waardoor mijn leven 
zoveel mooier is geworden. Ik kijk ernaar uit om de rest van ons leven samen te 
delen.
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CURRICULUM VITAE

Marieke Johanna Kuiper werd geboren op 29 april te Bolsward. In 2007 haalde zij 
haar diploma VWO aan het Marne College Bolsward. Na een tussenjaar, waarin 
ze heeft gereisd in Australië en Nieuw-Zeeland, begon ze in 2008 met de studie 
bewegingswetenschappen aan de Rijksuniversiteit Groningen. In de drie jaar du-
rende bachelor werd haar interesse in de neurologie en het bewegingsapparaat 
gewekt. Na deze bachelor startte ze in 2011 met de zij-instroom geneeskunde. 

In 2012 begon Marieke aan haar master geneeskunde met de wetenschappelijke 
stage bij de groep bewegingsstoornissen, onder begeleiding van Deborah Sival. 
Hier werd de basis gelegd voor een MD/PhD traject, waarvoor ze in 2013 werd 
aangenomen. Tijdens dit traject combineerde ze haar coschappen met het onder-
zoek. In april 2018 heeft Marieke haar proefschrift ingeleverd en is ze tegelijkertijd 
afgestudeerd. Momenteel werkt zij als arts-assistent voor de beschouwende spe-
cialismen in het St. Antonius in Utrecht. Haar vrije tijd besteedt ze aan sporten, 
reizen en motorrijden.




