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Ataxia is derived from the Greek word ataxis (ατάξις) meaning “lack of order”. In neurology, 

cerebellar ataxia is characterized by the loss of smooth, goal directed movements.1-4 The typical 

features of cerebellar ataxia were first described by the neurologists Babinski, Friedreich and 

Holmes in 1922,5 including abnormal limb (intentional or action tremor, dysdiadochokinesis 

and dysmetria), trunk (sway and staggering) and eye movements (nystagmus and over- and 

undershoots) plus speech abnormalities (dysarthria).1,5 This thesis focuses on cerebellar ataxia 

starting before the 25th year of life, Early Onset Ataxia (EOA),6-8 which has an estimated prevalence 

of 14.6 per 100.000 individuals.9 

For the pathophysiologic understanding of EOA, we will briefly address cerebellar development 

and anatomy in Box 1 and Box 2.

Figure 1: Timeline of cerebellar development

Legend: A schematic overview of the developmental timeline of the cerebellum from conception to 20 years” postnatal life. 
In bars the timing of different neurodevelopmental processes is indicated. In the top of the figure, three schematic figures are 
inserted to illustrate the migration of different cells from the cerebellar plate to form the cerebellar cortex. M = Mesencephalon; 
RL = Rhombic lip; VZ = Ventricular zone; PCP = Purkinje cell precursor; NTZ = nuclear transitory zone; CN = (deep) cerebellar 
nuclei; PCC = Purkinje cell clusters; EGZ = External Germinal layer; PCL = Purkinje cell layer; GL = Granule cell layer.
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Box 1: Cerebellar development

Cerebellar neurodevelopment involves two important processes: 1. neurogenesis and cellular 

migration and 2. formation of synapses and circuits. In early prenatal life, around the third 

week postconceptional age, cerebellar development starts at the isthmus (the boundary 

between the mid- and hind-brain) with the formation of the cerebellar plate. Due to the 

interaction with homeobox genes, cerebellar structures start to grow in accordance with 

an organized temporal scheme. Over the last few years, cerebellar neurogenesis has been 

redefined regarding the presence of two distinctly different germinative compartments: 

the ventricular zone and the rhombic lip.10-12 The ventricular zone gives rise to progenitor 

cells of all GABAergic (inhibitory) neurons of the cerebellum (Purkinje cells, neurons of the 

deep cerebellar nuclei and all inhibitor interneurons (basket, stellate, and Golgi cells)).10 The 

rhombic lip gives rise to all glumatinergic (excitatory) neurons (i.e. the projection neurons to 

the deep cerebellar nuclei, unipolar brush cells and granulate cells).10 After the formation of 

projection neurons, Purkinje cell progenitor cells will undergo miosis. Cells with exactly the 

same birthday will migrate in waves of newly formed cells to the same cortical locations.13 

Purkinje cell subtype specialization is likely to happen by this time. The cerebellar cortex 

builds around these different clusters of Purkinje cells, resulting in a compartmentalized 

structure (with microzones and stripes).14,15 Microzones consist of Purkinje cell groups, that 

receive specific subsets of climbing fibers from the olivary nuclei, that only activate Purkinje 

cells from one microzone. These Purkinje cells will also project to specific cell clusters in 

the deep cerebellar nuclei. In this way, each body part maps to a specific location of the 

cerebellar cortex within specific microzones, resulting in fast and accurate signal processing. 

From the eighth postconceptional week onwards, cerebellar synapses and network 

connections are already being formed and shaped by activity dependent pruning and 

elimination of abundant synapses. This process continues until puberty, resulting in a well-

organized network with the cerebral cortex, thalamus, basal ganglia and the spinal cord. 

The prolonged neurodevelopmental period imposes cerebellar vulnerability for insults, 

extending from prenatal life throughout childhood.12,14,16-18 For a timeline of cerebellar 

development, see figure 1. 
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Figure 2: Anatomy of the cerebellum

Legend: (A) Caudal view of the cerebellum in which the two cerebellar hemispheres, vermis and flocculus are visible. (B) 
Lateral view of the cerebellum and brainstem. In this figure the relation and connection through the medial cerebellar 
peduncle is clearly visible. Also the division of the anterior lobe and the posterior lobe by the primary fissure is seen. On the 
border of the pons and the medulla oblongata the important pre-cerebellar olivary nuclei is situated.

Figure 3: Functional anatomy of the cerebellum

Legend: Posterior view of the cerebellum. The cerebellum is divided in three cortico-nuclear zones. The medial (red) zone 
with the fastigial nuclei regulates vestibular function, tone, posture, locomotion and equilibrium of the trunk. The intermediate 
zone (blue) with the emboliform nuclei is involved in the coordination of intended movements of the ipsilateral limbs. The 
lateral zone (green) with the dentate nuclei has strong connections with the basal ganglia and cerebral cortex and is mainly 
involved in the planning of intended movements.
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Box 2: Cerebellar (functional) anatomy

The anatomy of the cerebellum is indicated in figure 2A and 2B. The cerebellum consists of 

a vermis with the floccular lobe and two cerebellar hemispheres. The primary fissure divides 

the cerebellum in an anterior and a posterior lobe. Due to the strict organization, cerebellar 

function can be divided into three specific bilateral longitudinal zones, see figure 3.

The medial zone consists of the vermis and the floccular lobe with the fastigial nuclei 

regulating vestibular function, tone, posture, locomotion, control of eye movements and 

equilibrium of the body. The vermis is somatotopically organized with receptive fields for the 

head, neck and eyes in the posterior part of the vermis and the lower limbs in the anterior 

part. The intermediate zone is formed by the paravermal cortex and the emboliform nuclei. 

Lesions of the intermediate zone will result in tremor, ataxia and unstable posturing of the 

ipsilateral limb. The lateral zone consists of hemispheral cortex and the dentate nuclei, which 

project to the thalamus and cerebral cortex, which plays an important role in the planning of 

intended movements.5

In addition to its role in coordinative motor function, the cerebellum also encompasses 

linguistic, cognitive and affective non-motor functions.19 Through cerebro-cerebellar 

pathways, the cerebellum and association areas influence each other.20 Already in 1998, this 

has induced the paradigm that the overshoot and inability of the motor system might be 

equated in the cognitive/affective realm with “dysmetria of thought”, associated with erratic 

attempts to correct thought and behavior.19 Subsequently, the involvement of the cerebellum 

in cognitive functioning has been supported by many studies, involving language, working 

memory, spatial data elaborations, procedural learning and action inhibition.21-23 Current 

evidence indicates that cognitive regions are located in the hemispheric cortex of the posterior 

lobe, whereas the limbic cerebellum is represented in the posterior vermis.24,25 These regions 

are considered to have an important regulatory role in social cognition, mood regulation 

and executive function.5 Acquired lesions to the cognitive and limbic cerebellum and 

associated nuclei may lead to the cerebellar cognitive affective syndrome.23 This syndrome 

is frequently observed in children after cerebellar tumor surgery and potentially resulting 

in neuropsychiatric symptoms, mood disturbances and mutism. Until now, the underlying 

mechanism of this syndrome is still unclear. 
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Due to the complex (functional) anatomy of the cerebellar networks, many functions of the 

cerebellum can be jeopardized by heterogeneous causes during different developmental 

stages. From this perspective, EOA can be regarded as a heterogeneous group of disorders with 

ataxia as the main phenotype. In addition to an indisputable EOA presentation of “core ataxia”, 

ataxic diseases may also involve pronounced comorbidity including other movement disorders, 

spasticity, myopathy, neuropathy, epilepsy, cognitive and behavioral deficits. Due to the 

heterogeneous EOA etiologies and complex disease presentations, clinical tools to recognize, 

categorize, quantify and qualify the disorder are important for clinical diagnostic, surveillance 

and treatment strategies.26-29 

In perspective of the above, the present thesis focuses on clinical tools to evaluate, categorize, 

measure and describe the features of EOA. This thesis will discuss the biomarkers for quantitative 

evaluation of EOA and address potential difficulties in the interpretation of quantitative ataxia 

rating scale scores and in the phenotypic recognition of EOA. Finally, the obtained insight in 

quantitative and qualitative EOA assessment will be integrated in a unifying diagnostic algorithm 

to optimize homogeneous phenotypic characterization, diagnostic assessment, European data 

entry and potential treatment options in children with EOA. 

Phenotypical assessment of Early Onset Ataxia
EOA is a heterogeneous group of diseases regarding onset (acute, subacute and chronic), etiology 

(genetic, metabolic or acquired), disease progression and phenotypic presentation. Phenotypic 

presentation, may vary from “core ataxia” (i.e. ataxia is the indisputable and dominant feature) 

to “combined or comorbid ataxia” (when other symptoms concur as well).30,31 In comparison 

with Adult Onset Ataxia (AOA), EOA is associated with more comorbidity, which may hamper 

unanimous phenotypic assessment.31 Furthermore, young children display immature motor 

behavior that can share features that resemble ataxia. For example, when typically developing 

children start to walk, their gait will be broad-based, unstable with frequent sidesteps. Physiologic 

gait development will involve a gradual reduction of the broad-based appearance and by the 

age of 6 to 7 years, the child is able to perform tandem gait.32 Another example is provided by 

the physiologic, age-related performance of kinetic movement patterns. In typically developing 

young children, grasping and pointing can occur with sway and overshoots, resembling ataxic 

kinetic movement features. These physiologically normal, immature characteristics of motor 

coordination are attributed to the ongoing development and wiring of the cerebellum and 

its networks. Especially processes such as the selective elimination of neural connections and 

the ongoing myelinisation of the preserved connections, will eventually underlie the optimal 

cerebellar network conditions for motor learning, coordination and non-motor tasks.19,33,34

Altogether, in EOA children, description of the phenotype should be interpreted against 

the age-related phenotypic background of typically developing children. This may impose 

difficulties for unanimous assessment. 
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Quantification of ataxia severity by ataxia rating scales
Uniform and reproducible quantification of ataxia severity is important for the evaluation of 

the disease course and the effect of therapeutic interventions. In perspective of a lacking gold 

standard for phenotypic EOA assessment, it is understandable that quantification of EOA severity 

is difficult as well. Over the past years, multiple ataxia rating scales have been developed for the 

assessment of ataxia in adults: the “International Cooperative Ataxia Rating Scale” (ICARS),35 the 

“Scale for Assessment and Rating of Ataxia” (SARA),36 and the “Brief Ataxia Rating Scale” (BARS),37 

see Table I. 

Table I: Characteristics of Ataxia Rating Scales

Ataxia Rating 
Scales Sub-scales Number 

of items
Maximum 

score Advantages Disadvantages

ICARS
(International 
Cooperative Ataxia 
Rating Scale)

- Gait and posture
- Kinetic function
- Speech
-  Oculomotor 

function

19 100

-  Most detailed 
scale

-  Long 
administration time

-  Training is 
recommend for 
administration

SARA
(Scale for 
Assessment and 
Rating of Ataxia)

- Gait and posture
- Kinetic function
- Speech

8 40

-  Relative short 
administration 
time

-  Best inter-
observer 
reliability

-  Less detailed scale
-  No syllable 

repetition task in 
sub-scale speech

BARS
(Brief Ataxia Rating 
Scale)

- Gait and posture
- Kinetic function
- Speech
-  Oculomotor 

function

5 30

-  Short 
administration 
time

-  Easy 
applicable 
in clinical 
practice

- Less detailed scale
- Lowest inter-rater 
reliability

Legends: Characteristics of the three most frequently used ataxia rating scales

Each of these scales evaluate the severity of ataxia in different domains, involving gait, kinetic 

function, speech and oculomotor function. The ICARS is the most detailed scale,35,38 the SARA 

reveals the highest inter-observer reliability36,39,40 and the BARS is the briefest scale.37 Before 

applying these scales in children, it is important to realize that these scales have been mainly 

developed and were found to be reliable diagnostic tools in adults with AOA and not in children 

with EOA.35-40 As both populations differ regarding genotype, phenotype (including comorbid 

factors) and age-related cerebellar maturation,41 we set out to assess the reliability of ataxia 

rating scales in children. 

Diagnostic evaluation
Within perspective of the above, phenotypic and quantitative assessment of EOA can provide a 

reliable basis for clinical EOA recognition, characterization, evaluation and surveillance (with or 
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without therapeutic intervention). To determine the etiology of a child presenting with ataxic 

features, a uniform approach is necessary. First, it is important to rule out acquired causes before 

genetic tests are performed. By using new genetic techniques (gene panels) it is possible to 

screen many genes at the same time. Recently, new diagnostic algorithms for dystonia and 

myoclonus have incorporated these genetic tests,42,43 resulting in a higher diagnostic yield.44 In 

this perspective, such an algorithm is warranted for EOA as well. 

 

Aim and outline of the thesis
The aim of this thesis is to determine the reliability of diagnostic tools and biomarkers in EOA 

patients. In the first part of the thesis, we address the application of ataxia rating scales in 

children. We investigate whether the scales can be reliably applied, and if so, how to interpret 

the scores. In the second part of the thesis, we discuss the phenotypic assessment and the 

subsequent diagnostic evaluation of EOA. In chapter 2, we determine the inter-observer 

reliability and the possibility of an age-related effect on ataxia rating scale scores in 52 typically 

developing children. To allow further use of ataxia rating scales for international application, 

we assess the speech sub-scale in chapter 3. We evaluate inter-observer reliability of the SARA 

speech sub-scale in 52 typically developing children and 40 patients with EOA. If international 

speech data would reflect reliable and reproducible scores, SARA speech sub-scores could be 

considered for international multicenter studies. In chapter 4, we present the results of a large, 

cross-sectional, European SARA study. In a cohort of 156 children, we determine age-related 

reference values and inter-observer agreement. We hypothesize that age inversely relates with 

total SARA scores and reveal higher variability in the youngest children. In young children this 

implicates that total SARA scores might be less reliable. We expect that the variability of the 

SARA sub-scale gait is less and could therefore be used as a surrogate biomarker. In chapter 
5, we therefore investigate the construct validity of the SARA sub-scale gait in a group of 28 

EOA patients. As age could influence ataxia rating scale scores, other comorbid (movement 

disorders) features, could influence ataxia rating scale scores as well. In chapter 6, we investigate 

the inter-observer agreement and the discriminant validity of all three ataxia rating scales in 

40 heterogeneous (regarding movement disorder phenotype) EOA patients. In chapter 7, we 

describe the reliability of phenotypic EOA assessment. The outcomes of a group of movement 

disorder specialists, who phenotypically characterized 40 EOA patients, are compared. Finally, 

in chapter 8, we provide a diagnostic algorithm for EOA patients in strong collaboration with 

the Childhood Ataxia and Cerebellar Group of the European Pediatric Neurology Society (CACG-

EPNS). This algorithm, with emphasis on genetic testing, will guide the clinician through the 

diagnostic process after phenotypic assessment of ataxia. 

chapter 1

1



17

REFERENCES

1.  Mumenthaler M, Mattle H. Fundamentals of Neurology: An Illustrated Guide. 1st ed. Stuttgart and New York: Thieme; 
2006.

2.  Forssberg H, Nashner LM. Ontogenetic development of postural control in man: adaptation to altered support and 
visual conditions during stance. J Neurosci 1982 May;2(5):545-552.

3.  Ghez C, Thach W. Chapter 42: Cerebellum. In: Kandel E, Schwartz J, Jessel T, editors. Principles of neural sciences. 4th ed. 
New York: Mc Graw Hill; 2000. p. 823-850.

4.  Sival DA. Application of pediatric balance scales in children with cerebral palsy. Neuropediatrics 2012 Dec;43(6):305-
306.

5.  Gruol D, Koibuchi NN, Manto M, Molinari MM, Schmahmann JJ, Zhang, Shen Ying S Y. Essentials of cerebellum and 
cerebellar disorders: A primer for graduate students. New York: Springer Publisher; 2016.

6.  Singer H, Mink J, Gilbert D, Jankovic J. Ataxia. Movement Disorders in Childhood. 2dth ed.: Saunder Elsevier; 2010. p. 
139-154.

7.  Chio A, Orsi L, Mortara P, Schiffer D. Early onset cerebellar ataxia with retained tendon reflexes: prevalence and gene 
frequency in an Italian population. Clin Genet 1993 Apr;43(4):207-211.

8.  Erichsen AK, Koht J, Stray-Pedersen A, Abdelnoor M, Tallaksen CM. Prevalence of hereditary ataxia and spastic paraplegia 
in southeast Norway: a population-based study. Brain 2009 Jun;132(Pt 6):1577-1588.

9.  Musselman KE, Stoyanov CT, Marasigan R, Jenkins ME, Konczak J, Morton SM, et al. Prevalence of ataxia in children: a 
systematic review. Neurology 2014 Jan 7;82(1):80-89.

10.  Butts T, Green MJ, Wingate RJT. Development of the cerebellum: simple steps to make a “little brain”. Development 
(Cambridge, England) 2014 Nov;141(21):4031-4041.

11.  Leto K, Arancillo M, Becker E, Chiang A, al. e. Consensus Paper: Cerebellar Development. 2016; Available at: http://
digitalcommons.library.tmc.edu/baylor_docs/22.

12.  Leto K, Bartolini A, Rossi F. Development of cerebellar GABAergic interneurons: origin and shaping of the “minibrain” 
local connections. Cerebellum (London, England) 2008;7(4):523.

13.  Altman J, 1925. Development of the cerebellar system : in relation to its evolution, structure, and functions. United 
States; 1997.

14. Hawkes R, Apps R. Cerebellar cortical organization: a one-map hypothesis. Nature Reviews Neuroscience 2009 
Sep;10(9):670-681.

15.  Armstrong C, Hawkes R. Colloquium Series on the Developing Brain Ser. : Morgan & Claypool Life Science Publishers; 
2013.

16.  Hashimoto K, Kano M. Synapse elimination in the developing cerebellum. Cell Mol Life Sci 2013 Dec;70(24):4667-
4680.

17.  Watanabe M, Kano M. Climbing fiber synapse elimination in cerebellar Purkinje cells. European Journal of Neuroscience 
2011 Nov;34(10):1697-1710.

18.  Williams ME, de Wit J, Ghosh A. Molecular Mechanisms of Synaptic Specificity in Developing Neural Circuits. Neuron 
2010;68(1):9-18.

19.  Schmahmann JD, Sherman JC. The cerebellar cognitive affective syndrome. Brain : a journal of neurology 1998 Apr;121 
( Pt 4)(4):561-579.

20. Ramnani N. Frontal Lobe and Posterior Parietal Contributions to the Cortico-cerebellar System. Cerebellum 2012 
Jun;11(2):366-383.

21.  Koziol L, Budding D, Andreasen N, D”Arrigo S, Bulgheroni S, Imamizu H, et al. Consensus Paper: The Cerebellum”s Role 
in Movement and Cognition. Cerebellum 2014 Feb;13(1):151-177.

22.  Leggio MG, Chiricozzi FR, Clausi S, Tedesco AM, Molinari M. The neuropsychological profile of cerebellar damage: The 
sequencing hypothesis. Cortex 2011;47(1):137-144.

23.  Tedesco AM, Chiricozzi FR, Clausi S, Lupo M, Molinari M, Leggio MG. The cerebellar cognitive profile. Brain 2011 
Dec;134(12):3669-3683.

24.  Stoodley CJ, Valera EM, Schmahmann JD. Functional topography of the cerebellum for motor and cognitive tasks: An 
fMRI study. Neuroimage 2012 Jan 16,;59(2):1560-1570.

25.  Moulton EA, Elman I, Pendse G, Schmahmann J, Becerra L, Borsook D. Aversion-related circuitry in the cerebellum: 
responses to noxious heat and unpleasant images. The Journal of neuroscience : the official journal of the Society for 
Neuroscience 2011 Mar 9,;31(10):3795.

26.  Lawerman TF, Brandsma R, Burger H, Burgerhof JGM, Sival DA. Age-related reference values for the pediatric Scale 
for Assessment and Rating of Ataxia: a multicentre study. Developmental Medicine and Child Neurology 2017 
Oct;59(10):1077-1082.

general introduction

1



18

27.  Brandsma R, Spits AH, Kuiper MJ, Lunsing RJ, Burger H, Kremer HP, et al. Ataxia rating scales are age-dependent in 
healthy children. Dev Med Child Neurol 2014 Jun;56(6):556-563.

28.  Brandsma R, Lawerman TF, Kuiper MJ, Lunsing RJ, Burger H, Sival DA. Reliability and discriminant validity of ataxia rating 
scales in early onset ataxia. Dev Med Child Neurol 2017 ; 59 (4): 427-432

29.  Brandsma R, Kremer HP, Sival DA. Riluzole in patients with hereditary cerebellar ataxia. Lancet Neurol 2016 Jul;15: 788.
30.  Delgado MR, Albright AL. Movement disorders in children: definitions, classifications, and grading systems. J Child 

Neurol 2003 Sep;18 Suppl 1:1.
31.  Lawerman TF, Brandsma R, van Geffen JT, Lunsing RJ, Burger H, Tijssen MA, et al. Reliability of phenotypic early-onset 

ataxia assessment: a pilot study. Dev Med Child Neurol 2016 Jan;58(1):70-76.
32.  Largo RH, Fischer JE, Rousson V. Neuromotor development from kindergarten age to adolescence: developmental 

course and variability. Swiss Med Wkly 2003 Apr 5;133(13-14):193-199.
33.  Purves D LJ. chapter 12: Rearrangement of developing neuronal connections. Principles of Neural Development. first 

ed.: Sinauer Associates; 1985. p. 271-300.
34.  Tiemeier H, Lenroot RK, Greenstein DK, Tran L, Pierson R, Giedd JN. Cerebellum development during childhood and 

adolescence: a longitudinal morphometric MRI study. Neuroimage 2010 Jan 1;49(1):63-70.
35.  Trouillas P, Takayanagi T, Hallett M, Currier RD, Subramony SH, Wessel K, et al. International Cooperative Ataxia Rating 

Scale for pharmacological assessment of the cerebellar syndrome. The Ataxia Neuropharmacology Committee of the 
World Federation of Neurology. J Neurol Sci 1997 Feb 12;145(2):205-211.

36.  Schmitz-Hubsch T, du Montcel ST, Baliko L, Berciano J, Boesch S, Depondt C, et al. Scale for the assessment and rating 
of ataxia: development of a new clinical scale. Neurology 2006 Jun 13;66(11):1717-1720.

37.  Schmahmann JD, Gardner R, MacMore J, Vangel MG. Development of a brief ataxia rating scale (BARS) based on a 
modified form of the ICARS. Mov Disord 2009 Sep 15;24(12):1820-1828.

38.  Schmitz-Hubsch T, Tezenas du Montcel S, Baliko L, Boesch S, Bonato S, Fancellu R, et al. Reliability and validity of 
the International Cooperative Ataxia Rating Scale: a study in 156 spinocerebellar ataxia patients. Mov Disord 2006 
May;21(5):699-704.

39.  Weyer A, Abele M, Schmitz-Hubsch T, Schoch B, Frings M, Timmann D, et al. Reliability and validity of the scale for the 
assessment and rating of ataxia: a study in 64 ataxia patients. Mov Disord 2007 Aug 15;22(11):1633-1637.

40.  Yabe I, Matsushima M, Soma H, Basri R, Sasaki H. Usefulness of the Scale for Assessment and Rating of Ataxia (SARA). J 
Neurol Sci 2008 Mar 15;266(1-2):164-166.

41.  Sival DA, Brunt ER. The International Cooperative Ataxia Rating Scale shows strong age-dependency in children. Dev 
Med Child Neurol 2009 Jul;51(7):571-572.

42.  Zutt R, van Egmond ME, Elting JW, van Laar PJ, Brouwer OF, Sival DA, et al. A novel diagnostic approach to patients with 
myoclonus. Nat Rev Neurol 2015 Dec;11(12):687-697.

43.  van Egmond ME, Kuiper A, Eggink H, Sinke RJ, Brouwer OF, Verschuuren-Bemelmans CC, et al. Dystonia in children and 
adolescents: a systematic review and a new diagnostic algorithm. J Neurol Neurosurg Psychiatr 2015 Jul;86(7):774-
781.

44.  van Egmond ME, Lugtenberg CHA, Brouwer OF, Contarino MF, Fung VSC, Heiner-Fokkema MR, et al. A post hoc study 
on gene panel analysis for the diagnosis of dystonia. Mov Disord 2017 Feb 10.

chapter 1

1



19

general introduction

1



20



21

RELIABILITY OF QUANTITATIVE 
DIAGNOSTIC MEASURES  
IN EARLY ONSET ATAXIA



22


	Chapter 1



