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Movement disorders are a common manifestation of inherited metabolic diseases (IMDs), categorized into hy-
perkinetic movement disorders, hypokinetic-rigid syndromes, ataxia, and spasticity. We reviewed and updated
the list of known metabolic disorders associated with movement disorders, identifying a total of 559 IMDs. We
outlined the more common and treatable causes, sorted by the dominant movement disorder phenomenology,
and provided a practical clinical approach for suspected IMDs presenting with movement disorders. This work
represents an updated catalog in a series of articles aimed at creating and maintaining a comprehensive list of

clinical and metabolic differential diagnoses based on system involvement.

1. Introduction

Inherited metabolic disorders (IMDs) are monogenic diseases that
disrupt key biochemical processes through aberrant enzymatic activity,
impaired cellular transport, or mitochondrial dysfunction. The basal
ganglia, being highly metabolically active regions of the central nervous
system, are particularly vulnerable to metabolic insults [1,2]. A prior
study involving 38 patients with movement disorders aged 0 to 84 years
(mean: 31 years) found that 9.3 % of these patients had an underlying
metabolic etiology, while an IMD was identified in 22 % of the pediatric
subset [3]. Consequently, IMDs causing movement disorders bridge two

subspecialty areas: “movement disorders” and “inherited metabolic
disorders.”

With many disease-modifying therapies emerging for IMDs, early
diagnosis is imperative. However, this can be challenging for treating
physicians, as many of these conditions are rare or even exceptionally
rare. Therefore, we are providing an update to our previously published
high level overview of IMDs presenting with movement disorders [4].
Key updates include an expanded catalog of IMDs and a detailed clinical
review of disorders seen more often in our practice, with specific
emphasis on treatable conditions. This review offers a readily accessible
list of IMDs categorized by movement disorder phenomenology.
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Table 1
Clinical manifestations and symptoms reported in IMDs associated with move-
ment disorders, based on the six most frequently affected groups.

Ataxia % Spasticity % Dystonia %

Ataxia 76.8
Cerebellar ataxia,
non-progressive

Spasticity 50.8  Dystonia 84.0

7.1 Pyramidal signs 18.4  Opisthotonus 4.4

Oculogyric

Dysmetria 4.2 Spastic paresis 7.3 crisis 3.9
Spastic
Gait ataxia 40  baraparesis/ 57 Action 17
paraplegia/ dystonia
tetraplegia
Dysdiadochokinesis 2.8 S'past1c1ty, 3.8 Dystonic 1.7
limbs cerebral palsy
Truncal ataxia 1.4 Spastic . 3.5 D}'/s.tomc 1.1
paraparesis crisis
Chorea / % HRS % Other %
Athetosis
Athetosis 416 Parkinsonism 403 Movement 25.2
disorder
Choreoathetosis 32.7  Hypokinesia 15.6  Gait disturbance 23.2
Chorea 21.8  Bradykinesia 14.3  Dyskinesia 14.8
Extrapyramidal
Ballismus 2.0 Stiffness 10.4 movement 8.4
disorder
Orofacial Parkinsonism,
- 1.0 hypokinetic 6.5 Cerebral palsy 6.5
dyskinesia
features
Orolingual/
facial 1.0 Hypomimia 5.2 Hyperkinesia 5.2
dyskinesia

2. Materials and methods

The source of the information was IEMbase, the knowledge base of
IMDs (http://www.iembase.org) [5]. As of August 2024, IEMbase cat-
alogs 1956 IMDs and 4444 corresponding clinical and biochemical signs
and symptoms, grouped into 22 organ and system categories: Auto-
nomic, Cardiovascular, Dental, Dermatological, Digestive, Dysmorphic,

Complex Molecule and Organelle Metabolism (n=154)
Intermediary Metabolism: Energy (n=140)
Intermediary Metabolism: Nutrients (n=61)

Lipid Metabolism and Transpot (n=59)

Cofactor and Mineral Metabolism (n=53)

Metabolism of Heterocyclic Compounds (n=51)

Metabolic Cell Signalling (n=39)
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Ear, Endocrine, Eye, Genitourinary, Hair, Hematological, Immunolog-
ical, Metabolic, Muscular, Neurologic, Psychiatric, Kidney, Respiratory,
Skeletal, Tumoral, and Other. The clinical symptoms associated with
movement disorders (n = 559) were extracted from the Neurologic
group. The nosology of IMDs [6] was reclassified according to the In-
ternational Classification of Inherited Metabolic Disorders (ICIMD) [7].

We categorized the signs and symptoms of metabolic diseases pre-
senting with movement features as follows: Ataxia, Dystonia, Chorea /
Athetosis, Myoclonus, Tremor, Hypokinetic-Rigid Syndrome (HRS),
Spasticity, and Other (Supplemental Table S1).

3. Results

The most commonly reported movement phenomenology was
ataxia, identified in 278 out of 559 (50 %) disorders, followed by
spasticity in 273 out of 559 (49 %), dystonia in 166 out of 559 (30 %),
chorea and athetosis in 64 out of 559 (11 %), tremor in 53 out of 559 (9
%), hypokinetic-rigid syndrome (HRS) in 51 out of 559 (9 %), and
myoclonus in 33 out of 559 (6 %). Approximately 26 % of disorders
exhibited other movement phenomenologies. 47 % of disorders exhibit a
single phenotype, while 54 % present with multiple movement pheno-
types: 32 % have 2 phenotypes, 12 % have 3, 6 % have 4, 4 % have 5, and
two disorders, GDH and SLC6A3 (0.4 %), are associated with 6
phenotypes.

In the “Ataxia” group, the most reported movement symptoms
included ataxia (77 %), non-progressive cerebellar ataxia (7 %), dys-
metria (4 %), and gait ataxia (4 %). In the “Spasticity” group, the pre-
dominant symptoms were spasticity (51 %), pyramidal signs (18 %),
spastic paresis (7 %), spastic paraparesis/paraplegia/tetraplegia (6 %),
and spasticity of the limbs (4 %). In the “Dystonia” group, the main
symptoms were dystonia (84 %), opisthotonus (4 %), oculogyric crisis
(4 %) and dystonic cerebral palsy (2 %). In the “Chorea and Athetosis”
group, the most common symptoms were athetosis (42 %), chor-
eoathetosis (33 %), and chorea (22 %). In the “HRS” group, the most
reported symptoms were parkinsonism (40 %), hypokinesia (16 %), and
bradykinesia (14 %). In the “Other” group, the most frequently reported
movement symptoms were movement disorder (25 %), gait disturbance
(23 %), and dyskinesia (15 %) (Table 1; also refer to Fig. 1 and Sup-
plemental Table S1). Our updated database of IMDs presenting with
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Spasticity o
Dystonia o
Tremor o
Myoclonus 1

Chorea / Athetosis 1

Fig. 1. Occurrence (%) of symptoms associated with 559 disorders presenting with movement phenotype in 7 categories of IMDs. The percentages for movement
abnormalities were calculated using as the denominator the total number of IMDs in each category presenting with any with movement phenotype. Heat scale ranges
from red (0 %) for diseases with no particular symptoms reported to violet (100 %) for diseases with particular symptoms occurring with highly frequency within the
disorders group. For definition of 7 categories of movement symptoms see Supplemental Tables S1 and S2. For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article. (For interpretation of the references to color in this figure legend, the reader is referred to the web

version of this article.)
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Table 2
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Focussed differential diagnosis of inborn metabolic disorders presenting with movement disorders sorted by typical dominant movement disorder phenomenology.
Emphasis is on more common or treatable conditions.

Ataxia

Dystonia

Myoclonus

Hypokinetic-rigid
syndrome

Spasticity

Pyruvate dehydrogenase E1-
alpha deficiency

Thiamine pyrophosphokinase
deficiency

Ataxia with Vitamin E
deficiency

Niemann-Pick disease type C

Maple syrup urine disease
Succinic semialdehyde
dehydrogenase deficiency
Zellweger spectrum disorders
Congenital disorders of

Dopa-responsive dystonia
Glutaric aciduria type 1
Pantothenate kinase-associated
neurodegeneration

Wilson disease

Methylmalonic acidemia
Proprionic acidemia

Mitochondrial disorders
Lesch-Nyhan disease

Neuronal ceroid
lipofuscinosis

Mitochondrial disorders:
POLG, MELAS, MERRF

Lafora disease

Unverricht-Lundborg
disease

glycosylation
Glucose transporter 1
deficiency syndrome

Dopa-responsive dystonia ~ ARG1-associated arginase 1 deficiency

Niemann-Pick type C SLC25A15-associated hyperornithinemia-
hyperammonemia-homocitrullinuria syndrome
Neuronal ceroid Molybdenum cofactor deficiency
lipofuscinosis
Mucopolysaccharidosis X-linked adrenoleukodystrophy
Sandhoff disease
Metachromatic leukodystrophy

GM1 gangliosidosis
Tay-Sachs disease

Morquio syndrome Krabbe disease

Abbreviations: POLG, polymerase gamma related disorder; MELAS, mitochondrial encephalomyopathy with lactic acidosis and stroke-like episodes; MERRF,

myoclonic epilepsy with ragged red fibers.

movement disorders is included in Supplemental Table S2. In addition,
Table 2 lists a suggested differential diagnosis of IMDs to consider when
presented with a patient experiencing movement disorder sorted by the
most typical dominant movement phenotype. Below is a description of
each entry.

3.1. Ataxia

Ataxia refers to the inability to perform or maintain an expected
movement trajectory, manifesting as a lack of coordination. Cerebellar
ataxia may clinically present with a syndrome that includes nystagmus,
scanning speech, intention tremor, dysdiadochokinesia, dysmetria, and/
or truncal or gait ataxia. The cerebellum is particularly sensitive to
neurometabolic and neurodegenerative pathology, leading to a broad
list of IMDs that may present with either intermittent ataxia, chronic or
progressive ataxia, or ataxia accompanied by myoclonic epilepsy. These
disorders typically manifest with a combination of ataxia, pyramidal
signs, extrapyramidal symptoms, and/or cognitive concerns, although
pure cerebellar presentations are also possible [8].

Pyruvate dehydrogenase El-alpha (PDHA1I) deficiency is one cause
of primary pyruvate dehydrogenase complex deficiency. Patients with
this condition present with a Leigh-like syndrome: intermittent ataxia,
dystonia, microcephaly, hypotonia, and epilepsy. Neuroimaging may
reveal asymmetric ventriculomegaly and corpus callosum dysgenesis;
structural brain abnormalities are an atypical feature among treatable
IMDs and its finding may delay diagnosis if a high degree of clinical
suspicion is not maintained [9]. Ataxia is often precipitated by meta-
bolic stressors such as fever. The standard therapy for this treatable form
of Leigh disease includes the ketogenic diet, as patients do not metab-
olize carbohydrates effectively, and early initiation of the diet can
improve developmental outcomes [10]. The pyruvate dehydrogenase
complex requires thiamine as a cofactor, and so other variants leading to
deficiency in its active form, thiamine phosphate, can present with a
similar phenotype [11]. This may be caused by thiamine pyrophos-
phokinase (TPK) deficiency which is in turn caused by mutations in
various genes including TPK1 (thiamine pyrophosphokinase defieicny),
SLC19A3 (thiamine transporter; biotin-thiamine-responsive basal
ganglia disease), or SLC25A19 (mitochondrial thiamine phosphate car-
rier) [12-15]. This collection of pathologies lead to conditions that may
present with a severe Leigh-like neurodegenerative disease that is fatal if
untreated but may be amenable to high doses of thiamine with or
without the ketogenic diet, depending on the etiology [16].

Ataxia with vitamin E deficiency typically manifests between the
ages of 5 and 15, presenting with chronic progressive cerebellar ataxia,

loss of proprioception, areflexia, and dystonia [17]. The diagnosis is
established in individuals with a suggestive clinical presentation and
findings of biallelic pathogenic variants in TTPA [18]. This disorder is
treatable with lifelong high doses of vitamin E. When treatment is
initiated in the presymptomatic stage, clinical manifestations of the
disease may not develop [17,19]. Early clinical manifestations, such as
mild ataxia and cognitive difficulties, can be reversed with treatment
[20], but in older patients with significant disability, treatment will halt
progression, although deficits may remain [17,21,22].

Niemann-Pick disease type C (NPC) is a neurodegenerative lyso-
somal disorder with a broad spectrum of clinical severity. Disease onset
in early infancy is often primarily hepatic, presenting with jaundice and
ascites [23]. When the onset occurs in late infancy or early childhood,
symptoms include hypotonia, developmental delay, ataxia, supra-
nuclear gaze palsy, and bulbar symptoms. Onset in adolescence or
adulthood often presents with progressive cognitive deficits and psy-
chiatric issues, with other neurological signs developing later. Gelastic
cataplexy is a unique feature found in NPC and may be a strong clue to
the diagnosis if observed [24]. A high index of clinical suspicion, aided
by published clinical scoring tools [25], is crucial, as their neurological
manifestations can be stabilized with miglustat treatment [26]. Two
additional agents have recently received FDA approval for the man-
agement of NPC: arimoclomol and levacetylleucine. Arimoclomol is
approved as an add-on therapy for patients using miglustat, based on a
2.2-point improvement at 12 months compared to placebo add-on
therapy on the 4-domain NPC Clinical Severity Scale [27]. Levace-
tylleucine is approved as monotherapy for managing patients with NPC,
demonstrating a 1.28-point improvement compared to placebo at 12
weeks on the Scale for Assessment and Rating of Ataxia; a rescored
functional version of this scale showed a 0.4-point benefit over placebo
[28].

Several other IMDs may present with ataxia with or without addi-
tional movement disorder phenomenologies. Maple syrup urine disease
is caused by decreased activity of the branched-chain alpha-ketoacid
dehydrogenase complex which catalyzes a key step in the degradation of
the branched-chain amino acids, leading to accumulation of leucine,
isoleucine, and valine [29]. During periods of acute illness, there can be
buildup of these amino acids leading to toxic encephalopathy and
symptomatic ataxia, dystonia, or parkinsonism [29]. Succinic semi-
aldehyde dehydrogenase deficiency affects the degradation of gamma-
aminobutyric acid, leading to buildup of gamma-aminobutyric acid in
body fluids [30]. This leads to multiple movement disorders including
ataxia, dystonia, chorea, and hypokinesia in addition to behavioral
problems, impaired speech, and epilepsy [31]. Peroxisome biogenesis
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disorders (PBD) are a group of conditions caused by a partial or gener-
alized defect in peroxisome biogenesis. They encompass two phenotypic
groups: 1. The Zellweger spectrum disorders (ZSD) including severe,
intermediate and milder forms and 2. Rhizomelic Chondrodysplasia
Punctata type 1 (RCDP1), as well as the variant phenotypes now being
described for both groups [32]. Phenomenology of movement disorders
in Zellweger spectrum disorders include cerebellar ataxia with adoles-
cent- or adult-onset forms, in addition to ocular abnormalities, senso-
rineural hearing loss, craniofacial dysmorphic features, developmental
delay, peripheral neuropathy, and pyramidal tract signs [33]. Congen-
ital disorders of glycosylation are another heterogenous group of dis-
orders that often present with ataxia, developmental delay, dysmorphic
features, and additional systemic findings [34].

Glucose transporter type 1 deficiency syndrome (GLUT1-DS) is a
disorder of insufficient glucose transport from serum to CSF caused by
pathogenic variants in SLC2A1 [35]. This presents with variable degrees
of treatment resistant epilepsy with multiple seizure types including
absence seizures before 4 years of age, acquired microcephaly, intel-
lectual disability, and paroxysmal exertional dyskinesia [35,36]. The
dyskinesia can manifest with various movement phenomenologies,
including dystonia, chorea, and ataxia; it is typically brought on by
fasting, prolonged exercise, or increased metabolic demand such as
infection. Diagnosis is supported by identification of a pathogenic
variant in SLC2A1, fasting hypoglycorrhachia with normal serum
glucose, or by low uptake of 3-O-methyl-p-glucose in erythrocytes. The
ketogenic diet, supplemented with r-carnitine, if serum carnitine levels
become insufficient, is first line therapy to control seizures and
abnormal movements and is often highly effective [37].

3.2. Dystonia

Dystonia is a hyperkinetic movement disorder characterized by
sustained or intermittent muscle contractions, resulting in abnormal,
often repetitive movements, postures, or both. These movements are
typically patterned, twisting, and sometimes tremulous. Dystonia is
often initiated or exacerbated by voluntary actions and is associated
with overflow muscle activation [38]. Dystonia is classified along two
axes: Axis I describes the clinical characteristics of dystonia, including
age at onset, body distribution, temporal pattern, and associated fea-
tures. In association with IMDs, dystonia often has an acute or subacute
onset with a generalized, progressive course [39]. Axis II addresses
etiology, encompassing inherited, acquired, and unknown causes [38].
Dystonia caused by IMDs can be broadly sorted into two groups:
Neurotransmitter deficiencies such as dopa-responsive dystonia, and
pathologies that injure the basal ganglia leading to symptomatic dys-
tonia such as glutaric aciduria type I and pantothenate kinase-associated
neurodegeneration.

Dopa-responsive dystonia represents a genetically and phenotypi-
cally heterogeneous group of neurotransmitter disorders characterized
by a deficiency in dopamine synthesis without substantia nigral cell loss
[40]. The most well-known example is autosomal-dominant GTP
cyclohydrolase 1 (GCH1 gene) deficiency, also known as Segawa syn-
drome. The typical presentation involves lower extremity dystonia that
spreads over time to other limbs, often following a diurnal pattern.
Adult-onset forms may also include parkinsonism [40]. Other rare
recessive forms of dopa-responsive dystonia include sepiapterin reduc-
tase deficiency, tyrosine hydroxylase deficiency, and other monoamine
neurotransmitter disorders. Classic dopa-responsive dystonia is readily
treatable with low doses of levodopa/carbidopa, though some refractory
cases with difficult motor control may benefit from deep brain stimu-
lation [41].

Glutaric aciduria type I is a rare organic acid disorder that most
commonly presents with infantile-onset encephalopathic crises and
dystonia triggered by catabolic stressors [42]. Neuroimaging classically
reveals widened sylvian fissures with a “bat wing” appearance and
subdural collections; the latter, like in Menke’s disease, may mimic non-
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accidental injury and may therefore delay diagnosis [41,43]. This con-
dition characteristically leads to bilateral striatal injury and subsequent
dystonia [44,45]. Less common later-onset forms of the disease (i.e.,
those presenting after age 6) may manifest with headache, macro-
cephaly, seizures, tremor, and cognitive decline [46]. Newborn
screening can measure glutarylcarnitine (C5DC) in dried blood spots,
which has a diagnostic sensitivity of 95 % [29]. Episodes of encepha-
lopathic crises can be prevented with a low-lysine diet, carnitine sup-
plementation, and emergency treatment during crises to minimize the
brain’s exposure to toxic metabolic compounds [42].

Pantothenate kinase-associated neurodegeneration (PKAN) is the
most common type of neurodegeneration with brain iron accumulation
(NBIA) and is caused by biallelic pathogenic variants in PANK2. Classic
PKAN typically presents in early childhood with progressive generalized
dystonia, prominent oromandibular dystonia, rigidity, and chor-
eoathetosis [47]. Brain MRI classically reveals the “eye of the tiger” sign,
which appears in the bilateral globus pallidus as a central region of
hyperintensity surrounded by a rim of hypointensity [48]. Management
of this degenerative condition is largely supportive, although there may
be a role for bilateral internal globus pallidus (GPi) deep brain stimu-
lation in the management of dystonia for select cases of PKAN [49].

Wilson disease is a treatable inherited disorder of copper metabolism
that causes multiple abnormal movements and other neurological fea-
tures, liver disease, and psychiatric symptoms. Dystonia is often the
most severe and functionally disabling symptom [50] though tremor,
parkinsonism, chorea, and ataxia can also be seen [51,52]. Dystonia in
Wilson disease may present in the face with risus sardonicus or vacuous
smile. With disease progression, dystonia may also spread and become
generalized; status dystonicus can also occur [53]. Diagnosis is estab-
lished with biallelic pathogenic variants in ATP7B or with a combination
of clinical, biochemical, and molecular findings [54]. All individuals
with Wilson disease are managed with reduction of dietary copper
intake. Copper chelating agents such as D-penicillamine or trientine are
indicated for treatment of symptomatic and asymptomatic patients with
Wilson disease [55]. 10-20 % of patients receiving D-penicillamine or
trientine experience transient neurological symptom worsening during
initial phase of treatment which is thought to be due to transient in-
crease in non-ceruloplasmin-bound copper [56]. Zinc salts may be used
in some asymptomatic individuals to reduce copper absorption in the
gastrointestinal tract, but not in combination with copper chelators.
Orthotopic liver transplantation is indicated for some individuals who
are not responsive or intolerant to medical treatment [55].

Additional IMDs causing dystonia secondary to basal ganglia injury
include disorders of organic acid metabolism, such as methylmalonic
acidemia and propionic acidemia [57]. Both of these are autosomal
recessive disorders impacting the conversion of certain amino acids and
odd-chain fatty acids to succinyl-CoA. In times of catabolic stress or
excess protein intake, there can be buildup of toxic compounds which
notably cause injury to the striatum in the case of propionic acidemia
and globi pallidi in the case of methylmalonic acidemia. Patients expe-
rience acute and chronic dystonia, chorea, spasticity in addition to in-
tellectual disability, epilepsy, and renal injury [58]. These disorders are
treated by limiting natural protein intake, supplementation with levo-
carnitine, maintain a high calorie diet, and reduction of propionic acid
production by gut bacteria such as with metronidazole [58]. Some forms
of methylmalonic acidemia are also responsive to vitamin B12 supple-
mentation [59].

Mitochondrial disorders are a broad category of pathology stemming
from genetic variants in mitochondrial DNA or nuclear DNA leading to
impairment in energy production. These disorders can manifest at any
age and have very heterogeneous presentations. Due to impaired energy
production, mitochondrial disorders preferentially impact tissues highly
dependent on oxidative metabolism, including neural, muscular, and
cardiac, hence the subcategory termed “mitochondrial encephalomyo-
pathies” [60]. Neurological features include movement disorders such
as dystonia and ataxia, epilepsy, stroke-like episodes, psychomotor
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impact, and migraine [61]. Leigh syndrome is one example of a mito-
chondrial disorder presenting with a broad spectrum of movement dis-
orders. This typically manifests between 3 and 12 months as metabolic
decompensation from a catabolic stressor [62]. This leads to significant
developmental delay or regression, hypotonia, spasticity, seizures,
movement disorder, ataxia, peripheral neuropathy, and brainstem
dysfunction [63].

Lesch-Nyhan disease is caused by deficient activity of hypoxanthine-
guanine phosphoribosyltransferase 1 which leads to accumulation of
hypoxanthine and guanine which is then converted to uric acid [64].
Patients present with severe dystonia, chorea, and spasticity; most are
cognitively impaired and exhibit the hallmark finding of self-injurious
behaviour; and the overproduction of uric acid leads to nephrolithiasis
and gout [64,65]. Diagnosis is made by identification of a pathogenic
variant in HPRT1 or low hypoxanthine-guanine phosphoribosyl-
transferase 1 activity [64]. Symptoms are managed with allopurinol or
febuxostat, in case of drug hypersensitivity to allopurinol, to reduce uric
acid production, and treatment is otherwise supportive [66]. Some pa-
tients may benefit from DBS, however more research is needed [67].

3.3. Chorea/Athetosis

Chorea, derived from the Greek word choreia, meaning “dancing,”
refers to involuntary, brief and random movements that are neither
stereotyped nor predictable. When chorea predominates in the proximal
muscle groups leading to large amplitude movements, it is termed
“ballismus,” whereas when it predominates in the distal muscle groups
and is slow and writhing, it is termed “athetosis.”

The evaluation of chorea in a patient should be conducted carefully,
as rapid, brief movements can also be observed in dystonias and tics.
Additionally, slow choreiform movements are developmentally appro-
priate in infants up to around 12 months of age and can be triggered by
excitement, anger, or frustration [68]. Although chorea is not typically
the dominant movement disorder phenomenology associated with
IMDs, it can be an important phenotype.

Nonketotic hyperglycinemia is a disorder of glycine metabolism that
results in the accumulation of large quantities of glycine in all body
tissues, including the brain. Eighty-five percent of patients present in the
neonatal period with progressive lethargy evolving to coma and epi-
lepsy; less severe forms may present in childhood with developmental
delays and chorea [69]. Many affected infants make little to no mean-
ingful developmental gains. Benzoate can be administered to reduce
plasma glycine levels, and some infants may subsequently achieve
spontaneous bottle feeding, visual attentiveness, and a social smile.
Chorea, if present, is sometimes episodic and associated with febrile
illness [70].

Chorea can develop after an encephalopathic crisis in glutaric
aciduria type I [71], and these events can be prevented with dietary
modifications, as previously described.

3.4. Myoclonus

Myoclonus is a brief (<100 ms) involuntary movement that can be
classified as epileptic if originating from the cortex or as a movement
disorder if originating lower in the neuraxis. While myoclonus is not
typically the prominent movement disorder in IMDs, it is often present
and may suggest underlying neurodegeneration.

Neuronal ceroid lipofuscinosis (NCL) is a genetically heterogeneous
group of disorders characterized by a progressive clinical course that
includes vision loss, dementia, epilepsy, and movement disorders. These
lysosomal storage diseases are marked by progressive neuro-
degeneration with intracellular accumulation of autofluorescent lip-
opigments [72]. Management for most forms of NCL is largely
supportive, although patients with CLN2 disease may benefit from
disease-modifying therapy through intraventricular administration of
cerliponase alfa, a proenzyme form of human TPP1, the deficient
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enzyme responsible for the pathophysiology of CLN2-related disease
[72,73].

Various mitochondrial disorders can cause myoclonus, including
POLG-related disorders, mitochondrial encephalomyopathy with lactic
acidosis and stroke-like episodes (MELAS), and myoclonic epilepsy with
ragged red fibers (MERRF) [74-76]. Myoclonus is often challenging to
manage in mitochondrial disease, and treatments should be tailored
based on the origin of the myoclonus [77]. Valproic acid is contra-
indicated for treating myoclonus in most mitochondrial disorders, as it
can exacerbate symptoms, particularly in POLG-related disorders, where
it can trigger fulminant hepatic failure [78].

Progressive myoclonic epilepsy, Lafora type (LD), and progressive
myoclonic epilepsy type 1 (EPM1), also known as Unverricht-Lundborg
disease, are phenotypically related genetic disorders presenting with
progressive stimulus-induced myoclonic seizures starting in childhood
or adolescence, often accompanied by ataxia and tremor [79,80]. LD,
unlike EPM1, exhibits characteristic cognitive decline soon after seizure
onset and has a life expectancy of approximately ten years from diag-
nosis [80]. Management for both disorders is supportive.

3.5. Tremor

Tremor is an involuntary, rhythmic, oscillatory movement. It should
be classified as occurring at rest or with action, with the latter further
subdivided into postural, isometric, and kinetic tremors. Care should be
taken when assessing fine hyperkinetic movements to avoid mistaking a
primary tremor for tremulous movements better categorized as chorea
or mobile dystonia. Tremor can occur alongside other movement dis-
order phenomenologies in IMDs but is seldom the hallmark sign that
leads to diagnosis.

3.6. Hypokinetic-rigid syndrome

“Hypokinetic-rigid syndrome” (HRS) is a term used to describe
hypokinetic movement presentations in children, sometimes synony-
mously with parkinsonism. Parkinsonism refers to a syndrome charac-
terized by bradykinesia along with at least one of the following features:
resting tremor, rigidity, and postural instability. Examination maneu-
vers designed to elicit bradykinesia in children, such as repeated finger
or foot taps, may not be feasible depending on the child’s stage of
cognitive development. Additionally, resting tremor is not typically
present in children with parkinsonism. Hypokinesia can often be more
readily assessed by observing the child regardless of their cooperation,
and rigidity can be evaluated through passive movement of their limbs.
Therefore, the term “hypokinetic-rigid syndrome” is most accurate in
pediatric hypokinetic movement disorders.

Hypokinetic-rigid syndrome is an important clinical feature in
neurotransmitter disorders, of which the dopa-responsive dystonias are
often responsive to low doses of levodopa. Hypokinetic-rigid syndrome
is also noted in various lysosomal storage disorders, most commonly in
Niemann-Pick type C (NPC), followed by different types of neuronal
ceroid lipofuscinoses (NCLs) and mucopolysaccharidoses (MPS). Some
subtypes of GM1 and GM2 gangliosidoses, including MPS type IVB, can
also involve the HRS, but not as the key clinical feature [81,82].
Hypermanganesemia with Dystonia 1 is a very rare entity associated
with variants in SLC30A10 which has been reported to present in
childhood with dystonia, tremor, bradykinesia, or spastic paraplegia;
and is reported to present in adults with parkinsonism [83]. Chelation
therapy, iron supplementation, and a low-manganese diet may help
prevent manifestations in affected individuals [84].

3.7. Spasticity
Spasticity is an increase in muscle tone with a velocity-dependent

resistance to passive movement that reflects pyramidal tract dysfunc-
tion and is often accompanied by other pyramidal signs including
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hyperreflexia, clonus or a Babinski sign. Upper motor neurons are
particularly vulnerable to metabolic disruption due to their high energy
demands [85], making spasticity a common feature in many neuro-
metabolic disorders. Spasticity rarely occurs as an isolated entity among
IMDs; rather, the constellation of other neurological and non-
neurological findings provides clues to the underlying diagnosis.

Cases of urea cycle disorders have been reported to resemble a slowly
progressive complex form of hereditary spastic paraplegia, including
two associated with ARGI-associated arginase 1 deficiency and one with
SLC25A15-associated hyperornithinemia-hyperammonemia-homocitru
llinuria (HHH) syndrome. Arginase 1 deficiency typically presents in
early childhood with the insidious onset of distal spastic diplegia and
relatively rare occurrences of hyperammonemic crises [86]. Patients
also present with developmental delay, seizures, and extrapyramidal
movements, including dystonia and ataxia [51]. HHH syndrome pre-
sents with acute hyperammonemic crises, progressive spasticity,
learning disabilities, cerebellar dysfunction, and epilepsy [87]. Both
conditions are managed by restricting protein intake and supplementing
with essential amino acids. Early diagnosis and treatment of arginase 1
deficiency generally produce an asymptomatic trajectory, whereas
protein restriction, along with additional citrulline and arginine sup-
plementation in HHH syndrome, can temper the frequency of hyper-
ammonemic crises and developmental delay [88].

Molybdenum cofactor deficiency is caused by biallelic pathogenic
variants in GPHN, MOCS1, MOCS2, or MOCS3. It presents with a broad
spectrum of chronic progressive spasticity and intellectual disability,
punctuated by periods of encephalopathy and seizures during catabolic
stress [89]. Neuroimaging may mimic neonatal hypoxic ischemic en-
cephalopathy with bilateral changes in the globi pallidi, thalamic and
subthalamic nuclei, and this could lead to delayed diagnosis [90].
MOCS1-related disease has a novel targeted treatment with cyclic pyr-
anopterin monophosphate (cPMP), known as fosdenopterin. Evidence
supporting the use of cPMP in MOCS1-related disease remains limited;
however, early studies indicate that daily infusion of synthetic cPMP is
associated with decreased mortality compared to historical controls
[91], which led to its FDA approval. Regardless of genotype, all in-
dividuals with molybdenum cofactor deficiencies should be placed on a
cysteine-restricted diet to reduce oxidative cysteine catabolism and
downstream sulfite production [92].

X-linked adrenoleukodystrophy is caused by a pathogenic variant in
ABCD1 leading to adrenomyeloneuropathy (AMN), cerebral adreno-
leukodystrophy (CALD), and/or primary adrenocortical insufficiency
[93]. AMN presents with leg weakness, spasticity, clumsiness, pain, and
bladder or bowel dysfunction, often in early adulthood. Presently, only
supportive treatment is available for AMN [94]. A recent trial compared
leriglitazone, a selective peroxisome proliferator-activated receptor
gamma agonist, to placebo in a double-blind multi-centre format [95].
This enrolled 116 adult men with adrenomyeloneuropathy and followed
them for 96 weeks. The primary efficacy endpoint was change in base-
line in the Six-Minute Walk Test was no different between treatment and
control groups, though no participants receiving leriglitazone pro-
gressed to CALD whereas 6 of the 39 (15 %) receiving placebo did.

Multiple disorders of sphingolipid degradation can present with
spasticity and are worth mentioning despite not having approved
disease-modifying treatment at this time [96]. Tay-Sachs disease, the
classic phenotype of the HEXA disease continuum, often presents in
infancy with progressive regression in motor skills between 3 and 6
months. Subacute juvenile forms present later, with normal develop-
ment until 2-5 years of life, then plateauing of skills, then regression
including progressive spasticity, bulbar dysfunction, and epilepsy with
brain atrophy [97]. Proof of concept for gene therapy in Tay-Sachs
disease has been demonstrated in a trial of two infants treated with a
combination of two recombinant adeno-associated viruses, AAVrh8-
HEXA and AAVrh8-HEXB [98]. Both participants tolerated the treat-
ment without significant adverse events, and they had increased HexA
activity compared to baseline. One participant showed 3 months of
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clinical stabilization before showing ongoing disease activity at 6
months. GLB1-related disorders include GM1 gangliosidosis and muco-
polysaccharidosis type IVB. Type 1 (or infantile-onset) GM1 gangliosi-
dosis may present with infantile hypotonia then lead to rapid
neurological degeneration in the first year with spasticity and motor
regression, leading further to vision loss, hearing loss, rigidity, seizures,
feeding difficulties and oral secretions. Macular cherry red spot, hep-
atosplenomegaly, cardiomyopathy, and coarse facial features are pre-
sent on systemic examination [99]. Subacute juvenile and late-onset
Sandhoff disease can manifest with spasticity, dysphagia, and gait dif-
ficulty. The juvenile form also involves motor and cognitive decline and
optic atrophy, and most patients are in a vegetative state with decere-
brate posturing by age 10-15 years old.

Metachromatic leukodystrophy (MLD) is an autosomal recessive
lysosomal storage disease caused by deficiency of arylsulfatase A and
has three clinical subtypes which are functions of the age of onset: late-
infantile, juvenile, and adult. The late-infantile onset form is most
common and is characterized by a plateau of gross motor skills which
evolves to include spasticity, seizures, vision and hearing impairment,
cognitive decline, and peripheral neuropathy [100,101]. Late stages
involve tonic spasms, and decerebrate posturing. Juvenile and adult-
onset forms tend to involve a more neuropsychiatric phenotype early
in disease course and a slower decline in motor function, though the late
stages are similar [102]. Neuroimaging classically reveals a periven-
tricular leukodystrophy with tigroid appearance and sparing of U-fibers
[103]. Finding of gallbladder polyps is also highly suggestive of the
diagnosis [104]. Ex vivo gene therapy is approved for management of
pre-symptomatic late-infantile, presymptomatic early-onset juvenile,
and early-symptomatic early-onset forms of MLD [105]. This involves ex
vivo transduction of autologous CD34+ stem cells using a lentiviral
vector containing human ARSA, atidarsagene autotemcel. In an open-
label phase 1/2 trial including 26 patients followed for a median of
3.16 years, this therapy was associated with increased arylsulfatase A
activity, improved progression in gross motor skills, cognitive devel-
opment, and prevention of central and peripheral demyelination
[106,107].

Krabbe disease is a neurodegenerative autosomal recessive disease
caused by galactocerebrosidase deficiency and has a clinical spectrum
consisting of infantile-onset progressive irritability, spasticity, and
developmental regression to a later-onset more modest phenotype
[108]. Onset of neurodegeneration typically follows normal early
development. Hematopoietic stem cell transplantation (HSCT) can ar-
rest progression of Krabbe disease [109], and optimal results are ach-
ieved with pre-symptomatic treatment [109-111]. Consensus guidelines
recommend that asymptomatic newborns with a family history of
Krabbe disease or an abnormal newborn screening result undergo
further testing to identify those with infantile-onset Krabbe disease
[112]. HSCT should be offered before 30 days of life in infantile-onset
Krabbe disease [112]. Symptomatic individuals with later-onset
Krabbe disease may also benefit from HSCT [113]. The role of HSCT
in asymptomatic infants identified to be at risk of later-onset Krabbe
disease remains unclear [114]. Animal models of Krabbe disease have
demonstrated promising outcomes with AAV serotype rh10 treatment
carrying human GALC (AAVrh.10-GALC), including extended lifespan
and improved neuropathology [115]. Human trials with AAVrh.10-
GALC are underway [91].

4. Diagnosis

The diagnostic approach is fundamentally phenomenology-based. A
comprehensive clinical history and examination are conducted to
identify the leading movement disorder phenomenology and evolution
of the movement disorders, exacerbating factors such as catabolic
stressors, and the family history. Following this, a careful examination is
performed to identify other neurological and non-neurological abnor-
malities that may suggest a particular syndrome. Clinical features that
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Table 3
High level overview of treatable inborn metabolic disorders presenting with movement disorders.
Disease Gene Age of Onset Movement Other Manifestations Diagnostic Tests Treatment
Disorder
Aromatic l-amino DDC Early infancy ~ Dystonia, Impaired autonomic function, global ~ @ CSF neurotransmitter Eladocagene exuparvovec
acid oculogyric crises, developmental delay analysis intraputamenal delivery
decarboxylase hypokinesia @ Plasma AADC activity
deficiency @ DDC sequencing Evidence level 4
FDA and EMA approval for
patients with AADC-deficiency
age > 18 months
Targeted therapy also indicated,
which may include dopamine
agonists, MAO inhibitors,
pyridoxine, folinic acid, and/or
levodopa
Ataxia with TTPA Late Ataxia, dystonia Dysarthria, areflexia, loss of @ Plasma vitamin E level Oral vitamin E
vitamin E childhood proprioception and sensory @ Brain MRI
deficiency disturbance, upper motor neuron @ TTPA sequencing Evidence level: 4
signs
Special considerations: Monitor
vitamin E levels in regular
intervals (i.e., every 6 months).
Glucose transporter ~ SLC2A1  Early Ataxia, dystonia, Infantile-onset epileptic @ CSF/plasma glucose Ketogenic (or related) diet
1 deficiency childhood/ spasticity, chorea, encephalopathy or other seizure ratio
syndrome adulthood myoclonus disorder, acquired microcephaly, @ SLC2A1 sequencing Evidence level: 4
(GLUT1-DS) Paroxysmal DD/ID
exertion-induced Special considerations:
dyskinesia monitoring per ketogenic diet
protocol
Glutaric aciduria GCDH Abrupt onset Dystonia, Acute encephalopathic crises during @ Included in newborn Lysine and tryptophan restricted
type 1 in early parkinsonism, episodes of catabolism, screening in many diet, carnitine supplementation,
childhood chorea macrocephaly, hypotonia, DD/ID, countries intensified emergency treatment
seizures @ Plasma and urine during periods of catabolism
organic acids

@ Plasma acylcarnitines Evidence level: 2¢

@ Brain MRI

@ GCDH sequencing Special considerations:

@ GCDH enzyme analysis ~ Treatment guidelines have been
established and are published
periodically

Metachromatic ARSA Late infantile ~ Spasticity Developmental regression, seizures, @ Arylsulfatase A enzyme  Autologous hematopoietic stem
leukodystrophy / juvenile / vision and hearing impairment, activity cell gene therapy, atidarsagene
adult peripheral neuropathy @ Brain MRI autotemcel

@ Urinary sulfatides

@ ARSA sequencing Evidence level: 4
Special considerations: Indicated
for pre-symptomatic late-
infantile, presymptomatic early-
onset juvenile, and early-
symptomatic early-onset forms
of MLD.

Neuronal ceroid CLN2 Childhood Myoclonus, Vision loss, dementia, epilepsy @ low levels of TPP1 Recombinant human TPP1
lipofuscinosis dystonia, enzyme activity (cerliponase alfa)
type 2 spasticity, chorea, @ CLN2 sequencing
tremor Evidence level: 4
Clinical practice guidelines are
published.
Niemann-pick NPC1 Early Ataxia, dystonia DD/ID, dysarthria, supranuclear @ Biomarkers (oxysterols,  Arimoclomol with miglustat
disease type C NPC2 childhood/ vertical gaze palsy, lysosphingomyelin
adulthood hepatosplenomegaly, dysphagia, derivatives,bile acids) Evidence level: 1b
dysarthria, seizures, gelastic @ NPC1/NPC2
cataplexy, acute psychosis, sequencing Special considerations:

depression, obsessive-compulsive
disorder and other neuropsychiatric
symptoms

Arimoclomol, in combination
with miglustat, are approved by
the FRA to treat NPC.
Levacetylleucine

Evidence level: 1b

Special considerations:

(continued on next page)
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Table 3 (continued)
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Disease Gene Age of Onset Movement Other Manifestations Diagnostic Tests Treatment
Disorder
Approved by FDA as
monotherapy for NPC
Segawa’s disease GCH1 Childhood Dystonia, postural @ CSF neurotransmitter L-dopa/carbidopa
(autosomal tremor, levels
dominant GTPCH hypokinetic-rigid @ Phenylalanine load test ~ Evidence level: 4
deficiency) syndrome @ L-dopa trial
@ GCHI sequencing Special considerations: Initiate at
low dose and gradually titrate to
standard treatment dose of L
-dopa. Effective in almost all
patients and response is
sustained. There might be a
decrease in dosage requirement
over time
Wilson disease ATP7B Childhood/ Dystonia, Tremor,  Liver disease, Kayser-Fleischer rings, = @ Low serum Copper chelation therapy (D-
young parkinsonism, seizures, psychiatric symptoms, ceruloplasmin penicillamine or trientine)
adulthood chorea, ataxia hemolytic anemia @ Increased liver copper

@ Increased urinary Evidence level: 1a
copper

@ ATP7B sequencing Special considerations: No

controlled trials have compared

these two agents. Monitor closely

for side effects and measure 24-h

copper excretion to evaluate

adequacy of treatment.

Clinical practice guidelines are
published.

Levels of evidence (source: www.cebm.net): Level 1a = systematic review of randomized controlled trials (RCT), 1b = individual RCT, 1c = “All or None” (=[pro-
longation of] survival with therapy); Level2a = systematic review of cohort studies, 2b = individual cohort study, 2c = “outcomes research” (focused on end results of
therapy for chronic conditions, including functioning and quality of life; http://www.ahrq.gov/clinic.outfact.htm); Level 3 = systematic review of case-control studies;
Level 4 = individual case-control study or case series/report; Level 4 to 5 = single case report; Level 5 = expert opinion without critical appraisal.

Abbreviations: FDA, U.S. Food and Drug Administration; CBC, complete blood count.

should raise concern for an IMD include associations with paroxysmal
spells of altered consciousness, headache, vomiting, seizures, or organ-
specific functional derangement.

We recommend brain MRI to further phenotype patients presenting
with movement disorders who are suspected to have an IMD. Neuro-
imaging is often unremarkable in metabolic movement disorders,
though there are notable exceptions, and an organized approach can
help narrow the differential diagnosis. These disorders can be broadly
organized into predominant white versus grey matter diseases or a
combination of the two [116]. White matter disease can be further split
into hypomyelination (eg. Pelizaeus-Merzbacher disease or hypomyeli-
nation with atrophy of the basal ganglia) or other white matter diseases
[117]. The latter is often sorted by topography of white matter
involvement [117,118]. Frontal predominant white matter diseases
include Alexander disease and frontal variant of X-linked adrenoleuko-
dystrophy. Parieto-occipital white matter predominance is suggestive of
X-linked adrenoleukodystrophy, neuronal ceroid lipofuscinosis, and
sometimes Krabbe disease. Periventricular white matter involvement is
suggestive of Krabbe disease, metachromatic leukodystrophy, neuronal
ceroid lipofuscinosis, and mucopolysaccharidosis. A more global pattern
of white matter involvement is seen with vanishing white matter dis-
ease, Aicardi-Goutieres syndrome particularly when calcification is
present, and the end-stage of all progressive white matter disorders.
Disorders of predominant grey matter involvement can be sorted by
those with predominant striatal involvement (glutaric aciduria type 1
with subdural collections and widened sylvian fissures, propionic acid-
emia, Leigh disease, and MELAS) versus those with globus pallidal
involvement (methylmalonic acidemia, MSUD) [119]. Others still pre-
sent with a mixture of grey and white matter disease. In these, a com-
bination of white matter and thalamic involvement is suggestive of
Krabbe disease; white matter and striatal involvement is suggestive of
glutaric aciduria type 1, propionic acidemia, Leigh disease, and MELAS;
and a combination of white matter and globus pallidal involvement can

be seen with Canavan disease, methylmalonic acidemia, MSUD, and
urea cycle disorders [116].

Biochemical and genetic testing is performed, guided by the detailed
phenotype, with a particular focus on identifying treatable causes [120].
Due to the often overlapping and non-specific presentation of IMDs, we
recommend broad genetic testing with whole exome or whole genome
sequencing when available [121,122].

5. Treatment

Therapeutic strategies for IMDs are evolving as new therapeutic
entities are able to address the underlying mechanisms of disease and as
the biotechnology and pharmaceutical industries continue to gain in-
terest in treating rare disorders (Table 3).

Strategies for the targeted treatment of IMDs are diverse and aimed
at the underlying pathophysiology. In various small molecule disorders,
reducing toxic compounds is paramount to minimize intoxication and
the resultant neurological symptoms, as seen in glutaric aciduria type 1.
Depending on the underlying metabolic issue, toxic products can be
reduced through dietary changes to avoid the offending agent or by the
addition of chelation agents like penicillamine in Wilson disease [55].
Dietary manipulation is another viable strategy for treating some IMDs.
Dietary protein restriction is a common intervention in several IMDs to
avoid an offending amino acid. The ketogenic diet has been widely used
to treat epilepsy for decades, and its generation of ketone bodies can be
beneficial in managing IMDs. In glucose transporter type 1 deficiency
syndrome (GLUT1-DS) and pyruvate dehydrogenase complex (PDHc)
deficiency, the ketogenic diet serves as the primary treatment to address
the underlying biochemical abnormality [123]. New licensed and
investigational enzyme replacement therapies are emerging for several
disorders, including infantile and late-infantile neuronal ceroid lip-
ofuscinosis [124]. Gene therapies represent the newest class of treat-
ments, commonly utilizing viral vectors such as adeno-associated
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viruses (AAVs) or lentiviruses to the affected cells. Intraputamenal
administration of recombinant AAV9 packaged with human AADC gene
(rAAV9-hAADC) has been approved for treatment in select individuals
with AADC deficiency [125], and subsequent trials are evaluating de-
livery of the therapy to the ventral tegmental area [126]. This includes
ex vivo gene therapy in cerebral adrenoleukodystrophy where the pa-
tient’s own hematopoietic stem cells are transduced with a gene therapy
vector followed by an autologous stem cell transplantation [127]. AAV-
based gene therapy trials are also underway for male infants with
ornithine transcarbamylase deficiency [91]. Gene editing with site-
specific endonucleases, such as zinc-finger nucleases and CRISPR/Cas9
systems, has yielded promising results in murine models of metabolic
disease and represents an emerging class of novel gene therapies
[128-133]. Finally, knockdown-and-replace models are being explored,
utilizing a combination of gene-specific interfering RNA (RNAI) in a tail-
to-tail configuration and complementary DNA to replace the aberrant
gene [134].

In addition to, or in the absence of, disease-modifying therapy clin-
ical support of patients with metabolic movement disorders involves a
combination of symptom management, developmental support, and
holistic support that involve the patient and their care team. Symptom
management of metabolic movement disorders is phenomenology-based
and is not typically different than in other movement disorders. One
notable exception is to provide a trial of levodopa in suspected dopa-
responsive dystonia [135]. Treatment of metabolic movement disor-
ders should target function of the patient and ease of caregiving.

6. Conclusion

IMDs presenting with movement disorders are individually rare di-
agnoses but collectively are clinically substantial when aggregated, and
each IMD requires a high degree of resources to support. A careful
clinical history in a patient presenting with movement disorder may
identify features suggestive of an IMD, such as association with en-
cephalopathy, seizures, and altered level of consciousness in times of
catabolic stressors. A detailed physical exam should be performed to
characterize the dominant movement phenomenology, other neurolog-
ical signs, and non-neurological abnormalities as well. Neuroimaging,
biochemical testing, and next-generation sequencing genetic testing
should then be arranged, prioritizing diagnosis of treatable causes for
movement disorders. Even when non-treatable causes are identified, a
diagnosis is prudent for genetic counseling, family planning, to identify
rational targeted screening, and to offer enrolment in research.

The complete list is accessible at www.iembase.org/gamuts and will
be regularly maintained and updated.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.ymgme.2025.109084.

CRediT authorship contribution statement

Dakota J.S.J. Peacock: Writing — review & editing, Writing —
original draft, Validation, Conceptualization. Carlos R. Ferreira:
Writing - review & editing, Supervision, Formal analysis, Data curation,
Conceptualization. Gabriella Horvath: Writing — review & editing,
Validation, Formal analysis. Georg F. Hoffmann: Writing — review &
editing, Validation, Formal analysis, Conceptualization. Nenad Blau:
Writing — review & editing, Writing — original draft, Supervision, Re-
sources, Methodology, Formal analysis, Data curation, Conceptualiza-
tion. Darius Ebrahimi-Fakhari: Writing — review & editing, Writing —
original draft, Validation, Supervision, Conceptualization.

Declaration of competing interest

None.

Molecular Genetics and Metabolism 145 (2025) 109084
Acknowledgements

This work was supported by the Nenad Blau IEMBase Endowment
Fund of the MCF, Marin County, CA, USA and in part by the Intramural
Research Program of the Eunice Kennedy Shriver National Institute of
Child Health and Human Development (HD009024-1 to C.R.F.).

Data availability
Data will be made available on request.

References

[1] N. Gouider-Khouja, I. Kraoua, H. Benrhouma, N. Fraj, A. Rouissi, Movement
disorders in neuro-metabolic diseases, Eur. J. Paediatr. Neurol. 14 (4) (2010)
304-307.

[2] J. Paprocka, M. Machnikowska-Sokotowska, K. Gruszczynska, E. Emich-Widera,
Neuroimaging of basal ganglia in neurometabolic diseases in children, Brain Sci.
10 (11) (2020), https://doi.org/10.3390/brainscil0110849. Available from:.

[3] S. Montaut, C. Tranchant, N. Drouot, G. Rudolf, C. Guissart, J. Tarabeux, et al.,
Assessment of a targeted gene panel for identification of genes associated with
movement disorders, JAMA Neurol. 75 (10) (2018) 1234-1245.

[4] C.R. Ferreira, G.F. Hoffmann, N. Blau, Clinical and biochemical footprints of
inherited metabolic diseases. I. Movement disorders, Mol. Genet. Metab. 127 (1)
(2019) 28-30.

[5] J.J.Y. Lee, W.W. Wasserman, G.F. Hoffmann, C.D.M. van Karnebeek, N. Blau,
Knowledge base and mini-expert platform for the diagnosis of inborn errors of
metabolism, Genet. Med. 20 (1) (2018) 151-158.

[6] C.R. Ferreira, C.D.M. van Karnebeek, J. Vockley, N. Blau, A proposed nosology of
inborn errors of metabolism, Genet. Med. 21 (1) (2019) 102-106.

[7] C.R. Ferreira, S. Rahman, M. Keller, J. Zschocke, ICIMD Advisory Group, An
international classification of inherited metabolic disorders (ICIMD), J. Inherit.
Metab. Dis. 44 (1) (2021) 164-177.

[8] A. Poretti, J.E. Benson, T.A.G.M. Huisman, E. Boltshauser, Acute ataxia in
children: approach to clinical presentation and role of additional investigations,
Neuropediatrics 44 (3) (2013) 127-141.

[9] S.D. DeBrosse, K. Okajima, S. Zhang, G. Nakouzi, C.L. Schmotzer, M. Lusk-Kopp,
et al., Spectrum of neurological and survival outcomes in pyruvate
dehydrogenase complex (PDC) deficiency: lack of correlation with genotype, Mol.
Genet. Metab. 107 (3) (2012) 394-402.

[10] K. Sofou, M. Dahlin, T. Hallbook, M. Lindefeldt, G. Viggedal, N. Darin, Ketogenic
diet in pyruvate dehydrogenase complex deficiency: short- and long-term
outcomes, J. Inherit. Metab. Dis. 40 (2) (2017) 237-245.

[11] S. Hayano, M. Amamoto, E. Naito, Thiamine-responsive pyruvate dehydrogenase
complex deficiency presenting as recurrent muscle weakness: identification of a
novel mutation (p.T111I) in the PDHA1 gene, Pediatr. Int. 65 (1) (2023) e15385.

[12] J.D. Ortigoza-Escobar, M. Alfadhel, M. Molero-Luis, N. Darin, R. Spiegel, L.F. de
Coo, et al., Thiamine deficiency in childhood with attention to genetic causes:
survival and outcome predictors, Ann. Neurol. 82 (3) (2017) 317-330.

[13] Y. Chen, B. Fang, X. Hu, R. Guo, J. Guo, K. Fang, et al., Identification and
functional analysis of novel SLC25A19 variants causing thiamine metabolism
dysfunction syndrome 4, Orphanet J. Rare Dis. 16 (1) (2021) 403.

[14] M. Eckenweiler, J.A. Mayr, S. Griinert, A. Abicht, R. Korinthenberg, Thiamine
treatment and favorable outcome in an infant with biallelic TPK1 variants,
Neuropediatrics 52 (2) (2021) 123-125.

[15] W.-Q. Zeng, E. Al-Yamani, J.S. Acierno Jr., S. Slaugenhaupt, T. Gillis, M.

E. MacDonald, et al., Biotin-responsive basal ganglia disease maps to 2q36.3 and
is due to mutations in SLC19A3, Am. J. Hum. Genet. 77 (1) (2005) 16-26.

[16] C.T. Riisch, S.B. Wortmann, R. Kovacs-Nagy, P. Grehten, J. Héberle, B. Latal, et
al., Thiamine pyrophosphokinase deficiency due to mutations in the TPK1 gene: a
rare, treatable neurodegenerative disorder, Neuropediatrics 52 (2) (2021)
126-132.

[17] G. El Euch-Fayache, Y. Bouhlal, R. Amouri, M. Feki, F. Hentati, Molecular, clinical
and peripheral neuropathy study of Tunisian patients with ataxia with vitamin E
deficiency, Brain 137 (Pt 2) (2014) 402-410.

[18] N. Marzouki, A. Benomar, M. Yahyaoui, N. Birouk, M. Elouazzani, T. Chkili, et al.,
Vitamin E deficiency ataxia with (744 del a) mutation on alpha-TTP gene: genetic
and clinical peculiarities in Moroccan patients, Eur. J. Med. Genet. 48 (1) (2005)
21-28.

[19] J. Amiel, J.C. Maziere, 1. Beucler, M. Koenig, L. Reutenauer, N. Loux, et al.,
Familial isolated vitamin E deficiency. Extensive study of a large family with a 5-
year therapeutic follow-up, J. Inherit. Metab. Dis. 18 (3) (1995) 333-340.

[20] M. Schuelke, E. Mayatepek, M. Inter, M. Becker, E. Pfeiffer, A. Speer, et al.,
Treatment of ataxia in isolated vitamin E deficiency caused by alpha-tocopherol
transfer protein deficiency, J. Pediatr. 134 (2) (1999) 240-244.

[21] S. Gabsi, N. Gouider-Khouja, S. Belal, M. Fki, M. Kefi, I. Turki, et al., Effect of
vitamin E supplementation in patients with ataxia with vitamin E deficiency, Eur.
J. Neurol. 8 (5) (2001) 477-481.

[22] C. Mariotti, C. Gellera, M. Rimoldi, R. Mineri, G. Uziel, G. Zorzi, et al., Ataxia with
isolated vitamin E deficiency: neurological phenotype, clinical follow-up and
novel mutations in TTPA gene in Italian families, Neurol. Sci. 25 (3) (2004)
130-137.


http://www.iembase.org/gamuts
https://doi.org/10.1016/j.ymgme.2025.109084
https://doi.org/10.1016/j.ymgme.2025.109084
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0005
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0005
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0005
https://doi.org/10.3390/brainsci10110849
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0015
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0015
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0015
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0020
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0020
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0020
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0025
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0025
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0025
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0030
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0030
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0035
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0035
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0035
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0040
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0040
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0040
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0045
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0045
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0045
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0045
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0050
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0050
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0050
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0055
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0055
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0055
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0060
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0060
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0060
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0065
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0065
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0065
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0070
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0070
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0070
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0075
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0075
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0075
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0080
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0080
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0080
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0080
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0085
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0085
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0085
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0090
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0090
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0090
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0090
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0095
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0095
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0095
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0100
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0100
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0100
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0105
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0105
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0105
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0110
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0110
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0110
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0110

D.J.S.J. Peacock et al.

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

M.C. Patterson, P. Clayton, P. Gissen, M. Anheim, P. Bauer, O. Bonnot, et al.,
Recommendations for the detection and diagnosis of Niemann-pick disease type
C: an update, Neurol. Clin. Pract. 7 (6) (2017) 499-511.

N. Yazdi, A. Fasano, A.E. Lang, M. Rohani, Gelastic cataplexy in Niemann pick
type C, Mov. Disord. Clin. Pract. 6 (6) (2019) 498-499.

M. Pineda, K. Jurickova, P. Karimzadeh, M. Kolnikova, V. Malinov4, J. Torres, et
al., Evaluation of different suspicion indices in identifying patients with Niemann-
pick disease type C in clinical practice: a post hoc analysis of a retrospective chart
review, Orphanet J. Rare Dis. 14 (1) (2019) 161.

M.C. Patterson, E. Mengel, M.T. Vanier, P. Moneuse, D. Rosenberg, M. Pineda,
Treatment outcomes following continuous miglustat therapy in patients with
Niemann-pick disease type C: a final report of the NPC registry, Orphanet J. Rare
Dis. 15 (1) (2020) 104.

E. Mengel, M.C. Patterson, R.M. Da Riol, M. Del Toro, F. Deodato, M. Gautschi, et
al., Efficacy and safety of arimoclomol in Niemann-pick disease type C: results
from a double-blind, randomised, placebo-controlled, multinational phase 2/3
trial of a novel treatment, J. Inherit. Metab. Dis. 44 (6) (2021) 1463-1480.

T. Bremova-Ertl, U. Ramaswami, M. Brands, T. Foltan, M. Gautschi, P. Gissen, et
al., Trial of N-acetyl-l-leucine in Niemann-pick disease type C, N. Engl. J. Med.
390 (5) (2024) 421-431.

D.M. Frazier, C. Allgeier, C. Homer, B.J. Marriage, B. Ogata, F. Rohr, et al.,
Nutrition management guideline for maple syrup urine disease: an evidence- and
consensus-based approach, Mol. Genet. Metab. 112 (3) (2014) 210-217.

1. Tokatly Latzer, M. Bertoldi, N. Blau, M.L. DiBacco, S.H. Elsea, A. Garcia-
Cazorla, et al., Consensus guidelines for the diagnosis and management of
succinic semialdehyde dehydrogenase deficiency, Mol. Genet. Metab. 142 (1)
(2024) 108363.

N.A. Julia-Palacios, O. Kuseyri Hiibschmann, M. Olivella, R. Pons, G. Horvath,
T. Liicke, et al., The continuously evolving phenotype of succinic semialdehyde
dehydrogenase deficiency, J. Inherit. Metab. Dis. 47 (3) (2024) 447-462.

C. Argyriou, M.D. D’Agostino, N. Braverman, Peroxisome biogenesis disorders,
Transl. Sci. Rare Dis. 1 (2) (2016) 111-144.

F.C.C. Klouwer, K. Berendse, S. Ferdinandusse, R.J.A. Wanders, M. Engelen, B.
T. Poll-The, Zellweger spectrum disorders: clinical overview and management
approach, Orphanet J. Rare Dis. 10 (2015) 151.

P. de Lonlay, N. Seta, S. Barrot, B. Chabrol, V. Drouin, B.M. Gabriel, et al.,

A broad spectrum of clinical presentations in congenital disorders of
glycosylation I: a series of 26 cases, J. Med. Genet. 38 (1) (2001) 14-19.

D. Gras, E. Roze, S. Caillet, A. Méneret, D. Doummar, T. Billette de Villemeur, et
al., GLUT1 deficiency syndrome: an update, Rev. Neurol. (Paris) 170 (2) (2014)
91-99.

S. Olivotto, A. Duse, S.M. Bova, V. Leonardi, E. Biganzoli, A. Milanese, et al.,
Glutl deficiency syndrome throughout life: clinical phenotypes, intelligence, life
achievements and quality of life in familial cases, Orphanet J. Rare Dis. 17 (1)
(2022) 365.

J. Klepper, C. Akman, M. Armeno, S. Auvin, M. Cervenka, H.J. Cross, et al., Glutl
deficiency syndrome (Glut1DS): state of the art in 2020 and recommendations of
the international Glut1DS study group, Epilepsia Open. 5 (3) (2020) 354-365.
A. Albanese, K. Bhatia, S.B. Bressman, M.R. Delong, S. Fahn, V.S.C. Fung, et al.,
Phenomenology and classification of dystonia: a consensus update, Mov. Disord.
28 (7) (2013) 863-873.

A. Garcia-Cazorla, N.I. Wolf, M. Serrano, B. Pérez-Duenas, M. Pineda,

J. Campistol, et al., Inborn errors of metabolism and motor disturbances in
children, J. Inherit. Metab. Dis. 32 (5) (2009) 618-629.

W.-W. Lee, B.S. Jeon, Clinical spectrum of dopa-responsive dystonia and related
disorders, Curr. Neurol. Neurosci. Rep. 14 (7) (2014) 461.

W. Dong, B. Luo, C. Qiu, X. Jiang, X. Qu, L. Zhang, et al., Deep brain stimulation
for the treatment of dopa-responsive dystonia: a case report and literature review,
World Neurosurg. 136 (2020) 394-398.e5.

S. Kolker, E. Christensen, J.V. Leonard, C.R. Greenberg, A. Boneh, A.B. Burlina, et
al., Diagnosis and management of glutaric aciduria type I-revised
recommendations, J. Inherit. Metab. Dis. 34 (3) (2011) 677-694.

P. Rangarh, N. Kohli, Neuroimaging findings in Menkes disease: a rare
neurodegenerative disorder, BMJ Case Rep. 2018 (2018) bcr-2017-223858.

M. Kyllerman, O. Skjeldal, E. Christensen, G. Hagberg, E. Holme, T. Lonnquist, et
al., Long-term follow-up, neurological outcome and survival rate in 28 Nordic
patients with glutaric aciduria type 1, Eur. J. Paediatr. Neurol. 8 (3) (2004)
121-129.

S. Kolker, S.F. Garbade, C.R. Greenberg, J.V. Leonard, J.-M. Saudubray, A. Ribes,
et al., Natural history, outcome, and treatment efficacy in children and adults
with glutaryl-CoA dehydrogenase deficiency, Pediatr. Res. 59 (6) (2006)
840-847.

N. Boy, J. Heringer, R. Brackmann, O. Bodamer, A. Seitz, S. Kolker, et al.,
Extrastriatal changes in patients with late-onset glutaric aciduria type I highlight
the risk of long-term neurotoxicity, Orphanet J. Rare Dis. 12 (1) (2017) 77.
M.A. Kurian, S.J. Hayflick, Pantothenate kinase-associated neurodegeneration
(PKAN) and PLA2G6-associated neurodegeneration (PLAN): review of two major
neurodegeneration with brain iron accumulation (NBIA) phenotypes, Int. Rev.
Neurobiol. 110 (2013) 49-71.

J.-H. Lee, A. Gregory, P. Hogarth, C. Rogers, S.J. Hayflick, Looking deep into the
eye-of-the-Tiger in Pantothenate kinase-associated neurodegeneration, AJNR Am.
J. Neuroradiol. 39 (3) (2018) 583-588.

P.J. Garcia-Ruiz, J. Ayerbe, L. Vela Desojo, C.E. Feliz, Fernandez J. Del Val, Deep
brain stimulation for pantothenate kinase-associated neurodegeneration, Case
Rep. Neurol. Med. 2015 (2015) 245735.

10

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]
[75]
[76]
[77]

[78]

Molecular Genetics and Metabolism 145 (2025) 109084

M. Svetel, D. Kozi¢, E. Stefanova, R. Semnic, N. Dragasevic, V.S. Kostic, Dystonia
in Wilson’s disease, Mov. Disord. 16 (4) (2001) 719-723.

A. Cztonkowska, T. Litwin, G. Chabik, Wilson disease: neurologic features,
Handb. Clin. Neurol. 142 (2017) 101-119.

P. Dusek, T. Litwin, A. Cztonkowska, Neurologic impairment in Wilson disease,
Ann. Transl. Med. 7 (Suppl. 2) (2019) S64.

S.P. Joshi, M. Thomas, S. Yoganathan, S. Danda, M. Chandran, A. Jasper, Clinico-
etiological Spectrum and functional outcomes of children with pre-status
Dystonicus and status Dystonicus (SD): a descriptive study, Ann. Indian Acad.
Neurol. 26 (3) (2023) 268-274.

P. Ferenci, K. Caca, G. Loudianos, G. Mieli-Vergani, S. Tanner, I. Sternlieb, et al.,
Diagnosis and phenotypic classification of Wilson disease, Liver Int. 23 (3) (2003)
139-142.

M.L. Schilsky, E.A. Roberts, J.M. Bronstein, A. Dhawan, J.P. Hamilton, A.

M. Rivard, et al., A multidisciplinary approach to the diagnosis and management
of Wilson disease: 2022 Practice Guidance on Wilson disease from the American
Association for the Study of Liver Diseases, Hepatology (2022 Dec 7), https://doi.
0rg/10.1002/hep.32801. Available from:.

G.J. Brewer, F. Askari, R.B. Dick, J. Sitterly, J.K. Fink, M. Carlson, et al.,
Treatment of Wilson’s disease with tetrathiomolybdate: V. Control of free copper
by tetrathiomolybdate and a comparison with trientine, Transl. Res. 154 (2)
(2009) 70-77.

A.H. Tan, J.S.Y. Mah, M.K. Thong, S.-Y. Lim, Methylmalonic aciduria: a treatable
disorder of which adult neurologists need to be aware, Mov. Disord. Clin. Pract. 3
(1) (2016) 104-105.

P. Forny, F. Horster, D. Ballhausen, A. Chakrapani, K.A. Chapman, C. Dionisi-Vici,
et al., Guidelines for the diagnosis and management of methylmalonic acidaemia
and propionic acidaemia: first revision, J. Inherit. Metab. Dis. 44 (3) (2021)
566-592.

M.R. Baumgartner, F. Horster, C. Dionisi-Vici, G. Haliloglu, D. Karall, K.

A. Chapman, et al., Proposed guidelines for the diagnosis and management of
methylmalonic and propionic acidemia, Orphanet J. Rare Dis. 9 (1) (2014) 130.
Y. Shapira, S. Harel, A. Russell, Mitochondrial encephalomyopathies: a group of
neuromuscular disorders with defects in oxidative metabolism, Isr. J. Med. Sci. 13
(2) (1977) 161-164.

Movement disorders and mitochondrial disease, in: Handbook of Clinical
Neurology, Elsevier, 2011, pp. 173-192.

M.S. Baldo, L. Azevedo, M.P. Coelho, E. Martins, L. Vilarinho, A comprehensive
approach to the diagnosis of leigh syndrome spectrum, Diagnostics (Basel) 14
(19) (2024), https://doi.org/10.3390/diagnostics14192133. Available from:.

F. Baertling, R.J. Rodenburg, J. Schaper, J.A. Smeitink, W.J.H. Koopman,

E. Mayatepek, et al., A guide to diagnosis and treatment of Leigh syndrome,

J. Neurol. Neurosurg. Psychiatry 85 (3) (2014) 257-265.

R. Fu, I. Ceballos-Picot, R.J. Torres, L.E. Larovere, Y. Yamada, K.V. Nguyen, et al.,
Genotype-phenotype correlations in neurogenetics: Lesch-Nyhan disease as a
model disorder, Brain 137 (Pt 5) (2014) 1282-1303.

R.J. Torres, J.G. Puig, Hypoxanthine-guanine phosophoribosyltransferase (HPRT)
deficiency: Lesch-Nyhan syndrome, Orphanet J. Rare Dis. 2 (2007) 48.

O. Krajewski, M. Opielka, K. Urbanowicz, K. Chojnowski, P. Kochany,

K. Pawtlowski, et al., Management of neurological symptoms in Lesch-Nyhan
disease: a systematic review, Neurosci. Biobehav. Rev. 165 (105847) (2024)
105847.

J.E. Visser, A.C. Cotton, D.J. Schretlen, J. Bloch, K. Tedroff, G. Schechtmann, et
al., Deep brain stimulation in Lesch-Nyhan disease: outcomes from the patient’s
perspective, Dev. Med. Child Neurol. 63 (8) (2021) 963-968.

S. Mosca, J. Martins, T. Temudo, Transient benign paroxysmal movement
disorders in infancy, Rev. Neurol. 74 (4) (2022) 135-140.

M.A. Swanson, C.R. Coughlin Jr., G.H. Scharer, H.J. Szerlong, K.J. Bjoraker, E.
B. Spector, et al., Biochemical and molecular predictors for prognosis in
nonketotic hyperglycinemia, Ann. Neurol. 78 (4) (2015) 606-618.

C. Brunel-Guitton, B. Casey, M. Coulter-Mackie, H. Vallance, D. Hewes,

S. Stockler-Ipsiroglu, et al., Late-onset nonketotic hyperglycinemia caused by a
novel homozygous missense mutation in the GLDC gene, Mol. Genet. Metab. 103
(2) (2011) 193-196.

0. Ulmanov4, L.H. Koens, H. Jahnova, J.J. de Vries, T.J. de Koning, E. Rizicka, et
al., Inborn errors of metabolism in adults: two patients with movement disorders
caused by Glutaric aciduria type 1, Mov. Disord. Clin. Pract. 7 (Suppl. 3) (2020)
S85-S88.

J.J. Shacka, Mouse models of neuronal ceroid lipofuscinoses: useful pre-clinical
tools to delineate disease pathophysiology and validate therapeutics, Brain Res.
Bull. 88 (1) (2012) 43-57.

G. Lewis, A.M. Morrill, S.L. Conway-Allen, B. Kim, Review of Cerliponase alfa:
recombinant human enzyme replacement therapy for late-infantile neuronal
ceroid Lipofuscinosis type 2, J. Child Neurol. 35 (5) (2020) 348-353.

S. Rahman, W.C. Copeland, POLG-related disorders and their neurological
manifestations, Nat. Rev. Neurol. 15 (1) (2019) 40-52.

S. Rahman, Mitochondrial disease and epilepsy, Dev. Med. Child Neurol. 54 (5)
(2012) 397-406.

M. Mancuso, D. Orsucci, C. Angelini, E. Bertini, M. Catteruccia, E. Pegoraro, et al.,
Myoclonus in mitochondrial disorders, Mov. Disord. 29 (6) (2014) 722-728.
J.N. Caviness, Treatment of myoclonus, Neurotherapeutics 11 (1) (2014)
188-200.

P. Isohanni, A.H. Hakonen, L. Euro, I. Paetau, T. Linnankivi, E. Liukkonen, et al.,
POLG1 manifestations in childhood, Neurology 76 (9) (2011) 811-815.


http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0115
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0115
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0115
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0120
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0120
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0125
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0125
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0125
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0125
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0130
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0130
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0130
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0130
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0135
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0135
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0135
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0135
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0140
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0140
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0140
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0145
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0145
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0145
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0150
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0150
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0150
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0150
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0155
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0155
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0155
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0160
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0160
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0165
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0165
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0165
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0170
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0170
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0170
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0175
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0175
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0175
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0180
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0180
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0180
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0180
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0185
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0185
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0185
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0190
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0190
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0190
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0195
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0195
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0195
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0200
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0200
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0205
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0205
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0205
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0210
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0210
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0210
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0215
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0215
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0220
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0220
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0220
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0220
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0225
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0225
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0225
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0225
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0230
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0230
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0230
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0235
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0235
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0235
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0235
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0240
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0240
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0240
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0245
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0245
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0245
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0250
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0250
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0255
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0255
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0260
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0260
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0265
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0265
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0265
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0265
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0270
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0270
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0270
https://doi.org/10.1002/hep.32801
https://doi.org/10.1002/hep.32801
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0280
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0280
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0280
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0280
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0285
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0285
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0285
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0290
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0290
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0290
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0290
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0295
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0295
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0295
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0300
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0300
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0300
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0305
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0305
https://doi.org/10.3390/diagnostics14192133
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0315
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0315
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0315
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0320
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0320
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0320
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0325
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0325
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0330
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0330
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0330
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0330
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0335
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0335
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0335
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0340
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0340
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0345
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0345
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0345
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0350
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0350
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0350
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0350
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0355
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0355
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0355
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0355
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0360
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0360
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0360
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0365
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0365
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0365
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0370
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0370
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0375
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0375
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0380
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0380
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0385
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0385
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0390
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0390

D.J.S.J. Peacock et al.

[79]

[80]

[81]

[82]

[83]

[84]

[85]

[86]

[87]

[88]

[89]
[90]
[91]

[92]

[93]

[94]

[95]

[96]

[97]

[98]

[99]

[100]

[101]

[102]

[103]

[104]

[105]

R. Kélvidinen, J. Khyuppenen, P. Koskenkorva, K. Eriksson, R. Vanninen,

E. Mervaala, Clinical picture of EPM1-Unverricht-Lundborg disease, Epilepsia 49
(4) (2008) 549-556.

J. Turnbull, E. Tiberia, P. Striano, P. Genton, S. Carpenter, C.A. Ackerley, et al.,
Lafora disease, Epileptic Disord. 18 (S2) (2016) 38-62.

S. Chowdhury, R. Ledeen, The key role of GM1 ganglioside in Parkinson’s disease,
Biomolecules 12 (2) (2022), https://doi.org/10.3390/biom12020173. Available
from:.

D. Ebrahimi-Fakhari, C. Hildebrandt, P.E. Davis, L.H. Rodan, I. Anselm,

0. Bodamer, The Spectrum of movement disorders in childhood-onset lysosomal
storage diseases, Mov. Disord. Clin. Pract. 5 (2) (2018) 149-155.

M. Quadri, A. Federico, T. Zhao, G.J. Breedveld, C. Battisti, C. Delnooz, et al.,
Mutations in SLC30A10 cause parkinsonism and dystonia with
hypermanganesemia, polycythemia, and chronic liver disease, Am. J. Hum.
Genet. 90 (3) (2012) 467-477.

Mammarella L. Di Toro, A. Mignarri, C. Battisti, L. Monti, V. Bonifati, F. Rasi, et
al., Two-year follow-up after chelating therapy in a patient with adult-onset
parkinsonism and hypermanganesaemia due to SLC30A10 mutations, J. Neurol.
261 (1) (2014) 227-228.

S. Shribman, E. Reid, A.H. Crosby, H. Houlden, T.T. Warner, Hereditary spastic
paraplegia: from diagnosis to emerging therapeutic approaches, Lancet Neurol.
18 (12) (2019) 1136-1146.

D.R. Carvalho, J.M. Brum, C.E. Speck-Martins, F.D. Ventura, M.M.M. Navarro, K.
E.F.A. Coelho, et al., Clinical features and neurologic progression of
hyperargininemia, Pediatr. Neurol. 46 (6) (2012) 369-374.

D. Martinelli, D. Diodato, E. Ponzi, M. Monné, S. Boenzi, E. Bertini, et al., The
hyperornithinemia-hyperammonemia-homocitrullinuria syndrome, Orphanet J.
Rare Dis. 10 (2015) 29.

J. Haberle, N. Boddaert, A. Burlina, A. Chakrapani, M. Dixon, M. Huemer, et al.,
Suggested guidelines for the diagnosis and management of urea cycle disorders,
Orphanet J. Rare Dis. 7 (2012) 32.

P.S. Atwal, F. Scaglia, Molybdenum cofactor deficiency, Mol. Genet. Metab. 117
(1) (2016) 1-4.

M.S. Durmaz, B. Ozbakir, Molybdenum cofactor deficiency: neuroimaging
findings, Radiol Case Rep. 13 (3) (2018) 592-595.

Clinicaltrials.gov [Internet] [cited 2024 Sep 23]. Available from: https://clinica
Itrials.gov/study/NCT02047461.

B.C. Schwahn, F. van Spronsen, A. Misko, J. Pavaine, V. Holmes, R. Spiegel, et al.,
Consensus guidelines for the diagnosis and management of isolated sulfite
oxidase deficiency and molybdenum cofactor deficiencies, J. Inherit. Metab. Dis.
47 (4) (2024) 598-623.

J. Berger, S. Forss-Petter, F.S. Eichler, Pathophysiology of X-linked
adrenoleukodystrophy, Biochimie 98 (100) (2014) 135-142.

M. Engelen, W.J.C. van Ballegoij, E.J. Mallack, K.P. Van Haren, W. Kohler,

E. Salsano, et al., International recommendations for the diagnosis and
Management of Patients with Adrenoleukodystrophy: a consensus-based
approach, Neurology 99 (21) (2022) 940-951.

W. Kohler, M. Engelen, F. Eichler, R. Lachmann, A. Fatemi, J. Sampson, et al.,
Safety and efficacy of leriglitazone for preventing disease progression in men with
adrenomyeloneuropathy (ADVANCE): a randomised, double-blind, multi-Centre,
placebo-controlled phase 2-3 trial, Lancet Neurol. 22 (2) (2023) 127-136.

T.M. Dunn, C.J. Tifft, R.L. Proia, A perilous path: the inborn errors of sphingolipid
metabolism, J. Lipid Res. 60 (3) (2019) 475-483.

L. Nestrasil, A. Ahmed, J.M. Utz, K. Rudser, C.B. Whitley, J.R. Jarnes-Utz, Distinct
progression patterns of brain disease in infantile and juvenile gangliosidoses:
volumetric quantitative MRI study, Mol. Genet. Metab. 123 (2) (2018) 97-104.
T.R. Flotte, O. Cataltepe, A. Puri, A.R. Batista, R. Moser, D. McKenna-Yasek, et al.,
AAV gene therapy for Tay-Sachs disease, Nat. Med. 28 (2) (2022) 251-259.
F.M. Lang, P. Korner, M. Harnett, A. Karunakara, C.J. Tifft, The natural history of
type 1 infantile GM1 gangliosidosis: a literature-based meta-analysis, Mol. Genet.
Metab. 129 (3) (2020) 228-235.

F. Fumagalli, A.A. Zambon, P.M.V. Rancoita, C. Baldoli, S. Canale, I. Spiga, et al.,
Metachromatic leukodystrophy: a single-center longitudinal study of 45 patients,
J. Inherit. Metab. Dis. 44 (5) (2021) 1151-1164.

S.-C. Chang, C.S. Eichinger, P. Field, The natural history and burden of illness of
metachromatic leukodystrophy: a systematic literature review, Eur. J. Med. Res.
29 (1) (2024) 181.

M. Harrington, D. Whalley, J. Twiss, R. Rushton, S. Martin, L. Huynh, et al.,
Insights into the natural history of metachromatic leukodystrophy from
interviews with caregivers, Orphanet J. Rare Dis. 14 (1) (2019) 89.

D.H. Schoenmakers, S. Beerepoot, I. Krdgeloh-Mann, S. Elgiin, B. Bender, M.S. van
der Knaap, et al., Recognizing early MRI signs (or their absence) is crucial in
diagnosing metachromatic leukodystrophy, Ann. Clin. Transl. Neurol. 9 (12)
(2022) 1999-2009.

S. Almarzooqi, A. Quadri, A. Albawardi, Gallbladder polyps in metachromatic
leukodystrophy, Fetal Pediatr. Pathol. 37 (2) (2018) 102-108.

L.A. Adang, J.L. Bonkowsky, J.J. Boelens, E. Mallack, R. Ahrens-Nicklas, J.

A. Bernat, et al., Consensus guidelines for the monitoring and management of
metachromatic leukodystrophy in the United States, Cytotherapy 26 (7) (2024)
739-748.

11

[106]

[107]

[108]

[109]

[110]

[111]

[112]

[113]

[114]

[115]

[116]

[117]

[118]
[119]

[120]

[121]

[122]

[123]

[124]

[125]

[126]

[127]

[128]

[129]

[130]

[131]

Molecular Genetics and Metabolism 145 (2025) 109084

F. Fumagalli, V. Calbi, M.G. Natali Sora, M. Sessa, C. Baldoli, P.M.V. Rancoita, et
al., Lentiviral haematopoietic stem-cell gene therapy for early-onset
metachromatic leukodystrophy: long-term results from a non-randomised, open-
label, phase 1/2 trial and expanded access, Lancet 399 (10322) (2022) 372-383.
M. Sessa, L. Lorioli, F. Fumagalli, S. Acquati, D. Redaelli, C. Baldoli, et al.,
Lentiviral haemopoietic stem-cell gene therapy in early-onset metachromatic
leukodystrophy: an ad-hoc analysis of a non-randomised, open-label, phase 1/2
trial, Lancet 388 (10043) (2016) 476-487.

S.I. Krieg, I. Krdgeloh-Mann, S. Groeschel, S. Beck-W6dl, R.A. Husain, L. Schols, et
al., Natural history of Krabbe disease - a nationwide study in Germany using
clinical and MRI data, Orphanet J. Rare Dis. 15 (1) (2020) 243.

M.L. Escolar, M.D. Poe, J.M. Provenzale, K.C. Richards, J. Allison, S. Wood, et al.,
Transplantation of umbilical-cord blood in babies with infantile Krabbe’s disease,
N. Engl. J. Med. 352 (20) (2005) 2069-2081.

P. McGraw, L. Liang, M. Escolar, S. Mukundan, J. Kurtzberg, J.M. Provenzale,
Krabbe disease treated with hematopoietic stem cell transplantation: serial
assessment of anisotropy measurements—initial experience, Radiology 236 (1)
(2005) 221-230.

Z.A. Siddiqi, D.B. Sanders, J.M. Massey, Peripheral neuropathy in Krabbe disease:
effect of hematopoietic stem cell transplantation, Neurology 67 (2) (2006)
268-272.

J.M. Kwon, D. Matern, J. Kurtzberg, L. Wrabetz, M.H. Gelb, D.A. Wenger, et al.,
Consensus guidelines for newborn screening, diagnosis and treatment of infantile
Krabbe disease, Orphanet J. Rare Dis. 13 (1) (2018) 30.

C. Laule, LM. Vavasour, E. Shahinfard, B. Madler, J. Zhang, D.K.B. Li, et al.,
Hematopoietic stem cell transplantation in late-onset Krabbe disease: no evidence
of worsening demyelination and axonal loss 4 years post-allograft,

J. Neuroimaging 28 (3) (2018) 252-255.

M.P. Wasserstein, M. Andriola, G. Arnold, A. Aron, P. Duffner, R.W. Erbe, et al.,
Clinical outcomes of children with abnormal newborn screening results for
Krabbe disease in New York state, Genet. Med. 18 (12) (2016) 1235-1243.

L. Zhou, Y. Wang, Y. Xu, Y. Zhang, C. Zhu, Advances in AAV-mediated gene
replacement therapy for pediatric monogenic neurological disorders, Mol. Ther.
Methods Clin. Dev. 32 (4) (2024) 101357.

M. Ibrahim, H.A. Parmar, N. Hoefling, A. Srinivasan, Inborn errors of metabolism:
combining clinical and radiologic clues to solve the mystery, AJR Am. J.
Roentgenol. 203 (3) (2014) W315-W327.

K. Sumida, K. Inoue, J.-I. Takanashi, M. Sasaki, K. Watanabe, M. Suzuki, et al.,
The magnetic resonance imaging spectrum of Pelizaeus-Merzbacher disease: a
multicenter study of 19 patients, Brain Dev. 38 (6) (2016) 571-580.

R. Schiffmann, M.S. van der Knaap, Invited article: an MRI-based approach to the
diagnosis of white matter disorders, Neurology 72 (8) (2009) 750-759.

A.L. Gropman, Patterns of brain injury in inborn errors of metabolism, Semin.
Pediatr. Neurol. 19 (4) (2012) 203-210.

R. Brandsma, M.E. van Egmond, M.A.J. Tijssen, Groningen movement disorder
expertise Centre. Diagnostic approach to paediatric movement disorders: a
clinical practice guide, Dev. Med. Child Neurol. 63 (3) (2021) 252-258.

M.H. Wojcik, G. Lemire, E. Berger, M.S. Zaki, M. Wissmann, W. Win, et al.,
Genome sequencing for diagnosing rare diseases, N. Engl. J. Med. 390 (21) (2024)
1985-1997.

C.F. Wright, P. Campbell, R.Y. Eberhardt, S. Aitken, D. Perrett, S. Brent, et al.,
Genomic diagnosis of rare pediatric disease in the United Kingdom and Ireland,
N. Engl. J. Med. 388 (17) (2023) 1559-1571.

S. Scholl-Biirgi, A. Holler, K. Pichler, M. Michel, E. Haberlandt, D. Karall,
Ketogenic diets in patients with inherited metabolic disorders, J. Inherit. Metab.
Dis. 38 (4) (2015) 765-773.

A. Schulz, T. Ajayi, N. Specchio, Reyes E. de Los, P. Gissen, D. Ballon, et al., Study
of intraventricular Cerliponase alfa for CLN2 disease, N. Engl. J. Med. 378 (20)
(2018) 1898-1907.

C.-H. Tai, N.-C. Lee, Y.-H. Chien, B.J. Byrne, S.-I. Muramatsu, S.-H. Tseng, et al.,
Long-term efficacy and safety of eladocagene exuparvovec in patients with AADC
deficiency, Mol. Ther. 30 (2) (2022) 509-518.

T.S. Pearson, N. Gupta, W. San Sebastian, J. Imamura-Ching, A. Viehoever,

A. Grijalvo-Perez, et al., Gene therapy for aromatic L-amino acid decarboxylase
deficiency by MR-guided direct delivery of AAV2-AADC to midbrain
dopaminergic neurons, Nat. Commun. 12 (1) (2021) 4251.

F. Eichler, C. Duncan, P.L. Musolino, P.J. Orchard, S. De Oliveira, A.J. Thrasher,
et al., Hematopoietic stem-cell gene therapy for cerebral Adrenoleukodystrophy,
N. Engl. J. Med. 377 (17) (2017) 1630-1638.

H. Yin, W. Xue, S. Chen, R.L. Bogorad, E. Benedetti, M. Grompe, et al., Genome
editing with Cas9 in adult mice corrects a disease mutation and phenotype, Nat.
Biotechnol. 32 (6) (2014) 551-553.

H. Yin, C.-Q. Song, J.R. Dorkin, L.J. Zhu, Y. Li, Q. Wu, et al., Therapeutic genome
editing by combined viral and non-viral delivery of CRISPR system components in
vivo, Nat. Biotechnol. 34 (3) (2016) 328-333.

F.P. Pankowicz, M. Barzi, X. Legras, L. Hubert, T. Mi, J.A. Tomolonis, et al.,
Reprogramming metabolic pathways in vivo with CRISPR/Cas9 genome editing
to treat hereditary tyrosinaemia, Nat. Commun. 7 (2016) 12642.

S. Nygaard, A. Barzel, A. Haft, A. Major, M. Finegold, M.A. Kay, et al., A universal
system to select gene-modified hepatocytes in vivo, Sci. Transl. Med. 8 (342)
(2016) 342ra79.


http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0395
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0395
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0395
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0400
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0400
https://doi.org/10.3390/biom12020173
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0410
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0410
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0410
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0415
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0415
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0415
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0415
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0420
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0420
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0420
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0420
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0425
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0425
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0425
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0430
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0430
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0430
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0435
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0435
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0435
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0440
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0440
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0440
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0445
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0445
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0450
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0450
https://clinicaltrials.gov/study/NCT02047461
https://clinicaltrials.gov/study/NCT02047461
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0460
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0460
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0460
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0460
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0465
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0465
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0470
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0470
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0470
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0470
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0475
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0475
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0475
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0475
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0480
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0480
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0485
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0485
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0485
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0490
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0490
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0495
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0495
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0495
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0500
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0500
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0500
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0505
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0505
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0505
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0510
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0510
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0510
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0515
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0515
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0515
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0515
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0520
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0520
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0525
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0525
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0525
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0525
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0530
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0530
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0530
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0530
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0535
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0535
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0535
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0535
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0540
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0540
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0540
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0545
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0545
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0545
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0550
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0550
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0550
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0550
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0555
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0555
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0555
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0560
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0560
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0560
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0565
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0565
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0565
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0565
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0570
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0570
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0570
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0575
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0575
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0575
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0580
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0580
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0580
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0585
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0585
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0585
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0590
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0590
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0595
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0595
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0600
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0600
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0600
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0605
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0605
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0605
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0610
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0610
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0610
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0615
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0615
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0615
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0620
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0620
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0620
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0625
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0625
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0625
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0630
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0630
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0630
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0630
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0635
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0635
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0635
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0640
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0640
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0640
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0645
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0645
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0645
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0650
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0650
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0650
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0655
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0655
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0655

D.J.S.J. Peacock et al.

[132]

[133]

Y. Yang, L. Wang, P. Bell, D. McMenamin, Z. He, J. White, et al., A dual AAV
system enables the Cas9-mediated correction of a metabolic liver disease in
newborn mice, Nat. Biotechnol. 34 (3) (2016) 334-338.

R. Sharma, X.M. Anguela, Y. Doyon, T. Wechsler, R.C. DeKelver, S. Sproul, et al.,
In vivo genome editing of the albumin locus as a platform for protein replacement
therapy, Blood 126 (15) (2015) 1777-1784.

12

[134]

[135]

Molecular Genetics and Metabolism 145 (2025) 109084

D.J. Jones, D. Soundararajan, N.K. Taylor, O.V. Aimiuwu, P. Mathkar, A. Shore, et
al., Effective knockdown-replace gene therapy in a novel mouse model of DNM1
developmental and epileptic encephalopathy, Mol. Ther. (2024), https://doi.org/
10.1016/j.ymthe.2024.08.009. Available from:.

A. Weissbach, M.G. Pauly, R. Herzog, L. Hahn, S. Halmans, F. Hamami, et al.,
Relationship of genotype, phenotype, and treatment in Dopa-responsive dystonia:
MDSGene review, Mov. Disord. 37 (2) (2022) 237-252.


http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0660
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0660
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0660
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0665
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0665
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0665
https://doi.org/10.1016/j.ymthe.2024.08.009
https://doi.org/10.1016/j.ymthe.2024.08.009
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0675
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0675
http://refhub.elsevier.com/S1096-7192(25)00075-7/rf0675

	Clinical and biochemical footprints of inherited metabolic diseases: Ia. Movement disorders, updated
	1 Introduction
	2 Materials and methods
	3 Results
	3.1 Ataxia
	3.2 Dystonia
	3.3 Chorea/Athetosis
	3.4 Myoclonus
	3.5 Tremor
	3.6 Hypokinetic-rigid syndrome
	3.7 Spasticity

	4 Diagnosis
	5 Treatment
	6 Conclusion
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgements
	Data availability
	References


