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POPULAR SCIENCE SUMMARY OF THE THESIS

This thesis explores clinical aspects of rare pediatric movement disorders and is focused on
genetic causes, clinical pictures (genotype, phenotype), and assessments. Movement disorders
are a group of disorders with impaired ability to initiate and control movements. Children with
movement disorders often suffer from hyperkinetic movements, with unwanted and extra
movements, that disturb the performance of voluntary movements and the maintenance of a
stable posture. Dystonia and choreoathetosis are two of those hyperkinetic movements.
Pediatric movement disorders with dystonia and choreoathetosis are rare, and our knowledge
regarding prognosis and treatment options is limited.

During the past decades, however, our understanding of these rare pediatric movement
disorders has increased. Progress in the genetic field has had great impact on children receiving
a causative diagnosis, and consequently, our knowledge regarding genotype—phenotype
correlation in different conditions is increasing. Consensus has been reached regarding
definitions and classification of hyperkinetic movements in childhood. Assessment scales have
been developed to evaluate the presence of movement disorders in children before and after
interventions. Deep brain stimulation (DBS), a neurosurgical treatment, has turned out to be an
effective treatment option for some, but not all, individuals with dystonia.

The overall aim of this thesis was to enable and facilitate assessment of dystonia and
choreoathetosis in children and young adults, and to elucidate some clinical aspects in two rare
pediatric-onset dystonia disorders.

The Dyskinesia Impairment Scale (DIS) is an assessment scale designed for evaluation of
dystonia and choreoathetosis in children and young adults with dyskinetic cerebral palsy. In
Study I11, we examine psychometric properties of the DIS in a new population; children and
young adults with inherited dystonia and choreoathetosis. We have been able to show that the
DIS is reliable and valid in these individuals as well. Altogether, these results indicate that the
DIS might be a valuable tool to evaluate children and young adults with inherited dystonia
either longitudinally, or before and after interventions.

The DIS is a comprehensive assessment scale, and it takes a long time to administer and to
score. In Study IV, we develop a shortened and more user-friendly version of the DIS, the DIS-
I1. Scale development included an online advisory expert meeting, iterative discussions within
the research team, and a Rasch measurement model analysis. The Rasch analysis is a method
that is widely being used to create new test instruments or to evaluate existing scales. The DIS-
Il consists of 60% of the items in the original DIS, with a reduced number of scoring steps for
each item. The Rasch analysis demonstrated good to excellent validity and reliability, implying
that DIS-1I can be used in the clinic as well as in research when assessing dystonia and
choreoathetosis.

Benign paroxysmal torticollis of infancy (BPTI) is a rare pediatric movement disorder where
affected children suffer from recurrent episodes of dystonia in the neck region. BPTI is self-
limiting and has traditionally been referred to as a benign condition. However, genetic research
has linked BPTI to less benign disorders and delayed motor development has been described
in BPTI. Study I, a long-term follow-up study, indicates that despite this, BPTI does not lead
to negative lasting consequences. At the last follow-up, with a mean age of 14 years, all children



attended regular school, and no one was described as having motor problems. Five out of 11
had developed migraine and/or episodic syndromes that may be associated with migraine, but
no one had been diagnosed with a more severe disorder. We found no known mutations in the
genes we explored.

DYT-THAPL1 dystonia is a rare pediatric-onset movement disorder, where affected individuals
suffer from a severe, life-long motor disability. Commonly, the dystonia is first noticeable in
the head and neck region, before generalizing to the rest of the body. Speech and swallowing
are often impaired. Study Il could confirm that DBS is an effective treatment option for these
individuals. Fourteen individuals were followed for a median time of nearly five years, and
at the last follow-up, median dystonia reduction was about 60% when assessed with the
Burke—Fahn—Marsden Movement Scale (BFM-M). However, improvement was less obvious
regarding speech and swallowing.



ABSTRACT

Pediatric movement disorders are defined by an impaired ability to initiate and control
movements. Dystonia, one of these disorders, may cause a life-long severe motor disability.
Pharmacological treatment is often insufficient, but deep brain stimulation (DBS) has turned
out to be effective for some dystonia subtypes. Reliable and valid assessment tools are needed
to evaluate new interventions for dystonia. The Dyskinesia Impairment Scale (DIS) is an
assessment scale for dystonia and choreoathetosis, designed for children and youth with
dyskinetic cerebral palsy. However, the DIS is comprehensive, and its administration and
scoring times are long, and the scale is often disregarded in a clinical setting.

The overall aim of this thesis was to enable and facilitate assessment of dystonia and
choreoathetosis in children and young adults, and to elucidate some clinical aspects in two rare
pediatric-onset dystonia disorders.

Study I: This prospective long-term case series indicates that benign paroxysmal torticollis
of infancy does not lead to neurological sequelae. At the last follow-up, with a mean age of
14 years, all 11 children attended regular school, and no one reported motor problems. Five
had developed migraine and/or episodic syndromes that may be associated with migraine.
We found no known mutations in candidate genes. Nevertheless, in the case of a severe
phenotype, specifically if there are paroxysmal disorders in the family history, it may be
important to follow the children longitudinally and genetic testing can be considered.

Study Il: This retrospective multi-center case series confirms that pallidal DBS is an effective
treatment option for individuals with DYT-THAP1 dystonia. Fourteen individuals were
followed for a median time of nearly five years, and at the last follow-up, median dystonia
reduction was about 60% when assessed with the Burke—Fahn—Marsden Movement Scale
(BFM-M). However, improvement was less obvious in the orolaryngeal and craniocervical
regions; anatomical areas which are often affected by dystonia in these individuals.

Study I11: This cross-sectional two-center study was an instrument evaluation of the DIS for a
new population; children and young adults with inherited or idiopathic dystonia. The DIS and
the dystonia subscale were shown to have good-to-excellent inter-rater and test-retest
reliability, whereas the choreoathetosis subscale had moderate inter-rater and excellent test—
retest reliability. Concurrent validity for the dystonia subscale, when compared with the gold
standard BFM-M, was good. Altogether, these results indicate that the DIS might be a
valuable tool to evaluate dystonia and choreoathetosis in inherited and idiopathic dystonia.

Study IV: This cross-sectional two-center study aimed to design a more clinically useful
version of the DIS, the DIS-II. Scale development included an online advisory expert meeting,
iterative discussions within the research team, and a Rasch measurement model analysis. With
a reduced number of scoring steps, the DIS-I1 evaluates 60% of the items in the original DIS.
The result from the Rasch analysis demonstrates evidence of construct validity of the scale.
Furthermore, a high person reliability indicates that the DIS-II may separate assessed
individuals into eight distinct ability levels. Altogether, this implies that the DIS-II provides
valid and reliable measures for dystonia and choreoathetosis and reduces administration and
scoring times in comparison with the DIS.
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1 INTRODUCTION

Pediatric movement disorders are a heterogeneous group of disorders defined by an impaired
ability to initiate and control movements. In dystonia, one of these conditions, affected
individuals often suffer from a life-long severe motor disability. The etiology and clinical
picture of dystonia is highly variable, and many of these disorders are rare. Diagnostic work-
up is often challenging, and it is very important for a child to receive an early diagnosis, since
some underlying disorders are treatable. For others, a correct etiologic diagnosis may help
families manage expectations regarding prognosis or treatment options.

Pharmacological treatment of dystonia is often disappointing, but in the last decades, deep brain
stimulation (DBS) has turned out to be an effective treatment option for some, but not all,
affected individuals. The variable response to DBS is not fully understood, but etiology of the
dystonia explains some of the variation. To select patients for surgery, more knowledge about
DBS outcome in different dystonia subtypes is needed.

Reliable and valid assessment tools are needed to evaluate new interventions for dystonia. The
Dyskinesia Impairment Scale (DIS) is an assessment scale for dystonia and choreoathetosis,
designed for children and youth with dyskinetic cerebral palsy (CP). This scale has shown good
to excellent psychometric properties, indicating that it is a valuable tool in intervention studies.
However, the DIS takes a long time to administer and score and is therefore not often used in
a clinical setting.

1.1 RARE DISORDERS

1.1.1 Definition

There is no worldwide accepted definition for a rare disease or disorder. In Sweden, as well
as in the rest of Europe, a rare disease is defined as affecting less than 5 in 10,000
individuals(1, 2). In the United States though, with a population of about 335 million people,
a disease is defined as ‘rare’ when it affects fewer than 200,000 individuals living in the States
at any given time(3, 4). Most rare diseases are inherited, although some are caused by cancers,
infections, or rare autoimmune disorders(5).

1.1.2 Rationale for studying rare disorders

The number of known rare diseases is increasing, and today more than 6,000 different forms
of rare disorders have been described(5, 6). Although rare, since there are so many of these
disorders, they are actually affecting a great number of individuals. As much as about 3%—6%
of the worldwide population is currently suffering from a rare disorder(7). Individuals suffering
from rare disorders often share some common features. First, there is often a delay in the
diagnosis. Second, knowledge of the symptoms and the prognosis of the disease is often
lacking. Furthermore, many of the conditions are severe, and may lead to a shortened life span.
Additionally, since a majority of the diseases are genetic, many families are interested in



genetic counseling. Lastly, and perhaps most importantly, pharmacological treatment options
are few, and often used off-label. Hence, the rationale for studying rare disorders is obvious;
as a group the disorders are common, and there are many important unanswered questions to
address.

1.1.3 Special concerns when studying rare disorders

When studying rare disorders, there are some common challenges that one encounters as a
researcher. Small sample sizes are inevitable, since recruitment of study participants is not
straightforward. A small sample size has a higher risk of not being representative of the
population of interest. Heterogeneity, i.e. diversity in the characteristic you are studying, is
often large in small samples, and heterogeneity increases the risk of finding a false statistically
significant difference. Collaboration with other research centers, and using networks for rare
disorders and patient advocacy groups, can be helpful in the recruitment process. Today the
internet may also be useful, where you as a researcher may advertise on Twitter or Facebook
pages to reach out to support groups of rare disorders.

Another challenge is to protect the privacy of the study subjects, as the publication of family
trees might lead to identification of a specific individual. Furthermore, research funding is more
difficult to obtain compared to the study of common disorders, as common disorders have
greater economic impact.

From the perspective of study design, different options are possible. When it comes to
observational studies, case reports or small case series are sometimes the only option. Case-
control studies have a higher level of evidence compared to case reports or small case series,
and are often a good choice when studying rare disorders. Persons with a rare disorder are
compared with suitable persons without the disorder (controls), and the relationship between
the odds of having a specific risk factor/exposure in the two groups is examined (odds ratio).
When it comes to experimental studies, a cross-over design might be an option, where the
person serves as their own control.

1.2 MOVEMENT DISORDERS

Movement disorders are defined by the presence of involuntary movements, or by impaired
ability to perform voluntary movements, or to maintain a stable posture(8-10). These abnormal
movements are not caused by weakness, and muscle tone may be increased or decreased. The
pathophysiology of movement disorders is not fully understood, but damages or disorders
affecting neural circuits in subcortical or cerebellar structures are known to cause movement
disorders(11). These neural circuits are involved in learning, planning, and inhibition of
movements, and precede the final motor pathway from the primary motor cortex. Movement
disorders can broadly be classified as either hyperkinetic, with unwanted excess movements,
or as hypokinetic, with too little movement. In some cases, the abnormal movement is the only
symptom, but often it is combined with other neurological problems.



1.2.1 Pediatric movement disorders

Movement disorders affecting children differ from those seen in adulthood(12, 13). Normal
motor patterns, as well as dysfunctional motor symptoms, are changing during the period when
the brain and nervous system develops and matures, and specific movement disorders tend to
develop at certain ages. Pediatric movement disorders can be transient, but this very rarely
occurs in adulthood(14). Furthermore, children often suffer from hyperkinetic movements,
such as tics, tremor, dystonia, and choreoathetosis, whereas adults more often have hypokinetic
movement disorders, such as Parkinson’s disease(15).

In this project, the focus is on pediatric hyperkinetic movement disorders, in particular
dystonia, and to a lesser extent, chorea and athetosis. Dystonia, chorea, and athetosis often co-
occur, as in dyskinetic CP(16, 17). The definitions of these movement disorders, according to
the Taskforce on Childhood Movement disorders are as follows: “Dystonia is a movement
disorder in which involuntary sustained or intermittent muscle contractions cause twisting and
repetitive movements, abnormal postures, or both”(15). “Chorea is an ongoing, random-
appearing sequence of one or more discrete involuntary movement or movement
fragments”(15). “Athetosis is a slow, continuous, involuntary writhing movement that prevents
maintenance of a stable posture”(15).

1.2.2 Rationale for studying pediatric movement disorders

Pediatricians often meet parents who are worried about their children having unusual
movement patterns. In some of these cases, the disorders are benign and transient, and families
just need information about the clinical course and prognosis(14). In other cases, the movement
disorder severely affects the children, causing activity limitation and impairing their quality of
life(18, 19). Some pediatric movement disorders are common and well known, for example
cerebral palsy (CP) and tics, but many disorders are rare, each affecting only a few individuals.
Regarding rare pediatric movement disorders, it may initially be difficult to distinguish
between benign and transient variants, and those that are severe and persistent. Diagnostic
delay is common, and many children will never receive an exact diagnose(20). It is not
uncommon for a rare genetic or inflammatory movement disorder—sometimes one with severe
motor symptoms—to be mistaken for a psychiatric or functional diagnosis.

Today, the chance of a child receiving an accurate diagnosis and disease-specific or symptom-
based treatment, is probably higher than just a couple of years ago. During the past two decades,
pediatric movement disorders, as a field, has been rapidly expanding(21, 22). Advances in
neurogenetics, with the use of next-generation sequencing, has facilitated the identification of
causative genes, and this has led to a better understanding of the phenotypic spectrum of many
conditions with movement disorders(23-25). The role of neuroimmunology in some movement
disorders has been highlighted, which has had crucial implications regarding treatment(26, 27).
Deep brain stimulation (DBS), an invasive neurosurgical intervention, has been shown to be
very efficient in treating different kinds of movement disorders, including dystonia(28, 29).
New consensus definitions for childhood movement disorders have been accepted, which has
had a positive impact on research(15, 30, 31). But despite these advances, there is still much
more to explore.



1.2.3 Benign paroxysmal torticollis of infancy (BPTI)

Benign paroxysmal torticollis of infancy (BPTI) is a rare transient pediatric movement
disorder, with recurrent, stereotypic episodes of cervical dystonia with disease onset in early
infancy(32-34). The episodes occur regularly, typically once a month, and last a couple of days.
The torticollis is often combined with irritability, pallor, vomiting, and ataxia. The children
start to improve at the age of two to three years, and by the age of five, the torticollis episodes
have normally disappeared. The quality of life in infants suffering from BPTI has been reported
to be significantly affected(35). Motor delay has been reported in some children(34, 36).
Neuroradiology, EEG and laboratory tests are usually normal(34). Only case reports or small
case series have been published, and the etiology and long-term development of BPTI is not
fully known.

There is an association between BPTI and migraine. A family history of migraine is
common(33, 34, 37). Migraine or other syndromes associated with migraine, for example
benign paroxysmal vertigo, cyclic vomiting, or abdominal migraine, are overrepresented in
individuals who have had BPTI(37-39). Mutations in CACNA1A and PRRT2 have been
described in BPTI(38, 40-43). Such mutations, as well as mutations in ATP1A2 and SCN1A,
are known to cause familial hemiplegic migraine. Mutations in these four genes are also
described in epilepsy, episodic ataxia, paroxysmal tonic upgaze, alternating hemiplegia of
childhood, and paroxysmal dyskinesia(23, 44-47). BPTI has been regarded as a benign
condition, but considering reports regarding motor delay and new knowledge about genetic
connections to non-benign conditions, this needs to be confirmed. Before the publication of
Study I in this thesis, long-term follow-up studies on BPT1 were lacking.

1.24 DYT-THAP1 dystonia

DYT-THAP1 dystonia is a rare pediatric-onset persistent dystonia disorder caused by
mutations in the THAP1 gene(48, 49). The disorder is characterized by isolated dystonia,
where cranio-cervical, laryngeal and oromandibular dystonia are frequently observed at disease
onset, and generalization is common. Pharmacological efforts to alleviate symptoms have so
far been disappointing(50). Deep Brain Stimulation (DBS) is known to reduce the amount of
dystonia very effectively in some individuals with isolated dystonia(51-53). Limited and
inconsistent data exist about the outcome after DBS in DYT-THAP1 dystonia(49, 54-57).
Therefore, there is a need for studies exploring outcomes after DBS in DYT-THAP1 dystonia.

1.3 DYSTONIA

The word “dystonia” was first used by Oppenheim in 1911, when he reported on a disease with
the proposed name of “dystonia musculorum deformans”(58). He postulated that the disorder
had an organic etiology, but for a long time the disorder was believed to be psychogenic. In
1997, the DYT1-gene (TOR1A) was described as the cause of Oppenheim’s primary torsion
dystonia(59). Today we know that some conditions with dystonia are inherited, whereas others
are acquired; for example due to perinatal asphyxia, infections, neoplastic diseases, or
traumatic brain injuries(15, 30, 60). Dystonia is the second-most common pediatric movement



disorder (after tic disorder), and dyskinetic CP is the most common disorder with pediatric-
onset dystonia(19, 20). Since pediatric-onset dystonia is unusual and heterogenous, there are
only few reports of prevalence, natural history, and quality of life of children with dystonia(19,
61-63).

1.3.1 Clinical features and classification of dystonia

Dystonia is characterized by involuntary sustained or intermittent muscle contractions, causing
twisting and repetitive movements, abnormal postures, or both(15). Dystonic muscle
contractions are typically triggered by voluntary movement, and during sleep they are often
absent. Dystonia is predictable, since each individual has a characteristic pattern of repeated
dystonic movements and postures. Some specific postures are shared by many, such as
blepharospasm or foot inversion. Task specificity is a special feature of dystonia. Dystonic
movements are elicited by particular tasks, such as writing or playing an instrument, whereas
other movements, involving the same muscles, do not. Sensory trick is another interesting
feature, where the dystonia may (at least shortly) be reduced by a gentle touch on the skin near
the site of dystonia. A slight touch on the chin may cause partial relief of cervical dystonia.

Dystonia may be focal, segmental or generalized(15, 30, 60). The onset of dystonia can be in
childhood or in adulthood and it might be insidious or rapid. Dystonia may be isolated or
combined with other movement disorders, such as spasticity, rigidity, choreoathetosis,
myoclonus, and tremor(15, 30, 60). Other neurological or systemic disorders may also co-occur
with dystonia. Thus, clinical features range from isolated adult-onset focal dystonia to severe
childhood-onset generalized dystonia combined with other neurological symptoms.

Dystonia has traditionally been classified as ‘primary’ or ‘secondary’. ‘Primary’, in this setting,
means that the dystonia is isolated and is not combined with other movement disorders or
neurological symptoms. Primary dystonia also implicates that they are inherited and that there
are no signs of structural brain damage. The term secondary dystonia is less clear, sometimes
indicating non-primary dystonia, sometimes indicating the dystonia has a defined pathology,
Is acquired, or has a known cause. ‘Heredodegenerative disorders’ is a terminology used to
address secondary dystonias caused by metabolic disorders. However, as our understanding of
dystonia disorders and their genetic causes has increased, this classification is inconsistent.

In 2013, a consensus group developed a new classification system for dystonia(60). This
classification system consists of two distinct axes: clinical characteristics (age at onset, body
distribution, temporal pattern, associated features) and etiology (anatomical changes,
inheritance pattern)(60). The first axis, clinical charateristics, helps the clinician to properly
describe the individual phenotype, which facilitates diagnostic work-up and treatment. The
second axis, etiology, is an area where knowledge is expanding , and information here need to
be updated on a regular basis. The two characteristics of the second axis, anatomical changes
and inheritance, should be characterized separately, since anatomical abnormalities might exist
in inherited cases. If the dystonia is inherited, you should define the inheritance pattern;
autosomal dominant, autosomal recessive, X-linked, or mitochondrial. Although this dystonia
classification was designed for an adult population, it can be used for children as well(12).



1.3.2 Treatment of pediatric dystonia

Treatment of children with dystonia differs from that of adults for several reasons. One reason
is that pediatric dystonia is often combined with other movement disorders. Other reasons are
that the dystonia is influenced by the normal maturation of the brain and that the dystonia is
interfering with the development of motor skills. Furthermore, side effects differ between
children and adults. There are several reports and reviews published regarding treatment of
dystonia in adulthood, but only some for pediatric-onset dystonia(64-68). Pharmacological
treatment includes oral medication and botulinum toxin injections(67). For patients where
pharmacological therapy is insufficient, there are several surgical procedures, among which
intrathecal baclofen and deep brain stimulation are the most important(67). In most patients,
the extent of dystonia can be reduced if these methods are combined(66). Despite lacking
evidence as to effectiveness, physiotherapy and occupational therapy play an important role in
the management of the patients; including, for example, muscle relaxation methods and
strengthening of antagonist muscles to balance abnormal postures(66, 69, 70).

When choosing therapy, healthcare providers need to be systematic. First, it is of great
importance to conduct a detailed evaluation to rule out disorders that can be treated specifically;
for example dopa-responsive dystonia, glucose transport disorders, Wilson’s disease or
immune-mediated diseases such as NMDA-receptor encephalitis or autoimmune basal ganglia
encephalitis(50, 67, 71). Second, other co-occurring motor disorders, such as spasticity, can
influence treatment choice. Third, depending on whether the dystonia is focal, segmental, or
generalized, different treatment options are possible. Last, comorbidity—for example pain and
anxiety—that affects the degree of dystonia, must be considered, and maybe treated.

1.3.2.1 Pharmacological treatment of pediatric dystonia

Generally, there is limited evidence supporting pharmacological treatment of pediatric
dystonia, and most patients are treated based on clinical expert opinions(67, 72). L-dopa is the
first line drug for treatment of pediatric-onset dystonia without a known cause(67, 68). When
effective, this can help in identifying individuals with dopa-responsive dystonia, but L-dopa
may also be a therapeutic option in other forms of dystonia, for example juvenile Parkinson's
disease or neurodegenerative, metabolic disorders(50, 73). Trihexyphenidyl is an
anticholinergic drug often used to treat children with generalized dystonia(68, 72). This is the
only drug where a randomized trial has documented a positive effect in pediatric dystonia that
does not respond to L-dopa treatment(74). In this double-blind randomized placebo-controlled
study, 31 children and young adults with segmental and generalized dystonia were treated with
high doses of trihexyphenidyl (about 30mg daily), and 71% of them had a clinically significant
improvement. Oral baclofen or benzodiazepines are options in generalized dystonia combined
with spasticity; however, side effects are common(67). There are several other pharmacological
options, however evidence is lacking for effect as well as for dosing(61, 66). In focal dystonia,
the first step after L-dopa would be intramuscular injections of botulinum toxin that effectively
and reversibly reduce muscle tone(67).
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1.3.2.2 Surgical treatment of pediatric dystonia

Intrathecal baclofen pump (ITB): a pump implanted under the skin delivers baclofen via a
subcutaneous catheter into the spinal fluid. When delivered directly to the spinal fluid, the
effect of baclofen is improved. The intrathecal administration of baclofen allows reduced doses,
and systemic adverse effects can be diminished. In Sweden, ITB is mainly used in non-
ambulatory children with dyskinetic cerebral palsy, where dystonia and spasticity are co-
occurring.

Deep brain stimulation (DBS): a neurostimulator implanted under the skin sends electrical
impulses through subcutaneous electrodes to central brain structures, for example the thalamus
or globus pallidus. DBS is a treatment option for dystonia as well as other movement disorders
such as essential tremor and Parkinson’s disease(75-78). The mechanism of action is unclear,
but it is likely dependent on which target is stimulated and which condition is being treated(79).
DBS has been evaluated for a range of different dystonia conditions, and some patients with
dystonia benefit more from the procedure than others. The variable response to DBS is not
fully understood. In isolated generalized dystonia, DBS produces good or sometimes even
excellent results, with motor improvement ranging from 50-75%(51-53). On the other hand,
in dystonia combined with other neurological symptoms, or dystonia with pathological findings
on MRI, the outcome of DBS is poorer and less predictable(80, 81).

1.3.3 Assessment of dystonia

Evaluating dystonia is difficult for many reasons. First, dystonia is a dynamic condition that
changes depending on the posture and on the activity of the involved body area. Non-motor
stimuli, such as stress, pain, or sudden noise, may also affect the presence and severity of
dystonia. Second, motor symptoms like spasticity, bradykinesia, choreoathetosis, and ataxia
may coexist with the dystonia. Additionally, some individuals with dystonia have cognitive
impairment. Few assessment tools or scales exist to assess dystonia and most of the existing
scales are designed for adults. Application of adult dystonia scales to children is complicated,
since typical motor development has to be accounted for. Children are supposed to develop
new motor skills over time, thus if the child develops these skills slower than expected or
remains at a stable stage in gross motor function, this might indicate a progress of the
underlying disorder.

Only a few review articles or original articles evaluate assessment tools for generalized
dystonia in adults or children(82-85). For adults, the only recommended scale is the Burke—
Fahn—Marsden Dystonia Rating Scale (BFM)(82, 86). For the pediatric dyskinetic cerebral
palsy population, the Barry—Albright Dystonia Scale (BADS) is considered most useful for
clinical use, and the Dyskinesia Impairment Scale (DIS) for research(83, 87, 88). Today, there
IS no rating scale that has been designed for children with generalized inherited dystonia. In the
absence of recommended scales for these patients, the use of the BFM is widely accepted and
used; for example when evaluating children having received DBS.
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The BFM, the BADS and the DIS, together with the Unified Dystonia Rating Scale, the Global
Dystonia Rating Scale, the Movement Disorder-Childhood Rating Scale, and the Movement
Disorder-Childhood Rating Scale 0-3, are currently being used for assessment of children with
generalized dystonia.

The Burke—Fahn-Marsden Dystonia Rating Scale (BFM) was developed in 1985 to assess
isolated generalized dystonia in adults(86). The BFM consists of a movement subscale (BFM-
M), based on examination of the patient, and a disability subscale (BFM-D), based on the
patients’ or caregivers’ report of disability in activities of daily living. BFM-M rates dystonia
severity and provoking factors in 9 body areas, including eyes, mouth, speech and swallowing,
neck, trunk, and both arms and legs. Additionally, for the mouth, eyes, and neck, there is a
weighing factor that halves the input from these body regions. The BFM-M is mainly based on
function, and for individuals with cognitive impairment or problems with activities of daily
living, the actions included in the assessment may be impossible to perform and instructions
may be hard to understand. A video protocol was developed for the BFM-M.

The Unified Dystonia Rating Scale (UDRS) was developed in 1997 for assessment of isolated
generalized dystonia in adults(85). This scale was designed to address some perceived short-
comings of the BFM-M, including variable definitions of body regions, and the use of weighing
factors. Another aim was to create a comprehensive assessment scale. The UDRS evaluates the
severity and duration of dystonia in 14 body regions, including eyes and upper face, lower face,
jaw and tongue, larynx, neck, trunk, shoulder/proximal arm, and distal leg/foot. The severity
rating (0-4) is specific for each body region, whereas the duration factor (0-4) evaluates
whether the dystonia occurs in rest, or in action, and whether it is predominantly of a maximal
or submaximal intensity. A video protocol was created, with all actions and rest postures of the
assessment included.

The Global Dystonia Rating Scale (GDS) was developed together with the UDRS and assesses
dystonia in the same 14 body regions as the UDRS(85). Each body region is assessed on a
rating scale; 010, where O indicates no dystonia and 10 the most severe dystonia. Here, no
provoking factors or weighing factors are included in the assessment. This scale has been
shown to be easy to use, and is therefore recommended for clinical purposes, whereas the
UDRS probably is more useful in research(85).

The Barry—Albright Dystonia Scale (BADS) was based on the BFM-M, and was developed in
1999 to assess children and adults before and after receiving intrathecal baclofen, most of them
having dyskinetic cerebral palsy(87). The BADS rates 8 body regions including the eyes,
mouth, neck, trunk, and four limbs from 0 (no dystonia) to 4 (dystonia present >50% of the
time and/or interfering with specified actions). Compared to the BFM-M, the BADS does not
assess dystonia during speech and swallowing, and provoking factors are not included in the
assessment. The BADS is possible to use in children and in individuals with cognitive
impairment who cannot follow or understand instructions.

The Movement Disorder-Childhood Rating Scale and the Movement Disorder-Childhood
Rating Scale 0-3 were developed in 2008 and 2009, respectively, to evaluate different pediatric
movement disorders, such as hypokinetic-rigid, chorea/ballismus, dystonia/athetosis,
myoclonus, tic, and tremor(89, 90). The scales are divided into two parts; a first part evaluating
the degree of disability in different domains (motor function, oral/verbal function, daily living
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activities), and a second part with focus on the severity of the most predominant movement
disorder for each child. The severity of the movement disorder is evaluated in 7 body regions
(eye and periorbital region, face, tongue and perioral region, neck, trunk, upper limbs, and
lower limbs). Each body region is scored from no sign of movement disorder (score 0) to a
movement disorder that is present in all tasks/prevents the child from performing the tasks
(score 4). No provoking or weighing factors are used. Film protocols with actions and rest
postures were developed for both scales.

The Dyskinesia Impairment Scale (DIS) was developed 2012 to assess dystonia and
choreoathetosis in children and young adults with dyskinetic cerebral palsy (DCP)(88). The
DIS evaluates 12 body regions (eyes, mouth, neck, trunk, and proximal/distal limbs) in rest and
in action separately. The amount of time (duration) and the range of motion (amplitude) of the
dystonia and/or choreoathetosis are assessed on a 5-point rating scale. Specific training in
discriminating dystonia and choreoathetosis is probably important before using the DIS. A
video protocol with all actions/rest postures exists. The DIS was designed to overcome some
limitations perceived with the BADS. First, the DIS also assesses choreoathetosis. Second, the
items in the BADS are combinations of several different dystonia characteristics. Third, there
is no differentiation between rest and action. Furthermore, the BADS was earlier shown to have
a high standard error of measurement(91). Another advantage of the DIS was that it was based
on the most recent definitions of dystonia and chorea/athetosis(15)

1.4 MEASUREMENT PROPERTIES

Clinicians and researchers use measurement to understand and evaluate different
characteristics in individuals. Measurements are only useful if the outcome data is accurate,
consistent, and meaningful. Reliability and validity are measurement properties describing to
what extent a test instrument produces data that meet those criteria. Choosing a suitable test
instrument is not always straightforward, since reliability and validity are dependent on the
population of interest as well as the situation. Re-evaluation of reliability and validity is
necessary when using a test for a new target population; for example in children instead of
adults, or when only parts of the test are used, or if the test is slightly changed.

1.4.1 Reliability

The first quality criteria for a test instrument is that it produces consistent results, meaning that
if the test is administered at a later occasion to the same test takers, the outcome will be similar.
Reliability refers to the consistency in the measurement; to the precision of the test result and
to the degree the test results are free from random error, and thus can be replicated(92, 93). The
consistency may be between two different raters (inter-rater reliability), or the same rater on
different occasions (intra-rater reliability), or between two repeated assessments over a short
period of time, when no change in the measured variable is expected (test—retest reliability).
Internal consistency reflects the extent to which different items in the test instrument measure
various aspects of the variable of interest, and nothing else.
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1.4.1.1 Reliability coefficients for test—retest reliability and rater reliability

The intraclass correlation coefficient (ICC) is a preferred index for test-retest, inter-rater and
intra-rater reliability for quantitative data, since it reflects both agreement and correlation(92,
94). The ICC describes how strongly data in a specific group resemble one another; i.e., scores
from the same group tend to be similar. The ICC value ranges from —1 to 1, where 0 indicates
no correlation (random) and 1 indicates perfect correlation. Negative values exist, and would
be interpreted as having less correlation than would be random. When interpreting ICC values,
you must be cautious. In the case of a high value, it is important to check that an adequate
model was chosen (see below). In the case of a low ICC value, it may be important to check
the variability among subjects scores. A homogenous sample, with a low variability of scores,
will result in low ICC values. Low ICC values may also be explained by a low number of study
subjects or raters(94).

There are several different ICC models(94). To choose the right one is somewhat complicated,
and there are many aspects to address. Are all subjects/participants scored by the same raters?
Are the raters a specific sample of raters, or are they randomized? In the intended measurement
protocol, is the outcome based on a single rater or is it based on a mean of multiple raters? And
lastly, do you consider absolute agreement or consistency to be more important? Based on the
answers of these questions, you may choose between three different models (1-way random-
effects model, 2-way random-effects model, and the 2-way mixed-effects model), and for each
model one of two types (single rater or multiple raters) and one of two definitions (consistency
or agreement)(92).

1.4.2 Validity

The second quality criteria for a test instrument is measurement validity. Validity concerns the
extent to which a test measures what it is intended to measure(95, 96). Here, the focus is the
objective or the aim of the test instrument, and the ability to make inference from the test scores.
There are different variants and definitions of validity, depending on how the test instrument is
supposed to be used and if there are any existing instruments to compare it with. Traditionally,
four main variants of validity are considered to be useful; face validity, content validity,
criterion-related validity, and construct validity(95, 96).

Face validity is the weakest form of validity, and indicates that a test appears to test what it is
supposed to. Content validity refers to what extent the content of the test instrument represents
the trait to be measured adequately. Does the test include all relevant aspects of the
characteristic to be measured? This is best evaluated with experts in the field. Criterion-related
validity indicates that the outcome of the test can be a substitute for a more
comprehensive/standard test. Concurrent validity is one type of criterion-related validity, and
can be evaluated if there is a validated ‘gold standard’ as a comparison. The same trait is
assessed with the new test and the ‘gold standard’ simultaneously, and the correlation is
calculated.

Construct validity is a measure of the ability of the test to measure an abstract construct. Part
of construct validity is based on the content validity, but beyond that, construct validity depends
on the underlying theoretical context. Construct validity provides evidence to support (or
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refute) the theory behind the construct under investigation. Construct validation of a
questionnaire or an assessment scale is an ongoing process, and there are different methods of
construct validation. Known groups’ validation may show that the scale is able to differentiate
between individuals with more or less of the trait. Convergent and discriminant validity are
other aspects of construct validity, when the outcome measure of the test is compared to a test
with a similar trait (convergent) or a different trait (discriminant)(95, 96).

1.4.3 Theories of measurement

When measuring a human characteristic, a test instrument with a combination of different test
items, covering different aspects of the trait of interest, is often used. For example, a test
instrument to assess dystonia is based on a combination of test items for different body regions,
in action as well as during rest. The scores from all these different test items are summed up to
a total score—an outcome measure—which is supposed to be a measure of the underlying trait,
in this case the dystonia.

1.4.3.1 Classical test theory

Classical test theory (CTT) is a traditional approach to evaluate reliability and validity of a test
instrument based on several items(97). CTT assumes that that for each test, or each test item,
the observed score is a combination of an underlying true score (on the trait of interest) and a
random error. The random error is not related to the magnitude of the true score, and random
errors will cancel each other out (approach zero) with repeated measurements. If these
assumptions are correct, the average score is a good estimate of the true score if enough
measurements are taken. Furthermore, the observed score of the test instrument approaches the
true score when the number of test items increases. Accordingly, the reliability of the test
instrument increases when the number of test items increases.

There are some limitations with CTT, however(97). First, the reliability and validity found for
a test instrument only applies to the specific group of people who took the test (97). The
psychometric properties will automatically change if the test is applied to participants of
another population. Similarly, the psychometric properties will change if the test items are
slightly changed or if some test items are deleted.

Another limitation of CTT is the assumption of item equivalence, where each test item
contributes equally to the total score of the test instrument, although different test items may
correlate differently with the trait of interest(97).

Furthermore, in CTT the standard error of measurement (SEM) is assumed to be the same for
all individuals, all over the scale, and hence independent of the amount of the trait of interest.
Statistics and mathematical models, however, show us that this is incorrect. SEM increases
with higher and lower total scores and is smallest in the middle(97). Subsequently, total scores
and SEM from high or low performers must be interpreted with caution. And last, the outcome
measure is ordinal data, making comparison between individuals complicated.
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1.4.3.2 ltem response theory and Rasch measurement model analysis

To overcome the limitations connected with CTT, two independent research groups in the
1960s used another approach to evaluate the measurement properties of a test instrument, and
subsequently, item response theory (IRT) and Rasch measurement model analysis were
developed(97). These models focus on the information from the different test items, whereas
CTT focuses on the total score of the test instrument. Item response theory (IRT) and Rasch
measurement model analysis were developed separately but share important features. Some
researchers consider Rasch analysis one IRT model, whereas representatives of the Rasch
analysis model emphasize their (fundamental) differences(98).

Rasch analysis is based on the relationship between an individual’s ability and the degree of
difficulty of the test item(99). This relationship can be described as a probability of a specific
response to a test item, such as probability of success. The person (ability) and the item
(difficulty) can be ordered on the same scale, according to probabilities of success. The aim is
to measure the ability of the person, by estimating the location of the individual on this scale
based on the responses of the test items. Rasch analysis has two hard assumptions; 1) that the
scale only measures one trait (unidimensionality), and 2) that the outcome of each test item is
independent of the others (local independence). If these assumptions are not fulfilled, it is
impossible to predict the probability of success, and the items and persons cannot be ordered
along the same scale.

Rasch analysis can be used by test developers to examine how well test items (and persons)
“fit” the Rasch model. Data from individuals having undergone a new test instrument are
analyzed with the Rasch measurement model analysis. If the data fit the model, this is evidence
of unidimensionality and local independence of the test instrument. Fit statistics and principal
component analysis are used in this process and will be described more in detail in the methods
section of this thesis. Visual inspection of item characteristic curves may further guide the test
developer to improving the test instrument. The item characteristic curve is visualized in a
graph as an S-shaped curve, where the x-axis is represented by a person’s ability and the y-axis
by probability of success. Redundant or non-fitting test items may be deleted from the test
instrument.

There are several advantages of a test instrument based on a Rasch measurement model
analysis. First, the outcome measure is interval level data. Each item and each person will
receive a measure on a logit scale, based on probability of success. One logit is the distance
that increases the odds of success by a factor of 2.718 (the base of natural logarithms).
Additionally, each item has a unique contribution to the total score of the test instrument; i.e.,
some items have a greater impact on the total score than others. Furthermore, each item has a
unique SEM. Another advantage is that for high or low performers, you may choose to delete
test items from the test in order to prioritize those items that offer the most information about
the individual.
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2 AIMS OF THE THESIS

The overall aim of this thesis was to enable and facilitate assessment of dystonia and
choreoathetosis in children and young adults, and to elucidate some clinical aspects in two rare
pediatric-onset dystonia disorders.

The specific aims of the studies were as follows:

Study I:

Study II:

Study Il1:

Study 1V:

To examine the natural long-term development of BPTI, its relationship to
migraine and other paroxysmal disorders, and the frequency of mutations in four
candidate genes (CACNALA, PRRT2, ATP1A2, and SCN1A).

To examine the clinical outcome after pallidal DBS in DYT-THAP1 dystonia
and to examine factors that may predict the amount of subsequent dystonia
reduction.

To examine the inter-rater and test-retest reliability and concurrent validity of
the DIS in children and young adults with inherited or idiopathic dystonia.

To develop a shortened, user-friendly version of the DIS, the DIS-II, and to
evaluate its construct validity and reliability with a Rasch measurement model
analysis. A secondary aim was to change the relative outcome measure in the
original DIS to an absolute outcome measure in DIS-II.
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3 METHODS

3.1 STUDY DESIGNS

Studies | and Il were case series of individuals with two rare pediatric-onset movement
disorders, with a long-term follow-up. Study | was a prospective longitudinal clinical study
with two on-site follow-ups, whereas Study Il was a retrospective, multi-center study
evaluating individual data obtained from patient medical records. Studies 111 and IV were cross-
sectional, two-center studies, evaluating (and developing) an assessment scale. In Study IlI,
inter-rater reliability, test-retest reliability, and concurrent validity of an existing assessment
scale were explored for a new population. In Study 1V, a shortened version of that assessment
scale was developed, and the Rasch measurement model analysis was used to explore rating
scale functioning, internal scale validity, targeting, and internal consistency.

3.2 PARTICIPANTS

Swedish participants had given informed written and/or oral consent, either themselves or by
their caregiver. For participants outside Sweden, legislation regarding consent in the relevant
country was followed. All studies were approved by the appropriate Ethical Review Board. An
overview of the participants is given in Table 1.

Table 1. Overview of participants in Studies -1V

Total number . Female Partlcu.)ants
. . . - Exclusion recruited
Study | of participants, Inclusion criteria L sex, N
criteria from country
N (%)
(N)
- diagnosis of BPTI at Astrid Lindgren
12 Children’s Hospital between 1998-2005 none 8(67) Sweden (12)
- dystoni
ystonla England (2)
and
- mutations/sequence variants in THAP1 France (3)
I 14 and none 9(64) Germany (1)
- GPi-DBS with 26 months follow-up at italy (5)
. . Sweden (3)
inclusion
- paroxysmal
- inherited or idiopathic dystonia disorders Belgium (6)
I 20 and - dopa- 9(45)
. Sweden (14)
- 5-25 years of age responsive
dystonias
- inherited/acquired/idiopathic dystonia
or dyskinetic cerebral palsy
and Belgium (100)
\Y) 123 49(40
- 5-25 years of age none (40) Sweden (23)
and
- videotaped according to the DIS

N =number, BPTI =benign paroxysmal torticollis of infancy, GPi-DBS =pallidal deep brain stimulation
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3.2.1 Recruitment

In Study I, all individuals having received a diagnosis of torticollis at Astrid Lindgren
Children’s Hospital between 1998 and 2005 were identified. Medical records were reviewed
in 2005 by a pediatric neurologist and a pediatric physiotherapist, to delineate those who had
received the diagnosis of benign paroxysmal torticollis of infancy (BPTI) by their treating
pediatrician. Thirteen children met the inclusion criteria, and 12 agreed to participate in the
study.

Participants in Studies I1-1\V were convenience samples. Two of the Swedish participants in
Study Il participated in Study I1l, and all participants in Study Il participated in Study IV.

In Study 11, individuals with DYT-THAP1 dystonia, who had received treatment with pallidal
deep brain stimulation were recruited from 5 European centers (Stockholm, Sweden; Milan,
Italy; Montpellier, France; London, England and Cologne, Germany). They were identified by
pediatric neurologists or neurologists clinically experienced in movement disorders through
personal knowledge.

In Study 11, individuals 5-25 years of age, with a diagnosis of inherited or idiopathic dystonia,
were recruited from Stockholm, Sweden and from Leuven, Belgium. They were identified by
pediatric neurologists through personal knowledge.

In Study IV, individuals 5-25 years of age, with a diagnosis of dyskinetic cerebral palsy or
inherited/acquired/idiopathic dystonia who had been recorded according to the DIS film
protocol in Leuven, Belgium or Stockholm, Sweden were recruited. The participants were
identified by pediatric neurologists through personal knowledge.

3.2.2 Sample size

Study I and Il were case series, where the aim was to include as many participants as possible.
In Study I, all individuals who received the diagnosis BPTI at Astrid Lindgren Children’s
Hospital during the years 1998-2005 were invited to participate. Thirteen children met the
inclusion criteria for the study, but one boy declined to participate. Eight girls and 4 boys were
included in the study, but one boy was lost during the second follow-up. In Study II, 14
individuals were recruited through convenience sampling, nine females and five males:
Stockholm n =3, Milan n =5, Montpellier n =3, London n =2, and Cologne n =1.

In Study I11, the initial goal was to recruit 25 participants, since that was in line with the number
of participants in the original study of the DIS assessment scale. Inherited and idiopathic
dystonia are unusual conditions, and during the study we realized that cost—benefit was in favor
of fewer participants. Calculating sample sizes for reliability studies based on ICC values is not
straightforward, but some researchers have developed tables to simplify the calculation(100,
101). To use these tables, you need to specify the significance level a and power B (often 0.05
and 0.80), and then decide how many observations per study participant you are going to
perform, a minimum level of acceptable ICC-value (null hypothesis) and the ICC-value you
aim to receive as a result (alternative hypothesis)(100, 101). According to the methods of
Bujang et al., we calculated the required sample size to be at least 18 individuals, with the null
hypothesis being that the ICC values would be >0.7 and the alternative hypothesis that the ICC
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values would be >0.9, alpha being 0.05, with power set to 90% with three observations per
study participant(100). Consequently, we stopped including more individuals when 20
participants, 11 males and nine females, (Belgium n =6, Sweden n =14), had been assessed.

In Study IV, a sample size of 100-150 persons should indicate item calibration within 0.5 logit
with 95% confidence according to Linacre(102). A total of 123 participants from Belgium (n
=100) and Sweden (n =23); 74 males and 49 females were included in the study.

3.3 PROCEDURE AND DATA COLLECTION

3.3.1 Study I

Study | was a prospective longitudinal follow-up case series of children with benign
paroxysmal torticollis of infancy (BPTI). At a first follow-up, during the years 20052007, 12
children—who had been diagnosed with BPTI in 1998-2005 at the neuropediatric unit at Astrid
Lindgren’s Children hospital—were examined and evaluated by a pediatric neurologist and a
pediatric physiotherapist. Children <3 years of age were evaluated with the Peabody
Developmental Motor Scale-2 and children >4 years of age were evaluated with the Movement
Assessment Battery for Children. Information regarding the torticollis episodes was gathered
during those visits.

In a second follow-up, during the years 2014-2015, 11 children and their caregivers were
interviewed by a pediatric neurologist (the author). One boy was lost to the second follow-up.
The focus of the interviews was the development of the child, the possible occurrence of
migraine or other paroxysmal disorders in the child, and any family history of migraine or
other paroxysmal disorders over three generations. Blood or saliva samples were gathered
from the children for genetic analysis of candidate genes. In 2018, after the genetic analysis
was finished, all data were analyzed, and the manuscript was written.

3.3.2 Study Il

Study 11 was a retrospective follow-up case series, a multi-center study of individuals with
DYT-THAP1 dystonia treated with pallidal deep brain stimulation (DBS). The research team
in Stockholm invited clinicians (neurologists/neurosurgeons) from London, Montpellier,
Cologne, and Milan to include patients with DYT-THAPL dystonia treated with pallidal DBS
for at least six months in this study. These clinicians were free to invite other specialists that
could contribute to the study when appropriate (geneticists, neurologists, pediatric
neurologists).

A data base template, with a focus on demographic, genetic, and pre-and postoperative data,
was created in Stockholm by two pediatric neurologists (the author of this thesis and her
principal supervisor) and a neurosurgeon and distributed to the participating centra. Data were
collected retrospectively from medical records by the clinicians, according to the data base
template. In 2017-2018, data collection was preformed, and in 2018-2019, data were analyzed,
and the manuscript written.
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3.3.3 Study I

Study 111 was an instrument evaluation; a cross-sectional, two-center study of the Dyskinesia
Impairment Scale (DIS) in inherited or idiopathic dystonia. In 2016-2018, individuals with
inherited or idiopathic dystonia from Stockholm, Sweden (n =14) and Leuven, Belgium (n =6),
were invited to two visits, with a maximum of two weeks in between.

At the first visit, participants from Stockholm, Sweden, were interviewed, examined, and filmed
according to a standard DIS video protocol, by a pediatric neurologist (the author) and a
pediatric physiotherapist at the motion analysis laboratory in Astrid Lindgren Children’s
Hospital. The interview aimed to obtain demographic information regarding age at onset,
functional gross motor and manual ability, and to complete the BFM assessment. The
examination aimed to evaluate the joint range of motion and possible occurrence of spasticity.
Genetic information was gathered from medical records. In Leuven, Belgium, participants were
examined and filmed by a movement scientist in their habitual environment (school, home),
and demographic/genetic information was gathered from their medical records.

At the second visit, participants were filmed according to the same video protocol again. The
research team perceived one girl to be uncomfortable during the first visit and she was therefore
excluded from the second filming.

In 2019, during a 4-week period, the videos were scored by three raters: one pediatric
neurologist (the author), one pediatric physiotherapist, and one movement scientist. The raters
had attended a DIS instructional course in Belgium, conducted by the constructor of the DIS,
and all had clinical experience in dystonia. Before scoring the participants in the study, the
three raters scored four training videos together. The raters independently scored all videos
from visit 1 according to the DIS and the BFM-M. The videos from visit 2, were randomly
distributed among the raters, and each video was scored by one rater according to the DIS.

The scores from visit 1 were used to evaluate inter-rater reliability (each participant was scored
by all three raters with DIS) and concurrent validity (correlation between DIS-D scores and
BFM-M scores from each rater). The DIS score from visit 2 was paired up with the same
rater’s DIS score from visit 1 to evaluate test-retest reliability. In 2020, the data were
analyzed, and the manuscript written.

3.3.4 Study IV

In Study IV, a cross-sectional, two-center study, the DIS-IlI was developed and evaluated
regarding construct validity and reliability. The study consisted of three phases: i) development
of the DIS-II; ii) data collection for a Rasch measurement model analysis; and iii) evaluation
of construct validity and reliability of the DIS-I1 using Rasch measurement model analysis.

i) Development of DIS-II: The research team invited clinicians and researchers familiar with
the DIS to attend an advisory expert meeting, to elucidate strengths and weaknesses of the DIS.
This online, whole-day meeting, with 21 experts from Belgium, the Netherlands, Germany,
Turkey, and Sweden, took place in February 2021. A poll was prepared by the research team,
with questions covering different aspects of the DIS, such as body regions included, actions/rest
postures, and the rating scale construct. The attendees answered the poll anonymously and
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afterwards there was an open discussion. A preliminary DIS-11 was developed by the research
team (IV, AD, KT, CL, LKS, EM) during spring 2021. Results from the expert meeting,
previous existing psychometric properties regarding the original DIS, clinical aspects, utility,
and scoring feasibility, were considered in the process.

ii) Data collection for the Rasch measurement model analysis: data were gathered from
different sources; in total 123 unique individuals with dystonia, 5-25 years of age, from
Leuven, Belgium (n =100) and Stockholm, Sweden (n =23) were included. For 97 participants,
DIS scores from earlier studies could be reused (whereof 20 of those were included in Study
I11). For 26 participants, DIS videos from a clinical setting were available (17 from Leuven and
9 from Stockholm), and were scored during December 2020-January 2021 by the research
team as a part of this study.

iii) Evaluation of construct validity and reliability of the DIS-1I, using Rasch measurement
model analysis: the research team had several physical and online meetings from June 2021—
December 2021 where Rasch measurement model analysis was performed on the preliminary
DIS-I1. Measurement properties and clinically meaningful aspects were considered, and a final
DIS-I1 was designed.

3.4 GENETIC ANALYSIS

In Study 1, a genetic analysis was performed. Whole-exome sequencing was performed on
genomic DNA, extracted from blood or saliva. Sequence variants detected in CACNA1A,
PRRT2, ATP1A2, and SCN1A were verified using Sanger sequencing.

3.4.1 Sanger sequencing

Sanger sequencing has been the most common sequencing method in the last 40 years, and
today it is a gold standard method, often used to validate the results found with next
generation sequencing(103, 104). Sanger sequencing involves electrophoresis and is based
on random incorporation of modified di-deoxynucleotides that terminates in vitro DNA
replication. The method requires single-stranded DNA (the DNA of interest), a DNA primer,
a DNA polymerase, normal deoxynucleotide triphosphates (dNTP; adenine guanine,
cytosine, and thymine), and modified di-deoxynucleotide triphosphates (ddNTP). The
modified ddNTP are fluorescently labelled, which enables identification in sequencing
machines.

The first step involves denaturation of the double-stranded DNA into two single-stranded
DNA molecules. Then, a DNA primer is used as a starting point for the DNA sequence. The
DNA polymerase adds normal dNTPs to the growing strand, and the process stops when a
modified fluorescent ddNTP is randomly incorporated into the DNA. The resulting DNA
fragments, of different lengths, are separated using electrophoresis, and the relative position
of the fluorescent ddNTPs are used to read the DNA sequence.
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3.4.2 Whole-exome sequencing

Whole-exome sequencing (WES) is a next-generation sequencing method that involves
sequencing of the protein-coding regions of the genome(105, 106). The exome represents about
1%-2% of the total human genome but contains about 90% of known disease-related variants.
The critical difference between Sanger sequencing and WES is the sequencing volume. The
Sanger only produces one single DNA fragment at a time, whereas WES is massively
parallel, sequencing millions of fragments simultaneously.

The technology used in the thesis, was sequencing by synthesis from Illumina (Illumina Inc,
San Diego, CA, USA). The process for detecting different types of variants/mutations
consists of four steps: 1) library preparation, 2) cluster generation, 3) sequencing, and 4) data
processing/analyzing including comparison to a reference sequence. The first step, library
preparation, includes fragmentation of the DNA and then ‘capturing’ of all protein coding
exons in the genome. The subsequent cluster generation is a process where the DNA fragments
are bound to a surface and PCR amplified to create a cluster of identical DNA fragments. In
the next step, sequencing is performed with the clusters of DNA fragments as templates. The
DNA polymerase adds fluorescent nucleotides one by one to the growing DNA strand. In the
last step, the data generated from the sequencing is processed and compared with a reference
genome, to detect differences between the two.

3.5 ASSESSMENT SCALES

3.5.1 The Peabody Developmental Motor Scale-2

This test was used by a pediatric physiotherapist in the first follow-up in Study I, to assess fine
and gross motor function in children <4 years of age. It is a comprehensive, norm-referenced
test for children from birth to five years of age, and consists of six subtests: reflexes, stationary
gross motor skills, locomotion, object manipulation, grasping, and visual motor
integration(107).

3.5.2 The Movement Assessment Battery for Children

This test was used by a pediatric physiotherapist in the first follow-up in Study I, to assess fine
and gross motor function in children >4 years of age. This assessment consists of eight test
items, divided into three performance areas: manipulative skills, ball skills, and balance
skills(108).

3.5.3 The Dyskinesia Impairment Scale (DIS)

The DIS is a measurement tool used to evaluate dystonia (DIS-D) and choreoathetosis (DIS-
CA) in children and young adults with dyskinetic cerebral palsy, Figure 1(88). The patient is
filmed, according to a standard video protocol, with a total of 26 video sequences of about 30
seconds each. Twelve body regions are assessed during one rest posture and two actions each,
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Table 2. For each rest posture

and each action, the duration (amount of time) and amplitude

(range of motion) of dystonia/choreoathetosis are assessed on a 5-step rating scale, 0—4. A score

of 0

indicates no dystonia/choreoathetosis and a score of 4 indicates that the

dystonia/choreoathetosis is present >90% of the time/of the range of motion. The sum of raw
scores range between 0-576 for the DIS, which is based on the sum of raw scores for the two
subscales DIS-D (range 0-288) and DIS-CA (range 0-288). Actions that the individual can
perform are included in the assessment, others are removed. Outcome measures are presented
as raw scores, or as percentage scores, based on those rest postures/actions that were performed.

DIS
Range 0-576
DIS-D DIS-CA
Dystonia subscale Choreoathetosis subscale
Range 0-288 Range 0-288
Action Rest Action Rest
Range 0-192 Range 0-96 Range 0-192 Range 0-96

Duration Amplitude Duration Amplitude Duration Amplitude Duration Amplitude
- 12 body - 12 body - 12 body - 12 body - 12 body - 12 body - 12 body - 12 body

regions regions regions regions regions regions. regions regions
- 2 activities - 2 activities - 1 posture - 1 posture - 2 activities - 2 activities - 1 posture - 1 posture

Figure 1. The Dyskinesia Impairment Scale: DIS =Dyskinesia Impairment Scale, DIS-D =dystonia subscale,
DIS-CA = choreoathetosis subscale. Ref J.Clin.Med. 2020, 9, 2597; doi:10.3390/jcm9082597

Table 2. Overview of body regions, actions, and rest postures in the Dyskinesia Impairment Scale.

Active sitting

Body region Action Rest posture

Eye Eye tracking Sitting at rest, close-up view
Eye blinking

Mouth Open mouth Sitting at rest, close-up view
Speech

Neck Rotation Sitting at rest, close-up view
Latero-flexion

Trunk Bending trunk Sitting at rest, frontal view

Proximal arm (left/right)

Abduction
Reaching a pen (supine position)

Sitting at rest, frontal view

Distal arm (left/right)

Grasping and moving a pen (sitting position)
Grasping and moving a cup (sitting position)

Sitting at rest, frontal view

Proximal leg (left/right) Standing Lying in rest
Rolling

Distal leg (left/right) Heel-toe tap Lying in rest
Rolling
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3.5.4 The Burke-Fahn—Marsden Dystonia Rating Scale (BFM)

The BFM is an assessment scale developed for the evaluation of dystonia in adults with isolated
dystonia (primary dystonia), and consists of two subscales, the movement scale (BFM-M) and
the disability scale (BFM-D)(86). The BFM-M is based on filming of the patient, whereas the
BFM-D is based on patients’ or caregivers’ report of disability in activities in daily living.

The BFM-M evaluates dystonia in nine body regions, including the eyes, mouth,
speech/swallowing, neck, trunk, and right and left sides of the upper and lower extremities. The
severity factor (scored 0-4) refers to the amount of dystonia that is present in each body area,
and the provoking factor (scored 0—4) refers to which situation elicits the dystonia (rest/action).
The severity factor, the provoking factor, and a weighing factor (0.5 or 1) for each body area
are multiplied, and then the total sum is calculated. The weighing factor 0.5 is used for the eyes,
the mouth, and the neck to down-weigh them. The total score of the BFM-M ranges between
0-120, where a low score indicates less dystonia.

The BFM-D evaluates the impact the dystonia has on speech, handwriting, feeding,
eating/swallowing, hygiene, dressing, and walking. Each area assessed, is given a score
between 0-4, except walking which is scored 0-6, subsequently leading to a score range of 0—
30, where a low score indicates less dystonia.

3.6 STATISTICAL METHODS

An overview of statistical methods is presented in Table 3.

Table 3. Overview of statistical methods in Studies I-1V.

Study | Aim Design Data analysis
Longitudinal development Prospective longitudinal Descriptive statistics (mean, standard
follow-up case series deviation, median, range)
Il Differences between paired Retrospective follow-up Descriptive statistics, Wilcoxon signed
observations, correlation of case series, multi-center rank test, effect size, Spearman
variables study correlation coefficient
Il Inter-rater and test—retest Instrument evaluation, Descriptive statistics, intraclass correlation
reliability, concurrent validity | cross-sectional, two-center | coefficient, standard error of
study measurement, minimal detectable
difference, Spearman correlation
coefficient
v Construct validity (internal Instrument evaluation, Descriptive statistics, Rasch measurement
scale validity) and reliability cross-sectional, two-center | model analysis (goodness-of-fit statistics,
(internal consistency) study principal component analysis, rating scale
functioning, targeting, and reliability)
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For Studies I-111, the statistical analysis was performed by using IBM SPSS software 25. For
Study 1V, a Rasch measurement model analysis was made, using WINSTEPS software version
4.8.2.0 (John M Linacre, 2015).

3.6.1 Descriptive statistics

Descriptive statistics are used to characterize a given set of data, regarding central tendencies
(measure of the center) and variability (measure of the spread)(109). Depending on the type of
data, different measures are appropriate. For ordinal data, medians and interquartile ranges
(IQR) are used, whereas for interval data, means and standard deviations (SD) are most often
the right choice. In some cases, however—for example skewed interval data—medians and
IQR is a better option, since the median value is less affected by outliers. Descriptive statistics
were used in Studies I-1V.

3.6.2 Comparing groups and examining correlations

3.6.2.1 Wilcoxon signed rank test

Wilcoxon signed rank test is a non-parametric statistical hypothesis test that examines the
difference between paired observations(110). The Wilcoxon signed rank test can be compared
with the paired t-test and can be used when the assumptions of that test are not fulfilled. The
Wilcoxon signed rank test is recommended when the data level is categorical (nominal or
ordinal data) or when the population data (the differences between the pairs of data) does not
have a normal distribution(110). The test examines whether the median of the differences
between paired observations is zero in the population from which the sample is drawn. In Study
I1, the Wilcoxon signed rank test was used for ordinal data to analyze potential differences
before and after the intervention.

3.6.2.2 Effect size

Effect size helps us to understand the magnitude of a found difference, whereas statistical
significance examines whether a finding is likely to be due to chance(111, 112). In Study II,
effect size was calculated using the formula r =z/\n, where z =the result obtained from the
Wilcoxon signed rank test, and n =number of observations(113). An effect size of r =0.1 was
considered small, r =0.3 medium, and r >0.5 large.

3.6.2.3 The Spearman correlation coefficient

The Spearman correlation coefficient is used instead of the Pearson correlation coefficient
when correlations are based on ranks of data(114). The assumption of a normal distribution is
not required. In Studies Il and 111, the Spearman correlation coefficient was used to explore
correlations between different variables, and the size of the correlation coefficient was
interpreted as negligible (0.0 <0.3), low (0.3 <0.5), moderate (0.5 <0.7) or high (0.7-0.9).
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3.6.3 Measures of reliability

3.6.3.1 The intraclass correlation coefficient

The intraclass correlation coefficient (ICC) is a preferred reliability coefficient for inter-rater
reliability and test-retest reliability for quantitative data, since it reflects both agreement and
correlation(115). The ICC describes how strongly data in a specific group resemble one
another: i.e. scores from the same group tend to be similar.

In Study Ill, the reliability coefficient ICC was used to assess inter-rater and test-retest
reliability. An ICC value of 0 indicates no correlation (random) and 1 indicates perfect
correlation. The quality criteria we used in Study 111 were; ICC values >0.90 were interpreted
as excellent, values between 0.75 and 0.90 as good, values between 0.60 and 0.75 as moderate
and values <0.60 as poor(115). For more information about interpretation of ICC values and
different ICC-models, see 1.4.1.

Inter-rater reliability: The 2-way random-effects model was used to examine inter-rater
reliability. That model was chosen since all raters scored all persons, and since generalizing of
the reliability result to other raters with the same experience was planned(115). Furthermore,
the type “single rater” was chosen, since the DIS when used in clinic as well as in research is
evaluated with a single rater. And lastly, absolute agreement was chosen, since that is of great
importance in an assessment scale.

Test-retest reliability: The 2-way mixed-effects model was used to examine test-retest
reliability, since the only rater of interest here, is the one doing the two evaluations, with a short
period of time inbetween, where no clinical change is expected(115). Single rater and absolute
agreement were kept for the same reasons as in inter-rater reliability.

3.6.3.2 The standard error of measurement

The standard error of measurement (SEM)—the standard deviation of the measurement error—
is a reliability measure(116, 117). The SEM describes how accurate a test score is, where a low
SEM indicates high score accuracy, and a high SEM indicates low score accuracy.

The SEM may be derived from the standard deviation of the observed scores and the reliability
coefficient, using the formulae SEM =SD * V(1-ICC)(116, 117). An advantage of the SEM,
compared to the dimensionless reliability coefficient ICC, is that it is expressed in the same
unit as the test score, and is therefore easier to interpret. From the SEM, a confidence interval
around a test score can be calculated. As an example, a 95% confidence interval would be
[observed test score] +/— 1.96 * SEM.

In Study 11, the SEM for test-retest was calculated for the DIS, the DIS-D, and the DIS-CA.
The standard deviation was calculated from the scores in the first of the two assessments for
each scale. The ICC value was derived from the test—retest for each scale.
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3.6.3.3 Minimal detectable difference

Minimal detectable difference (MDD) is the smallest difference that can be statistically
detected in a study, is always bigger than the SEM, and is dependent on your choice of
significance level(118). In Study 111, MDD was calculated using the formulae MDD =SEM *
1.96 * <2(118).

3.6.4 Measures of validity

In Study 111, concurrent validity was examined(95). The result from the DIS-D was compared
to a gold standard, the BFM-M, and the Spearman correlation coefficient was calculated, since
the data from the two scales are ordinal(114).

3.6.5 Rasch measurement model analysis

Rasch analysis is a model that can be used by test developers to design a new test instrument
or evaluate an existing one(99, 119). The fundamental concept of this model is that an interval
level measurement scale can be constructed out of the relationship between two ordinal level
datasets (person ability and item difficulty). This is a great advantage for a test instrument,
since data on interval levels facilitate comparison, when all scale steps are equal, and persons
and/or items can be compared at all points of the scale.

The Rasch model is a mathematical model that can be used to analyze a dataset with responses
to a test instrument. Response patterns are analyzed and the probability of success is determined
for each person and each test item. The probability of success depends on the ability of the
person and the difficulty of the item. Two important assumptions behind the model are: 1) all
persons are more likely to succeed on an easy item compared to a more difficult item, and 2)
all items are more likely to be scored correctly by more able persons than less able persons(99).

The model is dependent on unidimensionality of the test instrument, meaning that the test
instrument only assesses one characteristic (but assesses all aspects of that characteristic).
Another important requirement is the local independence of test items, where a correct or
wrong reply to one test item should not lead to a correct or wrong reply to another item.

The Rasch measurement model analysis is performed on a dataset containing responses from
different individuals to a test consisting of several test items. Each person and each test item
receives a ‘measure’ on the logit scale, determined by the probability of success, and can be
placed along an ideal straight line according to difficulty/ability. This straight line is, of course,
theoretical and observed response patterns deviate from this ideal line. Rasch measurement
model analysis investigates how well the persons and items match this straight line, and
misfitting items/persons can be identified, and changed or removed to improve the test.
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A bubble chart of item difficulty and personal ability versus their fit/misfit values may be
helpful in identifying troublesome items/persons (Figure 2). Each bubble represents an item or
a person, and their placement along the y-axis is based on the difficulty of the item and the
ability of the person. Items located at the bottom are easier, whereas those located at the top
are more difficult. Persons located at the bottom are less able, and those located at the top are
more able. A person with the same measure as an item; i.e., with the same location along the
y-axis, has 50% probability of scoring the item correctly. The ordering of the item can be
interpreted as a developmental pathway. If the ordering of items is logical according to the
knowledge of the underlying characteristic we are measuring (the latent trait), that is evidence
supporting construct validity of the test instrument. Furthermore, if the data is considered to fit
the model well enough, and accordingly the persons and items match the ideal line well enough,
the Rasch assumptions are fulfilled, and the test instrument is unidimensional.

Bubble chart for items and persons
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Figure 2. Bubble chart for items and persons; A bubble chart is an illustration of the developmental pathway
along the latent trait and shows measures and fit statistics of items and persons. Each bubble represents an item or
a person, and the size is proportional to the standard error of the item difficulty/person ability. Zstd =standardized
as a z-score

In Study 1V, the Rasch measurement model analysis was used to examine construct validity
and reliability of the DIS-1I and the two subscales DIS-11-D and DIS-11-CA. The latent trait is
the dyskinesia; a high person measure indicates more dyskinesia, and a high item measure
indicates less dyskinesia (the item is more ‘difficult’, and elicits dyskinesia less easily).
Specifically, aspects of rating scale functioning, unidimensionality, targeting and internal
consistency were examined. Furthermore, the Rasch analysis was used to convert raw scores
from the DIS-II, DIS-11-D, and DIS-I1-CA to logit scores.

30



3.6.5.1 Choice of model

In Rasch analysis, there are different mathematical models depending on the response structure
of the test items. The dichotomous model is being used when the response options are, for
example, ‘right’ or ‘wrong’. In our study, a polytomous model was appropriate since the test
items in DIS-1I are scored on a rating scale with 3 or 4 different options. The polytomous
Andrich Rating Scale model can be used when all items share the same category rating scale
structure. In Study IV, however, the grouped rating scale model was chosen, since rest items
are one group of items with a scoring scale between 0-2, and action items are another group of
items scored between 0—3(120).

3.6.5.2 Rating scale functioning

Quality criteria used for a well-functioning rating scale in Study IV were (I) average measure
advancing monotonically by category, (II) item step calibration increasing with higher
categories, (I11) each category being represented by a curve with a distinct peak upon visual
inspection, (1) frequency for all four categories exceeding 10 ratings and (V), the outfit mean-
squares should not exceed 2.0 for any category(121, 122).

3.6.5.3 Unidimensionality

Point-measure correlations are usually examined first when investigating unidimensionality.
Item point-measure correlations are the correlations between the observed scores for an item
and the person measures, and thereby a measure of how well the item measures represent the
latent trait. In Study IV, positive item point-measure correlations were considered
sufficient(123). If all correlations are positive, fit statistics can be used for more thorough
analysis.

Fit statistics describes the extent to which responses adhere to the Rasch model and are based
on residuals. Residuals represent the difference between the observed and the expected value
according to the Rasch model(124). For each item and person, the sum of all squared residuals
is divided by the number of persons/items contributing to the data. The result is reported in an
unstandardized and a standardized form, as mean squares (MnSq) and z-values
respectively(124). The MnSq are modelled by the Rasch algorithm to have a mean of 1, and
the expected MnSq therefore is equal to 1. In the standardization of the MnSq, they are
transformed to a z-distribution, with a mean of 0, and a standard deviation of 1.

In Study IV, fit statistics were evaluated by examining MnSq and z-values. Fit statistics are
differentiated into infit- and outfit statistics. Infit statistics are information-weighted and
sensitive to responses with difficulty close to the ability of the person, whereas outfit statistics
are sensitive to responses far from ability level(124). As misfitting infit statistics are a greater
threat to test validity than misfitting outfit statistics, item fit was defined as an infit MnSq <1.4
in combination with a z-value of <2(124). A total number of >95% item fit was considered as
evidence to support fit to the model and unidimensionality.
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Principal component analysis of standardized residuals is usually the last step when
investigating unidimensionality(125). The variance explained by measure; i.e., the dimension
of the latent trait, is analyzed together with the variance in the first contrast. A high variance in
the first contrast indicates a possible second dimension, and the principal component plot
should be explored for a possible identification of the nature of this second dimension. In Study
IV, 3%-5% of variance in the first contrast was considered very good, 5%-10% was considered
good, and 10%—-15% was considered fair(126).

3.6.5.4 Targeting

Targeting was examined through visual inspection of the person—item map, to make sure that
the item difficulty covered all ability levels of the persons, and that floor and ceiling effects
were absent(126). A maximum difference of 0.5 logits between person measure mean and item
measure mean (by definition 0) was also considered as good targeting(126).

3.6.5.5 Internal consistency

In Study IV, item and person reliability, and person strata were examined. Item reliability refers
to the ability to order the test items along the latent variable in a consistent way(127). The
higher the item reliability coefficient is, the more confident we can be that the same hierarchy
would appear across another sample. Low item reliability indicates that your sample size is not
big enough to precisely locate the items along the latent trait. Person reliability refers to the
ability to order the persons along the latent variable in a consistent way. A low person reliability
implies that the test instrument may not be sensitive enough to separate between high and low
performers, and more test items may be needed. Person reliability is analogous to the classical
‘test reliability’ and can be interpreted in the same way as Cronbach’s alpha.

Analogous to the Cronbach’s alpha, item and person reliability coefficients are in the range 0—
1. When these coefficient values approach 1, they can be hard to interpret, and an alternative
way is to report separation index or strata. Based on the reliability coefficient, separation index
and strata can be calculated. Separation index refers to how many statistically different
measurement levels there is in your sample, when very high and very low measures are
removed from the calculation. A person separation index of 1.5 represents an acceptable level
of separation, and a value >2 is generally considered a minimum requirement for satisfactory
discrimination. Person strata is an alternative way to describe distinct person ability levels.
Here, high and low measures are included. Person strata can be calculated using the formula
= (4 * Separation index + 1) / 3(128).

Reliability coefficient values greater than 0.80 were considered good, and values greater than
0.90 were considered excellent.(126) Person strata were considered good when >3, very good
when between 4-5, and excellent when >5(126).
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3.7 ETHICAL CONSIDERATIONS

All studies in this thesis were approved by the appropriate Ethical Review board (Studies I-111
the Regional Ethical review board, and Study IV the Ethical Review agency). Study I;
2005/849-31/3 and 2014-1359-32, Study II; 2017/983-31/1, Study II1; 2016/682-31/2, Study
IV; 2016/682-31/2 and 2020-05271. The studies were all conducted in accordance with the
Declaration of Helsinki. Participating in the studies was voluntary and participants were
informed that they could withdraw at any time without consequences.

Consent to participate in Studies I-111 were obtained by the participants and/or their parents.
For Studies | and I11, written as well as oral consent was obtained after the participants had
been given written and oral information about the studies. For Study II, oral

information/consent was considered sufficient by the research team, as well as by the Regional
Ethical Review board, since data were collected from medical records only and did not involve
extra effort from the participant. For Study IV, oral consent was obtained (after oral
information) for those individuals where clinical DIS videos were scored for this study. For
participants where DIS scores were reused from other studies (that had separate approvals from
the Ethical review boards), no consent/information was given, in accordance with the decision
from the Ethical Review agency.

When someone has decided to participate in a study, he or she obviously wants to contribute
to science. There are some obvious disadvantages for participants in a study. First, it takes time.
Children with chronic disorders already have a lot of scheduled hospital appointments, which
need to be considered by the researcher. Second, participation may be uncomfortable, or even
painful. As a researcher, it is important to define the project in a way that minimizes
uncomfortable (or even dangerous) parts. When research involves children, special
consideration, for example regarding the research environment, is often needed. The balance
between disadvantages for the participant and the importance of the results of the study must
be considered. If possible, | think it is important to give the participants individualized
information about their disorder/condition during the research process, since that may outweigh
possible disadvantages of participating in the study. In my experience this type of information,
being able to speak for a prolonged period of time with an expert in the field was often asked
for and appreciated by children/adolescents as well as their caregivers. When designing the
studies in this thesis, these ethical aspects were considered.

BPTI is a transient condition with recurrent episodes of torticollis in infants and young children.
Delayed motor development is not uncommon among individuals still suffering from BPTI.
Parents are often worried about the etiology and long-term outcome. Many parents explained
that the reason for their participation was to receive more information about their child, and, to
contribute to the general knowledge of BPTI. At the first follow-up, the children were examined
by a pediatric neurologist and a physiotherapist. The procedure is common in standard care,
and normally not appreciated as uncomfortable. All families received direct feedback of the
neurologic examinations and motor assessments. At the second follow-up, the children as well
as their parents, had the possibility of receiving information about BPTI and other related
conditions, such as migraine, from a pediatric neurologist. The second follow-up included
analysis of candidate genes. Since children and adolescents normally do not appreciate blood
samples, they could choose between a blood sample or saliva sample. When the study was
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finished, all families received a written summary of the findings, and for those families where
variants in candidate genes were detected, oral information was given as well.

Dystonia is a condition that often severely affects quality of life, knowledge regarding effective
treatment is limited, and reliable and valid assessment scales for children and young adults are
scarce. Studies 11-1V involved participants with dystonia. Many participants explained that
living with a rare disorder, about which information is lacking, made them want to contribute
to science in general, and particularly to the knowledge of dystonia. During the research
process, participants had the possibility of receiving personal information and advice from a
pediatric physiotherapist and from a pediatric neurologist. In my opinion, this was very
appreciated by the children and their families and made the travel to the hospital and the time
spent in the motion analysis laboratory at Astrid Lindgren Children’s Hospital worthwhile.

Data for Studies 11 and 1V were collected either from medical records, existing videos, or from
scorings according to the assessment scale DIS in earlier studies. Here, ethical aspects mainly
regard secure research storage. Another important ethical aspect of Study Il was to present
research results without revealing the identity of the participants. Attached to the published
article from Study 11, there was a video pre- and post-DBS of a young girl. Specific consent
was signed by the girl as well as her caregiver. That girl had a very good effect from the surgical
treatment and wanted other children with the same condition to receive that information.

For Study I, participating in the study included one interview, one examination, and two
sessions with video recording. All these procedures are normal parts of standard care, and when
performed in a respectful way, not uncomfortable. During video recording, the
child/adolescent/young adult was asked to wear only shorts (and females a top as well). This
may of course be inconvenient, but great efforts were made during the process to make
participants comfortable. After examination/filming, the families received individualized
advice from the pediatric physiotherapist and the pediatric neurologist.
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4 RESULTS AND DISCUSSION

4.1 STUDY I: GENOTYPE, PHENOTYPE, AND LONG-TERM DEVELOPMENT
IN BPTI

Study | was a prospective longitudinal follow-up case series of children with BPTI, with two
onsite follow-ups. Thirteen children with BPTI met the inclusion criteria of the study, but one
boy did not want to participate, and another boy was lost to the second follow-up. The first
follow-up included eight girls and four boys (mean age 4 years, SD 2 years and 5 months).
The mean age in the second follow-up was 13 years and 9 months, SD 2 years and 2 months.

The episodes of torticollis started at a median age of 2 months, and occurred at a median
frequency once monthly, and ended at a median age of 21 months, Table 4. The duration of
episodes was varying, and in 11 out of 12 children it was described as somewhere between 1
to 14 days. Our cohort resembles those of other children with BPTI previously reported
regarding age at onset, duration, and frequency of episodes, as well as the time when the
episodes resolve(32-34, 37). Eight of our 12 children were girls, and female dominance has
been reported previously(34).

Table 4. Clinical features of our 12 children with benign paroxysmal torticollis

Patient | Gender | Age Attacks | Duration | Age at Associated Involvement | Special
number | (F/M) at per of recovery | symptoms of tests,
onset | month | attack(d) alternating all
(mo) sides normal
1 F 2 0.5 4-7 18mo pallor, passive, | yes EEG, CT,
vomiting spinal
Xray, LP
2 M 8 1 <7 3y pallor, passive, | yes EEG, CT,
vomiting, spinal
ataxia Xray
3 F 1 1 7-10 12mo none no CT
4 F 12 1 3-7 2y vomiting, yes MRI, CT
irritability
motor function
impairment
5 F 1 0.3 7-21(28) | 2y pallor, passive, | yes CcT
vomiting,
photophobia
6 F 2 1 7 8mo none no -
7 M 19 0.5 1 4y vomiting, yes EEG, CT
ataxia, vertigo
8 F 2 1 10-14 18mo none no EEG
9 F 2 0.8 14 3y vomiting yes -
10 M 1 1 5-10 10mo none yes -
11 M 2 2 2-10 12mo vomiting yes -
12 F 5 2 5 2y none yes -

M =male, F =female, mo =months, d =days, y =years, EEG =electroencephalogram, LP =lumbar puncture,
CT =computer tomography of the brain, (-) indicates assessments not being performed. Slightly modified
from ref: DevMed 2018; 60:1251-1255, doi: 10.1111/dmcn.13939
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All motor assessments were normal in the first follow-up, and all children attended regular
school with no report of any motor problems at the second follow-up. Five children out of 11
had developed either migraine, cyclic vomiting, or abdominal migraine at the second follow-
up. All of them were reported to have rather mild symptoms, with no need of migraine-
specific drugs or prophylactic treatment. No one had developed paroxysmal tonic upgaze,
benign paroxysmal vertigo, paroxysmal dyskinesia, epilepsy, alternating hemiplegia, or
episodic ataxia. Five children had at least one first-degree relative with migraine, but there
was no family history of other paroxysmal disorders. Furthermore, no known mutations in
candidate genes were found.

Altogether, these results support that BPTI is a benign condition that does not lead to
neurological sequelae. Some findings though, need to be discussed more in detail and
compared with previous reports and our current knowledge of the condition.

4.1.1 Nature of episodes

Although BPTI was described in 1969, diagnostic criteria were first formulated in 2013 by
the International Headache Society, in the International Classification of Headache Disorders
3rd edition beta, ICHD-3 beta(32, 129). According to the ICHD-3 from 2018, BPTI is a
condition with recurrent attacks of head tilt, with at least one of the following associated
symptoms; pallor, irritability, malaise, vomiting, or ataxia(130). In our case series though,
five out of twelve children did not have any associated symptoms. Despite this, we consider
the BPTI diagnosis to be correct, since all suffered from recurrent episodes of torticollis, with
normal motor function between attacks, and unremarkable clinical workups. This lack of
associated symptoms has likewise been reported previously, indicating that such absence
does not exclude a BPTI diagnosis(32-34).

No ocular symptoms were described in our cohort, and that is somewhat surprising, since
they are often described as preceding a torticollis episode(14). One might speculate that
associated symptoms and ocular symptoms, might be predictors of a less benign course of
BPTI.

4.1.2 Family history

Together with benign paroxysmal vertigo (BPV), cyclic vomiting and abdominal migraine,
BPTI is a disorder referred to as an “episodic syndrome that may be associated with
migraine”(130). Individuals with these disorders are known to have a high prevalence of
migraine in their family history, and they are likely to either have, or to develop,
migraine(39). Furthermore, some individuals suffering from BPTI are later reported to
develop BPV, cyclic vomiting, or abdominal migraine(32, 37-39). These disorders, as well
as other ‘less benign’ paroxysmal disorders, have been described in the extended family, and
there is evidence of a common genetic etiology in some cases(23, 42). Episodic ataxia,
epilepsy, paroxysmal tonic upgaze, paroxysmal dyskinesia, alternating hemiplegia of
childhood, and hemiplegic migraine are examples of such disorders.

With this said, we expected to find a high prevalence of migraine, and perhaps other
paroxysmal disorders as well, in the family history of our children with BPTI. Indeed, five
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of the 11 children had at least one first-degree relative who suffered from migraine, whereof
one had hemiplegic migraine. Furthermore, one girl had a younger brother with BPTI. But
apart from that, no other paroxysmal disorder, such as the aforementioned episodic ataxia,
epilepsy, paroxysmal tonic upgaze, paroxysmal dyskinesia, alternating hemiplegia, and
hemiplegic migraine, was reported. One might speculate about what the absence of these
‘less benign’ paroxysmal disorders in the family history means to our cohort of children. It
may be possible that the outcome after BPTI is variable, and less benign in individuals with
a family history of paroxysmal disorders other than non-hemiplegic migraine.

4.1.3 Development of paroxysmal disorders

We expected the prevalence of migraine to be higher in our cohort of children, compared to
the general population. The prevalence of migraine is age-dependent and in adolescence
prevalence ranges between 3%-19%(131, 132). At the second follow-up, with a mean age of
13 years and 9 months, 3/11 children suffered from migraine and one from abdominal
migraine. Additionally, the child with abdominal migraine described transient symptoms
consistent with a diagnosis of cyclic vomiting. Finally, one child had recovered from
abdominal migraine. Children with migraine at the second follow-up reported mild
symptoms, with no need of migraine-specific drugs during attacks or prophylactic treatment.
These findings indicate that although migraines seem to appear more commonly after BPTI
than in the general population, this may be a mild variant.

4.1.4 Genetic findings

Mutations in CACNALA and PRRT2 have been described in BPTI(38, 40-43). There are
reports about families where several members harbor the same mutation; i.e. share a specific
genotype, but display different phenotypes, such as BPTI, BPV, episodic ataxia, paroxysmal
tonic upgaze, paroxysmal dyskinesia, hemiplegic migraine, or epilepsy(23, 42, 44, 133).
Hemiplegic migraine is known to be caused by autosomal dominant mutations in CACNA1A,
ATP1A2, SCN1A, and PRRT2. All these genes encode proteins that are involved in cell
signaling, and mutations in these genes are known to cause other paroxysmal disorders as
well. Consequently, we decided to analyze these four candidate genes in our BPTI
population.

However, we did not find any known mutations in tested candidate genes. In two girls,
however, variants of unclear clinical significance were found. In patient nol, a variant was
detected in the CACNALA gene (NM_023035) ¢.5176G>A (p.Val1726Met). In patient no12,
a variant in the ATP1A2 gene (NM_000702), c.2273G>C (p.Gly758Ala) was found, which
has earlier been described in hemiplegic migraine. This patient had a brother with BPTI and
a father with migraine, but they declined genetic testing. We believe that this variant may
have been disease-causing. Neither of these girls had migraine or other paroxysmal disorders
at the second follow-up.

Although mutations in CACNA1A and PRRT2 earlier have been described in BPTI, the
prevalence of such mutations in BPTI is not known(134). Shin et al. analyzed CACNA1A in
eight children with BPTI to address that question. Similar to our study, they did not find any
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mutations in their cohort. They speculated that mutations in CACNALA are more likely to be
found when there is a positive family history for other paroxysmal disorders than migraine,
and our findings support that hypothesis. In addition, a study from 2018 reported that the
presence of two or more different paroxysmal disorders in the family history was
significantly associated with a CACNALA mutation, in individuals with BPTI, BPV, or
benign tonic upgaze(135). It is likely, that the absence of a positive family history of ‘less
benign’ paroxysmal disorders in our cohort explains the lack of known mutations in candidate
genes.

4.1.5 Long-term development: motor function and cognitive abilities

Gross and fine motor delay have been reported in BPT], but since long-term follow-up studies
are lacking, it is not known whether this is persistent (34, 36). In a case report from 2009, 5
out of 10 children with BPTI had gross motor delay during the period with episodes of
torticollis(34). Similar results were reported in 2015, where two out of three children with
BPTI had mild gross motor delay(36).

Cognitive dysfunction has been reported in BPTI, but it is not known whether this is more
common than in the general population(135). In 2018, 22 individuals with BPTI were
assessed regarding cognitive function, some of them formally tested and some of them
evaluated via parents and medical records(135). No child fulfilled a diagnosis of intellectual
disability, although three were considered to have cognitive dysfunction. The definition of
cognitive dysfunction in this study was quite broad, including, for example, hyperactivity,
attention deficiency, and the need for extra support in school, and accordingly comparison
with the general population is not straightforward. Interestingly, two out of the three children
with cognitive dysfunction had mutations in CACNA1A(135). Such mutations are known to
be associated with cognitive impairment(136, 137). At the same time, two other children in
this study, without cognitive dysfunction, had mutations in CACNA1A(135).

In our present study, we did not formally assess motor development during the period of
recurrent torticollis, but three out of 12 were considered delayed by their parents and/or a
physiotherapist. At the first follow-up, however, all motor assessments were normal.
Furthermore, neurological examinations were normal in all children, except one child, who
was considered generally hypotonic. At the second follow-up, with a mean age of 13 years
and nine months (SD 2 years 2 months), no child had motor problems according to their
parents. Accordingly, our data indicate that motor delay, if present, does not persist. In
addition, all children attended regular school and no cognitive dysfunction was reported.

Our study contributes to the understanding of BPTI, and the findings indicate that BPTI is a
benign condition that does not lead to neurological sequelae. Although migraine seem to
develop more commonly than in the general population, there is a good chance that it is a
mild variant. However, our cohort did not include paroxysmal disorders in the family history
other than migraine, hemiplegic in one, and there was a lack of known mutations in candidate
genes. Furthermore, during the torticollis episodes, several children did not display
associated symptoms, and no one had ocular symptoms. In those cases, specifically if the
child later develops a more severe migraine or other paroxysmal disorders, we encourage
following the child and to consider genetic testing since the outcome may be less benign.
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4.1.6 Strengths and limitations

A strength of this study is its longitudinal follow-up of more than a decade, with only one
individual lost to the second follow-up. Moreover, different methods were used to answer
research questions, such as physical examinations by a pediatric neurologist, motor
assessments by a pediatric physiotherapist, evaluation of medical records and structured
interviews of the children and/or parents by a pediatric neurologist, and finally, genetic
testing of the children. There are some limitations of this study. First, no formal cognitive
testing was performed, and second, family members could not be assessed for the sequence
variant in ATP1A2. Another limitation is the relatively small number of children enrolled,
but that is due to the rareness of the disorder, and most other reports include even fewer
individuals.

4.2 STUDY II: RESPONSE TO DEEP BRAIN STIMULATION IN DYT-THAP1
DYSTONIA

This retrospective follow-up study was a case series of 14 individuals with DYT-THAP1-
dystonia, from 5 European centers (Stockholm, Sweden; Milan, Italy; Montpellier, France;
London, England; and Cologne, Germany), who had received pallidal deep brain stimulation
(GPi-DBS). At the time of surgery, the median age was 18 years (range 8-57 years), and the
median disease duration was 9 years (range 2—19 years). The median follow-up time after
surgery was 4 years and 10 months (range 7 months—16 years). Before surgery, all individuals
had generalized or segmental dystonia. Orolaryngeal dystonia causing speech impairment was
present in all individuals, and swallowing was affected in 6. Three had documented
musculoskeletal contractures, two in the neck and one in the feet.
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Figure 3. Spaghetti plot displaying 14 individuals with DYT-THAP1 dystonia, followed longitudinally after
deep brain stimulation and evaluated by BFM-M. Please note that only 10 years of follow-up are included. Ref: J.
Clin. Med. 2019, 8, 2163; doi:10.3390/jcm8122163

A positive effect was seen in all participants (Figure 3). The maximal effect was observed
after a median time of 10 months, and the improvement remained stable for most individuals.
The follow-up program differed between the five centers, but all participants were assessed
pre- and postoperatively with BFM-M and BFM-D (Figure 4).
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The BFM-M score was reduced from a median of 52.5 (IQR 35.8-62.0) before surgery to
18.5 (IQR14.4-37.3) at the last follow-up (p =0.001). The BFM-D score was reduced from a
median of 10.0 (IQR 8.3-14.5) before DBS to 7.0 (IQR 5.3-9.5) at the last follow-up (p
=0.006). Effect size at last follow-up was large, as assessed by the BFM-M (0.62) as well as

the BFM-D (0.52).
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Figure 4. Boxplots showing BFM-M/D raw score points, with whiskers from minimum to maximum
score. N = the number of individuals for whom data were available at each time-interval. (a) BFM-M
boxplots at baseline and during follow-up at three different time intervals. (b) BFM-D boxplots at baseline
and during follow-up at three different time intervals. BFM-M =Burke—Fahn—Marsden movement subscale,
BFM-D =Burke—Fahn—Marsden disability subscale. Ref: J. Clin. Med. 2019, 8, 2163;
doi:10.3390/jcm8122163

Side effects and complications were few. No intracranial bleedings or infections were
reported. A wound infection was reported in one individual and one individual was
successfully treated with corticosteroids due to edema around the lead tracks. Two
individuals needed intracerebral revisions, in one case due to progressive worsening of
symptoms, where two new electrodes were added, and in the other case due to rapid loss of
function where one electrode was replaced.

DBS was first introduced in 1987 and was initially used to treat tremor and Parkinson’s
disease, and later increasingly used in other conditions such as dystonia and obsessive-
compulsive disorders. During the past decade, outcome of pallidal DBS has been reported in
different variants of dystonia and our knowledge has increased regarding the likelihood of an
individual being a DBS-responder or not. The variable response to DBS is hypothesized to
have multiple reasons, not only the etiology and the phenotype of the dystonia, but also the
timing of the surgery, the anatomical placement of electrodes, and the stimulation parameters.

Although there are more than 20 years of experience with DBS in dystonia, it is still a
challenge to understand the variable responses to the treatment in different individuals and
there is a need to identify predictors for a good outcome after surgery. In the present study,
we aimed to explore whether DYT-THAP1 dystonia is a predictor for good surgical outcomes
and to what extent the timing of surgery correlates to the outcome. Furthermore, we have
examined to what extent orolaryngel dystonia in DYT-THAP1 dystonia responds to DBS.
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Based on the findings in this present study, some aspects explaining the variable effect in
dystonia reduction after DBS need to be discussed more in detail. Together with previous
knowledge regarding the effect of DBS in dystonia, these findings can guide clinicians in
selecting individuals appropriate for surgery. Furthermore, some thoughts regarding possible
new targets for DBS in DYT-THAP1 dystonia will be presented.

4.2.1 Aspects of genotype

In this study, we could demonstrate a good effect after GPi-DBS in individuals with dystonia
caused by mutations in the THAP1-gene. Furthermore, the effect remained stable during a
median follow-up time of about five years. It has already been described that at least some of
the variable response to DBS in individuals with dystonia can be explained by genetic
etiology(138-140). Extensive data exist on the outcome of DBS in DYT-TOR1A dystonia,
which is often described as remarkably good and long-lasting(52, 54, 141). As an example, a
long-term follow-up study including 47 individuals with DYT-TORZ1A dystonia, showed that
dystonia severity was reduced by an average of about 80% two years after DBS and in some
patients, the effect remained stable during follow-up for up to 8 years(142). Other monogenic
dystonia with reported good outcomes after DBS include DYT-KMT2B, DYT-SGCE, Lesh-
Nyhan syndrome, and dystonia caused by GNAO1-gene mutations, whereas individuals with
DYT-ATP1A3 dystonia or individuals with Glutaric aciduria type 1 do not seem to respond to
the treatment at all(143-146).

Before the present study, only case reports or small case series mostly including 2-4
individuals with DYT-THAP1 dystonia and DBS treatment had been reported, and the
scientific evidence to support DBS was scarce(49, 55-57). In 2015, however, a study reported
results from 9 individuals with DYT-TORZ1A dystonia and 8 with DYT-THAP1 dystonia, with
a post-operative follow-up between 22 and 92 months, showing similar long-term
improvement of BFM-M in DYT-TOR1A and DYT-THAP1 mutation carriers (—44% and
—42% respectively)(54). Despite this, the outcome after DBS in DYT-THAPL1 dystonia has
been considered less beneficial compared to the case of DYT-TOR1A dystonia and some
researchers have suggested genetic testing before decision making, and the findingofaDYT-
THAP1 mutation could serve as an argument against surgery due to its lower probability of
success(52, 54). Our present study, however, confirms that DBS is a safe and efficient
treatment option for individuals with DYT-THAP1 dystonia. We agree that comprehensive
genetic testing should be performed preoperatively. According to our findings, carriers of
THAP1-mutations would then be considered well-suited for surgery.

4.2.2 Aspects of phenotype

In this study, all individuals had DYT-THAP1 dystonia, which is a disorder where dystonia
is the only symptom; namely isolated dystonia. Individuals with isolated dystonia typically
have a better outcome after DBS compared to individuals with dystonia combined with other
neurological symptoms or individuals with lesions visible on an MRI scan of the brain(29,
80, 81). As an example, one review article with data from 76 children with different variants
of dystonia, has shown that the overall improvement after DBS was 43.8 +/—31% (mean
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+/-SD) when assessed by the BFM-M, but the likelihood of an improvement of more than 50%
was higher in isolated dystonia (56%) compared to other dystonia variants (21%)(29).
Similarly, a meta-analysis of DBS in pediatric dystonia showed a median improvement in
BFM-M of 76% in inherited isolated dystonia (n =111), 26% improvement in inherited
dystonia with degeneration or structural lesions (n =50), and 11% improvement in acquired
dystonia (n =59)(81). Our study was in line with earlier findings, regarding good clinical
outcomes in isolated dystonia after GPi-DBS, with a 58% median reduction of dystonia when
assessed with BFM-M at the last follow-up after a median time of about 5 years.

Individuals with DYT-THAP1 dystonia typically have prominent orolaryngeal and
craniocervical dystonia. The anatomical distribution of the dystonia is an important
phenotypic aspect that may influence the outcome after DBS. A poor effect of DBS on
orolaryngeal dystonia, causing problems with speech and swallowing, has been shown in
DYT-THAP-1 dystonia as well as in KMT2B dystonia(49, 55, 57, 143). Our study could
confirm those findings, since only 4 out of 14 individuals had some improvement of speech
and swallowing. Overall, the dystonia reduction was more obvious in the trunk and limbs,
compared to the orolaryngeal and craniocervical regions.

4.2.3 Aspects of location of leads and stimulation parameters

In this study, all individuals were treated with pallidal deep brain stimulation (GPi-DBS).
This anatomical target is by far the most commonly-used one when treating dystonia, even
though there are some reports regarding stimulation of the subthalamic nucleus (STN) or of
the ventralis intermediate nucleus (VIM) of the thalamus(29, 146-150). Due to the limited
number of cases, comparison between effect is not straightforward. It is possible, however,
that some individuals with dystonia would benefit more from other anatomical DBS targets
than GPi. To address this, it is possible to compare different targets intraoperatively, or as
recently suggested, during a whole week in an inpatient Neuromodulation Monitoring Unit,
with electrodes at multiple possible targets in the basal ganglia and thalamus(151).

Recently, VIM-DBS was reported to be successful in the treatment of laryngeal dystonia,
which is interesting due to contradictory reports regarding the effect of GPi-DBS on such
dystonia(152). Another study has shown a similar effect in DYT-THAP1 dystonia, where a
dramatic response on laryngeal dystonia was reported after VIM-DBS, where GPi-DBS had
failed(153). There is some evidence that the target thalamus could be used to treat
orolaryngeal dystonia regardless of etiology(152, 154). It would be interesting in future
studies to examine the VIM target for DYT-THAPL patients with severe orolaryngeal
dystonia.

In our study, stimulation parameters were chosen according to the local traditions at each
center. Stimulation parameters at last follow-up were reported for 13 out of 14 individuals,
and were as follows; 8 patients had stimulation frequency of 130 Hz, 2 had 180 Hz and the
three remaining had 100-125 Hz. The choice of stimulation parameters is known to affect
DBS outcome, but that was not examined in our study(146).
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4.2.4 Aspects of timing of surgery

In this study, there was no correlation between age at surgery, disease duration before
surgery, or disease burden at the time of surgery and the effect of DBS. In our study,
individuals with preoperative contractures were all responders to the DBS, with 68%, 78%,
and 46% reductions of dystonia at last follow-up, respectively, as assessed by the BFM-M
score. The timing of DBS has been evaluated before in several reports and review articles
and positive predictive factors, such as a shorter preoperative duration of dystonia, a shorter
proportion of life with disease, a younger age at surgery and no fixed preoperative skeleton
contractures, has been proposed(77, 146, 155, 156).

Our limited number of patients does not allow for definitive conclusions regarding possible
outcome predictors for timing of DBS surgery, but nevertheless, the data support offering
pallidal DBS to all individuals with pharmaco-resistant DYT-THAPL dystonia, regardless of
age, disease duration, or the presence of fixed deformities. However, due to the rapid and long-
lasting effect of DBS treatment, intervention should be considered early in children and young
adults, to prevent unnecessary morbidity. Another reason to consider DBS early in the disease
course, is that DBS might have a long-term neuroprotective effect. In studies of individuals
with Parkinson’s disease, it has been hypothesized that DBS might slow the degeneration of
dopaminergic neurons in the Substantia nigra, and furthermore, in some Parkinsonian rat
models, STN-DBS has been shown to increase the survival of dopamine neurons in the
Substantia nigra pars compacta(79).

4.2.5 Strengths and limitations

A strength of this study was the international collaboration, with centers from five European
countries (Stockholm, London, Montpellier, Cologne, and Milan) participating. Together the
co-authors of this study had a broad clinical experience and deep preclinical knowledge, since
there were neurosurgeons, pediatric neurologists, neurologists, and geneticists contributing
to the study. There are several limitations of this study, however. Due to the rareness of the
DYT-THAPL dystonia disorder, there was a limited number of included individuals. Another
obvious limitation of this study is that it is a case series, without a control group, and as such
it yields a low level of evidence regarding treatment effect compared to a randomized
controlled study.

Risk of confounding bias: It is possible that the participants improved for other reasons than
the GPi-DBS. First, a spontaneous improvement (regression towards the mean) is possible,
but is not likely, due to our knowledge about the natural course of DYT-THAPL dystonia.
Second, changes in the pharmacological treatment could theoretically lead to improvement.
We did not systematically check changes in the treatment during the follow-up, but all
participants had received multiple pharmacological treatments before the DBS, without a
significant or long-lasting effect. Third, improvements may be caused by a placebo effect. A
placebo effect is common after a surgical procedure, but the effect often diminishes over
time. Our follow-up was very long (median time of 5 years, range 7 months to 16 years),
supporting our conclusions of the effects after DBS. The fact that all individuals were
evaluated with a dystonia rating scale would also reduce the risk of a placebo effect, even
though the rater was not blinded.
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Risk of selection bias: The five contributing centers included all known individuals with
DYT-THAP1 dystonia with a follow-up of more than 6 months. Nonetheless, there is still a
risk of selection bias that may affect the possibility of generalizing our findings to the entire
population of individuals with DYT-THAPL1 dystonia. It is possible that some individuals
were considered unsuitable for treatment in the first place, and therefore not offered the DBS
surgery. Individuals with a severe clinical picture with a long proportion of life with dystonia,
or individuals with a poor socioeconomic status might have been considered less suitable.
Another aspect that may lead to selection bias in our study, is that the pathogenicity of the
THAP1-variants was not systematically confirmed through functional analysis. There is a
possibility that some of the participants did have a rather benign sequence variant in the
THAP-1 gene. Our research group, with senior geneticists and neurologists participating,
discussed each participant thoroughly. Specifically, patients no 1, 4, 6 and 8 were discussed,
due to less-available genetic information. When clinical data regarding phenotype, family
history, and genetic findings were summarized, a diagnosis of DYT-THAPL1 dystonia for
each participant was considered appropriate by the research group.

Risk of information bias: In this study there is a risk for some information bias. First, there is
the risk of misclassification. Each participant was rated with BFM by a clinician, which may
lead to an observer bias (were the clinicians familiar enough with BFM? did they have
preconceived notions?). Since the clinicians who rated the participants were working in a
center where BFM is a common evaluation tool, they probably were familiar with the BFM.
A serious disadvantage however, was that the rater was not blinded. Second, a lack of
accurate measurement keys may lead to information bias. In this study, the only outcome
measure was BFM-M and BFM-D. No evaluations regarding quality of life or participation
were performed, and dystonia reduction does not necessarily lead to a higher quality of life
or a higher degree of participation(157). Third, there is the risk of recall bias. In any
retrospective study, there is a risk of recall bias. That risk is quite low in our study however,
since the information was gathered from medical records. Furthermore, we had a well-
defined protocol for data collection from medical records. All participating center had their
own follow-up procedures, however, and during data analysis this needed to be considered.

4.3 STUDY Ill: RELIABILITY AND VALIDITY OF THE DIS IN INHERITED
DYSTONIA

Study Il was an instrument evaluation, a cross-sectional, two-center study of the DIS in
inherited or idiopathic dystonia. Eleven males and 9 females with inherited or idiopathic
dystonia from Stockholm, Sweden (n =14) and Leuven, Belgium (n =6), with a median age of
16 years and 7 months, range 6 to 24 years, were included in the study. All completed a first
visit, and 19 were assessed at a second visit within a time frame ranging from a minimum of 2
hours to maximum of 2 days between visits. One girl was not invited to the second visit, since
the investigators considered her to be uncomfortable during the first visit.

Inter-rater reliability: The DIS, the DIS-D, and the DIS-CA showed moderate-to-good inter-
rater reliability, with ICC values of 0.83, 0.87, and 0.71 respectively. For the body regions, the
inter-rater reliability was lower, ranging from poor to moderate/good, with ICC values ranging
between 0.10-0.80, with most values between 0.6 and 0.7.
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Test-retest reliability: The DIS, the DIS-D, and the DIS-CA showed good-to-excellent test—
retest reliability with ICC values of 0.95, 0.88, and 0.93 respectively. For the body regions,
ICC-values were lower, comparable with the inter-rater reliability, ranging from poor to good.
The SEM and MDD for the DIS were 3.98% and 11.04%. For the DIS-D, 8.16% and 22.61%
and for the DIS-CA, 3.80% and 10.54%, respectively.

Concurrent validity: The Spearman correlation coefficient between the DIS-D and BFM-M
was 0.88 (p < 0.01).

Altogether, these results indicates that the DIS might be a valuable assessment tool for
evaluation of dystonia and choreoathetosis in inherited and idiopathic dystonia conditions,
but some findings need to be discussed more thoroughly.

4.3.1 Inter-rater reliability

In our population with inherited/idiopathic dystonia, inter-rater reliability was moderate-to-
good for the DIS, the DIS-D, and DIS-CA. To interpret this more thoroughly and to put it in
context, we can compare these results with previous publications regarding the DIS in the
dyskinetic CP population. Another possibility is to compare the results from the DIS-D with
reliability studies on other dystonia rating scales, such as the BFM-M, UDRS, Movement
Disorder Childhood-Rating Scale or the BADS.

4.3.1.1 Comparison with inter-rater reliability for the DIS in dyskinetic CP

In 2012, in the original publication of the DIS (n =25), inter-rater reliability for two
independent raters was shown to be excellent for the DIS and the two subscales(88).
Regarding body regions, moderate-to-good inter-rater reliability was found for most regions,
although some were lower/higher. In the dystonia subscale, ICC-values for body regions and
total values were generally lower during action than in rest. In the choreoathetosis subscale,
there was no difference in ICC-values for body regions in action nor in rest.

In 2013, inter-rater reliability among raters who were unexperienced in the assessment of
dystonia and choreoathetosis, but specifically trained in the DIS, was examined(158). Inter-
rater reliability was examined for two junior physiotherapists and was found to be good for
the DIS and the two subscales (n =25). For three senior physiotherapists, inter-rater reliability
was moderate-to-excellent for the DIS and the two subscales. Regarding body regions, all
physiotherapists had inter-rater reliability ICC values mostly ranging from poor-to-moderate,
with some higher values between good and excellent.

DIS: In Study I, inter-rater reliability for the DIS was good, whereas it was good-to-
excellent in studies regarding dyskinetic CP(88, 158). This indicates that the DIS may be as
reliable for assessing dystonia/choreoathetosis in inherited/idiopathic dystonia as in
dyskinetic CP.
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DIS-D: In Study I, inter-rater reliability for the DIS-D was good, whereas it was moderate-
to-excellent in studies regarding dyskinetic CP(88, 158). Body regions assessed during rest
had lower inter-rater reliability in our present study compared to the original publication of
the DIS, but higher inter-rater reliability compared to what was found in the study with
inexperienced raters. Body regions assessed during action had similar inter-rater reliability
compared to the original publication. This indicates that the DIS-D may be as reliable for
evaluating dystonia in inherited/idiopathic dystonia as in dyskinetic CP.

DIS-CA: In Study Ill, inter-rater reliability for the DIS-CA was moderate, which was lower
compared to previous publications in the case of dyskinetic CP(88, 158). In dyskinetic CP,
the DIS-CA, as well as the body regions in the choreoathetosis subscale, had higher inter-
rater reliability compared to the dystonia subscale, whereas our study showed the opposite.
In the original article of the DIS, they speculated that the reason behind higher ICC-values
for choreoathetosis, was that choreoathetosis is easier to recognize compared to dystonia due
to “the lack of sustained postures in choreoathetosis and the more identifiable nature of
choreoathetosis”(88).

In-depth analysis of raw data from our study was performed to understand the low inter-rater
ICC values in the DIS-CA compared to the DIS-D. In a first step, absolute percentage
agreement among the three raters was analyzed, but no obvious pattern could be found
explaining low ICC-values. In a second step, variability of raw scores was analyzed, since
low variability among raw scores is known to cause lower ICC-values(115). Here, differences
were found between the two subscales. About half of the individuals in this study did not
have choreoathetosis in action items, and accordingly scored “0” on many test items.
Dystonia, on the other hand, was present in most individuals in action as well as in rest,
leading to a higher variability in raw scores. Hence, this low variability in raw scores in the
DIS-CA (and not disagreement among the raters) may at least partly explain the overall lower
inter-rater reliability. This indicates that it is possible that the DIS-CA is as reliable in
inherited and idiopathic dystonia as in dyskinetic CP, but future research is warranted with
more individuals who have choreoathetosis.

Additional comments on the DIS-D during action: When analyzing variability of raw scores,
it was obvious that for some actions (the eyes, neck, arm right distal, leg right distal) more
than half of the subjects scored a “4” for dystonia, i.e., dystonia was present almost all of the
time in a maximal range of motion in these body regions during action. This can probably
explain lower ICC-values for these test items. Poor ICC-values were also seen in the trunk
during action. Trunk was perceived difficult to score by the three raters, and disagreement
among the raters was clearly an explanation for the low ICC values. In depth analysis of raw
data showed that half of the study participants were unable to perform the trunk actions.
Accordingly, the ICC values for trunk during action must be interpreted with caution.
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4.3.1.2 Comparison with inter-rater reliability for other dystonia rating scales

The BFM-M was evaluated regarding inter-rater reliability by the developers in 1985, but only
for the total score, and not the body regions(86). Here, ten patients with dystonia were evaluated
by three raters, and the Spearman correlation coefficient was calculated, and ranged between
0.85and 0.96.

The BADS was evaluated regarding inter-rater reliability by the developers in 1999, and here
ten patients were evaluated by 13 raters(87). They reported that the ICC for the total score was
0.87, whereas for body regions the ICC ranged between 0.06 and 0.71, with a mean value of
0.42.

In 2003, Comella et al. evaluated inter-rater reliability for the BFM-M, the UDRS and the
GDS(85). The reliability coefficient ICC was used for total scores, and the Kendall’s
coefficient of concordance and generalized weighted kappa was used for body regions(85).
103 patients with isolated dystonia were evaluated by 25 raters, but each rater only evaluated
a subset of patients. In this study, similar results were obtained for all three scales. The ICC
for the total score ranged between 0.71-0.78. Regarding body regions, the Kendall’s
coefficient of concordance ranged between 0.52-0.87, with most values between 0.6 and 0.7,
and generalized weighted kappa ranged between 0.37-0.90, with most values between 0.7 and
0.8.

In 2010, Monbaliu et al. evaluated inter-rater reliability for the BFM-M, the BADS, and the
UDRS in a population of children and young adults with dyskinetic CP(91). Ten individuals
were assessed by three raters each. The ICC for total scores were 0.86, 0.87 and 0.79
respectively. ICC values for body regions were lower, ranging between 0.62-0.86, 0.39-0.76,
and 0.37-0.78 respectively.

In conclusion, compared to these other dystonia assessment scales, the DIS has similar inter-
rater reliability in the population of individuals with inherited and idiopathic dystonia, for total
scores as well as for body regions. Overall, lower inter-rater reliability was seen for body
regions compared to total scores in our study of DIS in inherited and idiopathic dystonia, as
well as in the above-mentioned studies evaluating different dystonia rating scales.

4.3.2 Test-retest reliability

Good-to-excellent test-retest reliability was found for DIS, DIS-D and DIS-CA, with ICC-
values of 0.95, 0.88 and 0.93 respectively. This is in line with previous studies in the
dyskinetic CP population, confirming that the DIS produces stable results over time and can
be used for repeated assessments(159). A high test-retest reliability indicates a high intra-
rater reliability, although that was not analyzed in this study. The SEM and MDD values for
the DIS were 3.98% and 11.04%, respectively. This means that a score difference of 11% is
a true change, and not due to measurement error. For DIS-D, the SEM and MDD were 8.16%
and 22.61%, respectively, which is similar to previous reports regarding the BFM-M scale
(SEM 9.88% and MDD 27.39%)(91).
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4.3.3 Concurrent validity

Today, most children with inherited/idiopathic dystonia participating in intervention studies
are evaluated with the BFM-M/D dystonia rating scale(86). In the present study, concurrent
validity for the DIS-D, when compared with the gold standard BFM-M, was 0.88 when
assessed with the Spearmen correlation coefficient. For dyskinetic CP, similar results have
been reported, concurrent validity for the dystonia subscale was 0.84 as assessed by the
Pearson correlation coefficient and BADS used as a gold standard(87, 88). This indicates that
DIS-D, as well as BFM-M, can be used in intervention studies for this population.

4.3.4 Advantages and disadvantages of the DIS

The DIS is a comprehensive assessment scale for dystonia and choreoathetosis designed for
children and young adults with dyskinetic cerebral palsy. When the scale was developed,
recommendations from the Taskforce on Childhood Movement Disorders regarding
important components of assessment were considered. Accordingly, the DIS was designed
to assess the duration/amplitude of dystonia/choreoathetosis, in action/rest separately, in
multiple body regions (distinction between proximal and distal extremities) on a 5-point
rating scale. This enables evaluation of dystonia and choreoathetosis according to their
dominant features and in the context in which they occur.

One advantage of the DIS is that different outcome measures may be chosen, depending on
your clinical situation or your research question. The total DIS outcome measure and the
outcome measures for the two subscales, DIS-D and DIS-CA, are probably useful in all
settings. With these outcomes, it is possible to calculate a ratio of dystonia and
choreoathetosis in specific disorders, and thereby increase our knowledge regarding rare
disorders. In intervention studies, it will be possible to examine the effect of these movement
disorders separately. Furthermore, it may be possible to link DIS assessments with other
findings, such as brain lesions in basal ganglia/cerebellum/cortex cerebri, thereby learning
more about the pathophysiology behind these movement disorders. Several other outcome
measures may be interesting, such as dystonia during action and rest, making it possible to
describe the dystonia burden during rest and action separately.

Another advantage with the DIS is that each outcome measure of the DIS corresponds to
impairment only. Dystonia and choreoathetosis represent impairments (corresponding to the
ICF domain body function and structures), which interferes with activities and the child’s
ability to participate in different life situations(160). The aim with the DIS is to measure
impairment, and not activity limitation or participation restriction. Most other dystonia rating
scales, aiming to assess impairment, such as the BFM-M and BADS, have total scores, and
scores from body regions, that are combinations of impairment and activity limitation. As an
example from the BFM-M, when scoring the severity factor for leg dystonia, you consider
whether assistance is needed for walking, or whether walking is impossible due to dystonia.
The DIS assesses the presence and severity of dystonia and choreoathetosis in rest and in action,
but if an individual has an activity limitation and cannot perform an action, that item is excluded
from the assessment. When actions are excluded in the assessment, the maximum raw score of
the DIS is reduced. Therefore, the result of the DIS is mostly presented as a percentage score,
where only rest postures and actions performed by the individual are included. Accordingly,
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only impairment is assessed in the DIS. In intervention studies, aiming to reduce the amount
of dystonia/choreoathetosis, and perhaps also aiming to improve function or quality of life,
other assessment scales must be used as a complement to the DIS.

Due to the above-mentioned advantages, our research group aimed to examine whether the
DIS could produce reliable and valid outcome measures in a population with inherited or
idiopathic dystonia. Our study showed good-to-excellent inter-rater reliability, test-retest
reliability and concurrent validity for the DIS and the DIS-D, and moderate-to-excellent
inter-rater reliability and test-retest reliability for the DIS-CA. Accordingly, we concluded
that the DIS might be a promising tool for evaluating dystonia and choreoathetosis in
inherited and idiopathic dystonia.

In the paragraphs above, advantages of the DIS have been highlighted. Furthermore, the
possibility to use the scale in a population outside the one it was developed for has been
discussed. However, the DIS has some disadvantages as well. First, the DIS is
comprehensive, and therefore time-consuming to administer and to score. Due to this, the
DIS is often disregarded in a clinical setting. Another obvious disadvantage of the DIS is that
comparison of DIS scores (the outcome measure) is not straightforward. When comparing the
sum of raw scores, or percentage scores, you need to consider the number of actions
performed/not performed. The outcome measure of the DIS is relative to the number of actions
being performed. To address these two problems, effort is currently being made to create a
shorter, more clinically useful, version of the DIS, where the outcome measure is absolute,
and not relative, thereby enabling comparison (Study V).

4.3.5 Strengths and limitations

A strength of this study is the collaboration between KU Leuven and Karolinska Institutet,
enabling inclusion of 20 individuals with rare disorders. Another strength is that three raters
videotaped, examined, and interviewed all participants, and scored all videos in a time frame
of four weeks. Furthermore, the raters had completed a DIS instructional course in Belgium
and had broad clinical experience in dystonia and choreoathetosis. The study design allowed
us to evaluate inter-rater reliability, test-retest reliability, and concurrent validity. Our
findings indicate that the DIS might be a promising tool to evaluate dystonia and
choreoathetosis in individuals with inherited or idiopathic dystonia.

However, a limitation of the study was that content or construct validity of the DIS in
inherited or idiopathic dystonia was not examined. It is possible that the content and construct
of the DIS is more suitable for some dystonia populations. As an example, actions included
in the DIS are chosen to suit non-ambulatory individuals, since dyskinetic CP is known to
cause severe motor problems. Standing and rolling are included in the DIS, whereas walking
Is not. It is possible that a higher proportion of individuals with isolated dystonia is ambulant,
compared to individuals with dyskinetic CP or individuals with metabolic causes of dystonia.
For individuals with a higher level of functioning, it might be advantageous to be able to
assess the presence of dystonia during walking or other more complicated actions. It is
possible, that although the DIS showed good psychometric properties in this study,
individuals with isolated dystonia are better assessed using other scales.
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Another limitation of this study is that the participants are heterogenous. It is possible, that if
individuals with a more similar phenotype had been assessed separately, the inter-rater
reliability and test-retest reliability would differ between the groups. It could have been
possible to analyze individuals with isolated dystonia, and individuals with a mixed
phenotype separately. One might speculate that individuals with isolated dystonia are easier
to score, due to absence of choreoathetosis/spasticity. This would lead to higher ICC values
in that group compared to individuals with a mixed phenotype. When generalizing the
findings from this study to the population of children and young adults with inherited and
idiopathic dystonia, this must be kept in mind. Due to the rareness of these disorders,
however, we chose to analyze isolated and mixed phenotypes together.

Finally, another limitation of this study is its small sample size. Initially, we aimed at
including 25 individuals, since the original DIS publication in dyskinetic CP had 25
participants. Due to the rarity of these disorders, inclusion of individuals was not easy, and
based on power calculations (see method section) we chose to include only 20 individuals.
However, individuals with severe dystonia are not able to perform all action items in the DIS,
and when analyzing data, it was clear that trunk actions were performed by approximately
only half of the participants. With more individuals included, more accurate results might
have been found for those action items. Accordingly, further research with more participants
might be warranted.

4.4 STUDY IV: THE DIS-Il: DEVELOPMENT, CONSTRUCT VALIDITY, AND
RELIABILITY

In Study IV, a cross-sectional, two-center study, the DIS-1I was developed, and construct
validity and reliability (internal consistency) were evaluated using Rasch measurement model
analysis.

4.4.1 Development of the DIS-II

A preliminary DIS-11 was developed by the research team during iterative discussions. Results
from an online whole-day advisory expert meeting, clinical aspects, utility of the scale, scoring
feasibility, and previous existing psychometric properties regarding the original DIS were
considered during these discussions.

4.4.1.1 Advisory expert meeting

It was obvious that the attending experts were in favor of shortening the DIS. In the original
DIS, 12 body regions are scored, and 69% of the attendees wanted to reduce that number.
Furthermore, each body region is assessed in rest and in two actions, and 87% of the attendees
wanted to delete one of those two actions. Finally, 93% wanted to reduce the number of scale
steps in the rating scale, the original DIS being a 5-step scale.
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4.4.1.2 Discussions in the research team

First, the number of body regions were reduced from 12 to 11. In the expert meeting, there was
no obvious agreement for which body region should be removed. Based on the high number of
individuals unable to perform trunk actions, and the previously reported low inter-rater
reliability values, the research team decided to delete the trunk region(158, 161). Second, the
number of actions were reduced from two to one per body region, Table 5. Here, the advisory
expert group could guide the research group in the decisions, since there was a consensus
regarding which action to remove for most body regions. As a result, the number of videos to
record was reduced from 26 to 14 and the number of items to score was reduced from 144 to
88.

Table 5. Original Dyskinesia Impairment Scale versus Dyskinesia Impairment Scale-I1

Body Original DIS DIS-II
region
Action Rest Action Rest
Eyes Eye tracking Eyes in sitting Eye blinking Eyes in sitting
Eye blinking
Mouth Mouth open/close Mouth in sitting Speech Mouth in sitting
Speech
Neck Lateroflexion Neck in sitting Rotation Neck in sitting
Rotation
Trunk Active sitting Trunk in sitting Trunk not included in
Forward flexion DIS-II
Arm Arm abduction Arm proximal in Grasp/reach a pen Arm proximal in sitting
proximal Grasp/reach a pen sitting (supine)
(supine)
Arm distal Grasp/move a cup Arm distal in Grasp/move a cup Arm distal in sitting
Grasp/move a pen sitting
Leg Rolling Legs proximal in Rolling Legs proximal in lying
proximal Standing lying
Leg distal Rolling Legs distal in lying | Heel/toe tapping Legs distal in lying
Heel/toe tapping
Rating 0=noD/CA 0=noD/CA 0=no D/CA
scale for 1=<10% D/CA 1=<50% D/CA 1=<50% D/CA
amplitude 2 =2>10-<50% D/CA 2 =2>50 D/CA 2 =2>50D/C
and 3 =2>50-<90% D/CA 3 = action not
duration 4 =2>90% D/CA performed
/ = action not performed

DIS =Dyskinesia Impairment Scale, D/CA =dystonia/choreoathetosis

The last step in the development of DIS-1I was the rating scale. In the original DIS, the
amplitude/duration of dystonia/choreoathetosis are assessed on a 5-step scoring scale, where 0
indicates no dystonia/choreoathetosis, and 4 indicates that dystonia/choreoathetosis is present
>90% of the range of motion or of the time. Each body region is assessed during rest and action.
Actions participants were note able to perform are deleted in the assessment (scored as a “/”),
and the DIS result is expressed as a percentage score of items performed. To compare results,
information regarding actions/rest postures being performed or not is needed.
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When creating the DIS-II, the purpose was to make it shorter but also to make comparison
easier. Consequently, the research team decided to include “not being able to perform/not
done” in the rating scale for action items. From a clinical point of view, the research team
identified two rating scale options. The first option had 4 steps for rest items and 5 steps for
action items, whereas the second option had 3 steps for rest items and 4 steps for action items.
Rasch measurement model analysis was used to select the most appropriate rating scale option.

4.4.2 Rasch analysis of the DIS-I1

4.4.2.1 Rating scale functioning

First, the Rasch measurement model analysis was used to select the most appropriate rating
scale option. The two rating scale options were analyzed separately. When comparing summary
statistics, person reliability was 0.97 for both options, and item reliability 0.97 for the first
option and 0.96 for the second option, i.e. almost identical for both options. When analyzing
rating scale functioning though, obvious differences in favor for the second rating scale option
were found, i.e, a rating scale with 3 steps for rest items and 4 steps for action items.

First, visual inspection of distinct peaks for each category was not possible with the first rating
scale option, whereas distinct peaks were identified with the second rating scale option. Second,
item step calibration was inconsistent in 16 out of 88 items with the first rating scale option
(the thresholds were disordered), whereas in only 2 items with the second rating scale option.
Therefore, the 3/4 step rating scale option was chosen for the DIS-I11, and all further analyses
are based on that option (Table 5).

4.4.2.2 Unidimensionality

Secondly, unidimensionality of the DIS-II was investigated with item point-measure
correlations, fit statistics, and principal component analysis (PCA) of standardized residuals
(Table 6).

Item point-measure correlations were all positive and ranged between 0.16-0.75, supporting
unidimensionality.

Fit statistics for item showed >95% fit to the model in DIS-11 and DIS-11-D/DIS-11-CA, hence
evidence of goodness of fit to the model and unidimensionality. Only two test items were misfit
in DIS-I1, amplitude, and duration of choreoathetosis in the eye region during action.

Principal component analysis (PCA) of standardized residuals also supported
unidimensionality (Table 6). PCA of the DIS-1I showed a 45.1% variance explained by
measures and 9.0% unexplained variance in the first contrast. For the DIS-I1-D and DIS-11-CA,
variance explained by measure was 49.6% and 41.1%, respectively, with 8.1% and 12.6%
variance in the first contrast. An unexplained variance in the first contrast of 5%-10% was
considered good, and 10%-15% was considered fair; i.e. good for DIS-1I and DIS-1I-D, and
fair for DIS-1I-CA.
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Examination of the PCA factor plot explained the relatively high unexplained variance in the
first contrast for DIS-11, DIS-11-D and DIS-11-CA. It was clear that a second dimension was
action and rest, which was expected, since dystonia and choreoathetosis behaves differently
during rest/action, and accordingly are assessed in both contexts. In DIS-II, a third dimension,
dystonia and choreoathetosis was visible, which was not unexpected, since these movement
disorders are defined differently. Therefore, the unexplained variance was not considered a
problem.

4.4.2.3 Targeting

Targeting for DIS-I1 was investigated through visual inspection of the person—item bar chart,
which showed a good spread of item difficulties covering all person abilities. Floor and ceiling
effects were absent. Additionally, the difference between person measure mean and item
measure mean in DIS-11, and DIS-1I-D were —0,26 and 0.31 respectively, indicating good
targeting. For DIS-11-CA, the person measure mean was —0,82 though, indicating that there
might be an insufficient number of items covering persons with little choreoathetosis. This is
explained by the fact that choreoathetosis was absent/almost absent in some individuals, and
for those the DIS-11-CA is not suitable.

4.4.2.4 Internal consistency

Internal consistency, as assessed by item and person reliability and person strata, was excellent
for the DIS-11 and the two subscales DIS-11-D/CA, (Table 6). For DIS-II, person strata was
8.03, indicating that the scale can separate individuals into eight distinct ability levels.

Table 6. Rasch analysis results for the DIS-II, DIS-11-D and DIS-11-CA

DIS-II DIS-II-D DIS-1I-CA
Principal component analysis
Variance explained by measures (%) 45.1 49.6 41.1
Unexplained variance in the first contrast (%) 9.0 8.1 12.6
Person
Measure mean (SD) -0.26 (1.06) 0.31(1.46) -0.82 (1.18)
Measure range -4,13-2.41 -4.24-4.72 -6.10-1.70
Mean standard error 0.16 0.26 0.25
Reliability 0.97 0.96 0.93
Separation index 5.77 4.63 3.6
Strata 8.03 6.5 5.13
Item
Measure mean (SD) 0.00 (0.73) 0.00 (0.56) 0.00 (0.53)
Measure range -1.76-1.36 -1.31-1.24 -0.97-1.11
Mean standard error 0.13 0.15 0.14
Reliability 0.96 0.92 0.92
Separation index 5.06 3.42 3.46

DIS-Il =Dyskinesia Impairment Scale-11, DIS-11-D =Dyskinesia Impairment Scale-11 dystonia subscale, DIS-
11-CA =Dyskinesia Impairment Scale-I1 choreoathetosis subscale, SD =standard deviation
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4.4.3 Advantages and disadvantages of the DIS-11

The main objective of this study was to shorten the original DIS to make it more attractive
for use in both research and clinic. In DIS-II, the number of videos to record was reduced
from 26 to 14, and the number of items to score was reduced from 144 to 88. Furthermore,
the rating scale has been simplified, since the number of scoring scale steps have been
reduced from 5 in the original DIS, to 3 for rest items and 4 for action items. Altogether this
reduces the maximum score from 576 to 220 points. Another objective was to make a
comparison over time or between individuals easier. By including “not being able to
perform/not done” in the rating scale for action items, the outcome measure of the DIS-I1 is
absolute, and not relative as in the original DIS, thereby enabling comparison.

An important advantage with the DIS-II is that, in addition to a raw score, the outcome
measure may be presented as a logit measure. Logit measures are superior to raw scores, since
logit measures are interval data, whereas raw scores are ordinal data. With the Rasch
measurement model analysis, conversion tables for raw scores to logit measures have been
created for the DIS-II, DIS-I1-D, and DIS-II-CA. It is possible to present other results from
the DIS-I1 as well, for example dystonia during action or choreoathetosis during rest, but then
raw scores must be used, since conversion tables were prioritized for the total DIS-1I and the
two subscales DIS-11-D and DIS-11-CA only.

Further advantages of the DIS-I1 include its good psychometric properties. The result from
the Rasch measurement model analysis demonstrates evidence of construct validity of the
DIS-I11. Scores obtained from individuals with dyskinetic cerebral palsy, inherited, idiopathic,
or acquired dystonia when evaluated with DIS-I1 according to a standardized video protocol,
provide a valid measure of the amount of dystonia and/or choreoathetosis. The analysis of
the rating scale functioning, the goodness-of-fit evaluation, together with the principal
component analysis, show evidence of a unidimensional construct. Furthermore, the high
person reliability indicates that the DIS-I1 is able to separate children and young adults with
dystonia and choreoathetosis into eight distinct ability levels. Altogether, this implies that this
new scale may be sensitive to change and thus is an appropriate tool to evaluate dystonia and
choreoathetosis in clinical practice and in intervention studies.

A disadvantage of the DIS-I1 is that the trunk is not assessed at all. The trunk is assessed in the
original DIS, as well as in the BFM, but was removed from the DIS-II. The reason behind this
was that a high number of participants were not able to perform the trunk actions of the DIS,
and furthermore, the research group as well as the attendees of the expert meeting considered
trunk during rest complicated to score. The decision was not easy to make though, since
dystonia and choreoathetosis in the trunk region may severely affect function, activity,
participation, and quality of life.

Another disadvantage of the DIS-II is that choreoathetosis in the eye region during action must
be interpreted with caution. The original DIS is a symmetric scale, where the same actions and
rest positions are used for assessment of dystonia as well as choreoathetosis. Furthermore, all
body regions are assessed in action as well as in rest. This symmetry makes the scale easy to
record and score. The research group, as well as the attendees in the advisory expert meeting,
considered it important to keep this symmetry in the DIS-II. This decision has consequence,
however. The Rasch analysis of DIS-1I could identify two misfitting items; amplitude and
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duration of choreoathetosis in the eye region during action. One could then argue to delete
those two items. But, since symmetry of the scale was considered important to keep,
automatically it would be then impossible to assess dystonia in the eye region during action.
Dystonia is known to affect participation and quality of life to a greater extent than
choreoathetosis, and our research group decided to keep the two misfitting items to be able to
assess dystonia in the eye region during action(162).

A possible disadvantage with the DIS-II is that impairment as well as activity limitation is
included in the assessment. In the original DIS, actions the individual is not able to perform are
deleted from the assessment, and accordingly the outcome measure, is presented as a
percentage score of performed test items. This enables assessing the presence and severity of
dystonia and choreoathetosis (impairment), without the impact these movement disorders have
on function (activity limitation). In the DIS-I11, the rating scale for action items have a score
of “3” if the action is impossible to perform, and hence activity limitation is included in the
assessment. Although complicated, it is possible to report impairment only using the DIS-II.
A percentage score based on performed actions and rest postures only can be calculated in
the scoring sheet, as is done in the original DIS.

Finally, although the DIS-II is considerably shorter than the original DIS, it is still
comprehensive. During the development of the DIS-II, the research group discussed deleting
the evaluation of the amplitude factor, and only keeping the duration factor. A valid argument
for that choice would be that it is known that in individuals with dyskinetic cerebral palsy,
there is a high correlation between the amplitude and duration of the dystonia and
choreoathetosis(162). If we had decided to delete all amplitude items, the number of items to
score would be 44 instead of 88. Despite this, we chose to keep both the amplitude and the
duration factor, since the phenomenology of dystonia as well as choreoathetosis is very much
characterized by the magnitude of the movements/postures as well as the amount of time that
it is present during rest and action. However, if it turns out that the DIS-II is considered too
comprehensive for a clinical setting, it is possible in future studies to examine construct validity
and internal consistency for the duration factor only.

4.4.4 Strengths and limitations

A strength of this study was that two strategies were used to develop DIS-11, an advisory expert
meeting and a Rasch measurement model analysis. Our sample size might be a limitation, since
it did not allow either Differential Item Functioning analysis nor Differential Person
Functioning analysis; however, due to the rareness of these disorders we considered it sufficient
to analyze the rating scale of functioning, point-measure correlations, fit statistics, principal
component analysis, targeting, and internal consistency.

The most important limitation of this study is probably that we did not apply the DIS-1I to any
patients. The aim of this study was to develop a shorter and more clinically useful assessment
scale for evaluation of dystonia and choreoathetosis in children and young adults. However,
we did not score any patients with the new DIS-I1. Accordingly, we have not examined whether
the DIS-II significantly reduces the administration and scoring time. It seems very likely that
the DIS-I1 is less time-consuming, however, since the number of videos to record are reduced
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from 26 to 14, and items to score from 144 to 88. Additionally, the rating scale is simplified,
from a 5-point rating scale to a 4-point rating scale for action items, and a 3-point rating scale
for rest items. According to my own experience, the original DIS takes about one hour, on
average, to administer, and additionally two hours to score. | believe the DIS-II will take
considerably less time to administer, and hopefully about 45 minutes to one hour to score, but
that remains to be seen.

Another important limitation of our study design is that it did not allow us to change or add
new test items to the DIS-Il. When evaluating an existing rating scale with a Rasch
measurement model analysis, using data collected from individuals assessed with the rating
scale of interest, you are able to discover redundant test items. These redundant items may be
deleted from the rating scale. However, it is not possible to change test items or to add new test
items. Adding or changing test items is only possible if you apply your new rating scale to the
population of interest, rescore the individuals with the new test instrument, and perform a
second Rasch analysis.

In this present study, we used scores from 123 individuals that had been filmed according to
the DIS video protocol. The aim of the study was to use those scores to evaluate construct
validity and reliability (internal consistency) of the DIS-11. Our aim was not to re-score each
participant with the DIS-II, and accordingly our study design did not allow us to change or
delete test items. One consequence of that being that the body region trunk was deleted from
the assessment scale. The reason behind this decision, as has been mentioned earlier, was that
many participants were unable to perform the trunk actions, and also because the trunk during
rest was considered difficult to score. It is possible, however, that it would be easier to score
the trunk in other rest postures and actions, but our study design did not allow us to test that.

A possible limitation of this study was that the participants in the study were rated by several
different raters. It is possible that these raters interpreted the concepts of dystonia and
choreoathetosis differently, or that they used the rating scale of the DIS slightly inconsistently.
One rater might be ‘more generous’ with higher scores compared to another rater. This might
impact the fit statistics of the Rasch analysis, but the direction is impossible to know. A many-
facets Rasch model is a method to identify and quantify ‘rater severity’ problems(163). With a
many-facets Rasch model a researcher may receive information regarding item difficulty,
person ability, and rater severity (and rater patterns). This can guide a test developer to change
a test instrument to make it more robust and easier to score, to improve inter-rater reliability,
and identify raters who deviate from the pattern and perhaps need more guidance regarding the
test instrument. An important prerequisite for using a many-facets Rasch model is some
suitable link across raters/test items/persons(163).

In our study, each participant was rated by only one rater, and therefore a many-facets Rasch
model is not applicable. We consider this to not be of great concern, however, since earlier
studies have shown a good-to-excellent inter-rater reliability and test-retest reliability for the
DIS. Furthermore, when it comes to using the DIS, in the clinic as well as in research, there is
already a strong recommendation to complete a DIS instructional course before using the scale.
Additionally, included in the DIS scale, there are detailed definitions of dystonia and
choreoathetosis in all different body regions, in rest as well as action.
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5 CONCLUSIONS AND CLINICAL IMPLICATIONS

Study I: This long-term follow-up study indicates that BPTI is a benign condition that does
not lead to any neurological rest symptoms. Although many children later develop migraine
or other episodic syndromes that may be associated with migraine, there is a good chance
that the disorder is relatively mild. We found no known mutations in candidate genes, but the
etiology of BPTI is heterogenous, and for some children the natural course of BPTI may be
less benign. In the case of a severe phenotype, specifically if there is a positive family history
of paroxysmal disorders other than migraine, it may be important to follow the children
longitudinally and genetic testing should be considered.

Study IlI: This study confirms that GPi-DBS is an effective treatment option for individuals
with DYT-THAP1 dystonia. A total of 14 individuals were followed for a median time of
about five years. All benefitted from surgery and the maximal effect was observed after a
median time of 10 months. The improvement remained stable for most individuals, and at
the last follow-up there was a median dystonia reduction of 58% when assessed with the
BFM-M rating scale. DBS surgery should be offered to children, as well as adults, with DYT-
THAPL1 dystonia, even in the case of fixed contractures. Patients should be informed that the
effect on orolaryngeal dystonia is likely to be less successful compared to the effect on dystonia
involving the trunk and limbs. Finally, comprehensive genetic testing is recommended for all
individuals with dystonia before surgery, since the underlying molecular defect might be used
to predict the outcome after DBS.

Study I1I: This study shows that the DIS might be a valuable tool to evaluate dystonia and
choreoathetosis in children and young adults with inherited or idiopathic dystonia. The DIS
was developed to measure dystonia and choreoathetosis in children and young adults with
dyskinetic cerebral palsy. In Study 11, inter-rater reliability for the DIS, the DIS-D, and the
DIS-CA was moderate-to-good, and test—retest reliability was good-to-excellent
respectively, in a population of children and youth with inherited or idiopathic dystonia.
Furthermore, the concurrent validity of the DIS-D was good when compared with the gold
standard BFM-M. Altogether, these results indicate that the DIS might be used in inherited
or idiopathic dystonia, in clinical practice as well as in research.

Study IV: In this study, the DIS-II was developed, and using a Rasch measurement model
analysis, construct validity and reliability were examined. The DIS-I1I, a shorter and simplified
version of the original DIS, evaluates dystonia and choreoathetosis in children and young
adults. 11 body regions (instead of 12) are assessed during one rest posture and one action
(instead of two), on a 3-step scoring scale for rest items and a 4-step scoring scale for action
items respectively (instead of 5-step rating scale for all items). The outcome measure is
presented as a logit measure (interval scale), which makes comparisons between individuals or
over time easy. The Rasch analysis showed evidence of good construct validity and an excellent
person reliability index (strata), indicating that the DIS-II may be sensitive to change.
Altogether, these results support the use of the DIS-II in the clinic as well as in research.
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6 FUTURE PERSPECTIVES

Study I: There are different opinions as to whether BPTI should be referred to as a benign
condition or not. Delayed motor development and cognitive dysfunction have been described
in several reports, but the findings are inconclusive. It is possible that there are different
etiologies behind BPTI, that explain these inconsistent results. To further explore the long-term
risk of additional disorders or difficulties, a case-control study could be performed, where
individuals who had an earlier diagnosis of BPTI, were compared to, for example, age- and
sex-matched controls. In addition, individuals with an earlier diagnosis of BPTI could be
assessed using age-standardized tests (where normative data is available) evaluating cognitive
function.

Study II: There is sufficient data to support the use of DBS in individuals with DYT-THAP1
dystonia. However, dystonia in the orolaryngeal region does not have a robust response to the
treatment. There is some evidence that targets other than GPi, such as VIM, might be a better
option to treat orolaryngeal dystonia. A suitable study design for this rare population is not
straight forward. Now, in the era of WES and WGS, more individuals with DYT-THAP1
dystonia are diagnosed and, consequently, selected for DBS treatment. Additionally,
international networks dealing with rare disorders have evolved, making collaboration easier.
Altogether, these circumstances might enable the performance of a randomized controlled
study. Otherwise, a well-designed prospective case series would, of course, be an alternative
way of examining the outcome after VIM-DBS in DYT-THAP1 dystonia. Outcome measures
other than the BFM are warranted, such as assessments for participation or quality of life.

Study 111 The DIS was developed to evaluate dystonia and choreoathetosis in children and
young adults with dyskinetic CP. We have been able to show that the DIS also provides valid
and reliable outcome measures in inherited and idiopathic dystonia. Future research should
focus on responsiveness. Furthermore, content validity of the DIS was considered during its
development for the dyskinetic CP population. It would be interesting to evaluate content and
construct validity of the DIS in isolated dystonia. One might speculate that other actions would
suit this population better, and development of a modified DIS for isolated dystonia could be a
possibility. The DIS has some limitations though, first it is time-consuming and secondly, the
outcome measure is relative (a percentage score) making comparison difficult. A shorter
version of the DIS for clinical use, with an absolute outcome measure, is warranted.

Study IV: The DIS-II, a shorter and simplified version of the DIS, was developed in Study IV.
The number of body regions and actions to record and score are reduced, and the rating scale
is simplified. Furthermore, the outcome measure is absolute, and may be expressed as a raw
score or a logit measure. Future studies are needed to evaluate how the new 3/4 rating scale is
functioning when used, since this study was built by merging categories. The DIS-II needs to
be assessed for inter-rater and test-retest reliability, concurrent validity, and sensitivity to
change before it can be recommended for use in clinic and intervention studies. If a modified
version of the DIS-I1 is created for isolated dystonia, a many-facets Rasch model analysis could
be performed to analyze construct validity and internal consistency. With such a model,
information about how the rater contributes to the outcome measures can be examined. The
result could serve as a basis for educating therapists in how to use the DIS-II.
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