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Abstract

There are many rare movement disorders, and new ones are described every year. Because they are 

not well recognized, they often go undiagnosed for long periods of time. However, early diagnosis 

is becoming increasingly important. Rapid advances in our understanding of the biological 

mechanisms responsible for many rare disorders have enabled the development of specific 

treatments for some of them. Well-known historical examples include Wilson disease and dopa-

responsive dystonia, for which specific and highly effective treatments have life-altering effects. In 

recent years, similarly specific and effective treatments have been developed for more than 30 rare 

inherited movement disorders. These treatments include specific medications, dietary changes, 

avoidance or management of certain triggers, enzyme replacement therapy, and others. This list of 

treatable rare movement disorders is likely to grow during the next few years because a number of 

additional promising treatments are actively being developed or evaluated in clinical trials.
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The World Health Organization does not endorse a single definition for rare diseases.1 

Although all rare diseases are characterized by low prevalence, the threshold that defines 

rare differs across the world. The European Union defines “rare” as a prevalence ≤50 people 

per 100,000 population,1,2 whereas the United States sets a numerical maximum of 

≤200,000 citizens affected.1,3 Although they are rare, more than 7000 different disorders are 

recognized. All combined, they affect 6% to 8% of the population, for an estimated total of 

300 million people world-wide.4 These statistics lead to the paradox that rare disorders as a 

group are not uncommon and are responsible for a significant burden in terms of health care 

needs.

Of rare disorders, 80% are genetically determined, whereas the remainder result from 

infections, environmental factors, autoimmune diseases, and degenerative or proliferative 

mechanisms. They may be inherited as autosomal recessive or dominant disorders, but de 

novo mutations are common in sporadic neurological disorders, so there may be no family 

history.5 Most have a neurologic phenotype and approximately half affect children. There is 

great interest in the mechanisms of pathogenesis of rare disorders in part because 

Jinnah et al. Page 2

Mov Disord. Author manuscript; available in PMC 2019 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



understanding these mechanisms contributes to a better understanding of more common 

diseases.6 Inherited rare disorders were instrumental in mapping the human genome and in 

cloning genes. They offer opportunities for faster progress in therapeutics, especially given 

scientific and technological advances that identify their genetic basis to find molecular 

targets for the development of new treatments. This interest in rare disorders has translated 

into greater involvement of the pharmaceutical and biotechnology industry in developing 

new treatments.2,4

The majority of movement disorders can be classified as rare disorders. The Rare Movement 

Disorders (RMD) Study Group within the International Parkinson Disease and Movement 

Disorders Society was established to focus on those that are particularly rare. It provides an 

important opportunity for education in RMD and may facilitate certain activities such as 

patient registries and centers of expertise. Such infrastructure would facilitate the collection 

and evaluation of patients with RMD, greatly advancing our understanding of these 

disorders and their management.7 The main goal of the current review is to promote 

awareness of inherited RMD, especially those where specific treatments are available.

Basic Principles in the Treatment of Rare Disorders

Clinical trials that establish safety and efficacy for rare disorders differ from trials for more 

common disorders in many ways.8,9 Because these disorders are infrequent, recruiting large 

numbers of participants into clinical trials often is not feasible, and the small target 

populations discourage industry from investing in large and expensive development efforts. 

Some RMD are life threatening, raising ethical concerns for placebo-controlled designs, 

especially where there is strong preclinical evidence that a treatment may be effective. In 

view of these considerations, much of the evidence for treatments in RMDs does not come 

from large, double-blinded, placebo-controlled trials. Clinical trials for RMD are often 

smaller than those for more common disorders, and they often use alternative trial designs. 

A recent study of 24,088 clinical trials registered at clinicaltrials.gov found that 11.5% were 

for rare disorders, and trials for rare disorders typically enrolled fewer participants (median 

= 29) 10 than those for common disorders (median=62).10 Rare disorder trials also were 

more likely to be single arm, nonblinded, and nonrandomized. The European Medicines 

Authority and the U.S. Food and Drug Administration apply different criteria for approval of 

new treatments for rare disorders. For example, they will sometimes grant approval after 

only a single study in a rare disorder, compared to at least 2 studies required for common 

disorders.

In some cases, treatments have become standard of care without approval from any 

regulatory agencies in any part of the world. In these situations, the clinician must balance 

the weight of the evidence of efficacy against the severity of the disease and potential 

consequences of withholding treatment. A good example is the use of levodopa in dopa-

responsive dystonia. This treatment has become standard of care, without the approval of the 

European Medicines Authority or the U.S. Food and Drug Administration. There have never 

been any double-blind placebo-controlled trials, and it is unlikely that such trials will ever be 

conducted. Yet no clinician would withhold levodopa treatment for dopa-responsive 

dystonia. In this situation, the idealistic goals of “evidence-based medicine” become a more 
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practical dilemma of “evidence-limited medicine.” In view of these unique features of rare 

disorders, treatment recommendations are sometimes based on consensus opinion guidelines 

or principles of good clinical practice.

Because of the large numbers of RMDs, it is challenging to provide a comprehensive 

summary that addresses all of them. Most prior reviews have focused on smaller subsets of 

disorders, such as those with a shared genetic basis or similar movement disorder. Here we 

focus on RMDs with mechanism-based treatments. Because many RMDs have mixed or 

pleiomorphic phenotypes, the individual disorders are grouped according to therapeutic 

mechanism. A summary of these disorders is provided in Tables 1 to 5, with the 

predominant movement disorder listed in boldface type. These tables include only those 

RMD where there is strong clinical evidence for efficacy that comes from well-designed 

clinical trials or guidelines based on published reports of consensus opinion. The tables do 

not include many examples where the evidence comes only from anecdotal case reports, 

from ongoing clinical trials that are not yet completed, or from preclinical studies such as 

animal or cell models.

This review focuses on inherited RMD. It does not address the many RMDs caused by 

infectious or imunological mechanisms, toxins or medications, or dietary deficiencies. It also 

does not cover disorders where there is strong evidence for efficacy for treating clinical 

problems other than the movement disorder. Examples include the need for regular 

surveilance for early treatment of certain disorders with high risk for malignancy (eg, ataxia-

telangiectasia), or the treatment of kidney stones to prevent renal failure in Lesch-Nyhan 

disease. Recognition of the movement disorder may facilitate early diagnosis and therefore 

treatment of these other disorders, but here we focus predominantly on treatment of the 

movement disorder.

Many of the disorders described in this review first present in children and are therefore 

evaluated and managed by pediatric neurologists. However, some frequently present in 

adulthood such as abetalipoproteinemia, cerebrotendinous xanthomatosis, Refsum's disease, 

or Wilson's disease. Even for disorders that classically present in children, atypical adult-

onset cases have been described for many.12-14

In addition, many patients with pediatric-onset disorders live into adulthood and must 

transition care to adult neurologists. For disorders that require special diets, noncompliance 

is common in adults and can cause decompensation with emergence of a movement disorder. 

An increasing number of patients with inherited RMD desire children, and pregnancy can 

present especially difficult management problems.15,16 The physiological changes that occur 

during pregnancy can cause metabolic decompensation with emergence of a movement 

disorder. Also, many of the medications used by patients with inherited RMD have not been 

safety tested in pregnancy, yet they must not be stopped. Knowledge of diagnostic and 

treatment strategies is therefore important for both pediatric and adult neurologists.
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Mechanism-Based Treatments

Reduction of Toxic Target Molecules

A common principle for the treatment of several RMD involves reducing the amount of a 

substance that is toxic to the nervous system (Table 1). For all of these disorders, early 

treatment is believed to be important to prevent onset or progression of symptoms. 

Treatment is still effective when started later, although symptom resolution may not be 

complete.

One of the best-known examples is Wilson's disease.17 It is caused by mutations in the 

ATP7B gene, which encodes a copper transporter. It is associated with pathological 

accumulation of copper in the liver and brain. Symptoms first emerge in children or young 

adults with dystonia, parkinsonism, and/or tremor. However, other phenotypes with 

predominant ataxia or spasticity may occur. Treatments that reduce copper stores are 

essential for prevention of neurological damage, and they may reverse existing symptoms if 

started early.17 They include chelation of heavy metals with penicillamine or trientine, 

and/or reduction of intestinal copper uptake with zinc. Dystonia/parkin-sonism due to a 

manganese transporter defect is a more recently described disorder that is treated using a 

similar strategy that involves chelation of heavy metals with ethylene diamine tetra-acetic 

acid (EDTA).18

Cerebrotendinous xanthomatosis is caused by deficiency of mitochondrial sterol 27-

hydoxylase, an enzyme involved in cholesterol metabolism. Symptoms can develop in 

childhood or adulthood. Affected individuals develop solid deposits known as xanthomas 

near large tendons, although these may be asymptomatic and are easy to miss. The 

movement disorder typically involves progressive ataxia with spasticity, but other 

phenotypes dominated by dystonia or parkinsonism may occur. Other symptoms may 

include neuropathy, cognitive decline, seizures, and cataracts. Supplementation with the bile 

acid chenodeoxycholic acid can prevent or reverse neurological symptoms.19 

Chenodeoxycholic acid works by binding to and reducing the accumulation of cholestanol 

and related metabolites that are damaging to the nervous system.

Niemann-Pick type C is a lysosomal storage disorder caused by defects in intracellular 

cholesterol trafficking. The clinical manifestations typically begin in childhood or early 

adulthood and include slowly progressive dementia, often with seizures. Most patients also 

have progressive ataxia with a supranuclear vertical gaze palsy, although other phenotypes 

with dystonia, spasticity, myoclonus, or parkinsonism may also occur. N-butyl-

deoxynojirimycin (Miglustat; Actelion, Basel Switzerland) is a synthetic glucose analog that 

reduces lysosomal storage products by inhibiting glycosylceramide synthase, the enzyme 

responsible for the first step in the synthesis of glycosphingolipids that accumulate in 

lysosomes. Several studies have shown that the treatment of patients with Niemann-Pick 

type C with this drug can mitigate biomarkers of disease and slow progression of 

neurological symptoms, especially among patients with late-onset disease.20 N-butyl-

deoxynojirimycin also is used for adults with Type 1 Gaucher disease in whom enzyme 

replacement therapy is not suitable (see later).
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Dietary Interventions

For several RMD, dietary interventions can provide an effective therapy by reducing the 

source of a substance that is toxic to the nervous system (Table 2). Here again, early 

intervention is essential to avoid often irreversible nervous system damage.

The most well-known example is phenylketonuria. In this disorder, deficiency of the enzyme 

phenylalanine hydroxylase leads to accumulation of toxic phenylalanine metabolites. 

Untreated patients suffer from developmental delay with cognitive and behavioral 

difficulties. Many also develop a mixed movement disorder that combines spasticity, 

parkinsonism, and other features. If introduced early, a phenylalanine-restricted diet prevents 

most of the neurobehavioral problems.21 Fortunately, most cases are detected early, because 

neonatal screening is methodically conducted for this disorder in most countries. 

Symptomatic cases are occasionally seen in children or adults when screening was missed or 

with dietary noncompliance.

Homocystinuria is another disorder of amino acid metabolism caused by deficiency of 

cystathione beta-synthase, with toxic accumulation of homocystine and homocysteine. If 

untreated, homocystinuria causes variable expression of developmental delay, myopia with 

ectopic lens, thromboembolism, tall stature, hypopig-mentation, psychiatric features, and 

sometimes parkinsonism or dystonia. Therapy is aimed at reducing toxic levels of 

homocysteine using a combination of a methione-restricted low-protein diet 22 and/or 

betaine to provide an alternative route for metabolic elimination of methionine.

Maple syrup urine disease is another amino acid disorder that is caused by deficiency of the 

branched chain ketoacid dehydrogenase complex. The enzyme deficiency causes 

accumulation of plasma branched chain amino acids leucine, isoleucine, and valine. The 

classic presentation is neonatal encephalophy, opthistotonus, and stereotyped movements of 

the limbs. However, the disorder may present later in childhood with encephalopathy, ataxia, 

and other features.23 Therapy requires a lifelong low protein and leucine-restricted diet that 

reduces plasma branched chain amino acids. Noncompliance with the diet can cause 

recurrence of encephalopathy with a paroxysmal movement disorder in older children and 

adults. Even with a strict diet, metabolic decompensation may occur during periods of 

fasting or fever, which result in catabolism of muscle proteins with elevation of plasma 

amino acids. Therefore, avoidance or management of these triggers is an important aspect of 

management in both children and adults.

Patients with Refsum disease present in late childhood or early adulthood with progressive 

ataxia, neuropathy, retinitis pigmentosa, and skin changes. It is caused by deficiency of the 

enzyme phytanyl CoA hydroxylase, which is required for metabolism of branched chain 

fatty acids such as phytanic acid. A diet reduced in phytanic acids can prevent or reverse 

symptoms in Refsum disease.24,25

Abetalipoproteinemia (Bassen-Kornzweig disease) presents with symptoms of fat 

malabsorption and acanthocytes in the blood, along with adult-onset dementia, seizures, and 

progressive ataxia. It is a result of defects in the microsomal triglyceride transfer protein, 

which is critical for the transfer and metabolism of fats in the body. Early intervention with a 
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low-fat diet combined with supplements of the fat-soluble vitamins A and E can prevent 

onset of symptoms.26

Two disorders may be treated with the ketogenic diet. Mutations in the SLC2A1 gene cause 

dysfunction of the brain glucose transporter (GLUT1), with reduced glucose into the central 

nervous system. Severely affected patients present with neonatal encephalopathy and 

seizures, although some do not develop symptoms until later in childhood or as young 

adults, when they present with paroxysmal exercise-induced dystonia or paroxysmal ataxia.
27 An established treatment is the ketogenic diet, which results in at least partial control of 

the neurological disability and is associated with improved long-term prognosis.28 

Presumably, the glucose transporter defect that deprives the nervous system of adequate 

glucose can be bypassed through the diet's induction of metabolic changes that produce 

ketones, which do not require the glucose transporter and can be used by neurons as an 

alternative energy source.

Pyruvate dehydrogenase complex deficiency is another disorder where the ketogenic diet or 

triheptanoin can be effective by providing an alternative energy source to bypass a metabolic 

defect in glucose metabolism.29,30 Some patients may also respond to thiamine supplements.
31

Supplements With Vitamins and Other Natural Substances

Several RMD can be treated with vitamins or other naturally occuring molecules. Examples 

include biotin (biotinidase deficiency),32 biotin plus thiamine (biotin-thiamine-responsive 

basal ganglia disease),33 coenzyme Q10 (certain CoQ10 defects),34 creatine (cerebral 

creatine deficiency),35 cyclic pyranopterin monophosphate (molybdenum cofactor complex 

deficiency caused by mutations in MOCS1),36 folinic acid (cerebral folate deficiency),19 and 

vitamin B12 (certain cobalamin-related defects).37 In these cases, the therapeutic mechanism 

involves bypassing a specific defect in metabolism, and therapy can be dramatically effective 

when instituted early (Table 3).

Ataxia with vitamin E deficiency is a slowly progressive ataxic disorder, although dystonia 

may sometimes predominate. It is caused by defects in the alpha tocopheral transfer protein 

leading to vitamin E deficiency, so high-dose vitamin E supplements are useful. 38 In 

abetalipoproteinemia (discussed previously), the fat malabsorption syndrome leads to 

deficiency of fat soluble vitamins (vitamins E and D), so supplementations with both are 

beneficial.26

Vitamin supplements are sometimes useful for subgroups of patients with other RMD. For 

example vitamin B6 can be effective in a subgroup of patients with homocystinuria 22 or 

mild forms of aromatic amino acid decarboxylase deficiencies 39,40 because both enzymes 

use the activated form (pyridoxal phosphate) as a cofactor. Similarly, vitamin B1 is useful 

for subgroups of patients with pyruvate dehydrogenase complex deficiency because this 

enzyme uses the activated form (thiamine pyrophosphate) as a cofactor. 31 In these cases, the 

additional cofactor presumably stabilizes or improves the function of the associated mutant 

enzyme.
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Betaine (trimethylglycine) is a naturally occuring amino acid that can serve as a methyl 

donor. It is U.S. Food and Drug Administration–approved for the treatment of 

homocysteinuria (discussed previously) for reducing homocysteine levels and associated 

thromboembolic events. Betaine is also at least partly effective in mitigating progressive 

spastic paraplegia in methylenetetrahydrofolate reductase deficiency.41

Management of Triggers

Several RMD are treated by management of known triggers (Table 4). In several cases, the 

mechanisms by which a trigger causes symptoms are well known. As noted previously, the 

intermittent encephalopathy and movement disorder associated with maple syrup urine 

disease is triggered by transient elevations of serum branched chain amino acids and can be 

managed by avoiding catabolic states that increase plasma amino acids.

In other cases, the triggers are well known, but the mechanisms are only partly 

characterized. A classic example is glutaric aciduria type 1, which is caused by deficiency of 

glutary-CoA dehydrogenase, an enzyme that is involved in the catabolism of lysine and 

tryptophan. Most patients are normal until symptoms are triggered by routine immunization, 

uncomplicated infection or surgery, or some other metabolic stress. Patients develop an acute 

encephalopathic crisis with striatal necrosis leading to permanent cognitive sequelae, 

dystonia, and parkinsonism. For reasons that are not entirely understood, this syndrome 

develops during a vulnerable developmental window (less than 2 years of age), and does not 

typically develop in older individuals. Dietary restriction of lysine combined with aggressive 

prevention or management of known triggers during the vulnerable period is important to 

avoid encephalopathic crises and permanent brain damage.42,43

Two additional disorders, methylmalonic aciduria and propionic aciduria, are also associated 

with permanent striatal injury triggered by metabolic decompensation, with severe and 

permanent parkinsonism and dystonia, often combined with cognitive impairment. 

Management of known triggers is combined with a protein-restricted diet, which reduces the 

load of organic acid precursors in the relevant metabolic pathways.44 Hydroxycobalamin can 

also be used in cases of B12-responsive methylmalonic aciduria.

Rapid-onset dystonia-parkinsonism is another disorder in which control of environmental 

triggers may play an important role in management.45 Classically, this disorder presents in 

older children or adults, again with an encephalopathic crisis followed by a permanent 

movement disorder that is dominant by dystonia and parkinsonism. However, acute striatal 

necrosis does not occur. In addition to the triggers that lead to catabolic states described 

above for glutaric aciduria, other triggers may include overuse of alcohol or even 

psychological stress. Unlike glutaric aciduria where the triggers cause decompensation only 

in young children, these triggers may cause decompensation even in older adults with rapid-

onset dystonia-parkinsonism. The reasons for rapid decompensation remain unclear. The 

responsible gene (ATP1A3) encodes a sodium-potassium adenosine triphosphatase 

(ATPase), which plays a major role in maintaining the gradient of ions that provides the 

basis for neuronal signalling. Maintaining these ion gradients comprises a very large 

proportion of the energy used by the brain, so it seems feasible that specific triggers cause 

metabolic decompensation when the demand for energy exceeds the capacity to supply it. 
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The same gene also causes a spectrum of other phenotypes, where the value of treating 

triggers is less certain.45

There are several other movement disorders where symptoms are triggered by specific 

factors including paroxysmal dyskinesias, paroxysmal ataxia, alternating hemiplegia of 

childhood, and others (Table 4). Although the exact mechanisms by which these factors 

trigger the movement disorder remain unknown, avoiding the triggers can play a useful role 

in management.

Specific Small Molecule Therapies

Several RMD can be treated with drugs that interact specifically with the disease mechanism 

(Table 5). One of the best examples is dopa-responsive dystonia, a group of disorders 

characterized by dystonia, sometimes with parkinsonism, in children and young adults.46 

The disorder can be caused by various defects in the synthesis of dopamine. It is most 

commonly caused by defects in the GCH1 gene, which encodes an enzyme required in the 

synthesis tetrahydrobiopterin. Reductions in tetrahydrobiopterin reduce the synthesis of 

dopamine by tyrosine hydroxylase because it is a required cofactor. Bypassing the defect in 

dopamine synthesis with the precursor levodopa dramatically alleviates symptoms of 

dystonia and parkinsonism. Less commonly, dopa-responsive dystonia can caused by defects 

in tyrosine hydroxylase itself.47 Here again, dystonia and parkinsonism can be at least 

partially alleviated with levodopa in some cases.

Several other disorders affect the synthesis of tetrahydrobiopterin and may cause an early-

onset movement disorder, often with a more general encephalopathy. Included are 

sepiapterin reductase deficiency,48 6-pyruvoyl tetrahydropterin synthase deficiency,49 and 

dihyropteridine reductase deficiency. These disorders are treated with tetrahydrobiopterin in 

combination with levodopa and 5-hydroxytryptophan, the precursor for serotonin.

As noted previously, the paroxysmal dyskinesias associated with GLUT1 deficiency can be 

treated with triheptanoin.50 The attacks of ataxia associated with mutations in the 

CACNA1A gene and episodic ataxia type 2 can be treated with acetazolamide or 4-amino-

pyridine. A randomized controlled trial comparing these 2 agents for this disorder is under 

way.51 The exact mechanism of action is not known, but these drugs are likely to affect the 

function of the calcium channel that is affected in this disorder. The attacks of dystonia in 

paroxysmal kinesigenic dyskinesia can be suppressed with small doses of carbamazepine 

and sometimes other anticonvulsants.52 Here, the exact mechanism of action also is not 

known, but the drugs are often quite effective.

Diagnostic Strategies

For many of the RMD described previously, early treatment is often needed to prevent 

permanent neurological symptoms that result from irreversible injury to the nervous system. 

Because of the large numbers of RMD with overlapping phenotypes, fast and accurate 

diagnosis is often challenging. Although it is beyond the scope of the current review to 

provide detailed diagnostic algorithms for all RMD, some general principles are very useful 

for early recognition. One helpful strategy focuses on the recognition of red flags, which are 
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specific clinical or laboratory findings that point to a single disorder or group of disorders.
53-55 Examples include Kayser-Fleischer rings of Wilson's disease or the tortuous scleral 

blood vessels of ataxia telangiectasia. When present, these red flags can be very useful. 

However, this strategy is not sufficient in many circumstances, because the number of red 

flags is constantly growing, and it is challenging to be aware of all of them. In addition, 

many red flags are subtle or sometimes missing where they are expected. Finally, many rare 

disorders lack specific red flags.

Another helpful strategy involves delineating phenotypic syndromic patterns.56-60 Here, a 

thorough examination is conducted to identify the full spectrum of clinical abnormalities. 

The exam may be supplemented by laboratory studies or neuroimaging, and various 

algorithms have been proposed to guide workup of certain RMD.59,61-63 Collectively, the 

findings constitute a pattern of clinical and laboratory features that point to a diagnosis. For 

example, the combination of any movement disorder with impaired range of eye movements 

and hearing loss is suspicious for a mitochondrial disorder, especially when combined with 

evidence for elevated plasma lactic acid.64 When apparent, syndromic patterns can provide 

very useful diagnostic aids. However, this strategy has some of the same limitations as the 

red flag strategy. There are many overlapping syndromes, and it is hard to keep informed 

about all of them. Furthermore, partial or atypical syndromes may not present a readily 

recognizable pattern. For example, some patients with ataxia telangiectasia present with 

dystonia or chorea rather than ataxia, and they may lack ocular telangiectasias.65-68 

Therefore, the syndromic approach to diagnosis is not always successful.

Neuroimaging studies can also provide an important guide to diagnosis by providing 

information for broad differentiation between disorders of gray matter versus white matter 

(leukoencephalopathies).57 Neuroimaging studies that can also provide red flags or aid in 

recognition of a syndromic pattern. A classic red flag is the “eye of the tiger” sign on brain 

MRI in pantothenate kinase associated neurodegeneration.69,70 Other patients present with 

highly characteristic imaging abnormalities that are anatomically limited to the caudate, 

putamen, pallidum, thalamus, and/or cerebellum.69,70 For certain genetic disorders, 

abnormal T2 or fluid attenuated inversion recovery (FLAIR) signal abnormalities limited to 

the putamen are characteristic of Leigh disease, whereas those that more prominently affect 

the pallidum point to methylmalonic aciduria or neurodegeneration with brain iron 

accumulation. Anatomically specific lesions precisely demarcating various portions of the 

basal ganglia or other regions can also be seen with infectious disorders such as acute striatal 

necrosis due to mycoplasma infection 71 or immunemediated disorders that target basal 

ganglia antigens such as dopamine receptors.72 The absence of MRI abnormalities (other 

than atrophy) may itself narrow the differential diagnosis because few disorders remain 

entirely normal, including some genetic causes of parkinsonism, Niemann-pick type C, the 

neuronal ceroid lipofuscinoses, and ADCY5-associated disorders.

For genetic disorders, modern genetic methods have begun to provide another approach for 

diagnosis. It is now possible to sequence the entire exome or genome as a clinical diagnostic 

test or to sequence large panels of genes associated with a movement disorder.73-76 For 

example, currently available ataxia panels may evaluate more than 300 genes at once. The 

main challenge in using the modern genetic methods is that the results can be difficult to 
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interpret, with abnormal findings in multiple genes, often of uncertain significance. The use 

of these methods often requires that the results are discussed with clinicians who can 

provide the expertise whether the molecular findings fit the clinical phenotype of the patient 

and can lead the clinician to reevaluate the patient in a search for additional clinical evidence 

relating to any unexpected genetic findings.75,76 The rapid advances in genetics and 

increased numbers of genetically defined diseases with varying clinical manifestations call 

for close multidisciplinary cooperation between neurologists and geneticists. Joint case 

conferences and international internet-based resources may facilitate exchange of expertise 

with respect to both diagnosis and management of rare disorders.

Educational Resources

Counseling and education play an important role in raising awareness of RMD and in 

establishing effective treatment plans. Because it is challenging to provide a comprehensive 

review of all RMD, guides for additional resources are very valuable. These resources have 

become plentiful in the past 5 years. Previously, patients and family members sought 

information on the web focusing on individual disorders. As each individual illness is rare, 

scaling up resources and advocacy become imperative. Thus, organizations exist to connect 

patients to information such as www.rarediseases.org (USA), www.raredisorders.ca 

(Canada), www.eurordis.org (Europe), and www.orpha.net (multilingual portal for 

information on diagnosis and treatment of rare diseases). These resources provide excellent 

information on definitions, government policy surrounding development of treatments, and 

access to resources in the community as well as medical information. Most sites link to the 

National Institutes of Health website GARD (Genetic and Rare Diseases Information 

Center). This site contains some information, but many rare disorders are not included.

Physician resources for rare disorders need to aid diagnosis and must be integrated into 

phenotypically based guides to the differential diagnosis of movement disorders. 

Comprehensive resources for rare disorders include Orphanet (www.orpha.net), 

Simulconsult (www.simulconsult.com), and Online Mendelian Inheritance in Man 

(www.omim.org). For genetically determined movement disorders, an online tool named 

MDSGene (www.mdsgene.org), supported by the International Parkinson and Movement 

Disorders Society, has recently been launched. It aims to facilitate searches to match 

symptoms and signs to genetic diagnoses.77 To our knowledge, an analogous tool tailored to 

nongenetic movement disorders has not been developed. These resources must also educate 

on the natural history, treatment, and required monitoring of these disorders. For many 

genetically determined rare disorders, GeneReviews is a frequently updated resource. 

Orphanet also includes an online library of review articles and practice guidelines for health 

care professionals; however, the coverage of rare movement disorders is not complete. As 

for patient resources, identifying gaps in existing resources is a natural role for the RMD 

Study Group.

Future Developments

Rapid advances in inherited diseases have led to the discovery of multiple tractable 

therapeutic targets in recent years. As a result, numerous clinical trials are underway. For 
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example, excessive brain iron deposition has been identified for several disorders including 

neurodegeneration with brain iron accumulation, Friedreich's ataxia, and others. Trials with 

iron chelators are underway and will likely require longitudinal study designs sensitive to 

disease progression to establish efficacy. A number of other disorders have been linked with 

limitations in brain energy production via glucose, such as GLUT1 deficiency. These 

observations have led to preliminary trials of triheptanoin, a triglyceride that can also 

provide an alternative brain energy substrate, for patients with GLUT1-related paroxysmal 

dyskinesia.50 A larger trial that includes other GLUT1 phenotypes is now underway.

For many inherited diseases, the replacement of the defective gene or protein provides an 

obvious approach to therapy. Although preclinical studies have shown the promise of this 

strategy for many diseases, only one has reached clinical application. Gaucher disease is an 

autosomal recessive lysosomal storage disorder caused by glucocerebrosidase deficiency, 

with accumulation of glucosylceramide and its deacylated form, glucosylsphingosine. Three 

classical phenotypes are recognized: nonneuropathic, acute neuropathic with infantile onset, 

and chronic neuropathic. The neurological manifestations are thought to result from 

glucosylsphingosine accumulation in the brain. Intravenous enzyme replacement therapy is 

available via recombinant glucocerebrosidase.78 This therapy is remarkably effective in 

reducing glucocerebroside storage in peripheral tissues and preventing systemic 

complications. Unfortunately, establishing any potential effect of this therapy on the 

neurological features is more challenging. Any potential symptomatic effects depend on 

whether the enzyme can reach the brain and whether pathology and associated symptoms are 

reversible or at least stabilized by therapy.79 It remains to be determined if enzyme 

replacement therapy might benefit the brain and associated movement disorder. Gaucher 

disease has classically been viewed as an autosomal recessive disorder with three distinct 

pheno-types. Recently, the heterozygous carrier state has been shown to increase the risk of 

adult-onset Parkinson disease.80 The mechanisms by which the gene defect might contribute 

to development of disease remains uncertain, and no information is available on the use of 

enzyme replacement therapies in this population.

Although enzyme replacement therapy is a theoretically attractive strategy for many 

inherited disorders, it is not always certain that the nervous system will benefit. In some 

cases, the effects of peripherally administered enzyme may be effective in some regions of 

the body, but they may not reach the brain where they may be needed to prevent or reverse 

symptoms. In other cases, nervous system injury may not be reversible, and neurological 

symptoms may not improve. Here, the treatment strategy may slow or stop progression of 

disease, or may require early institution of therapy as a preventive approach. Establishing 

efficacy is challenging because of the requirement for long-term studies.

Despite remarkable therapeutic advances in recent years, many disorders lack specific 

therapies, and many questions regarding existing therapies remain to be answered. For 

example, the spectrum of side effects and long-term outcomes are poorly characterized for 

many treatments. In principle, these knowledge gaps can be addressed by disease-specific 

patient registries. Such registries have been developed for many rare disorders already.
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Another challenge arises when multiple treatment options are available because it can be 

challenging to know which is the best choice. One good example is Wilson's disease, where 

copper chelation with penecillamine was the first available treatment, and the additional 

options of trientine or zinc were developed later. Another option, tetrathiomolybdenate, has 

been in clinical trials for several years. Although some experts continue to view 

penecillamine as the gold standard, others prefer the alternatives because they have a lower 

risk of causing deterioration after therapy is started.81 Rigorous trials comparing these 

treatment options are difficult, although patient-registries may provide sufficient 

observational data to make recommendations.

Summary

Although the main focus of this review is on mechanism-based treatments for inherited 

RMD, in principle, all disorders are “treatable,” at least symptomatically. For many RMD, 

apart from the specific treatments outlined above, a mainstay of treatment involves 

physiotherapy and balance training, and ambulatory aids to maintain autonomy and prevent 

falls. Counseling of patients and caregivers and providing information about support groups 

are important for comprehensive management of all RMDs.51

The current review summarizes more than 30 RMD that now have more specific treatments 

based on underlying disease mechanisms. Overall, there are some important general 

principles. First, approximately one third are managed by dietary restrictions, which must be 

maintained throughout life to reduce symptoms or avoid their recurrence. The emergence of 

symptoms in an adult may indicate poor adherence to the diet. Second, several RMD are 

triggered or worsened by specific factors, and avoidance or rapid management of the triggers 

plays a critical role in management. Thus early diagnosis is important to develop a plan to 

address the triggers before they cause problems. Third, many available treatments 

completely prevent or eliminate symptoms when initiated at a young age, although partial 

benefits may sometimes occur even after symptoms are well-established. These observations 

reinforce the need for early diagnosis. Fourth, many RMD first present in infants or young 

children, but in virtually all cases, may not present until adolescence or adulthood. These 

observations mean that RMD are relevant for both pediatric and adult neurologists. Fifth, 

many RMD present with classical syndromes, but partial or atypical phenotypes are 

frequent. These observations mean that clinicians must maintain a high index of suspicion.

Fortunately, a variety of strategies can be used to facilitate the early recognition and 

diagnosis of inherited RMD, using red flags, pattern recognition, and neuroimaging. Large 

gene sequencing panels or whole-exome or genome sequencing are playing an increasingly 

important role. These new genetic methods do not eliminate the need for careful evaluation 

of the clinical phenotype, but instead place the clinician in a new role of validating genetic 

findings through further clinical assessments or functional assays.75 The rapidly growing 

molecular definition of RMDs is paving the way for a shift from symptomatic to disease-

specific treatments. Fortunately, special rules are available for rare disorders in most 

countries, and they are being increasingly used to obtain approvals for new treatments on a 

“fasttrack.”82,83 These advances may ultimately be relevant to more common neurological 

disorders.

Jinnah et al. Page 13

Mov Disord. Author manuscript; available in PMC 2019 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



References

1. Richter T, Nestler-Parr S, Babela R, et al. Rare disease terminology and definitions—a systematic 
global review: report of the ISPOR rare disease special interest group. Value Health. 2015; 18:906–
914. [PubMed: 26409619] 

2. Rodwell C, Ayme S. Rare disease policies to improve care for patients in Europe. Biochim Biophys 
Acta. 2015; 1852:2329–2335. [PubMed: 25725454] 

3. Bellgard M, Beroud C, Parkinson K, et al. Dispelling myths about rare disease registry system 
development. Source Code Biol Med. 2013; 8:21. [PubMed: 24131574] 

4. Gammie T, Lu CY, Babar ZU. Access to orphan drugs: a comprehensive review of legislations, 
regulations and policies in 35 countries. PLoS One. 2015; 10:e0140002. [PubMed: 26451948] 

5. Gauthier J, Rouleau GA. De novo mutations in neurological and psychiatric disorders: effects, 
diagnosis and prevention. Genome Med. 2012; 4:71. [PubMed: 23009675] 

6. Field, M., Boat, T. Rare diseases and orphan products: accelerating research and development. The 
National Academies Collection: National Academies Press; 2010. Institute of Medicine (US) 
Commitee on Accelerating Rare Diseases Research and Development. 

7. Ayme S, Bellet B, Rath A. Rare diseases in ICD11: making rare diseases visible in health 
information systems through appropriate coding. Orphanet J Rare Dis. 2015; 10:35. [PubMed: 
25887186] 

8. Gerss JW, Kopcke W. Clinical trials and rare diseases. Adv Exp Med Biol. 2010; 686:173–190. 
[PubMed: 20824446] 

9. Gagne JJ, Thompson L, O'Keefe K, Kesselheim AS. Innovative research methods for studying 
treatments for rare diseases: methodological review. BMJ. 2014; 349:g6802. [PubMed: 25422272] 

10. Bell SA, Tudur Smith C. A comparison of interventional clinical trials in rare versus non-rare 
diseases: an analysis of ClinicalTrials.gov. Orphanet J Rare Dis. 2014; 9:170. [PubMed: 
25427578] 

11. Killoran A, Biglan KM. Current therapeutic options for Huntington's disease: good clinical 
practice versus evidence-based approaches? Mov Disord. 2014; 29:1404–1413. [PubMed: 
25164707] 

12. Gray RGF, Preece MA, Green SH, Whitehouse W, Winer J, Green A. Inborn errors of metabolism 
as a cause of neurological disease in adults : approach to investigation. J Neurol Neurosurg 
Psychiatry. 2000; 69 12-May. 

13. Sedel F, Lyon-Caen O, Saudubray JM. Therapy insight: inborn errors of metabolism in adult 
neurology— a clinical approach focusssed on treatable diseases. Nat Clin Pract Neurol. 2007; 
3:279–290. [PubMed: 17479075] 

14. Sedel F, Saudubray JM, Roze E, Agid Y, Vidailhet M. Movement disorders and inborn errors of 
metabolism in adults: a diagnostic approach. J Inherit Metab Dis. 2008; 31:308–318. [PubMed: 
18563632] 

15. Murphy E. Pregnancy in women with inherited metabolic disease. Obstet Med. 2015; 8:61–67. 
[PubMed: 27512458] 

16. Langendonk JG, Roos JC, Angus L, et al. A series of pregnancies in women with inherited 
metabolic disease. J Inherit Metab Dis. 2012; 35:419–424. [PubMed: 21918856] 

17. Bandmann O, Weiss KH, Kaler SG. Wilson's disease and other neurological copper disorders. 
Lancet Neurol. 2015; 14:103–113. [PubMed: 25496901] 

18. Tuschl K, Meyer E, Valdivia LE, et al. Mutations in SLC39A14 disrupt manganese homeostasis 
and cause childhood-onset parkinsonism-dystonia. Nat Commun. 2016; 7:11601. [PubMed: 
27231142] 

19. Nie S, Chen G, Cao X, Zhang Y. Cerebrotendinous xanthomatosis: a comprehensive review of 
pathogenesis, clinical manifestations, diagnosis, and management. Orphanet J Rare Dis. 2014; 
9:179. [PubMed: 25424010] 

20. Santos-Lozano A, Villamandos Garcia D, Sanchis-Gomar F, et al. Niemann-Pick disease treatment: 
a systematic review of clinical trials. Ann Transl Med. 2015; 3:360. [PubMed: 26807415] 

Jinnah et al. Page 14

Mov Disord. Author manuscript; available in PMC 2019 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



21. Vockley J, Andersson HC, Antshel KM, et al. Phenylalanine hydroxylase deficiency: diagnosis and 
management guideline. Genet Med. 2014; 16:188–200. [PubMed: 24385074] 

22. Morris AA, Kozich V, Santra S, et al. Guidelines for the diagnosis and management of 
cystathionine beta-synthase deficiency. J Inherit Metab Dis. 2017; 40:49–74. [PubMed: 27778219] 

23. Simon E, Flaschker N, Schadewaldt P, Langenbeck U, Wendel U. Variant maple syrup urine 
disease (MSUD)—the entire spectrum. J Inherit Metab Dis. 2006; 29:716–724. [PubMed: 
17063375] 

24. Zolotov D, Wagner S, Kalb K, Bunia J, Heibges A, Klingel R. Long-term strategies for the 
treatment of Refsum's disease using therapeutic apheresis. J Clin Apher. 2012; 27:99–105. 
[PubMed: 22267052] 

25. Baldwin EJ, Gibberd FB, Harley C, Sidey MC, Feher MD, Wierzbicki AS. The effectiveness of 
long-term dietary therapy in the treatment of adult Refsum disease. J Neurol Neurosurg Psychiatry. 
2010; 81:954–957. [PubMed: 20547622] 

26. Lee J, Hegele RA. Abetalipoproteinemia and homozygous hypobe-talipoproteinemia: a framework 
for diagnosis and management. J Inherit Metab Dis. 2014; 37:333–339. [PubMed: 24288038] 

27. Weber YG, Kamm C, Suls A, et al. Paroxysmal choreoathetosis/ spasticity (DYT9) is caused by a 
GLUT1 defect. Neurology. 2011; 77:959–964. [PubMed: 21832227] 

28. Kass HR, Winesett SP, Bessone SK, Turner Z, Kossoff EH. Use of dietary therapies amongst 
patients with GLUT1 deficiency syndrome. Seizure. 2016; 35:83–87. [PubMed: 26803281] 

29. Sperl W, Fleuren L, Freisinger P, et al. The spectrum of pyruvate oxidation defects in the diagnosis 
of mitochondrial disorders. J Inherit Metab Dis. 2015; 38:391–403. [PubMed: 25526709] 

30. Sofou K, Dahlin M, Hallbook T, Lindefeldt M, Viggedal G, Darin N. Ketogenic diet in pyruvate 
dehydrogenase complex deficiency: short- and long-term outcomes. J Inherit Metab Dis. 2017; 
40:237–245. [PubMed: 28101805] 

31. Castiglioni C, Verrigni D, Okuma C, et al. Pyruvate dehydrogenase deficiency presenting as 
isolated paroxysmal exercise induced dystonia successfully reversed with thiamine 
supplementation. Case report and mini-review. Eur J Paediatr Neurol. 2015; 19:497–503. 
[PubMed: 26008863] 

32. Wolf B. Successful outcomes of older adolescents and adults with profound biotinidase deficiency 
identified by newborn screening. Genet Med. 2017; 19:396–402. [PubMed: 27657684] 

33. Tabarki B, Alfadhel M, AlShahwan S, Hundallah K, AlShafi S, AlHashem A. Treatment of biotin-
responsive basal ganglia disease: open comparative study between the combination of biotin plus 
thiamine versus thiamine alone. Eur J Paediatr Neurol. 2015; 19:547–552. [PubMed: 26095097] 

34. Emmanuele V, Lopez LC, Berardo A, et al. Heterogeneity of coenzyme Q10 deficiency: patient 
study and literature review. Arch Neurol. 2012; 69:978–983. [PubMed: 22490322] 

35. Stockler-Ipsiroglu S, van Karnebeek CD. Cerebral creatine deficiencies: a group of treatable 
intellectual developmental disorders. Semin Neurol. 2014; 34:350–356. [PubMed: 25192512] 

36. Atwal PS, Scaglia F. Molybdenum cofactor deficiency. Mol Genet Metab. 2016; 117:1–4. 
[PubMed: 26653176] 

37. Baumgartner MR. Vitamin-responsive disorders: cobalamin, folate, biotin, vitamins B1 and E. 
Handb Clin Neurol. 2013; 113:1799–1810. [PubMed: 23622402] 

38. Schuelke, M. Ataxia with vitamin e deficiency. In: Pagon, RA.Adam, MP.Ardinger, HH., et al., 
editors. GeneReviews. University of Washington; Seattle, WA: 1993. 

39. Brun L, Ngu LH, Keng WT, et al. Clinical and biochemical features of aromatic L-amino acid 
decarboxylase deficiency. Neurology. 2010; 75:64–71. [PubMed: 20505134] 

40. Wassenberg T, Molero-Luis M, Jeltsch K, et al. Consensus guideline for the diagnosis and 
treatment of aromatic l-amino acid decarboxylase (AADC) deficiency. Orphanet J Rare Dis. 2017; 
12:12. [PubMed: 28100251] 

41. Lossos A, Teltsh O, Milman T, et al. Severe methylenetetrahydro-folate reductase deficiency: 
clinical clues to a potentially treatable cause of adult-onset hereditary spastic paraplegia. JAMA 
Neurology. 2014; 71:901–904. [PubMed: 24797679] 

42. Heringer J, Boy SP, Ensenauer R, et al. Use of guidelines improves the neurological outcome in 
glutaric aciduria type I. Ann Neurol. 2010; 68:743–752. [PubMed: 21031586] 

Jinnah et al. Page 15

Mov Disord. Author manuscript; available in PMC 2019 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



43. Kolker S, Christensen E, Leonard JV, et al. Diagnosis and management of glutaric aciduria type I
—revised recommendations. J Inherit Metab Dis. 2011; 34:677–694. [PubMed: 21431622] 

44. Baumgartner MR, Horster F, Dionisi-Vici C, et al. Proposed guidelines for the diagnosis and 
management of methylmalonic and pro-pionic acidemia. Orphanet J Rare Dis. 2014; 9:130. 
[PubMed: 25205257] 

45. Heinzen EL, Arzimanoglou A, Brashear A, et al. Distinct neurological disorders with ATP1A3 
mutations. Lancet Neurol. 2014; 13:503–514. [PubMed: 24739246] 

46. Kurian MA, Gissen P, Smith M, Heales S Jr, Clayton PT. The monoamine neurotransmitter 
disorders: an expanding range of neurological syndromes. Lancet Neurol. 2011; 10:721–733. 
[PubMed: 21777827] 

47. Willemsen MA, Verbeek MM, Kamsteeg EJ, et al. Tyrosine hydroxylase deficiency: a treatable 
disorder of brain catecholamine biosynthesis. Brain. 2010; 133:1810–1822. [PubMed: 20430833] 

48. Friedman J, Roze E, Abdenur JE, et al. Sepiapterin reductase deficiency: a treatable mimic of 
cerebral palsy. Ann Neurol. 2012; 71:520–530. [PubMed: 22522443] 

49. Ye J, Yang Y, Yu W, et al. Demographics, diagnosis and treatment of 256 patients with 
tetrahydrobiopterin deficiency in mainland China: results of a retrospective, multicentre study. J 
Inherit Metab Dis. 2013; 36:893–901. [PubMed: 23138986] 

50. Mochel F, Hainque E, Gras D, et al. Triheptanoin dramatically reduces paroxysmal motor disorder 
in patients with GLUT1 deficiency. J Neurol Neurosurg Psychiatry. 2016; 87:550–553. [PubMed: 
26536893] 

51. Ilg W, Bastian A, Boesch S, et al. Consensus paper: management of degenerative cerebellar 
disorders. The Cerebellum. 2014; 13:248–268. [PubMed: 24222635] 

52. Strzelczyk A, Burk K, Oertel WH. Treatment of paroxysmal dyskinesias. Expert Opin 
Pharmacother. 2011; 12:63–72. [PubMed: 21108579] 

53. Kollensperger M, Geser F, Seppi K, et al. Red flags for multiple system atrophy. Mov Disord. 
2008; 23:1093–1099. [PubMed: 18442131] 

54. Martino D, Stamelou M, Bhatia KP. The differential diagnosis of Huntington's disease-like 
syndromes: ‘red flags’ for the clinician. J Neurol Neurosurg Psychiatry. 2013; 84:650–656. 
[PubMed: 22993450] 

55. Stamelou M, Lai SC, Aggarwal A, et al. Dystonic opisthotonus: a “red flag” for neurodegeneration 
with brain iron accumulation syndromes? Mov Disord. 2013; 28:1325–1329. [PubMed: 23736975] 

56. Abdo WF, van de Warrenburg BP, Burn DJ, Quinn NP, Bloem BR. The clinical approach to 
movement disorders. Nat Rev Neurol. 2010; 6:29–37. [PubMed: 20057497] 

57. Fung VS, Jinnah HA, Bhatia K, Vidailhet M. Assessment of the patient with dystonia: an update on 
dystonia syndromes. Mov Dis-ord. 2013; 28:889–898.

58. Jinnah, HA., Factor, S. Diagnosis and treatment of dystonia. In: Jankovic, J., editor. Neurologic. 
Vol. 33. 2015. p. 77-100.

59. Charlesworth G, Bhatia KP, Wood NW. The genetics of dystonia: new twists in an old tale. Brain. 
2013; 136:2017–2037. [PubMed: 23775978] 

60. Schneider SA, Bhatia KP. Secondary dystonia—clinical clues and syndromic associations. Eur J 
Neurol. 2010; 17(suppl 1):52–57.

61. Camargos S, Cardoso F. New algorithm for the diagnosis of hereditary dystonia. Arq 
Neuropsiquiatr. 2012; 70:715–717. [PubMed: 22990730] 

62. van Egmond ME, Kuiper A, Eggink H, et al. Dystonia in children and adolescents: a systematic 
review and a new diagnostic algorithm. J Neurol Neurosurg Psychiatry. 2014; 86:774–781. 
[PubMed: 25395479] 

63. Garcia-Cazorla A, Wolf NI, Serrano M, et al. Inborn errors of metabolism and motor disturbances 
in children. J Inherit Metab Dis. 2009; 32:618–629. [PubMed: 19731074] 

64. Martikainen MH, Ng YS, Gorman GS, et al. Clinical, genetic, and radiological features of 
extrapyramidal movement disorders in mitochondrial disease. JAMA Neurol. 2016; 73:668–674. 
[PubMed: 27111573] 

Jinnah et al. Page 16

Mov Disord. Author manuscript; available in PMC 2019 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



65. Charlesworth G, Mohire MD, Schneider SA, Stamelou M, Wood NW, Bhatia KP. Ataxia 
telangiectasia presenting as dopa-responsive cervical dystonia. Neurology. 2013; 81:1148–1151. 
[PubMed: 23946315] 

66. Meneret A, Ahmar-Beaugendre Y, Rieunier G, et al. The pleiotropic movement disorders 
phenotype of adult ataxia-telangiectasia. Neurology. 2014; 83:1087–1095. [PubMed: 25122203] 

67. Saunders-Pullman R, Raymond D, Stoessl AJ, et al. Variant ataxia-telangiectasia presenting as 
primary-appearing dystonia in Canadian Mennonites. Neurology. 2012; 78:649–657. [PubMed: 
22345219] 

68. Verhagen MM, Abdo WF, Willemsen MA, et al. Clinical spectrum of ataxia-telangiectasia in 
adulthood. Neurology. 2009; 73:430–437. [PubMed: 19535770] 

69. Tonduti D, Chiapparini L, Moroni I, et al. Neurological disorders associated with striatal lesions: 
Classification and diagnostic approach. Curr Neurol Neurosci Rep. 2016; 16:54. [PubMed: 
27074771] 

70. Finelli PF, DiMario FJ Jr. Diagnostic approach in patients with symmetric imaging lesions of the 
deep gray nuclei. Neurologist. 2003; 9:250–261. [PubMed: 12971836] 

71. Kim JS, Choi IS, Lee MC. Reversible parkinsonism and dystonia following probable mycoplasma 
pneumoniae infection. Mov Disord. 1995; 10:510–512. [PubMed: 7565836] 

72. Cunningham MW, Cox CJ. Autoimmunity against dopamine receptors in neuropsychiatric and 
movement disorders: a review of Sydenham chorea and beyond. Acta Physiol (Oxf). 2016; 
216:90–100. [PubMed: 26454143] 

73. Shashi V, McConkie-Rosell A, Rosell B, et al. The utility of the traditional medical genetics 
diagnostic evaluation in the context of next-generation sequencing for undiagnosed genetic 
disorders. Genet Med. 2014; 16:176–182. [PubMed: 23928913] 

74. Xue Y, Ankala A, Wilcox WR, Hegde MR. Solving the molecular diagnostic testing conundrum 
for Mendelian disorders in the era of next-generation sequencing: single-gene, gene panel, or 
exome/ genome sequencing. Genet Med. 2014; 17:441–451. [PubMed: 25232850] 

75. Foley AR, Donkervoort S, Bonnemann CG. Next-generation sequencing still needs our 
generation's clinicians. Neurol Genet. 2015; 1:e13. [PubMed: 27066550] 

76. Olgiati S, Quadri M, Bonifati V. Genetics of movement disorders in the next-generation sequencing 
era. Mov Disord. 2016; 31:458–470. [PubMed: 26899883] 

77. Lill CM, Mashychev A, Hartmann C, et al. Launching the movement disorders society genetic 
mutation database (MDSGene). Mov Disord. 2016; 31:607–609. [PubMed: 27156390] 

78. Shemesh E, Deroma L, Bembi B, et al. Enzyme replacement and substrate reduction therapy for 
Gaucher disease. Cochrane Database Syst Rev. 2015:CD010324. [PubMed: 25812601] 

79. Monestime G, Borger DK, Kim J, et al. Varied autopsy findings in five treated patients with 
Gaucher disease and parkinsonism include the absence of Gaucher cells. Mol Genet Metab. 2016; 
118:55–59. [PubMed: 26992326] 

80. Barkhuizen M, Anderson DG, Grobler AF. Advances in GBA-associated Parkinson's disease—
pathology, presentation and therapies. Neurochem Int. 2016; 93:6–25. [PubMed: 26743617] 

81. Sturm E, Piersma FE, Tanner MS, Socha P, Roberts EA, Shneider BL. Controversies and variation 
in diagnosing and treating children with Wilson disease: results of an international survey. J 
Pediatr Gastroenterol Nutr. 2016; 63:82–87. [PubMed: 26720766] 

82. Griggs RC, Batshaw M, Dunkle M, et al. Clinical research for rare disease: opportunities, 
challenges, and solutions. Mol Genet Metab. 2009; 96:20–26. [PubMed: 19013090] 

83. Mitsumoto J, Dorsey ER, Beck CA, Kieburtz K, Griggs RC. Pivotal studies of orphan drugs 
approved for neurological diseases. Ann Neurol. 2009; 66:184–190. [PubMed: 19743448] 

84. Leen WG, Mewasingh L, Verbeek MM, Kamsteeg EJ, van de Warrenburg BP, Willemsen MA. 
Movement disorders in GLUT1 deficiency syndrome respond to the modified Atkins diet. Mov 
Disord. 2013; 28:1439–1442. [PubMed: 23801573] 

85. Carecchio M, Schneider SA, Chan H, et al. Movement disorders in adult surviving patients with 
maple syrup urine disease. Mov Disord. 2011; 26:1324–1328. [PubMed: 21484869] 

86. Wijemanne S, Jankovic J. Dopa-responsive dystonia—clinical and genetic heterogeneity. Nat Rev 
Neurol. 2015; 11:414–424. [PubMed: 26100751] 

Jinnah et al. Page 17

Mov Disord. Author manuscript; available in PMC 2019 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



87. Molero-Luis M, Serrano M, O'Callaghan MM, et al. Clinical, etiological and therapeutic aspects of 
cerebral folate deficiency. Expert Rev Neurother. 2015; 15:793–802. [PubMed: 26092490] 

Jinnah et al. Page 18

Mov Disord. Author manuscript; available in PMC 2019 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Jinnah et al. Page 19

Ta
b

le
 1

R
ed

uc
ti

on
 o

f 
to

xi
c 

pr
od

uc
ts

D
is

or
de

r
C

au
se

 (
ge

ne
)

M
ov

em
en

t 
di

so
rd

er
O

th
er

 c
lin

ic
al

 f
ea

tu
re

s2
T

re
at

m
en

t
O

ut
co

m
e

C
er

eb
ro

te
nd

in
ou

s 
xa

nt
ho

m
at

os
is

St
er

ol
-2

7 
hy

dr
ox

yl
as

e 
(C

Y
P2

7A
)

A
ta

xi
a,

 s
pa

st
ic

 p
ar

es
is

, d
ys

to
ni

a,
 

pa
rk

in
so

ni
sm

, m
yo

cl
on

us
Te

nd
on

 x
an

th
om

as
, c

at
ar

ac
ts

, 
ne

ur
op

at
hy

, s
ei

zu
re

s,
 

co
gn

iti
ve

 im
pa

ir
m

en
t

C
he

no
de

ox
yc

ho
lic

 a
ci

d
E

ar
ly

 
tr

ea
tm

en
t 

pr
ev

en
ts

 
sy

m
pt

om
s19

D
ys

to
ni

a/
pa

rk
in

so
ni

sm
 w

ith
 

m
an

ga
ne

se
 a

cc
um

ul
at

io
n

M
an

ga
ne

se
 tr

an
sp

or
t (

SL
C

39
A

14
, 

SL
C

30
A

1O
)

D
ys

to
ni

a,
 p

ar
ki

ns
on

is
m

L
iv

er
 d

is
ea

se
, p

ol
yc

yt
he

m
ia

E
D

TA
 c

he
la

tio
n 

th
er

ap
y

C
om

pl
et

e 
or

 
pa

rt
ia

l 
re

ve
rs

al
 o

f 
sy

m
pt

om
s18

G
au

ch
er

 d
is

ea
se

 (
ne

ur
ol

og
ic

 
su

bt
yp

e 
3)

G
lu

co
ce

re
br

os
id

as
e 

(G
B

A
)

P
ar

ki
ns

on
is

m
, a

ta
xi

a,
 s

pa
st

ic
ity

D
ev

el
op

m
en

ta
l d

el
ay

, 
ep

ile
ps

y,
 o

rg
an

om
eg

al
y,

 
cy

to
pe

ni
a

E
nz

ym
e 

re
pl

ac
em

en
t t

he
ra

py
, N

-b
ut

yl
-

de
ox

yn
oj

ir
im

yc
in

 (
M

ig
lu

st
at

)
E

ar
ly

 
tr

ea
tm

en
t 

m
iti

ga
te

s 
sy

m
pt

om
s78

N
ie

m
an

n 
Pi

ck
 ty

pe
 C

1
C

ho
le

st
er

ol
 tr

af
fi

ck
in

g 
(N

PC
1 

or
 

N
PC

2)
A

ta
xi

a,
 d

ys
to

ni
a,

 m
yo

cl
on

us
, 

sp
as

tic
ity

D
em

en
tia

, s
ei

zu
re

s,
 

su
pr

an
uc

le
ar

 g
az

e 
pa

ls
y

N
-b

ut
yl

-d
eo

xy
no

jir
im

yc
in

 (
M

ig
lu

st
at

)
E

ar
ly

 
tr

ea
tm

en
t 

m
iti

ga
te

s 
sy

m
pt

om
s20

W
ils

on
 d

is
ea

se
C

op
pe

r 
tr

an
sp

or
te

r 
(A

T
P7

B
)

D
ys

to
ni

a,
 p

ar
ki

ns
on

is
m

, t
re

m
or

, 
ch

or
ea

, m
yo

cl
on

us
L

iv
er

 d
is

ea
se

, K
ay

se
r-

Fl
ei

sc
he

r 
ri

ng
s,

 c
og

ni
tiv

e 
or

 
ps

yc
hi

at
ri

c 
im

pa
ir

m
en

t

Pe
ni

ci
lla

m
in

e,
 tr

ie
nt

in
e,

 z
in

c
C

om
pl

et
e 

pr
ev

en
tio

n 
of

 
sy

m
pt

om
s17

M
an

y 
of

 th
es

e 
di

so
rd

er
s 

ha
ve

 v
ar

ia
bl

e 
or

 m
ix

ed
 p

he
no

ty
pe

s.
 T

he
 m

os
t c

om
m

on
 o

r 
m

os
t d

om
in

an
t m

ov
em

en
t d

is
or

de
r 

is
 s

ho
w

n 
in

 b
ol

df
ac

e 
ty

pe
.

Mov Disord. Author manuscript; available in PMC 2019 January 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Jinnah et al. Page 20

Ta
b

le
 2

D
ie

ta
ry

 in
te

rv
en

ti
on

s

D
is

or
de

r
C

au
se

 (
ge

ne
)

M
ov

em
en

t 
di

so
rd

er
O

th
er

 c
lin

ic
al

 f
ea

tu
re

s2
T

re
at

m
en

t
O

ut
co

m
e

A
be

ta
lip

op
ro

te
in

em
ia

 (
B

as
se

n-
K

or
nz

w
ei

g)
M

ic
ro

so
m

al
 tr

ig
ly

ce
ri

de
 tr

an
sf

er
 

pr
ot

ei
n 

(m
ttp

)
A

ta
xi

a,
 c

ho
re

a,
 

dy
st

on
ia

, p
ar

ki
ns

on
is

m
R

et
in

iti
s 

pi
gm

en
to

sa
, 

de
m

en
tia

, s
ei

zu
re

s,
 

ac
an

th
oc

yt
os

is
, f

at
 

m
al

ab
so

rp
tio

n

D
ie

ta
ry

 f
at

 r
es

tr
ic

tio
n,

 
vi

ta
m

in
s 

E
 &

 A
E

ar
ly

 tr
ea

tm
en

t p
re

ve
nt

s 
sy

m
pt

om
s26

C
er

eb
ra

l c
re

at
in

e 
de

fi
ci

en
cy

C
re

at
in

e 
sy

nt
he

si
s 

(G
A

M
T,

 
A

G
A

T
)

C
ho

re
a,

 d
ys

to
ni

a,
 a

ta
xi

a
D

ev
el

op
m

en
ta

l d
el

ay
, 

ep
ile

ps
y,

 b
eh

av
io

ra
l 

de
fi

ci
ts

, m
yo

pa
th

y

C
re

at
in

e 
±

 o
rn

ith
in

e 
an

d 
di

et
ar

y 
re

st
ri

ct
io

n 
of

 
ar

gi
ni

ne

Pa
rt

ia
l i

m
pr

ov
em

en
t o

f 
sy

m
pt

om
s35

G
L

U
T

1 
de

fi
ci

en
cy

G
lu

co
se

 tr
an

sp
or

te
r 

(G
L

U
T

1)
Pa

ro
xy

sm
al

 o
r 

ch
ro

ni
c 

dy
st

on
ia

, a
ta

xi
a,

 
ch

or
ea

, m
yo

cl
on

us

D
ev

el
op

m
en

ta
l d

el
ay

, 
se

iz
ur

es
, a

lte
rn

at
in

g 
he

m
ip

le
gi

a

K
et

og
en

ic
 d

ie
t, 

tr
ih

ep
ta

no
in

T
re

at
m

en
t r

ed
uc

es
 s

ym
pt

om
s50

,8
4

G
lu

ta
ri

c 
ac

id
ur

ia
 ty

pe
 1

G
lu

ta
ry

l C
o-

A
 d

eh
yd

ro
ge

na
se

 
(G

C
D

H
)

D
ys

to
ni

a,
 p

ar
ki

ns
on

is
m

D
ev

el
op

m
en

ta
l d

el
ay

, 
en

ce
ph

al
op

at
hi

c 
cr

is
es

 
(o

ft
en

 tr
ig

ge
re

d 
by

 
m

et
ab

ol
ic

 
de

co
m

pe
ns

at
io

n)

A
vo

id
 o

r 
tr

ea
t t

ri
gg

er
s,

 
di

et
ar

y 
ly

si
ne

 r
es

tr
ic

tio
n,

 L
-

ca
rn

iti
ne

T
re

at
m

en
t m

iti
ga

te
s 

lo
ng

-t
er

m
 

de
fi

ci
ts

42
,4

3

H
om

oc
ys

tin
ur

ia
C

ys
ta

th
io

ne
 b

et
a 

sy
nt

ha
se

 (
C

B
S)

D
ys

to
ni

a,
 p

ar
ki

ns
on

is
m

D
ev

el
op

m
en

ta
l d

el
ay

, 
m

yo
pi

a,
 e

ct
op

ic
 le

ns
, 

ps
yc

hi
at

ri
c 

fe
at

ur
es

V
ita

m
in

 B
6,

 d
ie

ta
ry

 
re

st
ri

ct
io

n 
of

 m
et

hi
on

in
e,

 
be

ta
in

e

E
ar

ly
 tr

ea
tm

en
t p

re
ve

nt
s 

m
os

t 
sy

m
pt

om
s22

M
ap

le
 s

yr
up

 u
ri

ne
 d

is
ea

se
B

ra
nc

he
d 

ch
ai

n 
al

ph
a-

ke
to

ac
id

 
de

hy
dr

og
en

as
e 

co
m

pl
ex

 
(B

C
K

D
H

A
, B

C
K

D
H

B
, D

B
T

)

D
ys

to
ni

a,
 tr

em
or

, a
ta

xi
a 

(m
ay

 b
e 

pa
ro

xy
sm

al
)

D
ev

el
op

m
en

ta
l d

el
ay

, 
ep

is
od

ic
 e

nc
ep

ha
lo

pa
th

y 
(o

ft
en

 tr
ig

ge
re

d 
by

 
m

et
ab

ol
ic

 
de

co
m

pe
ns

at
io

n)

A
vo

id
 o

r 
tr

ea
t t

ri
gg

er
s;

 
di

et
ar

y 
le

uc
in

e 
re

st
ri

ct
io

n
T

re
at

m
en

t m
iti

ga
te

s 
ep

is
od

es
85

M
et

hy
lm

al
on

ic
 a

ci
du

ri
a

M
et

hy
lm

al
on

yl
 C

o-
A

 m
ut

as
e 

(M
U

T
)

D
ys

to
ni

a,
 c

ho
re

a
D

ev
el

op
m

en
ta

l d
el

ay
, 

au
di

to
ry

 im
pa

ir
m

en
t, 

en
ce

ph
al

op
at

hi
c 

cr
is

es
 

(o
ft

en
 tr

ig
ge

re
d 

by
 

m
et

ab
ol

ic
 

de
co

m
pe

ns
at

io
n)

A
vo

id
 o

r 
tr

ea
t t

ri
gg

er
s;

 
di

et
ar

y 
pr

ot
ei

n 
re

st
ri

ct
io

n,
 

L
-c

ar
ni

tin
e

T
re

at
m

en
t m

ay
 a

tte
nu

at
e 

cr
is

es
44

Ph
en

yl
ke

to
nu

ri
a

Ph
en

yl
al

an
in

e 
hy

dr
ox

yl
as

e 
(P

A
H

)
Pa

rk
in

so
ni

sm
, s

pa
st

ic
ity

In
te

lle
ct

ua
l d

is
ab

ili
lty

D
ie

ta
ry

 r
es

tr
ic

tio
n 

of
 

ph
en

yl
al

an
in

e
E

ar
ly

 tr
ea

tm
en

t p
re

ve
nt

s 
m

os
t 

sy
m

pt
om

s21

Pr
op

io
ni

c 
ac

id
em

ia
Pr

op
io

ny
l C

o-
A

 c
ar

bo
xy

la
se

 
(P

C
C

A
, P

C
C

B
)

D
ys

to
ni

a,
 c

ho
re

a
D

ev
el

op
m

en
ta

l d
el

ay
, 

en
ce

ph
al

op
at

hi
c 

cr
is

is
, 

se
iz

ur
es

 o
pt

ic
 a

tr
op

hy
 

(o
ft

en
 tr

ig
ge

re
d 

by
 

m
et

ab
ol

ic
 

de
co

m
pe

ns
at

io
n)

A
vo

id
 o

r 
tr

ea
t t

ri
gg

er
s,

 
di

et
ar

y 
pr

ot
ei

n 
re

st
ri

ct
io

n,
 

L
-c

ar
ni

tin
e

T
re

at
m

en
t p

re
ve

nt
s 

or
 m

iti
ga

te
s 

sy
m

pt
om

s44

Py
ru

va
te

 d
eh

yd
ro

ge
na

se
 c

om
pl

ex
 

de
fi

ci
en

cy
Py

ru
va

te
 d

eh
yd

ro
ge

na
se

 c
om

pl
ex

 
(m

ul
tip

le
 g

en
es

)
C

hr
on

ic
 o

r 
pa

ro
xy

sm
al

 
dy

st
on

ia
, a

ta
xi

a
D

ev
el

op
m

en
ta

l d
el

ay
, 

en
ce

ph
al

op
at

hy
, 

se
iz

ur
es

T
hi

am
in

e,
 k

et
og

en
ic

 d
ie

t, 
tr

ih
ep

ta
no

in
T

re
at

m
en

t m
iti

ga
te

s 
sy

m
pt

om
s29

,3
0

Mov Disord. Author manuscript; available in PMC 2019 January 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Jinnah et al. Page 21

D
is

or
de

r
C

au
se

 (
ge

ne
)

M
ov

em
en

t 
di

so
rd

er
O

th
er

 c
lin

ic
al

 f
ea

tu
re

s2
T

re
at

m
en

t
O

ut
co

m
e

R
ef

su
m

 d
is

ea
se

Ph
yt

an
yl

 C
o-

A
 h

yd
ro

xy
la

se
 

(P
H

Y
H

)
A

ta
xi

a
R

et
in

iti
s 

pi
gm

en
to

sa
, 

ne
ur

op
at

hy
, a

ud
ito

ry
 

im
pa

ir
m

en
t, 

sk
in

 
ch

an
ge

s

D
ie

ta
ry

 r
es

tr
ic

tio
n 

of
 

ph
yt

an
ic

 a
ci

ds
, 

pl
as

m
ap

he
re

si
s

C
om

pl
et

e 
or

 p
ar

tia
l p

re
ve

nt
io

n 
or

 
re

du
ct

io
n 

of
 s

ym
pt

om
s24

,2
5

M
an

y 
of

 th
es

e 
di

so
rd

er
s 

ha
ve

 v
ar

ia
bl

e 
or

 m
ix

ed
 p

he
no

ty
pe

s.
 T

he
 m

os
t c

om
m

on
 o

r 
m

os
t d

om
in

an
t m

ov
em

en
t d

is
or

de
rs

 a
re

 s
ho

w
n 

in
 b

ol
df

ac
e 

ty
pe

. T
he

 te
rm

 m
et

ab
ol

ic
 d

ec
om

pe
ns

at
io

n 
re

fe
rs

 to
 a

 s
ta

te
 in

 
w

hi
ch

 th
e 

bo
dy

's
 c

on
su

m
pt

io
n 

of
 a

 m
et

ab
ol

ite
 (

eg
, e

ne
rg

y)
 e

xc
ee

ds
 s

up
pl

y.

Mov Disord. Author manuscript; available in PMC 2019 January 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Jinnah et al. Page 22

Ta
b

le
 3

V
it

am
in

 s
up

pl
em

en
ts

D
is

or
de

r
C

au
se

 (
ge

ne
)

M
ov

em
en

t 
di

so
rd

er
O

th
er

 c
lin

ic
al

 f
ea

tu
re

s2
T

re
at

m
en

t
O

ut
co

m
e

A
be

ta
lip

op
ro

te
in

em
ia

 (
B

as
se

n-
K

or
nz

w
ei

g)
M

ic
ro

so
m

al
 tr

ig
ly

ce
ri

de
 tr

an
sf

er
 

pr
ot

ei
n 

(M
T

T
F)

A
ta

xi
a,

 c
ho

re
a,

 d
ys

to
ni

a,
 

pa
rk

in
so

ni
sm

R
et

in
iti

s 
pi

gm
en

to
sa

, 
de

m
en

tia
, s

ei
zu

re
s,

 
ac

an
th

oc
yt

es
, f

at
 

m
al

ab
so

rp
tio

n

D
ie

ta
ry

 f
at

 r
es

tr
ic

tio
n,

 
vi

ta
m

in
 E

 &
 A

E
ar

ly
 tr

ea
tm

en
t p

re
ve

nt
s 

sy
m

pt
om

s26

A
ro

m
at

ic
 a

m
in

o 
ac

id
 d

ec
ar

bo
xy

la
se

 
de

fi
ci

en
cy

A
ro

m
at

ic
 a

m
in

o 
ac

id
 

de
ca

rb
ox

yl
as

e 
(A

A
D

C
)

D
ys

to
ni

a
D

ev
el

op
m

en
ta

l d
el

ay
, 

hy
po

to
ni

a,
 o

cu
lo

gy
ri

c 
cr

is
es

D
op

am
in

e 
ag

on
is

ts
, 

m
on

oa
m

in
e 

ox
id

as
e 

in
hi

bi
to

rs
, v

ita
m

in
 B

6

Pa
rt

ia
l r

ev
er

sa
l o

f 
sy

m
pt

om
s 

in
 

so
m

e 
ca

se
s39

,4
0

A
ta

xi
a 

w
ith

 v
ita

m
in

 E
 d

ef
ic

ie
nc

y
A

lp
ha

 to
co

ph
er

al
 tr

an
sf

er
 p

ro
te

in
 

(T
T

PA
)

A
ta

xi
a,

 d
ys

to
ni

a
N

eu
ro

pa
th

y,
 v

is
ua

l i
m

pa
ir

m
en

t
V

ita
m

in
 E

E
ar

ly
 tr

ea
tm

en
t p

re
ve

nt
s 

sy
m

pt
om

s38

B
io

tin
-t

hi
am

in
e 

re
sp

on
si

ve
 b

as
al

 g
an

gl
ia

 
di

se
as

e
T

hi
am

in
e 

tr
an

sp
or

te
r 

(S
L

C
19

A
3)

E
pi

so
di

c 
or

 p
ro

gr
es

si
ve

 
dy

st
on

ia
, p

ar
ki

ns
on

is
m

, 
at

ax
ia

E
nc

ep
ha

lo
pa

th
y,

 s
ei

zu
re

s 
(o

ft
en

 tr
ig

ge
re

d 
by

 m
et

ab
ol

ic
 

de
co

m
pe

ns
at

io
n)

B
io

tin
 p

lu
s 

th
ia

m
in

e,
 

av
oi

d 
or

 tr
ea

t t
ri

gg
er

s
E

ar
ly

 tr
ea

tm
en

t p
re

ve
nt

s 
or

 
re

ve
rs

es
 s

ym
pt

om
s33

B
io

tin
id

as
e 

de
fi

ci
en

cy
B

io
tin

id
as

e 
(B

T
D

)
A

ta
xi

a,
 s

pa
st

ic
 p

ar
es

is
, 

dy
st

on
ia

D
ev

el
op

m
en

ta
l d

el
ay

, s
ei

zu
re

s,
 

vi
su

al
 a

nd
 a

ud
ito

ry
 

im
pa

ir
m

en
t, 

sk
in

 c
ha

ng
es

B
io

tin
E

ar
ly

 tr
ea

tm
en

t p
re

ve
nt

s 
sy

m
pt

om
s32

C
er

eb
ra

l f
ol

at
e 

de
fi

ci
en

cy
Fo

la
te

 tr
an

sp
or

t (
FL

R
1,

 
SL

C
46

A
1)

A
ta

xi
a,

 d
ys

to
ni

a,
 s

pa
st

ic
ity

D
ev

el
op

m
en

ta
l d

el
ay

, s
ei

zu
re

s,
 

ps
yc

hi
at

ri
c 

im
pa

ir
m

en
t

Fo
lin

ic
 a

ci
d

E
ar

ly
 tr

ea
tm

en
t p

re
ve

nt
s 

sy
m

pt
om

s87

C
ob

al
am

in
 d

ef
ic

ie
nc

y
C

ob
al

am
in

 d
ef

ic
ie

nc
y 

(m
ul

tip
le

 
ge

ne
s)

A
ta

xi
a,

 d
ys

to
ni

a,
 s

pa
st

ic
ity

D
ev

el
op

m
en

ta
l d

el
ay

, 
en

ce
ph

al
op

at
hy

, s
ei

zu
re

s 
(o

ft
en

 tr
ig

ge
re

d 
by

 m
et

ab
ol

ic
 

de
co

m
pe

ns
at

io
n)

C
ob

al
am

in
 d

er
iv

at
iv

es
E

ar
ly

 tr
ea

tm
en

t m
iti

ga
te

s 
sy

m
pt

om
s37

C
oE

nz
ym

e 
Q

10
 d

ef
ic

ie
nc

y
C

oe
nz

ym
e 

Q
10

 d
ef

ic
ie

nc
y 

(m
ul

tip
le

 g
en

es
)

A
ta

xi
a,

 d
ys

to
ni

a,
 tr

em
or

, 
sp

as
tic

ity
M

ul
tip

le
 d

is
tin

ct
 p

he
no

ty
pe

s
C

oe
nz

ym
e 

Q
10

T
re

at
m

en
t p

re
ve

nt
s 

or
 r

ev
er

se
s 

sy
m

pt
om

s34

H
om

oc
ys

tin
ur

ia
C

ys
ta

th
io

ne
 b

et
a 

sy
nt

ha
se

 (
C

B
S)

D
ys

to
ni

a,
 p

ar
ki

ns
on

is
m

D
ev

el
op

m
en

ta
l d

el
ay

, m
yo

pi
a,

 
ec

to
pi

c 
le

ns
, p

sy
ch

ia
tr

ic
 

fe
at

ur
es

V
ita

m
in

 B
6,

 d
ie

ta
ry

 
re

st
ri

ct
io

n 
of

 
m

et
hi

on
in

e,
 b

et
ai

ne

E
ar

ly
 tr

ea
tm

en
t p

re
ve

nt
s 

m
os

t 
sy

m
pt

om
s22

Py
ru

va
te

 d
eh

yd
ro

ge
na

se
 c

om
pl

ex
 

de
fi

ci
en

cy
Py

ru
va

te
 d

eh
yd

ro
ge

na
se

 
co

m
pl

ex
 (

m
ul

tip
le

 g
en

es
)

C
hr

on
ic

 o
r 

pa
ro

xy
sm

al
 

dy
st

on
ia

, a
ta

xi
a

D
ev

el
op

m
en

ta
l d

el
ay

, 
en

ce
ph

al
op

at
hy

, s
ei

zu
re

s
T

hi
am

in
e,

 k
et

og
en

ic
 

di
et

, t
ri

he
pt

an
oi

n
T

re
at

m
en

t m
iti

ga
te

s 
sy

m
pt

om
s30

M
an

y 
of

 th
es

e 
di

so
rd

er
s 

ha
ve

 v
ar

ia
bl

e 
or

 m
ix

ed
 p

he
no

ty
pe

s.
 T

he
 m

os
t c

om
m

on
 o

r 
m

os
t d

om
in

an
t m

ov
em

en
t d

is
or

de
r 

is
 s

ho
w

n 
in

 b
ol

df
ac

e 
ty

pe
. T

he
 te

rm
 m

et
ab

ol
ic

 d
ec

om
pe

ns
at

io
n 

re
fe

rs
 to

 a
 s

ta
te

 in
 

w
hi

ch
 th

e 
bo

dy
's

 c
on

su
m

pt
io

n 
of

 a
 m

et
ab

ol
ite

 (
e.

g,
 e

ne
rg

y.
) 

ex
ce

ed
s 

su
pp

ly
.

Mov Disord. Author manuscript; available in PMC 2019 January 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Jinnah et al. Page 23

Ta
b

le
 4

T
ri

gg
er

 a
vo

id
an

ce

D
is

or
de

r
C

au
se

 (
ge

ne
)

M
ov

em
en

t 
di

so
rd

er
O

th
er

 c
lin

ic
al

 f
ea

tu
re

s
C

om
m

on
 t

ri
gg

er
s 

to
 

av
oi

d 
or

 t
re

at
O

th
er

 t
re

at
m

en
t

O
ut

co
m

e

A
lte

rn
at

in
g 

he
m

ip
le

gi
a 

of
 

ch
ild

ho
od

So
di

um
-p

ot
as

si
um

 p
um

p 
(A

T
P1

A
3)

P
ar

ox
ys

m
al

 w
ea

kn
es

s,
 

dy
st

on
ia

, c
ho

re
a

D
ev

el
op

m
en

ta
l d

el
ay

, 
se

iz
ur

es
, a

bn
or

m
al

 e
ye

 
m

ov
em

en
ts

St
re

ss
, f

at
ig

ue
Fl

un
ar

iz
in

e,
 s

le
ep

Sy
m

pt
om

s 
ca

n 
be

 
pr

ev
en

te
d 

or
 

at
te

nu
at

ed
45

B
io

tin
-t

hi
am

in
e 

re
sp

on
si

ve
 b

as
al

 
ga

ng
lia

 d
is

ea
se

T
hi

am
in

e 
tr

an
sp

or
te

r 
(S

L
C

19
A

3)
E

pi
so

di
c 

or
 p

ro
gr

es
si

ve
 

dy
st

on
ia

, p
ar

ki
ns

on
is

m
, 

at
ax

ia

E
nc

ep
ha

lo
pa

th
y,

 s
ei

zu
re

s
M

et
ab

ol
ic

 
de

co
m

pe
ns

at
io

n 
ca

us
ed

 
by

 f
as

tin
g,

 in
fe

ct
io

n 
or

 
fe

ve
r

B
io

tin
 p

lu
s 

th
ia

m
in

e
E

ar
ly

 
tr

ea
tm

en
t 

pr
ev

en
ts

 o
r 

re
ve

rs
es

 
sy

m
pt

om
s33

E
pi

so
di

c 
at

ax
ia

 ty
pe

 2
C

ac
na

la
A

ta
xi

a 
(e

pi
so

di
c 

an
d 

pr
og

re
ss

iv
e)

, d
ys

to
ni

a
M

ig
ra

in
es

, e
pi

le
ps

y
St

re
ss

, f
as

tin
g,

 f
at

ig
ue

4-
am

in
op

yr
id

in
e,

 a
ce

ta
zo

la
m

id
e

Pr
ev

en
tio

n 
or

 
re

du
ct

io
n 

of
 a

tta
ck

s51

G
lu

ta
ri

c 
ac

id
ur

ia
 ty

pe
 1

G
lu

ta
ry

l c
oa

 d
eh

yd
ro

ge
na

se
 

(G
C

D
H

)
D

ys
to

ni
a,

 p
ar

ki
ns

on
is

m
D

ev
el

op
m

en
ta

l d
el

ay
, 

en
ce

ph
al

op
at

hi
c 

cr
is

es
M

et
ab

ol
ic

 
de

co
m

pe
ns

at
io

n 
ca

us
ed

 
by

 f
as

tin
g,

 in
fe

ct
io

n 
or

 
fe

ve
r

D
ie

ta
ry

 ly
si

ne
 r

es
tr

ic
tio

n,
 L

-c
ar

ni
tin

e
T

re
at

m
en

t 
of

 tr
ig

ge
rs

 
m

iti
ga

te
s 

lo
ng

-t
er

m
 

de
fi

ci
ts

42
,4

3

M
ap

le
 s

yr
up

 u
ri

ne
 d

is
ea

se
B

ra
nc

he
d 

ch
ai

n 
al

ph
a-

ke
to

ac
id

 
de

hy
dr

og
en

as
e 

co
m

pl
ex

 
(B

C
K

D
H

A
, B

C
K

D
H

B
, D

B
T

)

D
ys

to
ni

a,
 tr

em
or

, a
ta

xi
a 

(m
ay

 b
e 

pa
ro

xy
sm

al
)

D
ev

el
op

m
en

ta
l d

el
ay

, 
ep

is
od

ic
 e

nc
ep

ha
lo

pa
th

y
D

ie
ta

ry
 n

on
-

co
m

pl
ia

nc
e,

 o
r 

m
et

ab
ol

ic
 

de
co

m
pe

ns
at

io
n 

ca
us

ed
 

by
 f

as
tin

g,
 in

fe
ct

io
n 

or
 

fe
ve

r

D
ie

ta
ry

 le
uc

in
e 

re
st

ri
ct

io
n

T
re

at
m

en
t 

of
 tr

ig
ge

rs
 

m
iti

ga
te

s 
ep

is
od

es
85

M
et

hy
lm

al
on

ic
 a

ci
du

ri
a

M
et

hy
lm

al
on

yl
 c

oa
 m

ut
as

e 
(M

U
T

)
D

ys
to

ni
a,

 c
ho

re
a

D
ev

el
op

m
en

ta
l d

el
ay

, 
au

di
to

ry
 im

pa
ir

m
en

t, 
en

ce
ph

al
op

at
hi

c 
cr

is
es

D
ie

ta
ry

 n
on

-
co

m
pl

ia
nc

e,
 o

r 
m

et
ab

ol
ic

 
de

co
m

pe
ns

at
io

n 
ca

us
ed

 
by

 f
as

tin
g 

in
fe

ct
io

n,
 o

r 
fe

ve
r

D
ie

ta
ry

 p
ro

te
in

 r
es

tr
ic

tio
n,

 L
-

ca
rn

iti
ne

T
re

at
m

en
t 

of
 tr

ig
ge

rs
 

m
ay

 
at

te
nu

at
e 

cr
is

es
44

Pa
ro

xy
sm

al
 k

in
es

ig
en

ic
 d

ys
ki

ne
si

a
M

ul
tip

le
 c

au
se

s 
(e

g,
 P

rr
t2

)
D

ys
to

ni
a,

 c
ho

re
a,

 tr
em

or
Su

dd
en

 m
ov

em
en

t, 
st

re
ss

, f
at

ig
ue

C
ar

ba
m

az
ep

in
e,

 o
th

er
 a

nt
ic

on
vu

ls
an

ts
Pr

ev
en

ts
 

sy
m

pt
om

s 
in

 m
an

y 
ca

se
s52

Pa
ro

xy
sm

al
 n

on
 k

in
es

ig
en

ic
 

dy
sk

in
es

ia
M

ul
tip

le
 c

au
se

s
D

ys
to

ni
a,

 c
ho

re
a,

 tr
em

or
St

re
ss

, a
lc

oh
ol

, c
af

fe
in

e
Pr

ev
en

ts
 

sy
m

pt
om

s 
in

 m
an

y 
ca

se
s52

Pr
op

io
ni

c 
ac

id
em

ia
Pr

op
io

ny
l c

oa
 c

ar
bo

xy
la

se
 (

PC
C

A
, 

PC
C

B
)

D
ys

to
ni

a,
 c

ho
re

a
D

ev
el

op
m

en
ta

l d
el

ay
, 

en
ce

ph
al

op
at

hi
c 

cr
is

is
, 

se
iz

ur
es

 o
pt

ic
 a

tr
op

hy

D
ie

ta
ry

 n
on

-
co

m
pl

ia
nc

e,
 o

r 
m

et
ab

ol
ic

 

D
ie

ta
ry

 p
ro

te
in

 r
es

tr
ic

tio
n,

 L
-

ca
rn

iti
ne

E
ar

ly
 

tr
ea

tm
en

t 
pr

ev
en

ts
 o

r 

Mov Disord. Author manuscript; available in PMC 2019 January 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Jinnah et al. Page 24

D
is

or
de

r
C

au
se

 (
ge

ne
)

M
ov

em
en

t 
di

so
rd

er
O

th
er

 c
lin

ic
al

 f
ea

tu
re

s
C

om
m

on
 t

ri
gg

er
s 

to
 

av
oi

d 
or

 t
re

at
O

th
er

 t
re

at
m

en
t

O
ut

co
m

e

de
co

m
pe

ns
at

io
n 

ca
us

ed
 

by
 f

as
tin

g,
 in

fe
ct

io
n 

or
 

fe
ve

r

m
iti

ga
te

s 
sy

m
pt

om
s44

R
ap

id
 o

ns
et

 d
ys

to
ni

a-
Pa

rk
in

so
ni

sm
1

So
di

um
-p

ot
as

si
um

 p
um

p 
(A

T
P1

A
3)

D
ys

to
ni

a,
 

pa
rk

in
so

ni
sm

, t
re

m
or

, 
at

ax
ia

C
og

ni
tiv

e 
or

 p
sy

ch
ia

tr
ic

 
im

pa
ir

m
en

t, 
se

iz
ur

es
E

m
ot

io
na

l o
r 

ph
ys

ic
al

 
st

re
ss

, f
at

ig
ue

, a
lc

oh
ol

C
om

pl
et

e 
or

 p
ar

tia
l 

pr
ev

en
tio

n 
of

 
sy

m
pt

om
s45

M
an

y 
of

 th
es

e 
di

so
rd

er
s 

ha
ve

 v
ar

ia
bl

e 
or

 m
ix

ed
 p

he
no

ty
pe

s.
 T

he
 m

os
t c

om
m

on
 o

r 
m

os
t d

om
in

an
t m

ov
em

en
t d

is
or

de
r 

sh
ow

n 
in

 b
ol

df
ac

e 
ty

pe
. T

he
 te

rm
 m

et
ab

ol
ic

 d
ec

om
pe

ns
at

io
n 

re
fe

rs
 to

 a
 s

ta
te

 in
 w

hi
ch

 
th

e 
bo

dy
's

 c
on

su
m

pt
io

n 
of

 a
 m

et
ab

ol
ite

 (
e.

g,
 e

ne
rg

y.
) 

ex
ce

ed
s 

su
pp

ly
.

Mov Disord. Author manuscript; available in PMC 2019 January 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Jinnah et al. Page 25

Ta
b

le
 5

Sp
ec

if
ic

 d
ru

gs

D
is

or
de

r
C

au
se

 (
ge

ne
)

M
ov

em
en

t 
di

so
rd

er
O

th
er

 c
lin

ic
al

 f
ea

tu
re

s2
T

re
at

m
en

t
O

ut
co

m
e

A
ro

m
at

ic
 a

m
in

o 
ac

id
 

de
ca

rb
ox

yl
as

e 
de

fi
ci

en
cy

A
ro

m
at

ic
 a

m
in

o 
ac

id
 

de
ca

rb
ox

yl
as

e 
(A

A
D

C
)

D
ys

to
ni

a
D

ev
el

op
m

en
ta

l d
el

ay
, 

hy
po

to
ni

a,
 o

cu
lo

gy
ri

c 
cr

is
es

D
op

am
in

e 
ag

on
is

ts
, m

on
oa

m
in

e 
ox

id
as

e 
in

hi
bi

to
rs

, p
yr

id
ox

in
e

Pa
rt

ia
l r

ev
er

sa
l o

f 
sy

m
pt

om
s 

in
 

so
m

e 
ca

se
s 

39
,4

0

D
op

a-
re

sp
on

si
ve

 d
ys

to
ni

a,
 c

la
ss

ic
G

T
P 

cy
cl

oh
yd

ro
la

se
 (

G
C

H
1)

D
ys

to
ni

a,
 p

ar
ki

ns
on

is
m

, s
pa

st
ic

ity
M

ot
or

 d
el

ay
L

ev
od

op
a

C
om

pl
et

e 
re

ve
rs

al
 o

f 
m

os
t 

sy
m

pt
om

s46
,8

6

D
op

a-
re

sp
on

si
ve

 d
ys

to
ni

a,
 c

om
pl

ex
Ty

ro
si

ne
 h

yd
ro

xy
la

se
 (

T
H

)
D

ys
to

ni
a,

 p
ar

ki
ns

on
is

m
, 

sp
as

tic
ity

, m
yo

cl
on

us
D

ev
el

op
m

en
ta

l d
el

ay
, 

en
ce

ph
al

op
at

hy
, 

oc
ul

og
yr

ic
 c

ri
se

s,
 

au
to

no
m

ic
 d

ys
fu

nc
tio

n

L
ev

od
op

a
C

om
pl

et
e 

or
 p

ar
tia

l i
m

pr
ov

em
en

t 
of

 s
ym

pt
om

s47

D
op

a-
re

sp
on

si
ve

 d
ys

to
ni

a,
 c

om
pl

ex
6-

py
ru

vo
yl

 te
tr

ah
yd

ro
pt

er
in

 
sy

nt
ha

se
 (

FT
PS

)
D

ys
to

ni
a,

 p
ar

ki
ns

on
is

m
, s

pa
st

ic
ity

D
ev

el
op

m
en

ta
l d

el
ay

, 
en

ce
ph

al
op

at
hy

, 
oc

ul
og

yr
ic

 c
ri

se
s,

 
au

to
no

m
ic

 d
ys

fu
nc

tio
n

L
ev

od
op

a,
 5

-h
yd

ro
xy

tr
yp

to
ph

an
C

om
pl

et
e 

or
 p

ar
tia

l i
m

pr
ov

em
en

t 
of

 s
ym

pt
om

s49

D
op

a-
re

sp
on

si
ve

 d
ys

to
ni

a,
 c

om
pl

ex
Se

pi
ap

te
ri

n 
re

du
ct

as
e 

(S
PR

)
D

ys
to

ni
a,

 p
ar

ki
ns

on
is

m
, s

pa
st

ic
ity

D
ev

el
op

m
en

ta
l d

el
ay

, 
en

ce
ph

al
op

at
hy

, 
oc

ul
og

yr
ic

 c
ri

se
s,

 
au

to
no

m
ic

 d
ys

fu
nc

tio
n

L
ev

od
op

a,
 5

-h
yd

ro
xy

tr
yp

to
ph

an
C

om
pl

et
e 

or
 p

ar
tia

l i
m

pr
ov

em
en

t 
of

 s
ym

pt
om

s48

E
pi

so
di

c 
at

ax
ia

 ty
pe

 2
C

al
ci

um
 c

ha
nn

el
 C

aV
2.

1 
(C

A
C

N
A

1A
)

A
ta

xi
a 

(e
pi

so
di

c 
an

d 
pr

og
re

ss
iv

e)
, 

dy
st

on
ia

M
ig

ra
in

es
, e

pi
le

ps
y

4-
am

in
op

yr
id

in
e,

 a
ce

ta
zo

la
m

id
e

Pr
ev

en
tio

n 
or

 r
ed

uc
tio

n 
of

 
at

ta
ck

s51

G
L

U
T

1 
de

fi
ci

en
cy

G
lu

co
se

 tr
an

sp
or

te
r 

(G
L

U
T

1)
Pa

ro
xy

sm
al

 o
r 

ch
ro

ni
c 

dy
st

on
ia

, 
at

ax
ia

, c
ho

re
a,

 m
yo

cl
on

us
D

ev
el

op
m

en
ta

l d
el

ay
, 

se
iz

ur
es

, a
lte

rn
at

in
g 

he
m

ip
le

gi
a

K
et

og
en

ic
 d

ie
t, 

tr
ih

ep
ta

no
in

T
re

at
m

en
t r

ed
uc

es
 s

ym
pt

om
s50

,8
4

M
ol

yb
de

nu
m

 c
of

ac
to

r 
de

fi
ci

en
cy

M
ul

tip
le

 m
ol

yb
de

nu
m

-
de

pe
nd

en
t e

nz
ym

es
 (

eg
, 

M
0C

S1
)

D
ys

to
ni

a,
 p

ar
ki

ns
on

is
m

D
ev

el
op

m
en

ta
l d

el
ay

, 
en

ce
ph

al
op

at
hy

, 
se

iz
ur

es

C
yc

lic
 p

yr
an

op
te

ri
n 

m
on

op
ho

sp
ha

te
 

(f
or

 M
0C

S1
)

E
ar

ly
 tr

ea
tm

en
t p

re
ve

nt
s 

sy
m

pt
om

s36

Pa
ro

xy
sm

al
 k

in
es

ig
en

ic
 d

ys
ki

ne
si

a
M

ul
tip

le
 c

au
se

s 
(e

g,
 P

rr
t2

)
D

ys
to

ni
a,

 c
ho

re
a,

 tr
em

or
T

ri
gg

er
ed

 b
y 

su
dd

en
 

m
ov

em
en

t, 
st

re
ss

, o
th

er
 

fa
ct

or
s

C
ar

ba
m

az
ep

in
e,

 o
th

er
 a

nt
ic

on
vu

ls
an

ts
Pr

ev
en

ts
 s

ym
pt

om
s 

in
 m

an
y 

ca
se

s52

M
an

y 
of

 th
es

e 
di

so
rd

er
s 

ha
ve

 v
ar

ia
bl

e 
or

 m
ix

ed
 p

he
no

ty
pe

s.
 T

he
 m

os
t c

om
m

on
 o

r 
m

os
t d

om
in

an
t m

ov
em

en
t d

is
or

de
r 

sh
ow

n 
in

 b
ol

df
ac

e 
ty

pe
.

Mov Disord. Author manuscript; available in PMC 2019 January 01.


	Abstract
	Basic Principles in the Treatment of Rare Disorders
	Mechanism-Based Treatments
	Reduction of Toxic Target Molecules
	Dietary Interventions
	Supplements With Vitamins and Other Natural Substances
	Management of Triggers
	Specific Small Molecule Therapies

	Diagnostic Strategies
	Educational Resources
	Future Developments
	Summary
	References
	Table 1
	Table 2
	Table 3
	Table 4
	Table 5

