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Chapter 1

1.1 ― Orientation on the subject

This thesis is about movement disorders (MDs) in patients with inborn errors of metabolism (IEM). 
Inborn errors of metabolism comprise a large and heterogeneous group of inherited disorders, 
some of them potentially life-threatening. To most people, IEM are best known from the newborn 
screening program. All IEM are rare disorders, however, together as a group they account for a 
substantial proportion of young-onset, chronical disorders. Approximately 800 Dutch children 
with an IEM are born every year and sadly, about 180 die yearly because of an IEM, which means 
that IEM are in the top 3 causes of death in children in The Netherlands.1 

The common denominator in IEM is a disruption in the synthesis, metabolism, transport or storage 
of metabolites or molecules. These changes can impact upon all organs resulting in a variety of 
symptoms. One of the frequently involved systems is the central nervous system, resulting in for 
example epilepsy and psychomotor retardation, but also MDs.

Movement disorders, or involuntary/disrupted movements, can be classified as hypokinetic or 
hyperkinetic. The latter group is further subdivided into dystonia, myoclonus, chorea, tremor, 
ballism, and tics. In addition, ataxia is distinguished as a separate MD. Accurate classification of 
the MDs is important for diagnosis of the underlying IEM, ongoing management and treatment 
choices. However, identifying MD types can be challenging. This is especially true in patients 
with IEM, who often have a mixed MD phenotype and multiple co-occurring (extra)neurological 
symptoms.

Movement disorders are often not the sole symptom in patients with an IEM, but there is growing 
awareness for their importance and the need for more insight in the occurrence of MDs in patients 
with neurometabolic disorders. It is important to realise that a large proportion of all childhood 
MDs are due to an IEM.

In this introduction chapter we will give an overview of the different MD types and describe 
what is known about IEM as causes of MDs in both children and adults, with special attention 
for the treatable causes. The phenotyping of MDs in IEM will be discussed and we will give a 
brief overview of several important neurometabolic aetiologies. We will further touch on the 
co-occurring non-motor features, such as behavioural or psychiatric symptoms, and discuss 
therapeutic strategies for neurometabolic MDs. At the end of this chapter, an outline of the next 
chapters of this thesis is provided.
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1.2 ― Overview of movement disorder types

In this section we will give a more detailed description of the different MD types. Ballism and tics 
will be left out, considering their very weak or lacking association with IEM. Table 1 provides an 
overview of the MD types with the most important associated IEM. 

1.2.1 ― Dystonia
Dystonia is one of the most well-known hyperkinetic MDs. It is defined by “sustained or intermittent 
muscle contractions causing abnormal, often repetitive, movements, postures or both. Dystonic 
movements are typically patterned, twisting, and may be tremulous. Dystonia is often initiated or 
worsened by voluntary action and associated with overflow muscle activation.”2 

Dystonia can be a presenting symptom in numerous conditions, both acquired and inherited 
disorders. However, the list with inherited conditions that can cause dystonia largely outnumbers 
the list with acquired causes. The inherited forms of dystonia can be further divided in isolated 
dystonia, where there are no other co-occurring MDs; and combined dystonia, where other MDs 
are also present. The latter group comprises the largest number of inherited disorders associated 
with dystonia.

The true prevalence of all different types of dystonia is unknown, but it surely is one of the most 
prevalent hyperkinetic MDs. When focusing on the group of neurometabolic disorders, dystonia 
is the most prevalent MD in these patients. 

1.2.2 ― Myoclonus
Myoclonus is characterised by involuntary, sudden, non-rhythmic, ‘shock-like’ jerks. It can 
be classified based on aetiological, clinical, and most importantly anatomical characteristics. 
Examples of classifying characteristics are body distribution: generalised, focal, or multifocal; 
and activation conditions: spontaneous or in response to a movement or sensations. The guiding 
classification based on anatomical origin divides myoclonus into cortical, subcortical, spinal and 
peripheral subtypes. 

1.2.3 ― Tremor
Tremor is defined as an involuntary, rhythmic, oscillatory movement of a body part.3 Tremor can be 
further classified based on clinical features and aetiology. Important characteristics of the tremor 
itself are body distribution, frequency and activation conditions. Regarding the latter, tremor can 
be characterised as a resting tremor or an action tremor. Action tremors can be further subdivided 
into postural, intention, kinetic, task specific or isometric. Some characteristics of tremor occur 
frequently in the same pattern, and thereby form tremor syndromes, such as essential tremor or 
dystonic tremor.
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Table 1 ― Overview of the different movement disorders types with the most important neurometabolic 
causes

Movement disorder type Examples of IEM that can present with MD type
Hyperkinetic

Dystonia

Neurotransmitter disorders (e.g. GTPc1 deficiency, TH-deficiency, AADC deficiency)
Organic acidurias (e.g. GA1, MMA, PA) 
Aminoacidopathies (e.g. MSUD, Hartnup disease)
Mitochondrial syndromes (e.g. Leigh syndrome, POLG mutations, Thiamine 

transporter defect)
Lysosomal storage disorders (e.g. NP-C, GM1 gangliosidosis type 3, Fucosidosis)
Metal storage disorders (e.g. WD, PKAN, DBMA)
Disorders in carbohydrate metabolism (e.g. Classical galactosemia, GLUT1 deficiency)
Vitamin and cofactor deficiencies (e.g. Vitamin E deficiency, Biotinidase deficiency, 

Cerebral folate deficiency)
Other: GAMT-deficiency, Cerebrotendinous xanthomatosis, Lesch-Nyhan syndrome

Myoclonus

Metal storage disorders (e.g. WD, PKAN)
Mitochondrial disorders (e.g. POLG deficiencies, Leigh syndrome)
Lysosomal storage disorders (e.g. GM1 gangliosidosis, Lafora body disease, neuronal 

ceroid lipofuscinoses)
GLUT1 deficiency 
Cerebrotendinous xanthomatosis
TH-deficiency

Tremor

Neurotransmitter disorders (e.g. dopamine deficits)
Mitochondrial disorders
Metal storage disorders (e.g. WD, PKAN)
Classical galactosemia
Lesch-Nyhan syndrome

Chorea
Organic acidurias (e.g. GA1, PA)
Metal storage disorders (e.g. PLA2G6 mutations)
Mitochondrial disorders

Hypokinetic

Parkinsonism

Neurotransmitter disorders (e.g. GTPc1 deficiency, PTPS deficiency, TH deficiency, 
AADC deficiency)

Metal-storage disorders (e.g. WD, PKAN, PLA2G6 mutations, DBMA)
Lysosomal storage disorders (e.g. NP-C, GM1 gangliosidosis)
Mitochondrial disorders (e.g. POLG deficiencies)

Other

Ataxia

Mitochondrial disorders (e.g. Pyruvate dehydrogenase deficiency, Leigh syndrome)
Amino acid disorders (e.g. MSUD, Hartnup disease)
Lysosomal storage disorders (e.g. NP-C)
GLUT-1 deficiency
Vitamin E deficiency 
Biotinidase deficiency
Cerebrotendinous xanthomatosis

*Please note that this is not a complete, exhaustive list of all IEM that can present with movement disorders. 
Abbreviations: AADC: aromatic l-amino acid decarboxylase, DBMA: dystonia with brain manganese accumulation, 
GA1: glutaric aciduria type 1, GAMT: guanidinoacetate methyltransferase, GLUT1: glucose transporter 1, GTPc1: guanosine 
triphosphate cyclohydrolase 1, MMA: methylmalonic aciduria, MSUD: maple syrup urine disease, NP-C: Niemann-Pick type C, 
PA: propionic aciduria, PKAN: pantothenate kinase-associated neurodegeneration, POLG: polymerase gamma, PTPS: 6-pyruvol-
tetrahydropterin synthase, TH: tyrosine hydroxylase, WD: Wilson’s disease.
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1.2.4 ― Chorea
The term chorea is derived from the Greek word ‘chorus’, meaning ‘dance’. Chorea refers to 
involuntary movements which are not rhythmic or stereotyped; the movements often jump from 
body region to body region and appear unpredictable, chaotic and purposeless. Patients with 
chorea try to incorporate the involuntary movements in seemingly voluntary movements and 
often patients appear restless. In IEM, chorea is not a very common MD type.

1.2.5 ― Ataxia
Ataxia is characterised by the inability to perform normal coordinated voluntary movements, 
not caused by weakness or involuntary muscle activity about the affected joint.4 It is caused by 
dysfunction of the cerebellum and spinocerebellar tracts. Typical signs of ataxia include dysmetria, 
intention tremor, dysdiadochokinesis and nystagmus. Ataxia is quite frequently associated with 
and can occur in a variety of IEM. An IEM should particularly be considered as underlying cause in 
patients with intermittent and progressive ataxia. 

1.2.6 ― Parkinsonism
Parkinsonism is also referred to as hypokinetic-rigid syndrome. It consists of the combination 
of hypokinesia: a decrease in movements; bradykinesia: slowing of movements; and rigidity: 
increased resistance to passive movement. In adults, parkinsonism is of course best known in 
Parkinson’s disease. However, parkinsonism can be seen in a range of genetic disorders of which 
IEM form an important group. In IEM, parkinsonism is often combined with other MDs such as 
dystonia.

1.3 ― Phenomenology of movement disorders caused by IEM; 
diagnostic clues

There are two main routes through which a clinician can encounter IEM that present with MDs. 
Either because a patient presents with a MD of an unknown cause, or because a patient with 
a known IEM develops a movement disorder. In both situations correct and timely recognition 
and classification of the MD is of utmost importance. In patients with an unknown aetiology, a 
detailed description of the MD phenotype may guide the clinician in the right direction to obtain 
a diagnosis, of course with due consideration of other clinical and demographic features like age 
of onset and accompanying signs and symptoms. When a patient is already diagnosed with an 
IEM that is known to give rise to MDs, it is important to consciously determine the dominant MD 
subtype, its severity and distribution in order to be able to give appropriate advice and therapy. 

Detangling the MD phenotype can be challenging, especially in the case of neurometabolic 
disorders. One of the reasons for this complexity is that patients with a metabolic disorder usually 
present with mixed MDs, rather than just one subtype.5 So, combinations of dystonia, parkinsonism, 
ataxia, myoclonus, tremor and less often chorea can all be seen in patients with an IEM. When 
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dealing with young children, an additional challenge is the distinction between “involuntary” 
movements arising from immaturity of the central nervous system and the presence of a real 
MD.6 Besides mixed MDs, the clinical picture of neurometabolic disorders is often complicated 
by additional neurological and systemic symptoms, such as seizures or psychomotor retardation. 

Because of this complexity, MDs caused by IEM appear at the interface between the expertise 
of movement disorder neurologists, pediatric neurologists, metabolic pediatricians, internists 
and clinical geneticists. Correct classification requires combined expertise and in our opinion a 
multidisciplinary approach will have added value.7 

In search of the underlying diagnosis, there are several signs and symptoms besides the MDs 
that might guide clinicians in the direction of an underlying neurometabolic condition. The most 
significant clinical clues include eye movement abnormalities, dementia/cognitive loss, muscle 
weakness, neuropathy, organomegaly, ophthalmological or skin abnormalities and deafness.8,9 

Another important clue towards a neurometabolic aetiology, is the fact that these are all inherited 
diseases. The inheritance pattern can provide additional information about the underlying IEM. 
Multiple modes of inheritance are associated with the MDs: autosomal recessive like in the 
organic acidurias, X-linked like in Lesch-Nyhan disease and pyruvate dehydrogenase complex 
(PDHC) deficiency; autosomal dominant like in GTP-cyclohydrolase deficient dopa-responsive 
dystonia and Glucose transporter 1 (GLUT1) deficiency; or a mitochondrial (maternal) inheritance 
pattern.

We can distinguish specific characteristics of dystonia that are more frequently associated with a 
metabolic aetiology (box 1). These include a generalised distribution, usually an early and (sub) 
acute onset, and mostly a more or less continuous temporal pattern or a progressive course 
over time.10 However, different manifestations are possible within the broad group of metabolic 
disorders presenting with dystonia. For example, in dopa-responsive dystonia (DRD), the MD can 
very well start focally and have diurnal fluctuations11, and in GLUT1 deficiency dystonia typically 
occurs paroxysmal after periods of exercise or prolonged fasting.12 

The age of onset is also important to take into account when considering the possible aetiology. 
Most IEM that present with MDs start at a young age, but the different groups of IEM have 
different classical ages of onset of neurological symptoms. For example, most dystonic crises 
in the organic acidurias will occur before the age of three years, while in Wilson’s disease (WD) 
a neurological presentation is rare before the age of nine.13 However, it should be kept in mind 
that the known classical presentation is often not the only presentation ‒ for example in glutaric 
aciduria type 1, a more insidious onset of MDs after positive newborn screening and even adult 
onset of dystonia can occur as well. 
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Box 1 ― Clinical characteristics that might suggest IEM as a cause of movement disorders

 ̶ Mixed movement disorder phenotype
 ● Combinations of dystonia, ataxia, parkinsonism, myoclonus, chorea or tremor

 ̶ Other accompanying (non)-neurological signs
 ● e.g. psychomotor retardation or cognitive decline, seizures, eye (movement) abnormalities, 
organomegaly, skin abnormalities and deafness

 ̶ Most often generalised distribution
 ̶ Usually young age of onset
 ̶ Often acute onset after metabolic decompensation leading to basal ganglia damage, although a more 

insidious and progressive course can be seen as well 
 ̶ In most cases continuous temporal pattern, but can also very well be paroxysmal or influenced by 

intercurrent illnesses, fatigue, exercise, or eating/fasting
 ̶ Positive family history (specific inheritance patterns)

Next to clinical clues, neuroimaging can be a very helpful diagnostic step. In a subgroup of IEM, 
the MDs are caused by basal ganglia damage, visible on brain MRI. This is true for the majority 
of patients with dystonia due to organic acidurias. Of importance, there are also treatable IEM 
that result in basal ganglia abnormalities on a brain MRI, like Wilson’s disease, PDHC deficiency, 
Co-enzyme Q10 deficiency, Cerebral folate deficiency and Thiamine transporter deficiency (Biotin 
responsive basal ganglia disease).5 Sometimes brain imaging can also give specific diagnostic 
clues; an example is the eye of the tiger sign that directly points towards brain iron accumulation, 
most often due to panthotenate kinase deficiency. In other IEM, like most neurotransmitter 
disorders or GLUT1-deficiency, imaging can be completely normal. Therefore, performing a brain 
MRI can aid in distinguishing the type of IEM before going to further targeted biochemical or 
genetic testing. 

Many IEM, including a large proportion of the treatable disorders, can be diagnosed through 
traditional biochemical tests in plasma, urine and CSF. Although familiar to those who work 
with IEM on a daily basis, many clinicians find these diagnostic procedures quite complex and 
unfortunately not all tests are available in every centre and therefore we foresee an increasingly 
prominent role of genetic testing in the field of MDs and inborn errors. The availability of new 
possibilities in genetic testing using next generation sequencing (NGS) techniques enable us to 
examine large numbers of genes at once, instead of sequencing genes one by one. For example, 
once it has been established that there is dystonia with a likely inherited cause, a clinician can 
now order a whole set of genes known to be involved in dystonia. However, it should be kept in 
mind that NGS also has its pitfalls and that it will not deliver diagnoses as if by magic. Results need 
careful interpretation and for this clinical input is indispensable.14 Additionally, one needs to be 
aware of the fact that diagnostic sensitivity of DNA testing for individual neurometabolic disorders 
can be lower compared to biochemical testing, because most NGS approaches target only the 
coding regions of the genes tested, so biochemical procedures remain important. Nevertheless, 
we believe that the widespread use of NGS techniques in the field of MDs will lead to broadening 
of classical (childhood) IEM phenotypes. It recently has been demonstrated that many dystonia-
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associated genes can give rise to a much more heterogeneous clinical phenotype than was known 
before,15 which is likely to be true for most neurometabolic disorders as well. 

Notwithstanding the advances in genetic testing, it remains of vital importance to recognise any 
treatable disorders early in the diagnostic process. A step-to-step diagnostic approach for all 
patients with young-onset dystonia, including recommendations for biochemical investigations, 
imaging and NGS, will therefore be explicated in more detail in chapter 2 where a diagnostic 
algorithm will be presented with focus on treatable IEM. 

It is worth realizing that despite the emphasis on treatable disorders, a correct diagnosis is always 
very valuable for the patient and family, even if the condition is not easily treated. It enables 
genetic counselling and the detection of other affected relatives. Furthermore, it can give some 
peace of mind to know a definite diagnosis and it allows more accurate education and prognostic 
counselling.

1.4 ― Important neurometabolic causes of MDs

In this paragraph we will briefly discuss the distinctive features of some of the most notable groups 
of neurometabolic disorders that can present with MDs, again with a specific focus on dystonia. 
The most important neurometabolic conditions associated with dystonia are summarised in 
Table 1.

1.4.1 ― Neurotransmitter disorders
Neurotransmitter disorders form a group of metabolic disorders in which MDs are the key 
symptoms and also directly relate to the biochemical defect. The dopa-responsive dystonias 
are amongst the most well-known neurometabolic conditions with dystonia as main symptom. 
In these disorders, dystonia arises from a dopaminergic deficit and the very good response 
to levodopa-substitution therapy is one of the hallmarks.16 This is in contrast to many other 
metabolic diseases, in which dystonia is often the result of actual damage of the basal ganglia 
rather than a biochemical deficit. 

The autosomal dominant inherited GTP-cyclohydrolase deficiency, also known as Segawa disease, 
is the most frequent DRD. The classical clinical picture consists of early-onset dystonia, usually 
starting in a limb and gradually spreading over the body. There is typical diurnal fluctuation of the 
symptoms, which tend to worsen over the day and are associated with fatigue. Besides dystonia, 
parkinsonian features are part of the phenotype and these symptoms are more prominent in 
later presentations and in adulthood.11 The severity of symptoms is highly variable, with non-
penetrance for the motor symptoms on one side of the spectrum and severe generalised dystonia 
on the other. In chapter 7, this group will be further studied with special attention for the non-
motor symptoms (psychiatric and sleep disorders) and quality of life.
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The recessive forms of DRD, sepiapterin reductase deficiency and tyrosine hydroxylase deficiency, 
often have a more complex and severe phenotype that presents in infancy or early childhood. 
Besides the dystonic-hypokinetic picture, these patients may also have intellectual disability and 
oculogyric crises.17,18

Other mono-amine neurotransmitter disorders like 6-pyruvoyl-tetrahydropterin synthase (PTPS) 
deficiency, dihydropteridin reductase (DHPR) deficiency and aromatic l-amino acid decarboxylase 
(AADC) deficiency can cause dystonia and parkinsonism. Again, in these cases the clinical picture 
is usually more complex with more associated symptoms such as oculogyric crises and a less 
straight-forward response to treatment.19 In most countries patients PTPS deficiency and DHPR 
deficiency will be picked up in newborn screening programs because of a mild elevation of the 
amino acid phenylalanine in plasma, but patients from countries were this is not the case, may 
present with dystonia at a later age.

1.4.2 ― Intoxication like IEM
Several IEM of the intoxication-like type can give rise to dystonia, mostly due to the occurrence 
of encephalopathic crises following intercurrent illnesses. The acute metabolic decompensation 
causes basal ganglia lesions which are visible on brain MRI20, this in contrast to the previously 
described group of neurotransmitter disorders where brain imaging is unremarkable in 
most children.21 The organic acidurias such as glutaric aciduria type 1, propionic aciduria and 
methylmalonic aciduria are exemplary disorders where an acute decompensation is known to 
lead to often severe dystonia. In chapter 5, we will describe the MD phenotype in these groups 
based on a prospective case study. 

The most frequently seen condition in this group is glutaric aciduria type 1. If untreated, in the 
majority of cases an encephalopathic crisis occurs at a very young age, usually before the age of 
three years.22 It often is the first presentation of the disorder and can result in a severe generalised 
and disabling dystonia which is, once present, irreversible. Luckily, the occurrence of these acute 
crises can largely be prevented by timely installation of an appropriate protein-restricted diet, 
medication and vitamins, and, importantly, an emergency regime during periods of illness or 
prolonged fasting.23,24 

Besides the three above described classic organic acidurias, other intoxication-like IEM (such as 
isovaleric academia and maple syrup urine disease), as well as other disorders of amino acid 
metabolism (such as homocystinuria and Hartnup disease) can all be associated with dystonia.25

1.4.3 ― Mitochondrial disorders 
The mitochondrial disorders represent a very heterogeneous group, and can be caused by 
mutations in the mitochondrial or nuclear DNA. Not only a large genetic variation, but also a wide 
clinical spectrum is seen in these disorders. Different clinical syndromes, such as Leigh syndrome, 
have been well described and these can be caused by mutations in a large number of genes. 
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But what all mitochondrial disorders have in common is a disturbed cellular energy metabolism. 
As the brain, and specifically the basal ganglia, have a relatively high energy demand,26 it is not 
surprising that various mitochondrial disorders can lead to MDs. 

In a paper by Martikainen et al.,27 the prevalence of extrapyramidal MDs was studied in a relatively 
large and heterogeneous cohort of patients with mitochondrial disease. Dystonia was found 
to be highly prevalent in pediatric patients (92%) In adults, dystonia was the second common 
movement disorder (37%), following parkinsonism. 

Leigh syndrome, or subacute necrotizing encephalomyelopathy, is a classical clinical mitochondrial 
syndrome. This encephalopathic decompensation occurs during an intercurrent illness and leads 
to (highly) elevated levels of lactic acid and typical lesions of the basal ganglia and/or brain 
stem on MRI. It is clinically characterised by a broad range of neurological manifestations that 
include psychomotor retardation and several types of MDs. Extra-neurological manifestations 
may include cardiomyopathy and renal and liver involvement. Onset of symptoms within the 
first year of life is common, although later onset even up to adulthood has been described.28 
It is important to notice that in rare cases Leigh syndrome is caused by a treatable defect in 
the cerebral thiamine transporter (SLC19A3). Clinically this disorder presents in childhood with 
a Leigh-like syndrome consisting of acute encephalopathy, dystonia, seizures and brain lesions 
visible on MRI in the cerebral cortex, basal ganglia, thalami, brainstem and cerebellum. This form 
of Leigh syndrome has an early and very good effect on timely supplementation with thiamine 
and biotin.29 Therefore, while awaiting further diagnostic tests, a trial with thiamine and biotin 
can be considered in patients with clinical and radiological signs of Leigh syndrome.

Furthermore, mutations in the mitochondrial DNA polymerase gamma gene (POLG) can cause 
a highly heterogeneous phenotype, often involving MDs. In a larger case series dystonia was 
found to be present in 31% of the patients, next to a variety of other MDs such as ataxia, chorea 
and myoclonus.30 Other characteristic signs often seen in POLG mutations are chronic external 
ophthalmoplegia, areflexia and loss of vibration sense.30 

Pyruvate dehydrogenase complex deficiency in infancy can give rise to basal ganglia lesions with a 
clinical presentation consisting of paroxysmal dystonia, neuropathic ataxia or epilepsy. It can also 
present with a Leigh-like phenotype. It is an important diagnosis to consider as the ketogenic diet 
can substantially improve the paroxysmal dystonia and seizures.31

Finally, a clinical clue that should lead to the suspicion of a mitochondrial disorder is the 
combination of dystonia and deafness, which is seen in several mutations in genes affecting 
mitochondrial function. Deafness-dystonia syndromes are for example seen in SERAC1 (MEGDEL 
syndrome) and TIMM8A (Mohr-Tranebjaerg syndrome) mutations.32–34
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With the increasing use of NGS strategies to diagnose neurometabolic disorders it is important 
to realise that mutations in mtDNA are currently not yet reported in all exome or targeted 
resequencing panels and so it is good to be aware of the coverage and information obtained with 
the different genetic techniques. 

1.4.4 ― Lysosomal storage disorders
One of the most well-known lysosomal storage disorders presenting with MDs is Niemann-Pick type 
C (NP-C). This progressive neurodegenerative disease can give rise to a spectrum of neurological 
symptoms. Classically, a combination of cerebellar ataxia and dystonia of mainly the upper limbs 
and face was described, predominantly seen in patients with a later onset of symptoms. One of 
the most distinct features and a red flag for the clinician is the early onset vertical supranuclear 
gaze palsy. The disease is further characterised by cognitive decline. Also, the occurrence of an 
acute psychosis in adolescents and young adults is a well-known phenomenon.35,36 

We believe the MD spectrum in NP-C is broader than currently described and in our experience 
MDs can very well be the presenting symptom, also in patients with a juvenile presentation. 
In chapter 6 we describe the results of a cohort study on the presence of MDs, next to 
neuropsychological features and quality of life.

Besides NP-C, other lysosomal storage disorders, like GM1 type 3 gangliosidosis or fucosidosis, 
can present with MDs.37–39 

1.4.5 ― Metal storage disorders 
The basal ganglia appear also particularly vulnerable for accumulation of different metal 
metabolites. The abnormal storage of copper in Wilson’s disease (WD), the iron accumulation 
in NBIA (neurodegeneration with brain iron accumulation) and manganese accumulation caused 
by SLC30A10 mutations (DBMA: dystonia with brain manganese accumulation), all have dystonia 
as a key symptom. An early diagnosis of WD and DBMA is of extra importance because in these 
disorders symptoms can be prevented by timely treatment. Besides the presence of dystonia, 
these two disorders are known for involvement of the liver. Another distinctive sign is a Kayser-
Fleischer ring on the cornea in WD. Neurological symptoms do usually not occur before the age of 
9 years in WD, so this disorder does not have to be considered as a differential diagnosis in young 
infants that present with dystonia. The biochemical abnormalities are a low serum copper and 
ceruloplasmin in WD and hypermanganesemia in plasma in DBMA.40,41

In the group of the NBIA disorders, pantothenate kinase-associated neurodegeneration (PKAN), 
caused by mutations in the PANK2 gene, is the most prevalent defect presenting with dystonia. The 
accumulation of iron in the globus pallidus results in a typical MRI pattern known as the eye of the 
tiger (pallidal hypo intensity with central hyper intensity on T2 images). Clinically the disorder is 
characterised by generalised dystonia, often starting in childhood and presenting with (dystonic) 
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gait abnormalities, next to this the dystonia is often very prominent in the oromandibular region. 
In addition to PKAN, other NBIAs like mutations in PLA2G6 can also present with dystonia.42

1.4.6 ― Other disorders
It is important to notice that the above described groups provide a far from complete picture 
of neurometabolic disorders causing MDs. Next to the above mentioned typical groups of 
neurometabolic disorders associated with MDs, we will now briefly discuss some IEM that deserve 
attention, mainly because there are treatment options for these disorders.

One of the disorders that needs to be discussed is deficiency of the glucose transporter 1 
(GLUT1, encoded by SLC2A1). In this disorder, the classical presentation is a developmental 
encephalopathy in infancy with intellectual disability, epilepsy and MDs. The most prevalent MD 
phenotype in adolescents and adults is that of a paroxysmal dyskinesia, triggered by episodes 
of fasting or exercise. However, in recent years it has become clear that a broad range of clinical 
phenotypes is associated with GLUT1 deficiency. The MD presentation can vary substantially, 
not only paroxysmal dystonia but sustained and generalised dystonia can be seen as well and 
associated MDs like ataxia, chorea and myoclonus can all be present.12 In GLUT1 deficiency, the 
ketogenic diet is the mainstay of treatment and can result in clear improvement of the MDs. 

Examples of other treatable disorders related to energy metabolism are the creatine biosynthesis 
disorders arginine:glycine amidinotransferase (AGAT) and guanidinoacetate methyltransferase 
(GAMT) deficiency. These disorders are clinically characterised by intellectual disability, speech 
delay and seizures, while extrapyramidal MDs can also occur. Alterations in guanidinoacetate 
plasma and urine concentration is the biochemical hallmark. The clinical symptoms, including the 
MDs, can significantly improve on creatine, ornithine and arginine supplementation.43,44 For this 
group of neurometabolic defects brain MRS has been particularly helpful in identifying patients. 
Low creatine/ATP peaks are diagnostic for these defects and typically improve during treatment 
with creatine and amino acids.43

Another condition that needs to be considered as a treatable IEM is cerebrotendinous 
xanthomatosis. This rare condition is characterised by the accumulation of cholestenol in mainly 
the central nervous system, eyes, tendons and vessels. Associated neurological features include 
pyramidal signs, ataxia, neuropathy and seizures. Some cases have been described presenting 
with a rare form of myoclonus dystonia. The disorder is responsive to chenodeoxycholic acid.45

Finally, IEM that were historically not classified as neurometabolic disorders, like classical 
galactosemia, are increasingly being recognised to have an important distinct motor phenotype 
as well. MDs were found to be present in a large proportion of adult classical galactosemia 
patients.46 In chapter 4 of this thesis, we systematically determined the frequency, classification 
and severity of MDs in a cohort of adult and pediatric galactosemia patients. 
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1.5 ― Non-motor features and quality of life

Similar to other MDs such as Parkinson’s disease, there has been increasing attention for 
associated non-motor features in dystonia. Psychiatric symptoms, sleep disorders and cognitive 
and behavioural abnormalities were all found to occur at a high frequency amongst patients with 
different types of dystonia. This might partly be attributable to the physical limitations directly 
related to the motor symptoms, but it is also suggested that motor and non-motor features 
share the same neurobiological pathophysiology.47 Basal ganglia dysfunction with aberrant 
neurotransmitter concentrations and affected neuronal circuits have been suggested to play 
an important role in the co-occurrence of both motor and non-motor symptoms.48 We could 
demonstrate in a recent review of the literature that in almost all genetically defined primary 
dystonias a broad range of non-motor symptoms is reported, consisting not only of purely 
psychiatric symptoms but also sleep, pain and sensory problems.49 The number and consistency 
of the described problems amongst different types of dystonia indeed suggests a common 
pathogenic pathway, and non-motor symptoms are now considered as an integral part of the 
phenotype of dystonia. 

It is very likely that dystonia occurring in the context of IEM is also associated with significant non-
motor symptoms. In DRD has already been described that many patients suffer from psychiatric 
and behavioural problems, but we anticipate this will be the case for many IEM. Compared 
to primary dystonias, patients with a neurometabolic cause of dystonia often have a more 
comprised brain function or even encephalopathic brain. It is therefore very feasible that they 
will experience not only motor symptoms but are as well prone for the non-motor symptoms. 
This combined neurological phenotype of both MDs and psychiatric, behavioural or cognitive 
problems understandably can have a substantial impact on quality of life and daily functioning.

1.6 ― Treatment options

MDs can significantly interfere with activities of daily living.50 Because of the great impact of MDs, 
treatment is often desired. As discussed in earlier sections of this chapter, it is important to realise 
that adequate and timely treatment of IEM can in some cases prevent the occurrence of MDs, 
especially in the intoxication-like disorders. But when MDs are already present, disease-specific 
metabolic therapies are often not effective anymore in treatment of MDs, although they might 
still contribute in the prevention of progression of neurological symptoms. An exception is found 
in some disorders where disease-specific therapy is also the MD therapy, like neurotransmitter 
disorders that can be treated with L-dopa and GLUT1-deficiency with a ketogenic diet. Still, in 
most cases disease-specific treatment is not possible or not effective, symptomatic treatment 
should be considered. However, there is only little evidence for MD treatment specific for 
neurometabolic disorders. 
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1.6.1 ― General considerations regarding symptomatic treatment
Symptomatic treatment for MDs in IEM is in principle the same as in other patients with 
MDs. The treatment is aimed at treating the (dominant) MD type(s) and mostly consists of 
pharmacotherapy. Regarding this pharmacotherapy, there is extra concern in patients with IEM, 
especially in children. Their diseases are often complex and involve multiple organ systems and in 
many cases the young patients cannot communicate about experienced side effects. One should 
therefore be extra cautious for interactions, side effects and the efficacy of pharmacotherapy 
in these patients who already have a compromised brain by their IEM. Some groups of IEM are 
especially vulnerable for specific side effects. Mutation carriers of the POLG gene are for example 
at a very high risk of acute liver failure when using sodium valproate, so this drug should be 
avoided in these patients.51 In general, there is extra concern when using medication in children, 
since there is very little evidence for the application of most drugs in the pediatric population. 
Most of the therapies are rather based on empirical observations.6,52,53 Further, some of the side 
effects of dystonia therapy such as constipation and urinary retention are complaints that are 
already prevalent in many patients with IEM and deserve extra attention.

Next to pharmacotherapy, in rare cases an operative approach in the form of DBS can be beneficial. 
Results of this procedure differ in patients with MDs due to IEM from the results in patients with 
primary MDs; this will be discussed in more detail in one of the following paragraphs. Further, 
supportive care such as physiotherapy and occupational therapy can aid in improving and 
maintaining the motor function, as well as preventing complications such as muscle contractures. 
In the next section we will summarise the main treatment options for the most important MD 
types. In Table 2 a summary of the different symptomatic treatment options is provided. 

1.6.2 ― Treatment of dystonia
Pharmacological options to treat dystonia include the anticholinergic drug trihexyphenidyl; 
botulinum toxin injections, but mainly for the more localised focal and segmental dystonia; 
benzodiazepines, mainly as additive to other therapies; levodopa/carbidopa, mainly in DRDs but 
may also be helpful in dystonia with other aetiologies; and gabapentin, which was shown to have 
a good effect on both dystonia severity and quality of life in patients with dystonia of varying 
aetiologies including several IEM.54

The muscle relaxant baclofen is reported as treatment option in patients with associated spasticity 
and with painful dystonia, but its effectivity in dystonia is controversial and we believe should be 
preserved for treatment of spasticity. Another drug used in treatment of dystonia is tetrabenazine, 
but can cause very serious side effects as depression.55 As a result, in many countries this is not 
considered to be a very valuable therapy option. 
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Table 2 ― Overview of the most important symptom specific treatment options per MD type

Dystonia treatment

Treatment Recommended dosage Remarks

Trihexyphenidyl In adults a starting dose of 1 mg/day is advised, 
slowly increasing till beneficial or till side effects 
occur.72 Children may tolerate higher dosages up 
to 0.7 mg/kg/day.53

Can be beneficial to reduce 
generalised dystonia.

Levodopa/carbidopa In children starting dose of levodopa  
1 mg/kg/day, gradually increasing till effective, 
usually around 4–5 mg/kg/day.73

In adults usual dosage is 1 to 3 tablets of  
100/25 mg per day.55

Especially in dopa-responsive 
dystonia, but might as well be helpful 
in other conditions.

Benzodiazepines 
(e.g. clonazepam, 
diazepam, lorazepam)

Variable, usually high doses are required. Mainly as add-on therapy for tone 
reduction.

Baclofen In adults an oral daily dosage of 60‒120 mg 
is advised.55 In children 0.5–1.5 mg/kg/day is 
recommended.53

Can be given orally and via intrathecal 
pump, mainly indicated when there is 
also spasticity, or in painful dystonia.

Gabapentin In children up to 18 mg/kg/dose, three times a 
day.54

Can be helpful in generalised dystonia.

Tetrabenazine In adults starting at 12.5 mg daily, and titrated  
up to a target of 25–100 mg daily.

Only in some cases beneficial, large 
inter-individual variability in optimal 
dose, caution for side effects.

Botulinum toxin 
injections

Dosage depending on the size and number of 
muscles that are targeted.  
Usual interval 3‒4 months.

For focal relief, facilitation of 
caregiving, task specific dystonia, or 
prevention of contractures.

Deep brain  
stimulation

Most used DBS target for dystonia: GPi. Option for patients with severe, 
disabling dystonia; only in selected 
cases, individual assessment of 
eligibility.

Myoclonus treatment

Treatment Recommended dosage Remarks

Levetiracetam Up to 3000 mg/day. First choice option for cortical 
myoclonus.

Piracetam 2.4–21.6 g/day. First choice option for cortical 
myoclonus.

Valproic acid 1200–2000 mg/day. Second choice option for cortical 
myoclonus (to be avoided in 
mitochondrial disorders, particularly 
POLG1 defects).
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Table 2 ― Continued

Myoclonus treatment

Treatment Recommended dosage Remarks

Clonazepam Up to 15 mg/day for cortical, up to 6 mg/day  
for subcortical.

First choice option for most types of 
subcortical and spinal myoclonus, 
second choice option for cortical 
myoclonus.

Deep brain  
stimulation

Most used targets for subcortical myoclonus:  
GPi or VIM.

Option for patients with severe, 
disabling subcortical myoclonus, 
only in selected cases, individual 
assessment of eligibility, experience 
mainly based on myoclonus-dystonia 
(DYT11).

Tremor treatment

Treatment Recommended dosage Remarks

Propranolol 40–240 mg/day.
<62.5‒750 mg/day.

Evidence based on essential tremor.

Primidone 40–240 mg/day.
<62.5‒750 mg/day.

Evidence based on essential tremor.

Trihexyphenidyl 3‒6 mg/day. In case of dystonic tremor.

Chorea treatment

Treatment Recommended dosage Remarks

Tetrabenazine 12.5‒300 mg/day (mostly 37.5–75 mg/day). Large inter-individual variability of 
optimal dose, caution for side-effects.

Atypical  
antipsychotics

Variable. When no associated dystonia is 
present.

Abbreviations: GPi: globus pallidus internus, VIM: ventralis intermedius nucleus of the thalamus

When symptoms exacerbate and the patient is at risk for an acute crisis (status dystonicus), other 
drugs like clonidine or even sedation have to be considered. A guideline for the treatment of 
different stages of status dystonicus is provided by Allen et al.56 Next to pharmacological therapy 
for dystonia the treatment of status dystonicus consists of supportive measures and monitoring 
of vital and metabolic function.

In severe cases of dystonia, deep brain stimulation (DBS) in the form of bilateral stimulation of 
the globus pallidus can give relieve of the dystonic symptoms. However, the efficacy largely varies 
and is, amongst others, dependent on the aetiology of the dystonia. Most experience has been 
gained in cases with primary dystonia. Unfortunately, the results of DBS in secondary forms of 
dystonia such as in IEM have generally shown to be inferior than in primary dystonia.57 It should 
however be kept in mind that the effects of DBS can be very hard to measure looking at the 
patient’s motor function only, especially when there is a mixed movement disorder phenotype or 
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other comorbidity. It has therefore also been stated that measuring the improvement on motor 
scales alone might not be a good reflection of the overall change in well-being of the patient and 
therefore personalised treatment goals should be pursued that may even be non-motor goals.58

The evidence for DBS in the various neurometabolic disorders largely consists of case reports. 
Most of the DBS procedures have been performed in patients with NBIA, with both promising and 
sometimes disappointing results.59 Also, case reports of DBS in Lesch-Nyhan, GM1 gangliosidosis 
type 3, glutaric aciduria, homocystinuria and methylmalonic aciduria have been described, again 
with variable results.60–63 It has to be concluded that the evidence for DBS in neurometabolic 
disorders remains up to now anecdotic and that in each individual patient the pros and cons of 
this procedure and the goals of treatment needs to be carefully evaluated.

1.6.3 ― Treatment of myoclonus
In the symptomatic treatment of myoclonus the anatomical classification of the myoclonus, e.g. 
cortical, subcortical, spinal or peripheral, can guide the therapy choice. This holds for patients 
with IEM complicated by myoclonus, similar to patients in which myoclonus is caused by other 
reasons. Neurophysiological diagnostics can be helpful to determine the MD subtype, and these 
investigations might in some cases be required for an informed treatment choice.64 This is not 
only true for myoclonus but can also apply to other MD types such as tremor.

The level of evidence for symptomatic treatment of myoclonus in general, not restricted to 
patients with IEM, is already low and consists mainly on small observational studies and expert 
opinion.65 In cortical myoclonus levetiracetam or piracetam are generally considered first choice, 
with valproic acid as alternative. In the other subtypes clonazepam is the first choice, with many 
alternatives mentioned in literature such as levodopa, L-5-HT, sodium oxybate and even in 
some cases deep brain stimulation.65 Specific evidence for the effect of symptomatic treatment 
of myoclonus in patients with IEM is lacking. Still, in an earlier paper describing four patients 
with myoclonus based on various childhood onset neurogenetic disorders we demonstrated that 
symptomatic treatment of myoclonus resulted in marked improvement of both myoclonus and 
overall functioning in all four patients.66

1.6.4 ― Treatment of tremor
It can be hard to choose the optimal symptomatic treatment for tremor. Similar to myoclonus, the 
subtype of the tremor can guide the treatment choice. However, in IEM this might not always be 
clear and mixed tremor types can occur within one disease or even within one patient. 

When the clinical characteristics resemble the pattern of a dystonic tremor, anticholinergics such 
as trihexyphenidyl can be tried. In general, most evidence for the treatment of tremor is available 
for essential tremor. In this group significant therapeutic effect of propranolol and primidone 
have been established.67 With lacking evidence for other types of tremor, this treatment is often 
empirically transferred to other tremor patients. Beside beta blockers and primidone, other 
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possibly effective medications mentioned in the literature include topiramate, gabapentin, 
clonazepam and alprazolam.67 No specific studies on the treatment of tremor in IEM can be found.

1.6.5 ― Treatment of chorea
Again, the evidence for the symptomatic treatment of chorea is limited. Tetrabenazine is 
suggested as the first choice. Originally this drug was used only in Huntington’s disease, but was 
later found to be effective in other forms of chorea and hyperkinetic MDs as well.68 However, as 
mentioned before, there are important concerns about the safety of this drug because of the 
serious side-effects. 

Further, the choice of treatment can depend on other co-existing symptoms. In case of co-existing 
dystonic symptoms anticholinergics can be tried. When there are neuropsychiatric symptoms but 
no co-occurring dystonia, antipsychotics such as tiapride, olanzapine, and quetiapine might be 
helpful, although this recommendation is mainly based on expert opinion. Further, anticonvulsants 
such as levetiracetam, valproic acid, and carbamazepine can be tried.69

1.6.6 ― Treatment of ataxia
Unfortunately, there are no evidence-based pharmacological options for the symptomatic 
treatment of ataxia. There has been some evidence that exergaming, a form of exercise based on 
body-controlled videogames, gives some improvement in neurodegenerative forms of ataxia.70 
Still, although some promising results have been reported, in a recent systematic review it had to 
be concluded that the available studies on the effect of exercise and physical therapy are of low 
methodological quality so that no definite conclusions can be drawn about the effectiveness.71

1.7 ― Further outline of this thesis

Based on the foregoing overview, we can conclude that MDs are important symptoms that can 
occur in a broad range of IEM. In this thesis we will shine a light on different aspects of MDs 
in patients with IEM. Our research aims to answer the following key questions: ‘What is the 
prevalence and characterisation of MDs in several different IEM? How is daily functioning and 
health-related quality of life (HrQoL) affected in these patients? Which non-motor, behavioural 
symptoms play a role? And what are the associations between these symptoms?’.

Correct phenotyping of the motor symptoms is vital in diagnosing an underlying condition and 
in the selection of rational therapeutic interventions. In the chapter 2 we will further zoom in 
on the diagnostic approach in childhood dystonia, with specific attention for IEM, and plea for 
prioritizing the group of treatable IEM. In this chapter we present a helpful diagnostic algorithm. 
Awareness for the occurrence of MDs in IEM is also important since these symptoms can have 
a substantial impact on quality of life and daily functioning of patients. Chapter 3 describes the 
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results of a pilot study determining the type and severity of MDs and the impact of these MDs on 
HrQoL and daily functioning in a heterogeneous group of children with an IEM. 

In chapters 4, 5, 6 and 7 we focus on specific IEM groups. This section of the thesis describes 
the results of prospective studies on the presence, subtypes and severity of MDs in respectively 
classical galactosemia (CG), organic acidurias (OAs), Niemann-Pick type C (NP-C), and dopa-
responsive dystonia (DRD).

In chapters 4 and 5 patients with CG and OAs are included regardless of the presence of motor 
symptoms, to be able to determine the prevalence of MDs. Next to the prevalence of MDs, 
we provide a detailed characterisation of the motor phenotype. In addition, we evaluate self-
perceived motor symptoms, and the association between MDs and clinical characteristics. Non-
motor (behavioural) symptoms and daily functioning are also studied. 

Chapter 6 describes an evaluation of both motor and non-motor symptoms in eight patients with 
NP-C. It is known that patients with this disorder suffer from MDs. In our cohort we determine 
the spectrum of MD types and severity, and whether MDs were the presenting symptom of the 
disease. We specifically look further into the occurrence of myoclonus and its (neurophysiological) 
characteristics. Daily functioning and non-motor symptoms are also evaluated by questionnaires 
and neuropsychiatric testing. 

Chapter 7 addresses a patient group in which a prominent MD phenotype is well-known: dopa-
responsive dystonia (DRD). In contrast to most IEM, the MDs in these patients respond very well 
to pharmacotherapy, allowing us to focus more on the non-motor symptoms and quality of life.

Finally, chapter 8 consists of an overall summary and general discussion. In this chapter we give 
an overview and provide an integration of the most important findings. In this last chapter we 
also provide suggestions for further research and describe the clinical implications of our work.
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