
REVIEW

Episodic Ataxias: Primary 
and Secondary Etiologies, 
Treatment, and Classification 
Approaches

ANHAR HASSAN 

ABSTRACT
Background: Episodic ataxia (EA), characterized by recurrent attacks of cerebellar dysfunc
tion, is the manifestation of a group of rare autosomal dominant inherited disorders. EA1 
and EA2 are most frequently encountered, caused by mutations in KCNA1 and CACNA1A. 
EA3–8 are reported in rare families. Advances in genetic testing have broadened the KCNA1 
and CACNA1A phenotypes, and detected EA as an unusual presentation of several other 
genetic disorders. Additionally, there are various secondary causes of EA and mimicking 
disorders. Together, these can pose diagnostic challenges for neurologists.

Methods: A systematic literature review was performed in October 2022 for ‘episodic 
ataxia’ and ‘paroxysmal ataxia’, restricted to publications in the last 10 years to focus on 
recent clinical advances. Clinical, genetic, and treatment characteristics were summarized.

Results: EA1 and EA2 phenotypes have further broadened. In particular, EA2 may be accom
panied by other paroxysmal disorders of childhood with chronic neuropsychiatric features. 
New treatments for EA2 include dalfampridine and fampridine, in addition to 4aminopyridine 
and acetazolamide. There are recent proposals for EA9–10. EA may also be caused by 
gene mutations associated with chronic ataxias (SCA-14, SCA-27, SCA-42, AOA2, CAPOS), 
epilepsy syndromes (KCNA2, SCN2A, PRRT2), GLUT1, mitochondrial disorders (PDHA1, PDHX, 
ACO2), metabolic disorders (Maple syrup urine disease, Hartnup disease, type I citrullinemia, 
thiamine and biotin metabolism defects), and others. Secondary causes of EA are more 
commonly encountered than primary EA (vascular, inflammatory, toxicmetabolic). EA can be 
misdiagnosed as migraine, peripheral vestibular disorders, anxiety, and functional symptoms. 
Primary and secondary EA are frequently treatable which should prompt a search for the cause.

Discussion: EA may be overlooked or misdiagnosed for a variety of reasons, including 
phenotypegenotype variability and clinical overlap between primary and secondary 
causes. EA is highly treatable, so it is important to consider in the differential diagnosis 
of paroxysmal disorders. Classical EA1 and EA2 phenotypes prompt single gene test and 
treatment pathways. For atypical phenotypes, next generation genetic testing can aid 
diagnosis and guide treatment. Updated classification systems for EA are discussed which 
may assist diagnosis and management.
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INTRODUCTION

The term ‘episodic ataxia’ originally refers to a small 
group of rare autosomal dominant inherited disorders [1]. 
These are characterized by discrete attacks of cerebellar 
dysfunction (ataxia) of variable duration and frequency, 
often accompanied by other ictal and interictal symptoms. 
The incidence is likely less than 1 per 100,000, but may 
be underestimated due to restricted genetic testing and 
unidentified genes [2]. The group comprises eight subtypes 
(EA 1–8). EA1 and EA2 are the most common subtypes, 
caused by mutations in KCNA1 and CACNA1A respectively. 
They are classical neurological channelopathy disorders. 
They have welldefined phenotypes and are reported in 
multiple families of different ethnicity. In contrast, EA 
3–8 are reported in rare families. Genes for EA5 (CACNB4), 
EA6 (SLC1A3) and EA8 (UBR4) have been identified, while 
causative genes are inconclusive for EA3, EA4 and EA7 
(either mapped to chromosomal location or unknown) [3].

With increased availability of genetic testing, the 
phenotypic spectrum of EA1 and EA2 has broadened. 
Moreover, an increasing number of reports have surfaced of 
EA as a rare manifestation of other genetic disorders (e.g. 
epilepsies, paroxysmal dyskinesias, metabolic disorders) 
[4]. There are also secondary causes of EA that may be 
encountered, most commonly vascular, multiple sclerosis, 
or inflammatory disorders. These may be suggested by 
onset after adolescence, negative family history, greater 
attack variability, and accompanied by abnormal laboratory 
and imaging findings [4]. However some clinical features 
can overlap with primary EAs. There are also a variety of 
EA mimickers much more commonly encountered, such as 
migraine or vestibular disorders. Hence there are increasing 
diagnostic challenges for physicians encountering patients 
with EA.

This review will focus on providing an update for 
neurologists and movement disorders specialists regarding 
clinical and genetic classifications of EA, and a diagnostic 
and management approach.

METHODS

A systematic literature search of PubMed was performed in 
October 2022 using the search term ‘episodic ataxia’ (656 
articles) and ‘paroxysmal ataxia’ (535 articles). (Figure 1). 
Restricting the search to manuscripts published within 
the last 10 years, English language, human subjects, 
and removal of duplications, yielded 330 articles. After 
screening titles and abstracts, nonrelevant articles were 
excluded. Of these, 157 reviews, case reports, case series, 
and literature reviews including systematic reviews were 

evaluated. Additional articles identified from bibliographic 
review of screened articles (35 additional articles) 
resulted in a total of 192 articles reviewed. Of these, 154 
were referenced in this review. The author undertook a 
descriptive analysis, where episodic ataxia was discussed 
according to the subtype, clinical description, genetics, and 
treatment modalities.

RESULTS

PRIMARY EA
These still formally comprise 8 subtypes, with recent 
proposals for EA9 and EA10. (Table 1) Amongst EA1–8, there 
are 5 known genes, and at least 8 loci. All identified genes, 
except UBR4 (EA8), encode ion channel proteins, and are 
important in excitatory neurotransmission [2]. Both EA1 
and EA2 are wellestablished classical channelopathies, 
with numerous cases/families reported, a known gene 
comprising numerous mutations, and a narrow classical 
phenotype. Both EA1 and EA2 have broadened their 
phenotypes considerably in recent years. However, no fixed 
genotypephenotype relationship is identified, and there 
can be marked clinical variability between family members 
with the same mutation. Amongst EA3–8, additional cases 
of EA6 (SLC1A3) and EA8 (UBR4) were recently found. 
However, EA3, EA4, EA5 and EA7 remain elusive with no 
additional cases identified in the past 15–20 years since 
these were first reported, despite the increased availability 
of genetic testing. EA 3–8 generally resemble EA1 or EA2 
with a few clinical differences, including variability with 
age of onset (infancy to late adulthood), attack duration 
(seconds to days), and associated ictal and interictal 
symptoms.

EA1
Clinical
The classical description, first defined in 1975, is brief 
attacks of ataxia and vertigo [5]. Constant myokymia 
of the face or limb muscles, detected clinically or via 
electromyography, affects almost all patients [6]. Onset 
is typically in childhood, on average at age 7.8 years 
[6, 7]. Attack triggers are numerous; most commonly 
physiological stressors (exercise, emotional stress, 
environmental heat, fever, menstruation), caffeine, or 
alcohol. Sudden movement (kinesogenic trigger), startle, 
and spontaneous onset are also reported [6, 8]. Attacks 
typically last seconds to minutes, but can last hours or days 
[5, 6, 9]. The attack frequency can range from multiple daily 
attacks to monthly attacks [6, 8]. During the attack, gait 
impairment may range from mild dysfunction to complete 
inability to walk [6].
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Genetics
EA1 is mostly familial, although de novo mutations occur 
[10]. The KCNA1 gene, discovered in 1994, encodes the fast 
voltagegated potassium channel Kv1.1, and mutations 
result in a potassium channelopathy [3, 11]. Kv1.1 is a 
critical regulator of neuronal excitability in the central 
and peripheral nervous system, reflecting the neurologic 
manifestations of EA1. Each Kv1.1 channel is composed 
of four αsubunits forming a functional transmembrane 

pore [3]. Each αsubunit has six transmembrane spanning 
segments (helices S1–S6) and intracellular N and C terminal 
domains. Helices S1–S4 form the voltagesensing domain, 
with S4–S5 helical linker to the channel pore. The S5–S6 
segments forms the pore region which allows ion flux. RNA 
editing of KCNA1 transcripts is important to control protein 
function. The channels have a low threshold for activation, 
and a hyperpolarizing effect on membrane potential which 
limits neuronal excitability. Dysfunction of the channel leads 

Figure 1 Flow diagram of literature search. Summary of steps involved in the literature search leading to final number of articles included.
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to excessive excitability and increased duration of action 
potentials, which may cause excessive neurotransmitter 
release. Kv1.1. is abundant in the brain, mainly in cerebellum, 
hippocampus, neocortex and peripheral nerves [10]. In EA1, 
Kv1.1 dysfunction is thought to cause hyperexcitability of 
cerebellar interneurons, resulting in excessive inhibition 
of Purkinje cells, which then reduces cerebellar inhibitory 
output, with subsequent cerebellar deficits [3, 5]. To date, 
63 KCNA1 pathogenic mutations are reported on OMIM 
and most are missense mutations. Functional studies have 
correlated mutations with Kv1.1 lossoffunction by various 
mechanisms [3]. Some mutations have a dominant negative 
effect, meaning that the mutated αsubunit adversely 
affects the other subunits in the tetrameric structure of 
the K channel. Other mutations affect Kv1.1 expression or 
function in other ways [3].

Expanded description
Diplopia, dysarthria, nausea, or headache may accompany 
attacks. Neuromyotonia of variable severity is common, 
suggested by muscular stiffening, painful contractures, 
muscle cramps, twitching, or muscle hypertrophy [2]. Other 
neuromuscular features may include cataplexy, dystonia, 
distal weakness, and malignant hyperthermia [5, 6, 9, 
11–13]. Sweating, hot flushes, palpitations, paroxysmal 
dyspnea, or sensory symptoms are rare features [6, 9, 14]. 
Most patients have normal cerebellar function between 
attacks and normal MRI brain imaging. However longer 
disease duration is correlated with permanent cerebellar 
signs and cerebellar atrophy [6]. Epilepsy is more common 
in EA1 patients than the general population implicating 
KCNA1 as a cause of epilepsy [15, 16]. There may be 
comorbid cognitive disability or deafness [8]. Quality of 
life is impaired, with mental health the worst affected 
domain [6].

No single phenotypegenotype correlation reported. The 
same KCNA1 mutation can show marked clinical variability 
within the same family or even in twins. This suggests other 
genetic modifiers or environmental factors influence clinical 
severity [10, 17]. There may be other genes responsible for 
EA1, as phenocopies (i.e. KCNA1negative cases of EA1) 
have been identified. The KCNAnegative phenocopies have 
male predominance and longer attacks versus KCNA1
positive cases [6]. Over half of KCNA1 variants result in EA1, 
either with or without epilepsy. Other KCNA1 variants occur 
without EA, and instead present with epilepsy, epileptic 
encephalopathy, hypomagnesemia, muscle cramps, 
myokymia, cataplexy, dystonia or paroxysmal kinesogenic 
dyskinesia [3, 10, 18]. In an analysis of 47 pathogenic KCNA1 
mutations, EA1 associated variants occur along the whole 
length of the protein, whereas epilepsyrelated variants 
tend to cluster in the S1/S2 transmembrane domains and 

pore region of Kv1.1 [3]. Research into small molecules 
that selectively open Kv1.1 channels may permit a future 
treatment strategy for treating KCNA1 [19]. In a rat model 
of focal neocortical epilepsy gene, Kv1.1 overexpression 
was effective in controlling seizures, although this has not 
yet been studied for EA1 [20].

Management
The diagnosis is based on clinical findings, electrophysiology 
studies, and genetic confirmation of KCNA1 mutation. Many 
patients do not seek treatment because attacks are brief and 
improve with age [6]. A variety of antiseizure medications 
can diminish attacks, including carbamazepine, phenytoin, 
and lamotrigine [1, 5, 6]. Carbamazepine improved the 
severity of myokymia, in addition to ataxia, in a patient 
with a novel KCNA1 mutation [11]. Acetazolamide and 
benzodiazepines are helpful in rare cases [10, 21]. However 
medication response is highly variable, and severe drug
resistant phenotypes are encountered [10].

EA2
Clinical
This is the most common hereditary episodic ataxia. The 
classical description, first published in 1946, is intermittent 
spells of ataxia and dysarthria lasting several hours, 
possibly up to 2–3 days [2, 22]. There is interictal nystagmus 
between attacks, a useful clinical clue. This may be primary 
position downbeat, gazeevoked or rebound nystagmus 
[2, 22, 23]. The attack triggers include emotional or 
physiological stress, exercise, alcohol and caffeine [22]. 
Onset in childhood is most common but it can occur in the 
sixth decade [2, 24]. The dysarthriaataxia spells may be 
isolated, or accompanied by other brainstem symptoms 
(vertigo, diplopia, tinnitus) or other features (migraine, 
abdominal pain, seizures, dystonia, cognitive impairment) 
[22, 23, 25, 26]. While initially episodic, some patients 
develop a progressive cerebellar ataxia syndrome and 
cerebellar midline atrophy, similar to EA1 [27]. Migraine 
is reported in up to 50% of cases, and may be hemiplegic 
migraine [2, 22].

Genetics
CACNA1A was identified as the genetic cause in 1996, and 
causes a calcium channelopathy [28]. CACNA1A encodes 
the alpha 1A subunit of the P/Qtype voltagegated calcium 
channel (Cav2.1). The P/Q channel is expressed throughout 
the CNS, most densely in cerebellar Purkinje cells and granule 
layer neurons. It is mainly found on presynaptic terminals 
and is important for synaptic transmission. CACNA1A gene 
mutations for EA2 have high but incomplete penetrance at 
80–90%. Over 100 pathologic mutations are reported to 
date on OMIM, typically nonsense or frameshift mutations 
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leading to a premature stop in protein transcription. These 
result in loss of P/Q channel function in the cerebellum. 
Similar to EA1, the mutation may exert a dominant 
negative effect [29].

In addition to EA2, CACNA1A mutations can result in two 
other autosomal dominant disorders: familial hemiplegic 
migraine type 1 (FHM1) and spinocerebellar ataxia type 
6 (SCA6). While EA2 is associated with lossoffunction 
mutations, FHM1 is caused by gainoffunction mutations 
of the alpha subunit of the Cav 2.1 channel, while SCA6 is 
caused by a polyglutamine repeat expansion in the alpha 
subunit [1]. Clinical overlap between EA2, FHM1 and SCA6 
is reported. Most FHM1 patients have cerebellar signs and 
symptoms, while half of EA2 patients have migraine, and 
SCA6 cases can present with fluctuating ataxia at onset 
before the progressive cerebellar dysfunction evolves [1]. 
Consistent with these findings, patients clinically diagnosed 
with SCA6 may have missense mutations, and EA2 
phenotype may have CAG repeat expansions [27, 30, 31].

Expanded description
Episodic weakness may occur during the attack, including 
generalized weakness, hemiplegic weakness, and 
‘myastheniclike’ weakness associated with variability of 
neuromuscular transmission on repetitive nerve stimulation 
[32]. Interictal vestibular impairment has been observed, 
suggesting degeneration of the vestibulocerebellum or 
vestibular nuclei [33]. Other eye movement abnormalities 
have been reported, including slowed abduction during 
smooth pursuit, slow saccade velocities, and exercise
induced downbeat nystagmus [34–36]. Infants and 
children with CACNA1A mutations may have paroxysmal 
tonic upgaze, or other paroxysmal eye movement disorders, 
before developing EA2 attacks in later life [37, 38]. Young 
children can also manifest with benign paroxysmal 
torticollis of infancy before later developing EA2 [39].

Complicated EA2 syndromes have been reported, where 
a combination of epilepsy, cognitive impairment, and 
autism appear in very early childhood, often with cerebellar 
atrophy, before typical EA2 attacks emerge in later life [27, 
40, 41]. In a cohort of CACNA1Apositive infantileonset 
disorders, nearly all had congenital cerebellar ataxia or 
paroxysmal events, frequently with cognitive disorders, 
followed by epilepsy and cerebellar atrophy after age two 
[42]. Another study of CACNA1A carriers reported absence 
epilepsy in childhood followed in later life by slowly 
progressive ataxia without EA [43]. In older patients with 
CACNA1Apositive EA2, neuropsychiatric manifestations 
could be found dating back to childhood [44]. A small study 
of children with CACNA1A and EA or other paroxysmal 
events commonly had cognitive impairment, more likely 
when cerebellar atrophy was present on MRI [45].

Neurophysiological studies may show abnormal 
signatures for EA2. EEG abnormalities are highly prevalent 
between attacks, especially in younger patients or with 
earlyonset attacks [46]. Amongst CACNA1Apositive adult 
cases with EA, instrumented gait analysis can detect a 
specific gait signature of narrowbased gait and lower 
landing acceleration [47]. In pediatric cases, single fiber 
EMG can be a useful diagnostic aid to confirm abnormal 
neuromuscular transmission, where genetic analysis is 
difficult or novel mutations are present [48].

A single CACNA1A mutation can result in widely different 
phenotypes, even within the same family (e.g. EA, FHM, 
chronic ataxia, headaches) [26, 49–53]. A Korean study 
suggested possible anticipation in an EA2 family with 
childhood epilepsy, with splice site mutation and normal 
repeat number [54]. Increased phenotypic variability and 
large numbers of variants of uncertain significance (VUS) 
are becoming challenges in the genetic diagnosis of 
CACNA1A.

Management
Diagnosis can be made by a combination of clinical 
features and confirmed by genetic testing. EA2 is usually 
distinguished from other EAs by attack duration and 
interictal nystagmus. However, misdiagnosis as functional 
ataxia, anxiety, TIA, seizures or migraines has been 
reported before the correct genetic diagnosis was made 
[22, 55–57].

Acetazolamide can reduce or completely abolish 
attacks, and is a hallmark of the disease. It is a carbonic 
anhydrase inhibitor but the mode of action is not well 
understood for EA [58]. About 50–75% patients report 
improvement with 250 mg to 1000 mg daily. However 
side effects of nephrolithiasis, paresthesia, and fatigue 
may limit tolerance [58]. The potassium channel blocker 
4aminopyridine (4AP) is also effective, reducing the 
number of attacks and improving quality of life in an RCT 
[59]. Dalfampridine, a slow release formulation of 4AP, 
is also effective for EA2 [60]. In a recent headtohead 
trial, both 4AP 5 mg TID and fampridine (a newer slow 
release version of 4AP) 20 mg daily significantly reduced 
the number of attacks in patients with EA2 and related 
disorders, in comparison to placebo [61]. Fampridine had 
fewer side effects than acetazolamide. The combined use 
of topiramate and 4AP was effective in a patient with EA2 
with migraine that was refractory to acetazolamide [62]. A 
mouse model of EA2 suggests early treatment with 4AP 
may be neuroprotective for secondary progressive ataxia 
[63]. Levetiracetam is also reported to be beneficial in EA2 
[64, 65]. Brief naps alleviated attacks in one case of EA2 
with migraine, but the attack persisted if they remained 
awake, suggesting a sleepneuromodulation effect [66].
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EA3: (gene unknown)
This was reported in a single large Canadian family in 2001. 
It resembles EA1, with short attacks with vertigo and tinnitus 
and interictal myokymia. It may respond to acetazolamide 
[67]. It is distinguished by EA1 and EA2 by vertigo and tinnitus 
accompanying the attacks, absent interictal nystagmus, 
and shorter attacks. Linkage studies excluded KCNA1 and 
CACNA1A as a cause, and mapped the gene 1q42 with a 
high LOD score, but only after adapting linkage parameters 
[68]. Some have questioned the reliability of this finding.

EA4: (gene unknown)
This is also termed ‘periodic vestibulocerebellar ataxia’ 
and ‘North Carolina autosomal dominant ataxia’. It is 
reported in 2 families from North Carolina, suggesting 
a common single founder. It is characterized by ataxia, 
vertigo, episodic impaired smooth pursuit, gazeevoked 
nystagmus, and diplopia [69]. The onset is between 30–60 
years, and symptoms worsen over time. It resembles EA2 
but without interictal nystagmus, and it does not respond to 
acetazolamide. Gabapentin may relieve vertigo symptoms 
in EA4 [70]. Linkage studies in 1996 excluded autosomal 
dominant ataxias with known chromosomal localization at 
that time, including KCNA1, CACNA1A, SCAs 1–5 and DRPLA 
[71]. Autopsy findings in a 91year old EA4 patient showed 
polyglutamine repeats in Purkinje and granule cells, without 
intranuclear inclusions, similar to SCA6 brains [72]. This was 
of interest as SCA6 can present as a fluctuating ataxia.

EA5: (CACNB4)
This was reported in a single FrenchCanadian family 20 
years ago, with a mutation in CACNB4 gene, coding for the 
beta4 auxiliary subunit of voltagegated calcium channels 
(Cav2.1) [73]. It is late onset and responds to acetazolamide. 
There were attacks of vertigo and ataxia lasting for several 
hours, although 1 family member had a single attack lasting 
for weeks. Interictal examination revealed spontaneous 
downbeat and gazeevoked nystagmus, mild dysarthria 
and truncal ataxia. However no additional cases have 
subsequently been identified, despite frequent screening 
of CACNB4 mutation in EA patients [74, 75]. Meanwhile, 
the same mutation was reported in a family with epilepsy 
[20]. Other CACNB4 mutations have been associated with 
epilepsies [76]. Some researchers have questioned whether 
there is sufficient data to support EA5 [7].

EA6: (SLC1A3)
EA6 has been reported in several Caucasian and Korean 
families to date, and associated with SLC1A3 mutations in 
all cases [77–82]. The phenotype resembles EA2 with long 
duration attacks, interictal nystagmus, similar triggers, 
and acetazolamide response [79]. Migraine, alternating 

hemiplegia, progressive ataxia and epilepsy may cooccur. 
Childhood and adult onset is reported, and it appears to 
have reduced penetrance [74]. The SLC1A3 gene codes 
for EAAT1 (excitatory amino acid transporter), a glial Na+–
dependent glutamate transporter and ion channel [1, 
81]. Functional studies suggest SLC1A3 mutations impair 
EAAT1 by altering transport function in various ways via 
reduced or enhanced glutamate uptake and/or anion 
currents [78, 83]. There are differing clinical phenotypes, 
according to the glutamate reuptake capability [7, 74, 80]. 
A SLC1A3 mutation underlying EA6 has also been reported 
in a family with adultonset progressive ataxia [81]. SCL1A3 
mutations have also been found in migraine, ADHD, autism 
and Tourette syndrome. In a patient with familial migraine, 
the mutation impaired K+ binding to the EAAT1 channel 
and completely disrupted glutamate transport [84].

EA7: (unknown gene)
This was reported in 7 members of a 4generation family in 
2007. It is similar to EA2 but without interictal nystagmus. 
This was mapped to 19q13 with a LOD score slightly above 
significance cutoff. Sequencing of 2 candidate genes in this 
region (KCNC3, SLC17A7) did not identify a mutation [85].

EA8: (UBR4)
This was first reported in 2016 in an Irish 3generation family 
[86]. This presented by age 2, much earlier than EAs 1–7. 
There are episodic attacks with impaired balance, dysarthria, 
and generalized weakness. Attacks can be triggered by 
physical fatigue or stress. Interictal examination can show 
intention tremor, eyelid myokymia, and impaired tandem 
gait. Attacks vary in duration from minutes to hours, and 
frequency ranges from daily to every few months. Migraine 
with aura may cooccur. Attacks respond to clonazepam 
and are not improved with acetazolamide [86]. The gene 
has been mapped to a large region on 1p36.13–p34.3 with 
a LOD score near to cutoff. Exome sequencing revealed 
variants in 2 genes, SPG2 and UBR4. UBR4 had a greater 
likelihood of pathogenicity than SPG2, as UBR4 is ubiquitin 
ligase protein that interacts with calmodulin and may 
potentially disrupt calcium sensor in neurons as hypothesis 
for ataxia [86]. A Korean study reported 2 patients with 
mutations in both UBR4 and CACNA1A, and suggested 
UBR4 may act as a genetic modifier with synergic effects 
on abnormal CACNA1A activity [74]. No functional analysis 
studies have been performed as yet for UBR4.

EPISODIC ATAXIAS ASSOCIATED WITH OTHER 
GENETIC DISORDERS
There are a growing number of genetic disorders that can 
present with EA either alone or embedded in a complex 
syndrome. These include chronic ataxia disorders (SCA-14, 
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SCA-27, SCA-35, SCA-42, AOA2, CAPOS,), genetic epilepsy 
syndromes (KCNA2, SCN2A, PRRT2, TBC1D24), GLUT1, 
mitochondrial disorders (PDHA1, PDHX, TPK1, DARS2, ACO2), 
metabolic disorders [aminoacidopathies (Maple syrup urine 
disease: BCKDHA, BCKDHB, DBT; Hartnup disease: SLC6A19), 
urea cycle defects (type I citrullinemia: ASS1), thiamine 
metabolism defects (thiamine pyrophosphate deficiency: 
TPK1) biotin metabolism (biotinidase deficiency: BTD),] 
and others (KCND3, NALCN, FHM2/ATP1A2, PACS1, CEP290). 
Some of these might explain prior classical familial EA 
cases that were negative for EA1 and EA2 and genetic 
loci of other EAs [1, 6, 87]. Three of them (SCA27/FGF14, 
SCA42/CACNA1G, and SCN2A) have been proposed to be 
categorized as EA9 or EA10.

SCA-14 (PRKCG)
SCA14 is a dominantly inherited slowly progressive ataxia, 
sometimes accompanied by parkinsonism, dystonia, 
myoclonus and cognitive impairment. It is caused by 
mutations in PRKCG gene encoding protein kinase C gamma 
(PRKγ). PRKCG mutations may also present with adultonset 
episodic ataxia, with a frequency of 1/14 PRKCGpositive 
patients [88].

SCA-27 (FGF14)
SCA27 is a lateonset progressive ataxia with parkin
sonism, postural tremor and titubation; 20% have 
coexistent episodic ataxia [89]. It is caused by mutations 
in FGF14 gene which encodes Fibroblast Growth Factor 
14. This protein is highly expressed in the brain, especially 
Purkinje cells, where it interacts with voltagegated Na+ 
channels to regulate neuronal excitability [89]. Isolated EA 
is also reported to be caused by heterozygous FGF14 gene 
mutations [75, 89–92]. Onset age ranges widely from early 
childhood to adulthood. Attacks may be accompanied by 
vertigo, dizziness, unsteadiness, with interictal nystagmus 
and tremor. Attacks are highly variable, lasting seconds 
up to several days. There are a variety of triggers; a fever 
trigger with a prolonged attack in a young child can mimic 
febrile cerebellitis. Attacks may respond to acetazolamide, 
and may improve with age. Developmental delay and 
paroxysmal dyskinesia have also been observed [90]. Some 
authors suggested designating this EA9.

SCA-42/epilepsy (CACNA1G)
CACNA1G encodes the poreforming α1G subunit of Ttype 
voltage gated calcium channel (VGCC). Mutations in 
CACNA1G cause generalized absence epilepsy and SCA42. 
A single family is reported with episodic vestibulocerebellar 
ataxia associated with a mutation in the CACNA1G gene 
[93]. There were attacks of dizziness, unsteadiness, 
headache and facial numbness, and headmovement 

induced vertigo. Attacks lasted up to several months 
in duration. Interictal examination showed cerebellar 
findings and bilateral vestibulopathy. The attack duration 
and absence of myokymia or tinnitus distinguishes this 
from EA3. Attacks were worsened by acetazolamide, and 
suppressed by carbamazepine. The authors proposed this 
be designated EA10.

AOA2 (SETX)
Mutations in SETX (senataxin) account for two separate 
clinical syndromes. Oculomotor apraxia type 2 (AOA2), an 
autosomal recessive spinocerebellar ataxia, with adolescent 
or early adult onset progressive ataxia, oculomotor apraxia, 
neuropathy, cerebellar atrophy, and elevated alpha
fetoprotein levels. Autosomal dominant juvenileonset 
motor neuron disease (ALS4) is also characterized. There 
is a single case report of a 4 year old boy presenting with 
isolated severe EA attacks lasting 20–30 minutes, and 
intermittent mild impaired tandem gait between attacks 
[94]. Genetic testing excluded EAs 1,2,5,6. Whole exome 
sequencing (WES) identified a heterozygous deletion 
in SETX gene, possibly explaining the milder phenotype 
compared to homozygous mutations in AOA2.

CAPOS/RODP/AHC (ATP1A3)
Mutations in the ATP1A3 gene mutation cause a broad 
spectrum of neurologic disorders. These include the clinical 
syndrome of cerebellar ataxia, areflexia, pes cavus, optic 
atrophy and sensorineural hearing loss (CAPOS), rapid
onset dystonia parkinsonism (RODP), and alternating 
hemiplegia of childhood (AHM) [95]. It may also present 
with paroxysmal ataxia triggered by fever, with attacks 
responsive to acetazolamide [96]. Dystonia, hypotonia, 
neuropsychiatric symptoms, cognitive impairment, and 
microcephaly may also be observed [97].

GLUT-1 (SLC2A1)
The SLC2A1 gene encodes glucose transporter protein 
type 1 (GLUT1) which facilitates glucose transport across 
the bloodbrain barrier, and is critical for brain energy. The 
GLUT1 deficiency syndrome is a result of inadequate brain 
glucose transport. The main phenotype is a severe chronic 
neurologic disorder (microcephaly, developmental delay, 
early infantile seizures, ataxia) [98]. About 10% do not 
have this phenotype, and instead have milder paroxysmal 
variants often provoked by fasting or exercise, such as 
EA or paroxysmal exerciseinduced dyskinesia (PED) [99]. 
Amongst 25 SLC2A1 carriers, 1 had EA [100]. The GLUT
1 spectrum disorder has grown to encompass other 
paroxysmal dyskinesias (PKD, PNKD), myotonia, migraine, 
hemiplegic migraine and episodic eye movements [100, 
101]. EA may be pure or with additional neurological 
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findings [99, 102, 103]. A diagnostic test to assess for 
GLUT1 deficiency is spinal tap showing a low CSF to serum 
glucose ratio (hypoglycorrhachia). Treatment for GLUT1 
deficiency is avoidance of triggers, or ketogenic diet to 
provide an alternative energy substrate for brain energy 
metabolism [98, 104, 105]. However EA attacks may also 
respond to acetazolamide, which may lead to misdiagnosis 
as EA2 [99, 102].

Epilepsy spectrum disorder (KCNA2)
A spectrum of neurological disorders may be caused by 
mutations in the KCNA2 gene, which encodes voltagegated 
potassium channel Kv1.2. Early onset developmental and 
epileptic encephalopathy, intellectual disability, and ataxia 
are recognized. A milder phenotype of episodic ataxia, 
epilepsy, and complicated hereditary spastic paraplegia is 
reported [106, 107].

Epilepsy spectrum disorder (SCN2A)
Mutations in SCN2A are associated with a spectrum of 
neurological disorders from benign to severe epilepsies, 
autism spectrum disorder and intellectual disability [108, 
109]. SCN2A encodes the alpha subunit of voltage gated 
neuronal Nav1.2 channel. Lossoffunction mutations 
result in severe epilepsy, intellectual disability and autism, 
whereas gainoffunction mutations cause benign familial 
neonate infantile seizures (BFNIS) with or without EA 
[110]. Patients with BFNIS have seizures before age 3 
months which resolve in early life, and may later develop 
EA between age 10 months to age 14 years [1, 108, 111]. 
Cognitive outcome is mostly favorable in these cases [108]. 
Amongst cases with a more severe intellectual disability 
phenotype, EA appears to be uncommon [112]. Phenotypes 
may vary in family members, e.g. EA in infant and episodic 
hemiplegia in parent [113]. EA may be triggered by 
vaccinations, minor head trauma, and sleep deprivation 
[114, 115]. Some but not all have a favorable response to 
acetazolamide [108]. Seizures, but not EA attacks, respond 
to Nachannel blockers (phenytoin, carbamazepine) 
suggesting different pathophysiologic mechanisms. Some 
authors have designated this EA9 [116].

PKD/epilepsy (PRRT2)
PRRT2 (prolinerich transmembrane protein 2) mutations 
are responsible for a spectrum of paroxysmal neurological 
disorders. The 3 main phenotypes are paroxysmal kinesogenic 
dyskinesia (PKD), benign familial infantile convulsions 
(BFIC) and infantile convulsions and choreoathosis (ICCA) 
[117–119]. Other phenotypes include migraine, FHM and 
epilepsy [100]. EA appears to be a rare manifestation of 
PPRT2 mutations. In 1 large study of 374 PRRT2positive 
patients, episodic ataxia was only occasionally reported 

[120]. In another study of 182 EA patients, only one case 
was attributed to a PRRT2 gene mutation [121]. MRI brain 
imaging performed in a PRRT2 patient during an EA attack 
showed cerebellar diffusion restriction [122]. Most PRRT2 
mutations respond exquisitely to carbamazepine [123] so 
EA attacks due to PRRT2 may cause diagnostic confusion 
with EA1. The PRRT2 protein interacts with SNAP25 and 
may play a role in synaptic transmission. Most mutations 
are lossoffunction, which may result in disrupted synaptic 
transmission and neuronal hyperexcitability. This does not 
explain phenotype variation, and no specific phenotype
genotype correlation is identified [124]. A handful of 
cases are reported with homozygous PRRT2 mutations 
and a severe phenotype with episodic ataxia, intellectual 
disability, and infantile seizures [125–127].

Epilepsy spectrum/DOORS (TBC1D24)
Mutations in the TBC1D24 presynaptic protein are 
associated with a neurological spectrum of epilepsy, chronic 
encephalopathy, DOORS (deafness, onychodystrophy, 
osteodystrophy, mental retardation and seizures), hearing 
loss, and myoclonus. Biallelic mutations of TBC1D24 were 
found in an infant with EA and myoclonus, with a later 
finding of cerebellar atrophy in adolescence [128].

Mitochondrial disorders
EA cases are reported in mitochondrial disorders, such as 
pyruvate dehydrogenase complex deficiency, (PDHx, PDHA1), 
TPK1, DARS2, MTATP6, ACO2 genes [4]. EA can be isolated 
or occur with other neurological abnormalities. Diagnostic 
clues are the presence of serum and CSF lactic acidosis. A 
mild presentation of fevertriggered EA attacks lasting 2 to 7 
days, and a normal interictal exam, was observed in a young 
child with PDH deficiency [129]. Tests showed elevated 
serum and CSF lactate, and MRI brain showed dentate 
nucleus hyperintensity. Attacks responded to thiamine, 
levocarnitine, and alphalipoic acid. In comparison, 
homozygous or compound heterozygous mutations in ACO2 
(encodes mitochondrial aconitase 2 that catalyzes citrate 
to isocitrate) can cause a spectrum of disorders with often 
severe neurologic impairment. A recent report of 2 siblings 
with ACO2 mutations had EA plus mild developmental delay 
and neuropsychiatric symptoms [130].

Unknown genes
A “lateonset EA” was reported in 2009 of 4 cases in a single 
2generation family but the gene is not known [87]. Onset 
was in the fifth or sixth decade. Phenotype severity was 
variable, with more severe cases exhibiting daily attacks 
with slowly progressive ataxia and poor acetazolamide 
response. Screening excluded KCNA1 (EA1), CACNA1A, 
(EA2), and locus for EA2, EA5, EA6 and EA7.
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SECONDARY (ACQUIRED) EPISODIC ATAXIA
There is a broad differential diagnosis for acuteonset 
recurring ataxia [131]. (Table 2). Secondary or acquired EA 
may resemble primary EA with regards to onsetage, attack 
variability, and interictal cerebellar findings, but are more 
likely to have abnormal laboratory and MRI imaging [132]. 
Many secondary causes are treatable, and collectively more 
common that primary EAs, so they are important to consider.

The most common secondary disorders are transient 
ischemic attacks or stroke, multiple sclerosis or other 
immunemediated disorders [133]. “Paroxysmal dysarthria 
and ataxia” (PDA) is a wellrecognized phenomenon in 
multiple sclerosis, with stereotyped multiple daily episodes 
of sudden ataxia lasting seconds to minutes, attributed to 
ephaptic transmission [134]. This PDA syndrome can mimic 
genetic EA, and is also reported in immunemediated 
diseases such as antiphospholipid syndrome, Bickerstaff’s/
Bickerstafflike encephalitis, certain autoimmune ataxias, 
and ischemic stroke [133, 135, 136]. This has been attributed 
to a lesion in the midbrain, near or in the red nucleus [134]. 
Other inflammatory disorders (postinfectious cerebellitis, 
MillerFisher syndrome) and vascular disorders (Behcet’s 
disease with brainstem and red nuclei involvement, 
Kawasaki disease) can present with prolonged attacks of 
acute ataxia. Structural lesions in the posterior fossa or 
cerebellum such as a tumor or occult neuroblastoma can 
present with recurrent ataxia.

Epileptic pseudoataxia may transiently occur after 
a seizure. Hypothyroidism can present with recurrent 
ataxic episodes, and responds to thyroxine. Toxins (e.g. 

alcohol, antiseizure medications, lead) can present with 
reversible acute ataxia. Metabolic disorders (e.g. maple 
syrup urine disease, pyruvate dehydrogenase deficiency, 
ornithine transcarbamylase deficiency, biotinidase 
deficiency, Hartnup disease, argininosuccinic aciduria, 
citrullinemia, thiamine pyrophosphate deficiency) causing 
EA usually present in childhood with severe neurologic 
symptoms, but may present in adults with much milder 
features [4]. Thiamine pyrophosphate deficiency has been 
reported in a small number of patients with EA, delayed 
development and dystonia, and may respond to thiamine 
supplementation [137]. Maple syrup urine disease may 
also have significant clinical or biochemical improvement 
with thiamine supplementation [137]. Citrullinemia is a 
rare recessive urea cycle disorder due to mutations in the 
ASS1 (type I citrullinemia) gene which cause deficiency 
of arginosuccinate synthetase enzyme, necessary for 
catalyzing the formation of arginosuccinic acid from 
citrulline and aspartic acid. A typical presentation is a 
neonate with toxic hyperammonemia and progressive 
encephalopathy. Mild lateonset childhood or adultonset 
forms with intermittent symptoms (ataxia, headache, 
stroke, intellectual disability, or encephalopathy) are 
reported. A case of citrullinemia presented in late childhood 
with brief EA attacks with fever, a normal interictal 
neurological exam, cerebellar atrophy, and elevated 
citrulline and ammonia blood levels [138].

Autoimmune ataxias are usually chronic, but three 
types to date may manifest with EA. CASPR2 (VGKC 
complex) can present with episodic ataxia and dysarthria, 

Vestibular migraine

Migraine with brainstem aura

Peripheral vestibular disorders (e.g. BPPV, Vestibular neuritis, labyrinthitis, Meniere’s disease, acoustic neuroma, perilymphatic fistula)

Epileptic pseudoataxia

Toxicity (e.g. antiseizure medications, lead, alcohol)

Inflammatory (multiple sclerosis, postinfectious cerebellitis, Bickerstaff brainstem encephalitis, MillerFisher syndrome)

Paraneoplastic/autoimmune ataxia (CASPR2, NMDAR, ANNA1)

Vascular (TIA, ischemic stroke, hemorrhage, antiphospholipid syndrome, Kawasaki disease, neuro Behcet’s disease with brainstem and red nuclei 
involvement)

Tumor (posterior fossa or cerebellum, occult neuroblastoma)

Metabolic (e.g. maple syrup urine disease, pyruvate dehydrogenase deficiency, ornithine transcarbamylase deficiency, biotinidase deficiency, 
Hartnup disease, argininosuccinic aciduria)

Hypothyroidism

Paroxysmal dyskinesia

Functional neurologic disorder

Table 2 Differential diagnosis for episodic ataxia.
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seizures and cognitive dysfunction. MRI brain may be 
normal or show medial temporal hyperintensity, with 
elevated CSF protein and positive CASPR2IgG in serum 
and CSF [139–141]. It responds to immunotherapy. Anti
NMDA receptor autoimmunity can present with paroxysmal 
dysarthriaataxia syndrome [142]. AntiHu (ANNA1)
associated paraneoplastic limbic encephalitis presented 
in a child as episodic ataxia and progressive behavioral 
changes evolving to intractable epilepsy [143]. Iatrogenic 
intermittent ataxia may be provoked during deep brain 
stimulation programming [144]. Finally, functional ataxia 
may be suggested by incongruent examination findings, 
distractibility, and the presence of other functional signs.

DIFFERENTIAL DIAGNOSIS FOR EPISODIC ATAXIA
EA can be mimicked by other paroxysmal disorders with 
stereotyped attacks of central or peripheral origin (e.g. 
vestibular migraine, migraine with brainstem aura, seizures, 
paroxysmal dyskinesias or benign paroxysmal positional 
vertigo). Patients with EA have been misdiagnosed with 
migraine, seizures, functional or anxiety disorders, resulting 
in premature diagnostic closure [22, 55, 57]. A personal or 
family history of epilepsy or migraine may have suggested 
these alternative more common diagnoses, rather than 
EA. It may also be difficult to distinguish chronic ataxia 
with stepwise exacerbations or stepwise decline (e.g. 
SCA 6), from EA with persistent cerebellar dysfunction. 
Suspicion for EA should be heightened with acetazolamide
responsive attacks.

APPROACH TO EPISODIC MOVEMENT DISORDERS 
IN THE CLINIC: (SEE TABLE 3)
Clinical assessment
EA can be readily misdiagnosed or overlooked. In order 
to recognize, it is important to routinely include it in 
the differential diagnosis of spells, whether these are 
movement or nonmovement based. A detailed history 
should include: onset age, triggers, duration, frequency, 
aura, baseline between spells, and response to treatment 
trials. Patient descriptors may pose challenges (e.g. 
episodic stiffening due to EA1 versus PKD attack, or EA 
with episodic cognitive impairment due to EA2 versus 
seizure). Events during early childhood development 
(e.g. infantile paroxysmal torticollis, episodic oculomotor 
dysfunction, BFNIS) may provide diagnostic clues for EA2. 
The interictal examination can offer clues to primary EAs 
when findings are present (e.g. nystagmus EA2, myokymia 
EA1). Ictal examination or a video of the attack can help 
reconstruct the phenomenology. A 3generation family 
history is important to look for other paroxysmal neurologic 
disorders because of considerable phenotypic variability in 
families. Family history may appear negative with de novo 
mutations, false paternity, early death, or estrangement 
from biological family, deceptively pointing away from a 
genetic cause. Secondary EAs or mimicking conditions can 
be suggested by history, examination, and imaging findings. 
While functional features may suggest a nongenetic 
EA, functional embellishment of primary EA may lead to 
diagnostic uncertainty regarding the predominant etiology 

History of episodic spells Onset age, triggers, duration, frequency
Other attack symptoms? e.g. vertigo, tinnitus, confusion
Medical history of other paroxysmal disorders? Migraine, seizures
3generation family history
Baseline between spells
Response to treatment

Neurological examination At baseline, during a spell, video of spell

Electroencephalogram Routine EEG with provoked spell, video EEG

MRI brain with and without 
contrast

Normal, cerebellar atrophy, other brain lesions

Laboratory tests (secondary 
etiology suspected)

Thyroid function, thiamine, antiseizure medication levels, ammonia, citrulline, lead, ETOH, antiGQ1B antibodies, 
sedimentation rate, Creactive protein, lupus anticoagulant, anticardiolipin antibodies IgG/IgM, antibeta2 
glycoprotein antibodies IgG IgM

CSF cell count, glucose, protein, oligoclonal bands, MS profile

Paired serum/CSF: glucose, lactate, CASPR2, antiNMDAR, ANNA1

Genetic testing Singlegene if classical phenotype and family history (e.g. EA1, EA2)
Episodic ataxia panels
Nextgeneration sequencing
Whole exome sequencing

Table 3 Approach to diagnosing EA disorders in the clinic.
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[22]. Diagnostic delay or misdiagnosis include patient 
factors (young children cannot give a history, atypical 
features) or clinician factors (bias towards alternative 
diagnosis, atypical or evolving phenotype). Diagnostic 
challenges may also arise where attack duration or triggers 
overlap between categories. For example, EA1 and EA2 
attacks may both last hours and have permanent cerebellar 
signs, so one needs to look for interictal myokymia or 
nystagmus or ancillary tests to distinguish them.

Investigations
Brain imaging looking carefully for cerebellar atrophy or 
other structural brain lesions can provide diagnostic clues 
for primary or secondary EA. Electroencephalography 
during a triggered attack can help differentiate EA from an 
epileptic event. However, baseline EEG abnormalities may 
be encountered in both EA2 and genetic epilepsies with EA. 
Laboratory testing (e.g. serum and CSF lactate or glucose 
can assist diagnosis of mitochondrial disorders or GLUT1 
syndromes respectively). For secondary cases, blood tests 
for metabolic disorders and toxins may be necessary.

Genetic testing
If one suspects a primary EA that is fairly classical for 
either EA1 or EA2, proceeding to single gene testing for 
KCNA1 or CACANA1A may be an appropriate choice. In 
uncertain cases, a multigene EA panel could be used [145]. 
For atypical or complex cases, where other investigations 
have failed, next generation sequencing or whole exome 
sequencing has diagnostic utility to detect a causal gene 
mutation [21]. Reaching a specific genetic diagnosis can 
provide clinical value: guide treatment, reduce unnecessary 
investigative tests, aid genetic counselling, and further 
refine phenotypegenotype profiles [21, 52, 109].

Treatment
For cases that resemble EA1 or EA2, one may proceed 
directly to firstline treatment (antiseizure medication or 
acetazolamide, respectively), without requiring genetic 
confirmation [145]. If unsuccessful, consider second
line treatment trials. Ultimately, genetic testing is gold
standard for the diagnosis to guide appropriate treatment 
and longterm management. Many of the primary EAs, 
other genetic causes of EA, and secondary forms of EA are 
treatable. (See Table 4).

DISCUSSION

EA encompasses a complicated group of disorders, with 
continually expanding phenotypes and a growing list of 
causes. Over the past decade, genetic advances appear 

to have increased, rather than simplified, diagnostic 
difficulty. There has been further expansion of EA1 and 
EA2 phenotypes, identification of about 20 other genetic 
causes of EA, and reporting of new secondary causes of 
EA. Moreover, for EAs 3, 4, 5, and 7 many questions remain 
unanswered, as no new families have been identified or the 
gene remains unknown. Autopsy findings in EA4 open up 
the possibility that this could have been caused another 
familial ataxia, such as SCA6. Recent proposals to assign 
EA9 (FGF14, SCN2A) and EA10 (CACNA1G) are yet to be 
formally accepted.

The genes underpinning EA can exhibit significant 
overlap with other neurological paroxysmal phenomena, 
such as epilepsy and migraine. For example, EA and epilepsy 
associations include EA1 (KCNA1), EA2 (CACNA1A), EA5 
(CACNB4), EA6 (SLC1A3), SCN2A, KCNA2, ATP1A3, SLC2A1, 
and PRRT2 [116]. This suggests a shared pathophysiological 
basis, and advances into the underpinnings of EA may 
translate into better understanding for these other 
paroxysmal disorders.

The phenotype is often not accurately predicted by the 
underlying genotype. Within the same family there can 
be large variability in attack frequency, disease severity, 
and treatment response, despite the same genotype. 
It is presumed that the phenotype must therefore be 
modulated by environmental factors, modifier genes, or 
agedependent expression [146]. This seems plausible as 
these are episodic (not fixed) disorders, and environmental 
modifiers are already illustrated by the presence of attack 
triggers. A study suggested UBR4 and SLC1A3 may act as 
genetic modifiers with a synergistic effect on CACNA1A 
mutation [74]. Plausibly, these modifier genes could be 
developed as a therapeutic target or a new precision 
therapy [116]. For example, several genes have identified 
in EA1 mice that modify the epilepsy phenotype in EA1 
mice, so potentially this could be adapted for EA treatment 
[3]. Moreover, the agedependent expression observed 
with some of these disorders, such as CACNA1A, may 
simply reflect properties of neurologic channelopathies, 
where different phenotypes can arise at different ages, 
and the adult phenotype may differ considerably from 
the childhood syndrome [147]. It is also transpiring that 
the infantile CACNA1A paroxysmal phenotypes are not so 
benign as their names would suggest, given their increasing 
association with chronic neuropsychiatric impairment.

Improved understanding of genotypephenotype 
relations using molecular and electrophysiological study 
in animal models and patients may result in better 
precision medicine. A machinelearning method was 
recently applied to 47 patients with 33 unique variants 
in CACNA1A (pathogenic or likely pathogenic) to predict 
LOF or GOF mutations [148]. The severity score was 
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GENE OR MECHANISM TREATMENT

Primary EA

EA1 KCNA1 Carbamazepine, other anticonvulsant drugs, (Acetazolamide)#

EA2 CACNA1A Acetazolamide, 4AP, dalfampridine, fampridine

EA3 unknown Acetazolamide

EA4 unknown Gabapentin

EA5 CACNB4 Acetazolamide

EA6 SLC1A3 Acetazolamide

EA8 UBR4 Clonazepam

Other genetic EA Carbamazepine

EA9? FGF14 Acetazolamide

EA10? CACNA1G Carbamazepine

EA9? SCN2A (Acetazolamide)#

PRRT2 Carbamazepine

SLC2A1/GLUT1 deficiency Ketogenic diet, Carbamazepine

ATP1A3 Acetazolamide

Secondary EA

Metabolic Hypothyroidism Thyroxine

Thiamine pyrophosphate deficiency Thiamine

Thiamine transporter (SLC19A3) Biotin, Thiamine

Biotinidase deficiency (BTD) Biotin

Hartnup disease Niacin supplement

Maple syrup urine disease (BCKDHA, BCKDHB, DBT) Dietary restriction of branchedchain amino acids, Thiamine supplement

Ornithine transcarbamylase deficiency Dietary restriction of nitrogen intake

Pyruvate dehydrogenase deficiency (PDHX, PDHA1) Thiamine, alphalipoic acid, ketogenic diet, dichloroacetate

Mitochondrial Mitochondrial cocktail

Inflammatory Multiple sclerosis Steroids, diseasemodifying therapies

Behcet’s Immunomodulatory treatment

Kawasaki disease Highdose aspirin, IVIG, steroids

Autoimmune Autoimmune (CASPR2, antiNMDAR, antiHu/ANNA1) Steroids, immunomodulatory treatment

Bickerstaff brainstem encephalitis IVIG, Plasmapheresis

MillerFisher syndrome IVIG, Plasmapheresis

Toxic Toxicity (lead, alcohol, AEDs) Discontinue medications/toxic exposure

Vascular TIA/Stroke Secondary stroke prevention, rehabilitation

Epilepsy Epileptic pseudoataxia Antiseizure medications

Iatrogenic Thalamic deep brain stimulation Programming adjustment

Functional Functional Functional motor and cognitive rehabilitation

Table 4 Treatable causes of episodic ataxia.

# A response is not reliably observed.
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significantly higher for GOF variants, S5/S6 helices 
variants and pVal1392 Met variant. This was interpreted 
as demonstrating broad disease severity in CACNA1A 
disease and that clinical phenotypes likely reflect diverse 
molecular phenotypes [148]. A recent study used gene 
interaction networks to investigate common gene 
signatures associated with paroxysmal phenotypes of 
ataxia, migraine, epilepsy and other movement disorders 
[149]. Nineteen candidate genes were used to create an 
interaction network, which further revealed 39 associated 
genes (including KCNA1, SCN2A, CACNA1A, and CACNB4). 
The metaregression analysis showed the strongest 
association of SCN2A with genes in neurodevelopmental 
disorders, and KCNMA1 as a common gene signature 
with a link to epilepsy, movement disorders and wide 
paroxysmal neurologic presentations. Identifying gene 
interactions may help future drug targets [149].

Using advanced genetic testing may be the crucial step 
for undiagnosed hereditary EAs, although this can create 
its own challenges. Genetic testing may be restricted by 
methodology or techniques, such that the pathogenic gene 
was omitted, or mutations may not be adequately detected 
(e.g. repeat expansion, microdeletion). If mutations are 
detected, there may be additional challenges because of 
broad phenotype variability, poor genotypephenotype 
correlations, or a large number of VUS identified (e.g. 
CACNA1A) [120]. Frequently, no functional study of a 
mutated protein is performed so we cannot be certain of 
its pathogenicity [1]. This could be improved by accessible 
functional readouts, particularly for atypical cases or with 
cheaper or more readily available nextgeneration testing 
[40]. On a global scale, there may be underdiagnosis of 
genetic EAs in resourcepoor settings. Apart from EA1 
and EA2, most other EA reports reflect Caucasian cases. 
A recent Korean study found genetic heterogeneity in 
33/39 EA patients, when examining a range of suspected 
pathogenic mutations in CACNA1A, SLC1A3, UBR4, SCNA1, 
TTBK2, TGM6, FGF14 and KCND3 [74]. However more studies 
are needed to update global genetic differences of EA, 
similar to the SCAs and genetic parkinsonisms.

Prior to advances in genetic testing, all EAs were 
thought to be channelopathies. Genetic mutations in 
KCNA1, CACNA1A, CACNB4, SLC1A3, SCN8A, KCNMA1, and 
ATP1A3 genes that encode ion channels lend support to 
the channelopathy theory [150]. Moreover, the overlap 
of movement disorders, migraine and epilepsy is often 
described in channelopathy disorders [151]. However other 
EA genes do not encode ion channels, suggesting alternative 
mechanisms [152]. There is evidence to suggest that the 
presynaptic terminal is involved, as PRRT2 and SLC1A3 
likely act on the presynaptic terminal, and both KCNA1 
and CACNA1A are presynaptic [100]. KCNA1 and CACNA1A 

have the highest levels of expression in the cerebellum, 
and in frontal, temporal and occipital cortices, compared 
with GLUT1/SLC2A1, so the regional effect of vesicle 
release could explain phenotypic differences. This may be 
why KCNA1 and CACNA1A are more likely to present with 
ataxia than GLUT1. This regional effect may not explain 
their other phenotypes such as migraine. Instead, they 
might be attributed to the consequences of dysregulated 
presynaptic terminals. Mice models of migraine with single 
gene mutations have shown increased glutamatergic 
neurotransmission and cerebral hyperexcitability, which 
may reflect abnormal neurotransmitter release from the 
presynaptic terminal [100, 153].

The current classification system and diagnostic 
algorithm for EA frequently designates EA1, EA2 and 
others. This seems too simplistic given the current 
number of genes identified. Moreover, clinical prediction 
for the underlying gene is unreliable, as even classical 
EA1 and EA2 phenotypes can be KCNA-1 and CACNA1A 
negative respectively. Empiric treatment may also result in 
misdiagnosis, e.g. acetazolamide responsive GLUT1. It is 
likely time to reconsider the nosology for EA.

The simplest solution might be to ascribe EA numbers 
to all the genes identified to date for EA. This would be 
similar to the SCAs, which currently number 50. The caveat 
is that some genes are more commonly associated with 
nonEA syndromes. Another suggestion is to classify EA by 
its mutation. This has been proposed for the PKDs e.g. PKD
PRRT2 or PKDSCN8A [150]. This could be readily used for 
EA, e.g. EAPRRT2, EA SLC2A1, EASLC1A3, etc. However, 
a limitation is that this could only be used if a causative 
gene is identified. Instead, we could consider diagnostic 
algorithms proposed for the paroxysmal dyskinesias, 
another episodic disorder. One suggestion uses a 2axes 
system. Axis 1 is clinical classification by trigger to establish 
PKD, PNKD, or PED, and Axis 2 classification is the presence 
or absence of 4 causative genes (PRRT2, MR1, KCNMA1, 
and SLC2A1); if negative, further testing can be pursued 
[152]. However genetic EAs share multiple triggers, may 
not be reliably clinically distinguished by a single clinical 
feature alone, and have a wider genetic spectrum.

Therefore, turning to the dystonia classification system 
may provide a better model for EA classification. This also 
combines 2 axes: clinical characteristics and etiology, with 
the goal of helping guide diagnosis and treatment [154]. 
Adapting this model for EA, Axis 1 clinical characteristics could 
include age at onset, attack duration, simple (dysarthria
ataxia) or complex attack, interictal exam (normal or 
abnormal), and other neurologic comorbidities (e.g. epilepsy, 
intellectual impairment) and Axis 2 etiology could include 
nervous system pathology, and whether inherited, acquired 
or unknown. (See Tables 5 and 6). An additional category 
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to consider in Axis 1 etiology is empiric treatment response 
e.g. acetazolamide responsiveness in many EAs, FGF14, 
and ATP1A3 but absent in others. These combined clinical 
aspects may suggest EA syndromes to help guide genetic 
diagnosis and treatment. For example, childhoodonset 
short duration simple EA attacks, with a normal interictal 
exam and normal imaging could suggest KCNA-1 or PRRT2, 
whereas the presence of abnormal imaging could suggest 
PDHx, or interictal ataxia could suggest SETX. Adultonset 
long duration EA attacks may suggest CACNA1A, SLC1A3, 
or FGF14. Adultonset short duration simple EA attacks, 
with abnormal interictal exam and imaging could be MS 
or autoimmune ataxia. Future research into analysis of this 
proposal would be of interest to assess if it could improve 
clinical diagnosis and genetic prediction.

A final alternative strategy, also borrowing from PKDs, is to 
consider grouping EAs into categories by presumed pathogenic 
mechanism: i.e. channelopathies, neurotransmission syna

ptopathies, brain energy transportopathies, to create a new 
classification system [150].

Most EAs are treatable or even curable, so it is important 
to correctly diagnose them. There are now four effective 
treatments for EA2 include longacting formulations of 
4aminopyridine (dalfampridine and fampridine) in addition 
to acetazolamide and 4AP. Novel observations of sleep
alleviated EA2 attacks may suggest innovative treatment 
modulators. Many genetic EAs and GLUT1 respond to 
acetazolamide. A trial of thiamine supplementation could 
be considered in cases suspicious for disorders of thiamine 
metabolism and PDH complex disorders.

CONCLUSIONS

Episodic ataxias may be overlooked or misdiagnosed 
for a variety of reasons, including phenotypegenotype 

CLINICAL CHARACTERISTICS OF EA (AXIS 1) OTHER NEUROLOGIC 
DISORDERS

AGE AT ONSET ATTACK DURATION SIMPLE OR COMPLEX 
ATTACK

INTERICTAL 
FEATURES

Infancy (birth to age 2)
Childhood (3–12 years)
Adolescence (13–20 years)
Early adult (21–40 years)
Late adult (>40 years)

Short (secondsminutes)
Moderate (hours)
Long (days or longer)

Paroxysmal ataxiadysarthria
 – isolated

OR
 – with other features

 – tinnitus
 – vertigo
 – nystagmus
 – brainstem
 – neuromuscular
 – migraine
 – other

Nystagmus
Myokymia
Other cerebellar signs
Tremor
Other neurologic signs

Migraine
Epilepsy
Intellectual impairment
Deafness
Autism
Paroxysmal disorder of 
infancy

Table 5 Proposed Axis 1 clinical characteristics for EA.

There are five proposed clinical descriptors in Axis 1 (age at onset, attack duration, attack complexity, interictal features, and other neurologic 
comorbidities).

ETIOLOGY OF EA (AXIS 2)

NERVOUS SYSTEM PATHOLOGY INHERITED OR ACQUIRED

INHERITED ACQUIRED UNKNOWN

None
Evidence of degeneration (Cerebellar atrophy)
Evidence of structural lesions

Autosomal dominant
Autosomal recessive
Mitochondrial

Inflammation
Demyelination
Vascular
Drugs
Toxic
Metabolic
Neoplastic
Paraneoplastic
Functional

Sporadic
Familial

Table 6 Proposed Axis 2 etiology of EA.

The etiology axis is subdivided into neuroimaging findings, and the identification of a genetic or acquired cause underlying episodic ataxia. 
For example, an etiological description of an EA case could be ‘evidence of degeneration’ and an ‘autosomal dominant pattern, for EA2 (EA
CACNA1A), or ‘evidence of structural lesion’ and acquired cause for multiple sclerosis.
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variability, clinical overlap with primary and secondary 
causes, and common mimicking disorders. As many primary 
EAs and secondary EAs are highly treatable, it behooves us 
to make the correct diagnosis, and to consider EA in the 
differential diagnosis of paroxysmal neurologic symptoms. 
EA1 and EA2 phenotypes have greatly expanded, and 
there are now several treatment options for EA2. There are 
unanswered questions regarding the entities of EA3, EA4, 
EA5 and EA7 despite the increased availability of genetic 
testing, in contrast with additional cases found carrying EA6 
and EA8 genes. For classical phenotypes of EA1 and EA2, 
empiric treatment and single gene pathways can be used. 
For atypical phenotypes, more comprehensive evaluations 
and next generation genetic testing may be required for 
diagnosis. The proposed updated EA classification system 
and diagnostic algorithm may help better classify the 
growing list of genetic and secondary causes of EA to date.

COMPETING INTERESTS

The author has no competing interests to declare.

AUTHOR AFFILIATIONS
Anhar Hassan, MBBCh, BAO, FRACP, FAAN  orcid.org/00000002
83512751 
Beacon Hospital, Sandyford, Dublin 18, Ireland; Trinity College 
Dublin, Dublin 2, Ireland

REFERENCES

1. Giunti P, Mantuano E, Frontali M. Episodic Ataxias: Faux or 

Real? Int J Mol Sci. 2020; 21(18). DOI: https://doi.org/10.3390/

ijms21186472

2. Choi KD, Choi JH. Episodic Ataxias: Clinical and Genetic 

Features. J Mov Disord. 2016; 9(3): 129–35. DOI: https://doi.

org/10.14802/jmd.16028

3. Paulhus K, Ammerman L, Glasscock E. Clinical Spectrum 

of KCNA1 Mutations: New Insights into Episodic Ataxia and 

Epilepsy Comorbidity. Int J Mol Sci. 2020; 21(8). DOI: https://

doi.org/10.3390/ijms21082802

4. Garone G, Capuano A, Travaglini L, Graziola F, Stregapede 

F, Zanni G, et al. Clinical and Genetic Overview of Paroxysmal 

Movement Disorders and Episodic Ataxias. Int J Mol Sci. 2020; 

21(10). DOI: https://doi.org/10.3390/ijms21103603

5. D’Adamo MC, Hasan S, Guglielmi L, Servettini I, Cenciarini 

M, Catacuzzeno L, et al. New insights into the pathogenesis 

and therapeutics of episodic ataxia type 1. Front Cell 

Neurosci. 2015; 9: 317. DOI: https://doi.org/10.3389/

fncel.2015.00317

6. Graves TD, Cha YH, Hahn AF, Barohn R, Salajegheh 

MK, Griggs RC, et al. Episodic ataxia type 1: clinical 

characterization, quality of life and genotypephenotype 

correlation. Brain. 2014; 137(Pt 4): 1009–18. DOI: https://doi.

org/10.1093/brain/awu012

7. Jen JC, Wan J. Episodic ataxias. Handb Clin Neurol. 2018; 

155: 205–15. DOI: https://doi.org/10.1016/B9780444

641892.000135

8. Tomlinson SE, Rajakulendran S, Tan SV, Graves 

TD, Bamiou DE, Labrum RW, et al. Clinical, genetic, 

neurophysiological and functional study of new mutations in 

episodic ataxia type 1. J Neurol Neurosurg Psychiatry. 2013; 

84(10): 1107–12. DOI: https://doi.org/10.1136/jnnp2012

304131

9. Brownstein CA, Beggs AH, Rodan L, Shi J, Towne MC, 

Pelletier R, et al. Clinical heterogeneity associated with 

KCNA1 mutations include cataplexy and nonataxic 

presentations. Neurogenetics. 2016; 17(1): 11–6. DOI: https://

doi.org/10.1007/s1004801504602

10. D’Adamo MC, Liantonio A, Rolland JF, Pessia M, Imbrici P. 

Kv1.1 Channelopathies: Pathophysiological Mechanisms 

and Therapeutic Approaches. Int J Mol Sci. 2020; 21(8). DOI: 

https://doi.org/10.3390/ijms21082935

11. Imbrici P, Altamura C, Gualandi F, Mangiatordi GF, Neri 

M, De Maria G, et al. A novel KCNA1 mutation in a patient 

with paroxysmal ataxia, myokymia, painful contractures and 

metabolic dysfunctions. Mol Cell Neurosci. 2017; 83: 6–12. 

DOI: https://doi.org/10.1016/j.mcn.2017.06.006

12. Klein A, Boltshauser E, Jen J, Baloh RW. Episodic ataxia type 

1 with distal weakness: a novel manifestation of a potassium 

channelopathy. Neuropediatrics. 2004; 35(2): 147–9. DOI: 

https://doi.org/10.1055/s2004817921

13. Mestre TA, Manole A, MacDonald H, Riazi S, Kraeva N, 

Hanna MG, et al. A novel KCNA1 mutation in a family with 

episodic ataxia and malignant hyperthermia. Neurogenetics. 

2016; 17(4): 245–9. DOI: https://doi.org/10.1007/s10048

01604860

14. Shook SJ, Mamsa H, Jen JC, Baloh RW, Zhou L. Novel 

mutation in KCNA1 causes episodic ataxia with paroxysmal 

dyspnea. Muscle Nerve. 2008; 37(3): 399–402. DOI: https://

doi.org/10.1002/mus.20904

15. Rogers A, Golumbek P, Cellini E, Doccini V, Guerrini R, 

WallgrenPettersson C, et al. De novo KCNA1 variants in 

the PVP motif cause infantile epileptic encephalopathy and 

cognitive impairment similar to recurrent KCNA2 variants. 

Am J Med Genet A. 2018; 176(8): 1748–52. DOI: https://doi.

org/10.1002/ajmg.a.38840

16. Yuan H, Yuan H, Wang Q, Ye W, Yao R, Xu W, et al. Two novel 

KCNA1 variants identified in two unrelated Chinese families 

affected by episodic ataxia type 1 and neurodevelopmental 

disorders. Mol Genet Genomic Med. 2020; 8(10): e1434. DOI: 

https://doi.org/10.1002/mgg3.1434

https://orcid.org/0000-0002-8351-2751
https://orcid.org/0000-0002-8351-2751
https://orcid.org/0000-0002-8351-2751
https://doi.org/10.3390/ijms21186472
https://doi.org/10.3390/ijms21186472
https://doi.org/10.14802/jmd.16028
https://doi.org/10.14802/jmd.16028
https://doi.org/10.3390/ijms21082802
https://doi.org/10.3390/ijms21082802
https://doi.org/10.3390/ijms21103603
https://doi.org/10.3389/fncel.2015.00317
https://doi.org/10.3389/fncel.2015.00317
https://doi.org/10.1093/brain/awu012
https://doi.org/10.1093/brain/awu012
https://doi.org/10.1016/B978-0-444-64189-2.00013-5
https://doi.org/10.1016/B978-0-444-64189-2.00013-5
https://doi.org/10.1136/jnnp-2012-304131
https://doi.org/10.1136/jnnp-2012-304131
https://doi.org/10.1007/s10048-015-0460-2
https://doi.org/10.1007/s10048-015-0460-2
https://doi.org/10.3390/ijms21082935
https://doi.org/10.1016/j.mcn.2017.06.006
https://doi.org/10.1055/s-2004-817921
https://doi.org/10.1007/s10048-016-0486-0
https://doi.org/10.1007/s10048-016-0486-0
https://doi.org/10.1002/mus.20904
https://doi.org/10.1002/mus.20904
https://doi.org/10.1002/ajmg.a.38840
https://doi.org/10.1002/ajmg.a.38840
https://doi.org/10.1002/mgg3.1434


17Hassan Tremor and Other Hyperkinetic Movements DOI: 10.5334/tohm.747

17. Graves TD, Rajakulendran S, Zuberi SM, Morris HR, Schorge 

S, Hanna MG, et al. Nongenetic factors influence severity 

of episodic ataxia type 1 in monozygotic twins. Neurology. 

2010; 75(4): 367–72. DOI: https://doi.org/10.1212/

WNL.0b013e3181ea9ee3

18. Zima L, Ceulemans S, Reiner G, Galosi S, Chen D, 

Sahagian M, et al. Paroxysmal motor disorders: expanding 

phenotypes lead to coalescing genotypes. Ann Clin Transl 

Neurol. 2018; 5(8): 996–1010. DOI: https://doi.org/10.1002/

acn3.597

19. Manville RW, Abbott GW. IsoformSelective KCNA1 

Potassium Channel Openers Built from Glycine. J Pharmacol 

Exp Ther. 2020; 373(3): 391–401. DOI: https://doi.

org/10.1124/jpet.119.264507

20. Snowball A, Chabrol E, Wykes RC, ShekhAhmad 

T, Cornford JH, Lieb A, et al. Epilepsy Gene Therapy 

Using an Engineered Potassium Channel. J Neurosci. 

2019; 39(16): 3159–69. DOI: https://doi.org/10.1523/

JNEUROSCI.114318.2019

21. Tacik P, Guthrie KJ, Strongosky AJ, Broderick DF, Riegert

Johnson DL, Tang S, et al. Wholeexome sequencing as a 

diagnostic tool in a family with episodic ataxia type 1. Mayo 

Clin Proc. 2015; 90(3): 366–71. DOI: https://doi.org/10.1016/j.

mayocp.2015.01.001

22. Guterman EL, Yurgionas B, Nelson AB. Pearls & Oysters: 

Episodic ataxia type 2: Case report and review of the 

literature. Neurology. 2016; 86(23): e239–41. DOI: https://doi.

org/10.1212/WNL.0000000000002743

23. Jen J, Kim GW, Baloh RW. Clinical spectrum of episodic 

ataxia type 2. Neurology. 2004; 62(1): 17–22. DOI: https://doi.

org/10.1212/01.WNL.0000101675.61074.50

24. Imbrici P, Eunson LH, Graves TD, Bhatia KP, Wadia NH, 

Kullmann DM, et al. Lateonset episodic ataxia type 2 

due to an inframe insertion in CACNA1A. Neurology. 

2005; 65(6): 944–6. DOI: https://doi.org/10.1212/01.

wnl.0000176069.64200.28

25. Hu Y, Jiang H, Wang Q, Xie Z, Pan S. Identification of a novel 

nonsense mutation p.Tyr1957Ter of CACNA1A in a Chinese 

family with episodic ataxia 2. PLoS One. 2013; 8(2): e56362. 

DOI: https://doi.org/10.1371/journal.pone.0056362

26. Kinder S, Ossig C, Wienecke M, Beyer A, von der Hagen M, 

Storch A, et al. Novel frameshift mutation in the CACNA1A 

gene causing a mixed phenotype of episodic ataxia and 

familiar hemiplegic migraine. Eur J Paediatr Neurol. 2015; 

19(1): 72–4. DOI: https://doi.org/10.1016/j.ejpn.2014.10.005

27. Nachbauer W, Nocker M, Karner E, Stankovic I, 

Unterberger I, Eigentler A, et al. Episodic ataxia type 2: 

phenotype characteristics of a novel CACNA1A mutation and 

review of the literature. J Neurol. 2014; 261(5): 983–91. DOI: 

https://doi.org/10.1007/s0041501473102

28. Ophoff RA, Terwindt GM, Vergouwe MN, van Eijk R, 

Oefner PJ, Hoffman SM, et al. Familial hemiplegic migraine 

and episodic ataxia type2 are caused by mutations in the 

Ca2+ channel gene CACNL1A4. Cell. 1996; 87(3): 543–52. 

DOI: https://doi.org/10.1016/S00928674(00)813732

29. Rajakulendran S, Kaski D, Hanna MG. Neuronal P/Qtype 

calcium channel dysfunction in inherited disorders of the 

CNS. Nat Rev Neurol. 2012; 8(2): 86–96. DOI: https://doi.

org/10.1038/nrneurol.2011.228

30. Bertholon P, Chabrier S, Riant F, TournierLasserve E, 

Peyron R. Episodic ataxia type 2: unusual aspects in clinical 

and genetic presentation. Special emphasis in childhood. J 

Neurol Neurosurg Psychiatry. 2009; 80(11): 1289–92. DOI: 

https://doi.org/10.1136/jnnp.2008.159103

31. Travaglini L, Nardella M, Bellacchio E, D’Amico A, 

Capuano A, Frusciante R, et al. Missense mutations of 

CACNA1A are a frequent cause of autosomal dominant 

nonprogressive congenital ataxia. Eur J Paediatr Neurol. 2017; 

21(3): 450–6. DOI: https://doi.org/10.1016/j.ejpn.2016.11.005

32. Jen J, Wan J, Graves M, Yu H, Mock AF, Coulin CJ, et al. 

Lossoffunction EA2 mutations are associated with impaired 

neuromuscular transmission. Neurology. 2001; 57(10): 1843–

8. DOI: https://doi.org/10.1212/WNL.57.10.1843

33. Choi JH, Oh EH, Choi SY, Kim HJ, Lee SK, Choi JY, et al. 

Vestibular impairments in episodic ataxia type 2. J Neurol. 

2022; 269(5): 2687–95. DOI: https://doi.org/10.1007/s00415

021108564

34. Shimmura M, Uehara T, Yamashita K, Shigeto H, Yamasaki 

R, Ishikawa K, et al. Slowed abduction during smooth 

pursuit eye movement in episodic ataxia type 2 with a novel 

CACNA1A mutation. J Neurol Sci. 2017; 381: 4–6. DOI: https://

doi.org/10.1016/j.jns.2017.07.040

35. Kipfer S, Jung S, Lemke JR, KipferKauer A, Howell JP, 

KaelinLang A, et al. Novel CACNA1A mutation(s) associated 

with slow saccade velocities. J Neurol. 2013; 260(12): 3010–

4. DOI: https://doi.org/10.1007/s0041501370994

36. Choi JH, Seo JD, Choi YR, Kim MJ, Shin JH, Kim JS, et al. 

Exerciseinduced downbeat nystagmus in a Korean family 

with a nonsense mutation in CACNA1A. Neurol Sci. 2015; 

36(8): 1393–6. DOI: https://doi.org/10.1007/s10072015

21576

37. Blumkin L, LeshinskySilver E, Michelson M, Zerem A, 

Kivity S, Lev D, et al. Paroxysmal tonic upward gaze as 

a presentation of denovo mutations in CACNA1A. Eur 

J Paediatr Neurol. 2015; 19(3): 292–7. DOI: https://doi.

org/10.1016/j.ejpn.2014.12.018

38. Tantsis EM, Gill D, Griffiths L, Gupta S, Lawson J, 

Maksemous N, et al. Eye movement disorders are an early 

manifestation of CACNA1A mutations in children. Dev 

Med Child Neurol. 2016; 58(6): 639–44. DOI: https://doi.

org/10.1111/dmcn.13033

39. Shin M, Douglass LM, Milunsky JM, Rosman NP. The 

Genetics of Benign Paroxysmal Torticollis of Infancy: Is 

There an Association With Mutations in the CACNA1A 

https://doi.org/10.1212/WNL.0b013e3181ea9ee3
https://doi.org/10.1212/WNL.0b013e3181ea9ee3
https://doi.org/10.1002/acn3.597
https://doi.org/10.1002/acn3.597
https://doi.org/10.1124/jpet.119.264507
https://doi.org/10.1124/jpet.119.264507
https://doi.org/10.1523/JNEUROSCI.1143-18.2019
https://doi.org/10.1523/JNEUROSCI.1143-18.2019
https://doi.org/10.1016/j.mayocp.2015.01.001
https://doi.org/10.1016/j.mayocp.2015.01.001
https://doi.org/10.1212/WNL.0000000000002743
https://doi.org/10.1212/WNL.0000000000002743
https://doi.org/10.1212/01.WNL.0000101675.61074.50
https://doi.org/10.1212/01.WNL.0000101675.61074.50
https://doi.org/10.1212/01.wnl.0000176069.64200.28
https://doi.org/10.1212/01.wnl.0000176069.64200.28
https://doi.org/10.1371/journal.pone.0056362
https://doi.org/10.1016/j.ejpn.2014.10.005
https://doi.org/10.1007/s00415-014-7310-2
https://doi.org/10.1016/S0092-8674(00)81373-2
https://doi.org/10.1038/nrneurol.2011.228
https://doi.org/10.1038/nrneurol.2011.228
https://doi.org/10.1136/jnnp.2008.159103
https://doi.org/10.1016/j.ejpn.2016.11.005
https://doi.org/10.1212/WNL.57.10.1843
https://doi.org/10.1007/s00415-021-10856-4
https://doi.org/10.1007/s00415-021-10856-4
https://doi.org/10.1016/j.jns.2017.07.040
https://doi.org/10.1016/j.jns.2017.07.040
https://doi.org/10.1007/s00415-013-7099-4
https://doi.org/10.1007/s10072-015-2157-6
https://doi.org/10.1007/s10072-015-2157-6
https://doi.org/10.1016/j.ejpn.2014.12.018
https://doi.org/10.1016/j.ejpn.2014.12.018
https://doi.org/10.1111/dmcn.13033
https://doi.org/10.1111/dmcn.13033


18Hassan Tremor and Other Hyperkinetic Movements DOI: 10.5334/tohm.747

Gene? J Child Neurol. 2016; 31(8): 1057–61. DOI: https://doi.

org/10.1177/0883073816636226

40. Hommersom MP, van Prooije TH, Pennings M, Schouten MI, 

van Bokhoven H, Kamsteeg EJ, et al. The complexities of 

CACNA1A in clinical neurogenetics. J Neurol. 2022; 269(6): 

3094–108. DOI: https://doi.org/10.1007/s00415021108979

41. Damaj L, LupienMeilleur A, Lortie A, Riou É, Ospina 

LH, Gagnon L, et al. CACNA1A haploinsufficiency causes 

cognitive impairment, autism and epileptic encephalopathy 

with mild cerebellar symptoms. Eur J Hum Genet. 2015; 

23(11): 1505–12. DOI: https://doi.org/10.1038/ejhg.2015.21

42. GurHartman T, Berkowitz O, Yosovich K, Roubertie A, 

Zanni G, Macaya A, et al. Clinical phenotypes of infantile 

onset CACNA1Arelated disorder. Eur J Paediatr Neurol. 2021; 

30: 144–54. DOI: https://doi.org/10.1016/j.ejpn.2020.10.004

43. Stendel C, D’Adamo MC, Wiessner M, Dusl M, Cenciarini 

M, Belia S, et al. Association of A Novel Splice Site Mutation 

in P/QType Calcium Channels with Childhood Epilepsy and 

LateOnset Slowly Progressive NonEpisodic Cerebellar 

Ataxia. Int J Mol Sci. 2020; 21(11). DOI: https://doi.

org/10.3390/ijms21113810

44. Indelicato E, Nachbauer W, Karner E, Eigentler A, Wagner 

M, Unterberger I, et al. The neuropsychiatric phenotype in 

CACNA1A mutations: a retrospective single center study and 

review of the literature. Eur J Neurol. 2019; 26(1): 66–e7. DOI: 

https://doi.org/10.1111/ene.13765

45. Humbertclaude V, Riant F, Krams B, Zimmermann V, Nagot 

N, Annequin D, et al. Cognitive impairment in children with 

CACNA1A mutations. Dev Med Child Neurol. 2020; 62(3): 

330–7. DOI: https://doi.org/10.1111/dmcn.14261

46. Indelicato E, Unterberger I, Nachbauer W, Eigentler A, 

Amprosi M, Zeiner F, et al. The electrophysiological footprint 

of CACNA1A disorders. J Neurol. 2021; 268(7): 2493–505. 

DOI: https://doi.org/10.1007/s0041502110415x

47. Indelicato E, Raccagni C, Runer S, Hannink J, Nachbauer 

W, Eigentler A, et al. Instrumented gait analysis defines the 

walking signature of CACNA1A disorders. J Neurol. 2022; 269(6): 

2941–7. DOI: https://doi.org/10.1007/s0041502110878y

48. HirasawaInoue A, Ishiyama A, Takeshita E, Shimizu

Motohashi Y, Saito T, Komaki H, et al. Singlefiber 

electromyographybased diagnosis of CACNA1A mutation in 

children: A potential role of the electrodiagnosis in the era 

of whole exome sequencing. Brain Dev. 2019; 41(10): 905–9. 

DOI: https://doi.org/10.1016/j.braindev.2019.06.006

49. Pradotto L, Mencarelli M, Bigoni M, Milesi A, Di Blasio 

A, Mauro A. Episodic ataxia and SCA6 within the same 

family due to the D302N CACNA1A gene mutation. J 

Neurol Sci. 2016; 371: 81–4. DOI: https://doi.org/10.1016/j.

jns.2016.10.029

50. Penkava J, Ledderose S, ChahrokhZadeh S, Munzig A, 

Eulenburg Z, Huppert D, et al. A novel pathogenic CACNA1A 

variant causing episodic ataxia type 2 (EA2) spectrum 

phenotype in four family members and a novel combined 

therapy. J Neurol. 2020; 267(Suppl 1): 181–4. DOI: https://doi.

org/10.1007/s00415020101901

51. Nardello R, Plicato G, Mangano GD, Gennaro E, Mangano 

S, Brighina F, et al. Two distinct phenotypes, hemiplegic 

migraine and episodic Ataxia type 2, caused by a novel 

common CACNA1A variant. BMC Neurol. 2020; 20(1): 155. 

DOI: https://doi.org/10.1186/s12883020017045

52. Angelini C, Van Gils J, Bigourdan A, Jouk PS, Lacombe D, 

Menegon P, et al. Major intrafamilial phenotypic 

heterogeneity and incomplete penetrance due to a 

CACNA1A pathogenic variant. Eur J Med Genet. 2019; 62(6): 

103530. DOI: https://doi.org/10.1016/j.ejmg.2018.08.011

53. GarciaBaroHuarte M, IglesiasMohedano AM, 

SlockerBarrio M, VazquezLopez M, GarciaMorin M, 

MirandaHerrero MC, et al. Phenotypic variability in a four 

generation family with a p.Thr666Met CACNA1A gene 

mutation. Pediatr Neurol. 2014; 51(4): 557–9. DOI: https://

doi.org/10.1016/j.pediatrneurol.2014.07.008

54. Choi KD, Yook JW, Kim MJ, Kim HS, Park YE, Kim JS, et al. 

Possible anticipation associated with a novel splice site 

mutation in episodic ataxia type 2. Neurol Sci. 2013; 34(9): 

1629–32. DOI: https://doi.org/10.1007/s1007201312988

55. Wu HJ, Lau WL, Chan TYC, Chen SPL, Ko CH. Differentiating 

episodic ataxia type 2 from migraine: a case report. 

Hong Kong Med J. 2020; 26(6): 526–7. DOI: https://doi.

org/10.12809/hkmj198306

56. SánchezCazalilla M, GonzálezMingot C, Torterolo G, 

Torrent A, Batalla I. Episodic Ataxia Misdiagnosed as Anxiety 

Disorder. Prim Care Companion CNS Disord. 2021; 23(2). DOI: 

https://doi.org/10.4088/PCC.20l02730

57. Balck A, Tunc S, Schmitz J, Hollstein R, Kaiser FJ, 

Brüggemann N. A Novel Frameshift CACNA1A Mutation 

Causing Episodic Ataxia Type 2. Cerebellum. 2018; 17(4): 

504–6. DOI: https://doi.org/10.1007/s1231101809318

58. Kotagal V. Acetazolamideresponsive ataxia. 

Semin Neurol. 2012; 32(5): 533–7. DOI: https://doi.

org/10.1055/s00331334475

59. Strupp M, Kalla R, Dichgans M, Freilinger T, Glasauer S, 

Brandt T. Treatment of episodic ataxia type 2 with the 

potassium channel blocker 4aminopyridine. Neurology. 

2004; 62(9): 1623–5. DOI: https://doi.org/10.1212/01.

WNL.0000125691.74109.53

60. Claassen J, Teufel J, Kalla R, Spiegel R, Strupp M. Effects 

of dalfampridine on attacks in patients with episodic ataxia 

type 2: an observational study. J Neurol. 2013; 260(2): 668–9. 

DOI: https://doi.org/10.1007/s0041501267643

61. Muth C, Teufel J, Schols L, Synofzik M, Franke C, 

Timmann D, et al. Fampridine and Acetazolamide in EA2 

and Related Familial EA: A Prospective Randomized Placebo

Controlled Trial. Neurol Clin Pract. 2021; 11(4): e438–e46. 

DOI: https://doi.org/10.1212/CPJ.0000000000001017

https://doi.org/10.1177/0883073816636226
https://doi.org/10.1177/0883073816636226
https://doi.org/10.1007/s00415-021-10897-9
https://doi.org/10.1038/ejhg.2015.21
https://doi.org/10.1016/j.ejpn.2020.10.004
https://doi.org/10.3390/ijms21113810
https://doi.org/10.3390/ijms21113810
https://doi.org/10.1111/ene.13765
https://doi.org/10.1111/dmcn.14261
https://doi.org/10.1007/s00415-021-10415-x
https://doi.org/10.1007/s00415-021-10878-y
https://doi.org/10.1016/j.braindev.2019.06.006
https://doi.org/10.1016/j.jns.2016.10.029
https://doi.org/10.1016/j.jns.2016.10.029
https://doi.org/10.1007/s00415-020-10190-1
https://doi.org/10.1007/s00415-020-10190-1
https://doi.org/10.1186/s12883-020-01704-5
https://doi.org/10.1016/j.ejmg.2018.08.011
https://doi.org/10.1016/j.pediatrneurol.2014.07.008
https://doi.org/10.1016/j.pediatrneurol.2014.07.008
https://doi.org/10.1007/s10072-013-1298-8
https://doi.org/10.12809/hkmj198306
https://doi.org/10.12809/hkmj198306
https://doi.org/10.4088/PCC.20l02730
https://doi.org/10.1007/s12311-018-0931-8
https://doi.org/10.1055/s-0033-1334475
https://doi.org/10.1055/s-0033-1334475
https://doi.org/10.1212/01.WNL.0000125691.74109.53
https://doi.org/10.1212/01.WNL.0000125691.74109.53
https://doi.org/10.1007/s00415-012-6764-3
https://doi.org/10.1212/CPJ.0000000000001017


19Hassan Tremor and Other Hyperkinetic Movements DOI: 10.5334/tohm.747

62. GonzalezMingot C, LopezOrtega R, BrievaRuiz L. The 

efficacy of combining topiramate and 4aminopyridine to 

reduce relapses and interictal progression in two cases of 

episodic ataxia type 2. Neurol Sci. 2022; 43(8): 5099–101. 

DOI: https://doi.org/10.1007/s10072022061442

63. Strupp M, Teufel J, Zwergal A, Schniepp R, Khodakhah K, 

Feil K. Aminopyridines for the treatment of neurologic 

disorders. Neurol Clin Pract. 2017; 7(1): 65–76. DOI: https://

doi.org/10.1212/CPJ.0000000000000321

64. Na S, Kim T. Efficacy of levetiracetam in patients with 

episodic ataxia type 2 caused by CACNA1A mutation: three 

case reports. Neurol Sci. 2021; 42(9): 3897–9. DOI: https://

doi.org/10.1007/s1007202105368y

65. Lee H, Jang DH, Jang JH, Kim T. Effectiveness of 

levetiracetam in an acetazolamideunresponsive patient 

with episodic ataxia type 2 by a novel CACNA1A nonsense 

mutation. Eur J Neurol. 2017; 24(7): e43–e4. DOI: https://doi.

org/10.1111/ene.13327

66. Ahuja AS, Rozen TD, Atwal PS. A sleep modulated 

Channelopathy: a novel CACNA1A pathogenic variant 

identified in episodic Ataxia type 2 and a potential link to 

sleep alleviated migraine. BMC Neurol. 2019; 19(1): 246. DOI: 

https://doi.org/10.1186/s1288301914913

67. Steckley JL, Ebers GC, Cader MZ, McLachlan RS. An 

autosomal dominant disorder with episodic ataxia, vertigo, 

and tinnitus. Neurology. 2001; 57(8): 1499–502. DOI: https://

doi.org/10.1212/WNL.57.8.1499

68. Cader MZ, Steckley JL, Dyment DA, McLachlan RS, Ebers 

GC. A genomewide screen and linkage mapping for a large 

pedigree with episodic ataxia. Neurology. 2005; 65(1): 156–8. 

DOI: https://doi.org/10.1212/01.wnl.0000167186.05465.7c

69. Farmer TW, Mustian VM. Vestibulocerebellar ataxia. A newly 

defined hereditary syndrome with periodic manifestations. 

Arch Neurol. 1963; 8: 471–80. DOI: https://doi.org/10.1001/

archneur.1963.00460050021002

70. Coin JT, Vance JM. Gabapentin Relieves Vertigo of Periodic 

Vestibulocerebellar Ataxia: 3 Cases and Possible Mechanism. 

Mov Disord. 2021; 36(5): 1264–7. DOI: https://doi.

org/10.1002/mds.28491

71. Damji KF, Allingham RR, Pollock SC, Small K, Lewis KE, 

Stajich JM, et al. Periodic vestibulocerebellar ataxia, an 

autosomal dominant ataxia with defective smooth pursuit, 

is genetically distinct from other autosomal dominant 

ataxias. Arch Neurol. 1996; 53(4): 338–44. DOI: https://doi.

org/10.1001/archneur.1996.00550040074016

72. Merrill MJ, Nai D, Ghosh P, Edwards NA, Hallett M, Ray

Chaudhury A. Neuropathology in a case of episodic ataxia 

type 4. Neuropathol Appl Neurobiol. 2016; 42(3): 296–300. 

DOI: https://doi.org/10.1111/nan.12262

73. Escayg A, De Waard M, Lee DD, Bichet D, Wolf P, Mayer T, 

et al. Coding and noncoding variation of the human 

calciumchannel beta4subunit gene CACNB4 in patients 

with idiopathic generalized epilepsy and episodic ataxia. 

Am J Hum Genet. 2000; 66(5): 1531–9. DOI: https://doi.

org/10.1086/302909

74. Choi KD, Kim JS, Kim HJ, Jung I, Jeong SH, Lee SH, et al. 

Genetic Variants Associated with Episodic Ataxia in Korea. Sci 

Rep. 2017; 7(1): 13855. DOI: https://doi.org/10.1038/s41598

017142547

75. Graves TD, Hanna MG. Episodic ataxia: SLC1A3 and CACNB4 

do not explain the apparent genetic heterogeneity. J Neurol. 

2008; 255(7): 1097–9. DOI: https://doi.org/10.1007/s00415

00808444

76. Naseer MI, Abdulkareem AA, Rasool M, Algahtani H, 

Muthaffar OY, Pushparaj PN. WholeExome Sequencing 

Identifies Novel SCN1A and CACNB4 Genes Mutations in the 

Cohort of Saudi Patients With Epilepsy. Front Pediatr. 2022; 

10: 919996. DOI: https://doi.org/10.3389/fped.2022.919996

77. Jen JC, Wan J, Palos TP, Howard BD, Baloh RW. Mutation 

in the glutamate transporter EAAT1 causes episodic ataxia, 

hemiplegia, and seizures. Neurology. 2005; 65(4): 529–34. 

DOI: https://doi.org/10.1212/01.WNL.0000172638.58172.5a

78. Chivukula AS, Suslova M, Kortzak D, Kovermann P, 

Fahlke C. Functional consequences of SLC1A3 mutations 

associated with episodic ataxia 6. Hum Mutat. 2020; 41(11): 

1892–905. DOI: https://doi.org/10.1002/humu.24089

79. Choi KD, Jen JC, Choi SY, Shin JH, Kim HS, Kim HJ, 

et al. Lateonset episodic ataxia associated with SLC1A3 

mutation. J Hum Genet. 2017; 62(3): 443–6. DOI: https://doi.

org/10.1038/jhg.2016.137

80. de Vries B, Mamsa H, Stam AH, Wan J, Bakker SL, Vanmolkot 

KR, et al. Episodic ataxia associated with EAAT1 mutation 

C186S affecting glutamate reuptake. Arch Neurol. 2009; 66(1): 

97–101. DOI: https://doi.org/10.1001/archneurol.2008.535

81. Pyle A, Smertenko T, Bargiela D, Griffin H, Duff J, 

Appleton M, et al. Exome sequencing in undiagnosed 

inherited and sporadic ataxias. Brain. 2015; 138(Pt 2): 276–

83. DOI: https://doi.org/10.1093/brain/awu348

82. Iwama K, Iwata A, Shiina M, Mitsuhashi S, Miyatake S, 

Takata A, et al. A novel mutation in SLC1A3 causes episodic 

ataxia. J Hum Genet. 2018; 63(2): 207–11. DOI: https://doi.

org/10.1038/s100380170365z

83. Winter N, Kovermann P, Fahlke C. A point mutation 

associated with episodic ataxia 6 increases glutamate 

transporter anion currents. Brain. 2012; 135(Pt 11): 3416–25. 

DOI: https://doi.org/10.1093/brain/aws255

84. Kovermann P, Hessel M, Kortzak D, Jen JC, Koch J, Fahlke 

C, et al. Impaired K(+) binding to glial glutamate transporter 

EAAT1 in migraine. Sci Rep. 2017; 7(1): 13913. DOI: https://

doi.org/10.1038/s41598017141764

85. Kerber KA, Jen JC, Lee H, Nelson SF, Baloh RW. A new 

episodic ataxia syndrome with linkage to chromosome 

19q13. Arch Neurol. 2007; 64(5): 749–52. DOI: https://doi.

org/10.1001/archneur.64.5.749

https://doi.org/10.1007/s10072-022-06144-2
https://doi.org/10.1212/CPJ.0000000000000321
https://doi.org/10.1212/CPJ.0000000000000321
https://doi.org/10.1007/s10072-021-05368-y
https://doi.org/10.1007/s10072-021-05368-y
https://doi.org/10.1111/ene.13327
https://doi.org/10.1111/ene.13327
https://doi.org/10.1186/s12883-019-1491-3
https://doi.org/10.1212/WNL.57.8.1499
https://doi.org/10.1212/WNL.57.8.1499
https://doi.org/10.1212/01.wnl.0000167186.05465.7c
https://doi.org/10.1001/archneur.1963.00460050021002
https://doi.org/10.1001/archneur.1963.00460050021002
https://doi.org/10.1002/mds.28491
https://doi.org/10.1002/mds.28491
https://doi.org/10.1001/archneur.1996.00550040074016
https://doi.org/10.1001/archneur.1996.00550040074016
https://doi.org/10.1111/nan.12262
https://doi.org/10.1086/302909
https://doi.org/10.1086/302909
https://doi.org/10.1038/s41598-017-14254-7
https://doi.org/10.1038/s41598-017-14254-7
https://doi.org/10.1007/s00415-008-0844-4
https://doi.org/10.1007/s00415-008-0844-4
https://doi.org/10.3389/fped.2022.919996
https://doi.org/10.1212/01.WNL.0000172638.58172.5a
https://doi.org/10.1002/humu.24089
https://doi.org/10.1038/jhg.2016.137
https://doi.org/10.1038/jhg.2016.137
https://doi.org/10.1001/archneurol.2008.535
https://doi.org/10.1093/brain/awu348
https://doi.org/10.1038/s10038-017-0365-z
https://doi.org/10.1038/s10038-017-0365-z
https://doi.org/10.1093/brain/aws255
https://doi.org/10.1038/s41598-017-14176-4
https://doi.org/10.1038/s41598-017-14176-4
https://doi.org/10.1001/archneur.64.5.749
https://doi.org/10.1001/archneur.64.5.749


20Hassan Tremor and Other Hyperkinetic Movements DOI: 10.5334/tohm.747

86. Conroy J, McGettigan P, Murphy R, Webb D, Murphy SM, 

McCoy B, et al. A novel locus for episodic ataxia:UBR4 the 

likely candidate. Eur J Hum Genet. 2014; 22(4): 505–10. DOI: 

https://doi.org/10.1038/ejhg.2013.173

87. Damak M, Riant F, Boukobza M, TournierLasserve E, 

Bousser MG, Vahedi K. Late onset hereditary episodic ataxia. 

J Neurol Neurosurg Psychiatry. 2009; 80(5): 566–8. DOI: 

https://doi.org/10.1136/jnnp.2008.150615

88. De Michele G, Galatolo D, Galosi S, Mignarri A, Silvestri 

G, Casali C, et al. Episodic ataxia and severe infantile 

phenotype in spinocerebellar ataxia type 14: expansion of 

the phenotype and novel mutations. J Neurol. 2022; 269(3): 

1476–84. DOI: https://doi.org/10.1007/s00415021107125

89. Groth CL, Berman BD. Spinocerebellar Ataxia 27: A Review 

and Characterization of an Evolving Phenotype. Tremor 

Other Hyperkinet Mov (N Y). 2018; 8: 534. DOI: https://doi.

org/10.5334/tohm.436

90. Piarroux J, Riant F, Humbertclaude V, Remerand G, Hadjadj 

J, Rejou F, et al. FGF14related episodic ataxia: delineating 

the phenotype of Episodic Ataxia type 9. Ann Clin Transl 

Neurol. 2020; 7(4): 565–72. DOI: https://doi.org/10.1002/

acn3.51005

91. Coebergh JA, Fransen van de Putte DE, Snoeck IN, 

Ruivenkamp C, van Haeringen A, Smit LM. A new variable 

phenotype in spinocerebellar ataxia 27 (SCA 27) caused by 

a deletion in the FGF14 gene. Eur J Paediatr Neurol. 2014; 

18(3): 413–5. DOI: https://doi.org/10.1016/j.ejpn.2013.10.006

92. Schesny M, Joncourt F, Tarnutzer AA. Acetazolamide

Responsive Episodic Ataxia Linked to Novel Splice Site Variant 

in FGF14 Gene. Cerebellum. 2019; 18(3): 649–53. DOI: https://

doi.org/10.1007/s1231101809973

93. Gazulla J, IzquierdoAlvarez S, RuizFernandez E, 

LazaroRomero A, Berciano J. Episodic Vestibulocerebellar 

Ataxia Associated with a CACNA1G Missense Variant. 

Case Rep Neurol. 2021; 13(2): 347–54. DOI: https://doi.

org/10.1159/000515974

94. Sesh S, Radhakrishnan A. Episodic ataxia in a child with 

senataxin mutation. Neurol India. 2018; 66(3): 842–4. DOI: 

https://doi.org/10.4103/00283886.232295

95. Salles PA, Mata IF, Brunger T, Lal D, Fernandez HH. ATP1A3

Related Disorders: An EverExpanding Clinical Spectrum. 

Front Neurol. 2021; 12: 637890. DOI: https://doi.org/10.3389/

fneur.2021.637890

96. Maas RP, Schieving JH, Schouten M, Kamsteeg EJ, 

van de Warrenburg BP. The Genetic Homogeneity of 

CAPOS Syndrome: Four New Patients With the c.2452G>A 

(p.Glu818Lys) Mutation in the ATP1A3 Gene. Pediatr 

Neurol. 2016; 59: 71–5.e1. DOI: https://doi.org/10.1016/j.

pediatrneurol.2016.02.010

97. Vezyroglou A, Akilapa R, Barwick K, Koene S, Brownstein 

CA, HolderEspinasse M, et al. The Phenotypic Continuum of 

ATP1A3Related Disorders. Neurology. 2022; 99(14): e1511–

e26. DOI: https://doi.org/10.1212/WNL.0000000000200927

98. Koch H, Weber YG. The glucose transporter type 1 (Glut1) 

syndromes. Epilepsy Behav. 2019; 91: 90–3. DOI: https://doi.

org/10.1016/j.yebeh.2018.06.010

99. Tchapyjnikov D, Mikati MA. Acetazolamideresponsive 

Episodic Ataxia Without Baseline Deficits or Seizures 

Secondary to GLUT1 Deficiency: A Case Report and Review of 

the Literature. Neurologist. 2018; 23(1): 17–8. DOI: https://

doi.org/10.1097/NRL.0000000000000168

100. Gardiner AR, Jaffer F, Dale RC, Labrum R, Erro R, Meyer E, 

et al. The clinical and genetic heterogeneity of paroxysmal 

dyskinesias. Brain. 2015; 138(Pt 12): 3567–80. DOI: https://

doi.org/10.1093/brain/awv310

101. Gras D, Roze E, Caillet S, Meneret A, Doummar D, Billette 

de Villemeur T, et al. GLUT1 deficiency syndrome: an 

update. Rev Neurol (Paris). 2014; 170(2): 91–9. DOI: https://

doi.org/10.1016/j.neurol.2013.09.005

102. OhshiroSasaki A, Shimbo H, Takano K, Wada T, Osaka H. 

A threeyearold boy with glucose transporter type 1 

deficiency syndrome presenting with episodic ataxia. Pediatr 

Neurol. 2014; 50(1): 99–100. DOI: https://doi.org/10.1016/j.

pediatrneurol.2013.09.002

103. Leen WG, Klepper J, Verbeek MM, Leferink M, Hofste T, 

van Engelen BG, et al. Glucose transporter1 deficiency 

syndrome: the expanding clinical and genetic spectrum of 

a treatable disorder. Brain. 2010; 133(Pt 3): 655–70. DOI: 

https://doi.org/10.1093/brain/awp336

104. RammPettersen A, Nakken KO, Skogseid IM, Randby H, 

Skei EB, Bindoff LA, et al. Good outcome in patients with 

early dietary treatment of GLUT1 deficiency syndrome: 

results from a retrospective Norwegian study. Dev Med Child 

Neurol. 2013; 55(5): 440–7. DOI: https://doi.org/10.1111/

dmcn.12096

105. Jinnah HA, Albanese A, Bhatia KP, Cardoso F, Da Prat G, 

de Koning TJ, et al. Treatable inherited rare movement 

disorders. Mov Disord. 2018; 33(1): 21–35. DOI: https://doi.

org/10.1002/mds.27140

106. Corbett MA, Bellows ST, Li M, Carroll R, Micallef S, Carvill 

GL, et al. Dominant KCNA2 mutation causes episodic 

ataxia and pharmacoresponsive epilepsy. Neurology. 

2016; 87(19): 1975–84. DOI: https://doi.org/10.1212/

WNL.0000000000003309

107. Döring JH, Schröter J, Jüngling J, Biskup S, Klotz KA, Bast T, 

et al. Refining Genotypes and Phenotypes in KCNA2Related 

Neurological Disorders. Int J Mol Sci. 2021; 22(6). DOI: https://

doi.org/10.3390/ijms22062824

108. Schwarz N, Bast T, Gaily E, Golla G, Gorman KM, Griffiths 

LR, et al. Clinical and genetic spectrum of SCN2Aassociated 

episodic ataxia. Eur J Paediatr Neurol. 2019; 23(3): 438–47. 

DOI: https://doi.org/10.1016/j.ejpn.2019.03.001

https://doi.org/10.1038/ejhg.2013.173
https://doi.org/10.1136/jnnp.2008.150615
https://doi.org/10.1007/s00415-021-10712-5
https://doi.org/10.5334/tohm.436
https://doi.org/10.5334/tohm.436
https://doi.org/10.1002/acn3.51005
https://doi.org/10.1002/acn3.51005
https://doi.org/10.1016/j.ejpn.2013.10.006
https://doi.org/10.1007/s12311-018-0997-3
https://doi.org/10.1007/s12311-018-0997-3
https://doi.org/10.1159/000515974
https://doi.org/10.1159/000515974
https://doi.org/10.4103/0028-3886.232295
https://doi.org/10.3389/fneur.2021.637890
https://doi.org/10.3389/fneur.2021.637890
https://doi.org/10.1016/j.pediatrneurol.2016.02.010
https://doi.org/10.1016/j.pediatrneurol.2016.02.010
https://doi.org/10.1212/WNL.0000000000200927
https://doi.org/10.1016/j.yebeh.2018.06.010
https://doi.org/10.1016/j.yebeh.2018.06.010
https://doi.org/10.1097/NRL.0000000000000168
https://doi.org/10.1097/NRL.0000000000000168
https://doi.org/10.1093/brain/awv310
https://doi.org/10.1093/brain/awv310
https://doi.org/10.1016/j.neurol.2013.09.005
https://doi.org/10.1016/j.neurol.2013.09.005
https://doi.org/10.1016/j.pediatrneurol.2013.09.002
https://doi.org/10.1016/j.pediatrneurol.2013.09.002
https://doi.org/10.1093/brain/awp336
https://doi.org/10.1111/dmcn.12096
https://doi.org/10.1111/dmcn.12096
https://doi.org/10.1002/mds.27140
https://doi.org/10.1002/mds.27140
https://doi.org/10.1212/WNL.0000000000003309
https://doi.org/10.1212/WNL.0000000000003309
https://doi.org/10.3390/ijms22062824
https://doi.org/10.3390/ijms22062824
https://doi.org/10.1016/j.ejpn.2019.03.001


21Hassan Tremor and Other Hyperkinetic Movements DOI: 10.5334/tohm.747

109. Maksemous N, Smith RA, Sutherland HG, Sampaio H, 

Griffiths LR. WholeExome Sequencing Implicates SCN2A 

in Episodic Ataxia, but Multiple Ion Channel Variants May 

Contribute to Phenotypic Complexity. Int J Mol Sci. 2018; 

19(10). DOI: https://doi.org/10.3390/ijms19103113

110. Wolff M, Brunklaus A, Zuberi SM. Phenotypic spectrum and 

genetics of SCN2Arelated disorders, treatment options, 

and outcomes in epilepsy and beyond. Epilepsia. 2019; 

60(Suppl 3): S59–s67. DOI: https://doi.org/10.1111/epi.14935

111. Schwarz N, Hahn A, Bast T, Müller S, Löffler H, Maljevic S, 

et al. Mutations in the sodium channel gene SCN2A cause 

neonatal epilepsy with lateonset episodic ataxia. J Neurol. 

2016; 263(2): 334–43. DOI: https://doi.org/10.1007/s00415

01579840

112. Richardson R, Baralle D, Bennett C, Briggs T, Bijlsma EK, 

ClaytonSmith J, et al. Further delineation of phenotypic 

spectrum of SCN2Arelated disorder. Am J Med Genet 

A. 2022; 188(3): 867–77. DOI: https://doi.org/10.1002/

ajmg.a.62595

113. Passi GR, Mohammad SS. Dominant SCN2A mutation 

with variable phenotype in two generations. Brain Dev. 

2021; 43(1): 166–9. DOI: https://doi.org/10.1016/j.

braindev.2020.08.009

114. Fazeli W, Becker K, Herkenrath P, Düchting C, Körber F, 

Landgraf P, et al. Dominant SCN2A Mutation Causes Familial 

Episodic Ataxia and Impairment of Speech Development. 

Neuropediatrics. 2018; 49(6): 379–84. DOI: https://doi.

org/10.1055/s00381668141

115. Leach EL, van Karnebeek CD, Townsend KN, Tarailo

Graovac M, Hukin J, Gibson WT. Episodic ataxia associated 

with a de novo SCN2A mutation. Eur J Paediatr Neurol. 2016; 

20(5): 772–6. DOI: https://doi.org/10.1016/j.ejpn.2016.05.020

116. Amadori E, Pellino G, Bansal L, Mazzone S, Møller RS, 

Rubboli G, et al. Genetic paroxysmal neurological disorders 

featuring episodic ataxia and epilepsy. Eur J Med Genet. 

2022; 65(4): 104450. DOI: https://doi.org/10.1016/j.

ejmg.2022.104450

117. Heron SE, Grinton BE, Kivity S, Afawi Z, Zuberi SM, Hughes 

JN, et al. PRRT2 mutations cause benign familial infantile 

epilepsy and infantile convulsions with choreoathetosis 

syndrome. Am J Hum Genet. 2012; 90(1): 152–60. DOI: 

https://doi.org/10.1016/j.ajhg.2011.12.003

118. Chen WJ, Lin Y, Xiong ZQ, Wei W, Ni W, Tan GH, et al. Exome 

sequencing identifies truncating mutations in PRRT2 that 

cause paroxysmal kinesigenic dyskinesia. Nat Genet. 2011; 

43(12): 1252–5. DOI: https://doi.org/10.1038/ng.1008

119. Wang JL, Cao L, Li XH, Hu ZM, Li JD, Zhang JG, et al. 

Identification of PRRT2 as the causative gene of paroxysmal 

kinesigenic dyskinesias. Brain. 2011; 134(Pt 12): 3493–501. 

DOI: https://doi.org/10.1093/brain/awr289

120. Erro R, Sheerin UM, Bhatia KP. Paroxysmal dyskinesias 

revisited: a review of 500 genetically proven cases and a new 

classification. Mov Disord. 2014; 29(9): 1108–16. DOI: https://

doi.org/10.1002/mds.25933

121. Gardiner AR, Bhatia KP, Stamelou M, Dale RC, Kurian 

MA, Schneider SA, et al. PRRT2 gene mutations: from 

paroxysmal dyskinesia to episodic ataxia and hemiplegic 

migraine. Neurology. 2012; 79(21): 2115–21. DOI: https://doi.

org/10.1212/WNL.0b013e3182752c5a

122. Legris N, Chassin O, Nasser G, Riant F, TournierLasserve 

E, Denier C. AcuteOnset Ataxia and Transient Cerebellar 

Diffusion Restriction Associated with a PRRT2 Mutation. J 

Stroke Cerebrovasc Dis. 2019; 28(2): e3–e4. DOI: https://doi.

org/10.1016/j.jstrokecerebrovasdis.2018.10.021

123. EbrahimiFakhari D, Teinert J, Behne R, Wimmer M, 

D’Amore A, Eberhardt K, et al. Defining the clinical, 

molecular and imaging spectrum of adaptor protein complex 

4associated hereditary spastic paraplegia. Brain. 2020; 

143(10): 2929–44. DOI: https://doi.org/10.1093/brain/awz307

124. Valtorta F, Benfenati F, Zara F, Meldolesi J. PRRT2: from 

Paroxysmal Disorders to Regulation of Synaptic Function. 

Trends Neurosci. 2016; 39(10): 668–79. DOI: https://doi.

org/10.1016/j.tins.2016.08.005

125. Delcourt M, Riant F, Mancini J, Milh M, Navarro V, Roze 

E, et al. Severe phenotypic spectrum of biallelic mutations 

in PRRT2 gene. J Neurol Neurosurg Psychiatry. 2015; 86(7): 

782–5. DOI: https://doi.org/10.1136/jnnp2014309025

126. Najmabadi H, Hu H, Garshasbi M, Zemojtel T, Abedini SS, 

Chen W, et al. Deep sequencing reveals 50 novel genes 

for recessive cognitive disorders. Nature. 2011; 478(7367): 

57–63. DOI: https://doi.org/10.1038/nature10423

127. Labate A, Tarantino P, Viri M, Mumoli L, Gagliardi M, 

Romeo A, et al. Homozygous c.649dupC mutation in PRRT2 

worsens the BFIS/PKD phenotype with mental retardation, 

episodic ataxia, and absences. Epilepsia. 2012; 53(12): e196–

9. DOI: https://doi.org/10.1111/epi.12009

128. Zimmern V, Riant F, Roze E, Ranza E, LehmannHorn F, de 

Bellescize J, et al. InfantileOnset Paroxysmal Movement 

Disorder and Episodic Ataxia Associated with a TBC1D24 

Mutation. Neuropediatrics. 2019; 50(5): 308–12. DOI: https://

doi.org/10.1055/s00391688410

129. Pavuluri H, Alfiya F, Menon RN, Nair SS, Sundaram S. 

Pyruvate Dehydrogenase Complex Deficiency Due to PDHA1 

MutationA Rare Treatable Cause for Episodic Ataxia in 

Children. Indian J Pediatr. 2022; 89(5): 519. DOI: https://doi.

org/10.1007/s1209802104068x

130. Blackburn PR, Schultz MJ, Lahner CA, Li D, Bhoj E, Fisher LJ, 

et al. Expanding the clinical and phenotypic heterogeneity 

associated with biallelic variants in ACO2. Ann Clin Transl 

Neurol. 2020; 7(6): 1013–28. DOI: https://doi.org/10.1002/

acn3.51074

131. Winchester S, Singh PK, Mikati MA. Ataxia. Handb Clin 

Neurol. 2013; 112: 1213–7. DOI: https://doi.org/10.1016/

B9780444529107.00043X

https://doi.org/10.3390/ijms19103113
https://doi.org/10.1111/epi.14935
https://doi.org/10.1007/s00415-015-7984-0
https://doi.org/10.1007/s00415-015-7984-0
https://doi.org/10.1002/ajmg.a.62595
https://doi.org/10.1002/ajmg.a.62595
https://doi.org/10.1016/j.braindev.2020.08.009
https://doi.org/10.1016/j.braindev.2020.08.009
https://doi.org/10.1055/s-0038-1668141
https://doi.org/10.1055/s-0038-1668141
https://doi.org/10.1016/j.ejpn.2016.05.020
https://doi.org/10.1016/j.ejmg.2022.104450
https://doi.org/10.1016/j.ejmg.2022.104450
https://doi.org/10.1016/j.ajhg.2011.12.003
https://doi.org/10.1038/ng.1008
https://doi.org/10.1093/brain/awr289
https://doi.org/10.1002/mds.25933
https://doi.org/10.1002/mds.25933
https://doi.org/10.1212/WNL.0b013e3182752c5a
https://doi.org/10.1212/WNL.0b013e3182752c5a
https://doi.org/10.1016/j.jstrokecerebrovasdis.2018.10.021
https://doi.org/10.1016/j.jstrokecerebrovasdis.2018.10.021
https://doi.org/10.1093/brain/awz307
https://doi.org/10.1016/j.tins.2016.08.005
https://doi.org/10.1016/j.tins.2016.08.005
https://doi.org/10.1136/jnnp-2014-309025
https://doi.org/10.1038/nature10423
https://doi.org/10.1111/epi.12009
https://doi.org/10.1055/s-0039-1688410
https://doi.org/10.1055/s-0039-1688410
https://doi.org/10.1007/s12098-021-04068-x
https://doi.org/10.1007/s12098-021-04068-x
https://doi.org/10.1002/acn3.51074
https://doi.org/10.1002/acn3.51074
https://doi.org/10.1016/B978-0-444-52910-7.00043-X
https://doi.org/10.1016/B978-0-444-52910-7.00043-X


22Hassan Tremor and Other Hyperkinetic Movements DOI: 10.5334/tohm.747

132. Salman MS, Lee EJ, Tjahjadi A, Chodirker BN. The 

epidemiology of intermittent and chronic ataxia in children in 

Manitoba, Canada. Dev Med Child Neurol. 2013; 55(4): 341–7. 

DOI: https://doi.org/10.1111/dmcn.12081

133. Gessani A, Cavallieri F, Budriesi C, Zucchi E, Malagoli 

M, Contardi S, et al. Pearls & Oysters: Paroxysmal 

dysarthriaataxia syndrome: Acoustic analysis in a 

case of antiphospholipid syndrome. Neurology. 2019; 

92(23): e2727e31. DOI: https://doi.org/10.1212/

WNL.0000000000007619

134. Klaas JP, Burkholder DB, Singer W, Boes CJ. Harry Lee 

Parker and paroxysmal dysarthria and ataxia. Neurology. 

2013; 80(3): 311–4. DOI: https://doi.org/10.1212/

WNL.0b013e31827dec0f

135. Piffer S, Turri G, Acler M, Richelli S, Cerini R, Fiaschi A, 

et al. Paroxysmal dysarthriaataxia in remittingrelapsing 

Bickerstaff’slike encephalitis. J Neurol Sci. 2014; 341(1–2): 

85–7. DOI: https://doi.org/10.1016/j.jns.2014.04.008

136. Fearon C, O’Toole O. Autoimmune Movement Disorders. 

Semin Neurol. 2018; 38(3): 316–29. DOI: https://doi.

org/10.1055/s00381660851

137. Brown G. Defects of thiamine transport and metabolism. 

J Inherit Metab Dis. 2014; 37(4): 577–85. DOI: https://doi.

org/10.1007/s1054501497129

138. Saini AG, Attri S, Sankhyan N, Singhi P. Hypomorphic 

citrullinaemia due to mutated ASS1 with episodic ataxia. BMJ 

Case Rep. 2018; 2018. DOI: https://doi.org/10.1136/bcr2017

220193

139. Lopez Chiriboga AS, Pittock S. Episodic ataxia in CASPR2 

autoimmunity. Neurol Neuroimmunol Neuroinflamm. 

2019; 6(2): e536. DOI: https://doi.org/10.1212/

NXI.0000000000000536

140. Joubert B, Gobert F, Thomas L, SaintMartin M, Desestret 

V, Convers P, et al. Autoimmune episodic ataxia in patients 

with antiCASPR2 antibodyassociated encephalitis. Neurol 

Neuroimmunol Neuroinflamm. 2017; 4(4): e371. DOI: https://

doi.org/10.1212/NXI.0000000000000371

141. Garrido Sanabria ER, Zahid A, Britton J, Kraus GJ, López

Chiriboga AS, Zekeridou A, et al. CASPR2IgGassociated 

autoimmune seizures. Epilepsia. 2022; 63(3): 709–22. DOI: 

https://doi.org/10.1111/epi.17164

142. Zhang Q, Li Y, Liu R, Huang D, Wu L, Yu S. Paroxysmal 

dysarthriaataxia syndrome: Literature review on MRI 

findings and report of a peculiar case with clinically isolated 

syndrome coexisting with antiNmethyldaspartate 

receptor antibodies. J Neuroimmunol. 2020; 347: 577327. 

DOI: https://doi.org/10.1016/j.jneuroim.2020.577327

143. Langer JE, Lopes MB, Fountain NB, Pranzatelli MR, Thiele 

EA, Rust RS, et al. An unusual presentation of antiHu

associated paraneoplastic limbic encephalitis. Dev Med Child 

Neurol. 2012; 54(9): 863–6. DOI: https://doi.org/10.1111/

j.14698749.2012.04221.x

144. Chiu SY, NozileFirth K, Klassen BT, Adams A, Lee K, Van 

Gompel JJ, et al. Ataxia and tolerance after thalamic deep 

brain stimulation for essential tremor. Parkinsonism Relat 

Disord. 2020; 80: 47–53. DOI: https://doi.org/10.1016/j.

parkreldis.2020.09.009

145. SilveiraMoriyama L, Kovac S, Kurian MA, Houlden H, 

Lees AJ, Walker MC, et al. Phenotypes, genotypes, and 

the management of paroxysmal movement disorders. Dev 

Med Child Neurol. 2018; 60(6): 559–65. DOI: https://doi.

org/10.1111/dmcn.13744

146. Méneret A, Gaudebout C, Riant F, Vidailhet M, Depienne 

C, Roze E. PRRT2 mutations and paroxysmal disorders. Eur 

J Neurol. 2013; 20(6): 872–8. DOI: https://doi.org/10.1111/

ene.12104

147. Bartolini E, Campostrini R, Kiferle L, Pradella S, Rosati E, 

Chinthapalli K, et al. Epilepsy and brain channelopathies 

from infancy to adulthood. Neurol Sci. 2020; 41(4): 749–61. 

DOI: https://doi.org/10.1007/s1007201904190x

148. Lipman AR, Fan X, Shen Y, Chung WK. Clinical and genetic 

characterization of CACNA1Arelated disease. Clin Genet. 

2022; 102(4): 288–95. DOI: https://doi.org/10.1111/

cge.14180

149. Ilyas M, Salpietro V, Efthymiou S, Bourinaris T, Tariq A, 

Imdad M, et al. Identification of common genetic markers of 

paroxysmal neurological disorders using a network analysis 

approach. Neurol Sci. 2020; 41(4): 851–7. DOI: https://doi.

org/10.1007/s1007201904113w

150. Zhang XJ, Xu ZY, Wu YC, Tan EK. Paroxysmal movement 

disorders: Recent advances and proposal of a classification 

system. Parkinsonism Relat Disord. 2019; 59: 131–9. DOI: 

https://doi.org/10.1016/j.parkreldis.2019.02.021

151. Houlden H. Extending the clinical spectrum of pain 

channelopathies. Brain. 2012; 135(Pt 2): 313–6. DOI: https://

doi.org/10.1093/brain/aws007

152. Erro R, Bhatia KP, Espay AJ, Striano P. The epileptic 

and nonepileptic spectrum of paroxysmal dyskinesias: 

Channelopathies, synaptopathies, and transportopathies. 

Mov Disord. 2017; 32(3): 310–8. DOI: https://doi.org/10.1002/

mds.26901

153. Ferrari MD, Klever RR, Terwindt GM, Ayata C, van den 

Maagdenberg AM. Migraine pathophysiology: lessons 

from mouse models and human genetics. Lancet Neurol. 

2015; 14(1): 65–80. DOI: https://doi.org/10.1016/S1474

4422(14)702200

154. Albanese A, Bhatia K, Bressman SB, Delong MR, Fahn 

S, Fung VS, et al. Phenomenology and classification of 

dystonia: a consensus update. Mov Disord. 2013; 28(7): 

863–73. DOI: https://doi.org/10.1002/mds.25475

https://doi.org/10.1111/dmcn.12081
https://doi.org/10.1212/WNL.0000000000007619
https://doi.org/10.1212/WNL.0000000000007619
https://doi.org/10.1212/WNL.0b013e31827dec0f
https://doi.org/10.1212/WNL.0b013e31827dec0f
https://doi.org/10.1016/j.jns.2014.04.008
https://doi.org/10.1055/s-0038-1660851
https://doi.org/10.1055/s-0038-1660851
https://doi.org/10.1007/s10545-014-9712-9
https://doi.org/10.1007/s10545-014-9712-9
https://doi.org/10.1136/bcr-2017-220193
https://doi.org/10.1136/bcr-2017-220193
https://doi.org/10.1212/NXI.0000000000000536
https://doi.org/10.1212/NXI.0000000000000536
https://doi.org/10.1212/NXI.0000000000000371
https://doi.org/10.1212/NXI.0000000000000371
https://doi.org/10.1111/epi.17164
https://doi.org/10.1016/j.jneuroim.2020.577327
https://doi.org/10.1111/j.1469-8749.2012.04221.x
https://doi.org/10.1111/j.1469-8749.2012.04221.x
https://doi.org/10.1016/j.parkreldis.2020.09.009
https://doi.org/10.1016/j.parkreldis.2020.09.009
https://doi.org/10.1111/dmcn.13744
https://doi.org/10.1111/dmcn.13744
https://doi.org/10.1111/ene.12104
https://doi.org/10.1111/ene.12104
https://doi.org/10.1007/s10072-019-04190-x
https://doi.org/10.1111/cge.14180
https://doi.org/10.1111/cge.14180
https://doi.org/10.1007/s10072-019-04113-w
https://doi.org/10.1007/s10072-019-04113-w
https://doi.org/10.1016/j.parkreldis.2019.02.021
https://doi.org/10.1093/brain/aws007
https://doi.org/10.1093/brain/aws007
https://doi.org/10.1002/mds.26901
https://doi.org/10.1002/mds.26901
https://doi.org/10.1016/S1474-4422(14)70220-0
https://doi.org/10.1016/S1474-4422(14)70220-0
https://doi.org/10.1002/mds.25475


23Hassan Tremor and Other Hyperkinetic Movements DOI: 10.5334/tohm.747

TO CITE THIS ARTICLE:
Hassan A. Episodic Ataxias: Primary and Secondary Etiologies, Treatment, and Classification Approaches. Tremor and Other Hyperkinetic 
Movements. 2023; 13(1): 9, pp. 1–23. DOI: https://doi.org/10.5334/tohm.747

Submitted: 29 December 2022     Accepted: 03 March 2023     Published: 28 March 2023 

COPYRIGHT:
© 2023 The Author(s). This is an openaccess article distributed under the terms of the Creative Commons Attribution 4.0 International 
License (CCBY 4.0), which permits unrestricted use, distribution, and reproduction in any medium, provided the original author and source 
are credited. See http://creativecommons.org/licenses/by/4.0/.

Tremor and Other Hyperkinetic Movements is a peerreviewed open access journal published by Ubiquity Press.

https://doi.org/10.5334/tohm.747
http://creativecommons.org/licenses/by/4.0/

	Structure Bookmarks
	Episodic Ataxias: Primary and Secondary Etiologies, Treatment, and Classification Approaches
	Episodic Ataxias: Primary and Secondary Etiologies, Treatment, and Classification Approaches
	Episodic Ataxias: Primary and Secondary Etiologies, Treatment, and Classification Approaches
	Episodic Ataxias: Primary and Secondary Etiologies, Treatment, and Classification Approaches

	ANHAR HASSAN 
	ANHAR HASSAN 
	Link


	ABSTRACT
	ABSTRACT
	Background: Episodic ataxia (EA), characterized by recurrent attacks of cerebellar dysfunction, is the manifestation of a group of rare autosomal dominant inherited disorders. EA1 and EA2 are most frequently encountered, caused by mutations in KCNA1 and CACNA1A. EA3–8 are reported in rare families. Advances in genetic testing have broadened the KCNA1 and CACNA1A phenotypes, and detected EA as an unusual presentation of several other genetic disorders. Additionally, there are various secondary causes of EA 
	Methods: A systematic literature review was performed in October 2022 for ‘episodic ataxia’ and ‘paroxysmal ataxia’, restricted to publications in the last 10 years to focus on recent clinical advances. Clinical, genetic, and treatment characteristics were summarized.
	Results: EA1 and EA2 phenotypes have further broadened. In particular, EA2 may be accompanied by other paroxysmal disorders of childhood with chronic neuropsychiatric features. New treatments for EA2 include dalfampridine and fampridine, in addition to 4aminopyridine and acetazolamide. There are recent proposals for EA9–10. EA may also be caused by gene mutations associated with chronic ataxias (SCA-14, SCA-27, SCA-42, AOA2, CAPOS), epilepsy syndromes (KCNA2, SCN2A, PRRT2), GLUT1, mitochondrial disorders
	Discussion: EA may be overlooked or misdiagnosed for a variety of reasons, including phenotypegenotype variability and clinical overlap between primary and secondary causes. EA is highly treatable, so it is important to consider in the differential diagnosis of paroxysmal disorders. Classical EA1 and EA2 phenotypes prompt single gene test and treatment pathways. For atypical phenotypes, next generation genetic testing can aid diagnosis and guide treatment. Updated classification systems for EA are discusse

	INTRODUCTION
	INTRODUCTION
	The term ‘episodic ataxia’ originally refers to a small group of rare autosomal dominant inherited disorders []. These are characterized by discrete attacks of cerebellar dysfunction (ataxia) of variable duration and frequency, often accompanied by other ictal and interictal symptoms. The incidence is likely less than 1 per 100,000, but may be underestimated due to restricted genetic testing and unidentified genes []. The group comprises eight subtypes (EA 1–8). EA1 and EA2 are the most common subtypes, cau
	1
	2
	3

	With increased availability of genetic testing, the phenotypic spectrum of EA1 and EA2 has broadened. Moreover, an increasing number of reports have surfaced of EA as a rare manifestation of other genetic disorders (e.g. epilepsies, paroxysmal dyskinesias, metabolic disorders) []. There are also secondary causes of EA that may be encountered, most commonly vascular, multiple sclerosis, or inflammatory disorders. These may be suggested by onset after adolescence, negative family history, greater attack varia
	4
	4

	This review will focus on providing an update for neurologists and movement disorders specialists regarding clinical and genetic classifications of EA, and a diagnostic and management approach.
	METHODS
	A systematic literature search of PubMed was performed in October 2022 using the search term ‘episodic ataxia’ (656 articles) and ‘paroxysmal ataxia’ (535 articles). (). Restricting the search to manuscripts published within the last 10 years, English language, human subjects, and removal of duplications, yielded 330 articles. After screening titles and abstracts, nonrelevant articles were excluded. Of these, 157 reviews, case reports, case series, and literature reviews including systematic reviews were e
	Figure 1

	RESULTS
	PRIMARY EA
	These still formally comprise 8 subtypes, with recent proposals for EA9 and EA10. () Amongst EA1–8, there are 5 known genes, and at least 8 loci. All identified genes, except UBR4 (EA8), encode ion channel proteins, and are important in excitatory neurotransmission []. Both EA1 and EA2 are wellestablished classical channelopathies, with numerous cases/families reported, a known gene comprising numerous mutations, and a narrow classical phenotype. Both EA1 and EA2 have broadened their phenotypes considerabl
	Table 1
	2

	EA1
	Clinical
	The classical description, first defined in 1975, is brief attacks of ataxia and vertigo []. Constant myokymia of the face or limb muscles, detected clinically or via electromyography, affects almost all patients []. Onset is typically in childhood, on average at age 7.8 years [, ]. Attack triggers are numerous; most commonly physiological stressors (exercise, emotional stress, environmental heat, fever, menstruation), caffeine, or alcohol. Sudden movement (kinesogenic trigger), startle, and spontaneous ons
	5
	6
	6
	7
	6
	8
	5
	6
	9
	6
	8
	6

	Genetics
	EA1 is mostly familial, although de novo mutations occur []. The KCNA1 gene, discovered in 1994, encodes the fast voltagegated potassium channel Kv1.1, and mutations result in a potassium channelopathy [, ]. Kv1.1 is a critical regulator of neuronal excitability in the central and peripheral nervous system, reflecting the neurologic manifestations of EA1. Each Kv1.1 channel is composed of four αsubunits forming a functional transmembrane pore []. Each αsubunit has six transmembrane spanning segments (hel
	10
	3
	11
	3
	10
	3
	5
	3
	3

	Expanded description
	Diplopia, dysarthria, nausea, or headache may accompany attacks. Neuromyotonia of variable severity is common, suggested by muscular stiffening, painful contractures, muscle cramps, twitching, or muscle hypertrophy []. Other neuromuscular features may include cataplexy, dystonia, distal weakness, and malignant hyperthermia [, , , –]. Sweating, hot flushes, palpitations, paroxysmal dyspnea, or sensory symptoms are rare features [, , ]. Most patients have normal cerebellar function between attacks and normal 
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	No single phenotypegenotype correlation reported. The same KCNA1 mutation can show marked clinical variability within the same family or even in twins. This suggests other genetic modifiers or environmental factors influence clinical severity [, ]. There may be other genes responsible for EA1, as phenocopies (i.e. KCNA1negative cases of EA1) have been identified. The KCNAnegative phenocopies have male predominance and longer attacks versus KCNA1positive cases []. Over half of KCNA1 variants result in EA
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	Management
	The diagnosis is based on clinical findings, electrophysiology studies, and genetic confirmation of KCNA1 mutation. Many patients do not seek treatment because attacks are brief and improve with age []. A variety of antiseizure medications can diminish attacks, including carbamazepine, phenytoin, and lamotrigine [, , ]. Carbamazepine improved the severity of myokymia, in addition to ataxia, in a patient with a novel KCNA1 mutation []. Acetazolamide and benzodiazepines are helpful in rare cases [, ]. However
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	EA2
	Clinical
	This is the most common hereditary episodic ataxia. The classical description, first published in 1946, is intermittent spells of ataxia and dysarthria lasting several hours, possibly up to 2–3 days [, ]. There is interictal nystagmus between attacks, a useful clinical clue. This may be primary position downbeat, gazeevoked or rebound nystagmus [, , ]. The attack triggers include emotional or physiological stress, exercise, alcohol and caffeine []. Onset in childhood is most common but it can occur in the 
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	Genetics
	CACNA1A was identified as the genetic cause in 1996, and causes a calcium channelopathy []. CACNA1A encodes the alpha 1A subunit of the P/Qtype voltagegated calcium channel (Cav2.1). The P/Q channel is expressed throughout the CNS, most densely in cerebellar Purkinje cells and granule layer neurons. It is mainly found on presynaptic terminals and is important for synaptic transmission. CACNA1A gene mutations for EA2 have high but incomplete penetrance at 80–90%. Over 100 pathologic mutations are reported 
	28
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	In addition to EA2, CACNA1A mutations can result in two other autosomal dominant disorders: familial hemiplegic migraine type 1 (FHM1) and spinocerebellar ataxia type 6 (SCA6). While EA2 is associated with lossoffunction mutations, FHM1 is caused by gainoffunction mutations of the alpha subunit of the Cav 2.1 channel, while SCA6 is caused by a polyglutamine repeat expansion in the alpha subunit []. Clinical overlap between EA2, FHM1 and SCA6 is reported. Most FHM1 patients have cerebellar signs and symp
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	Expanded description
	Episodic weakness may occur during the attack, including generalized weakness, hemiplegic weakness, and ‘myastheniclike’ weakness associated with variability of neuromuscular transmission on repetitive nerve stimulation []. Interictal vestibular impairment has been observed, suggesting degeneration of the vestibulocerebellum or vestibular nuclei []. Other eye movement abnormalities have been reported, including slowed abduction during smooth pursuit, slow saccade velocities, and exerciseinduced downbeat n
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	Complicated EA2 syndromes have been reported, where a combination of epilepsy, cognitive impairment, and autism appear in very early childhood, often with cerebellar atrophy, before typical EA2 attacks emerge in later life [, , ]. In a cohort of CACNA1Apositive infantileonset disorders, nearly all had congenital cerebellar ataxia or paroxysmal events, frequently with cognitive disorders, followed by epilepsy and cerebellar atrophy after age two []. Another study of CACNA1A carriers reported absence epilep
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	Neurophysiological studies may show abnormal signatures for EA2. EEG abnormalities are highly prevalent between attacks, especially in younger patients or with earlyonset attacks []. Amongst CACNA1Apositive adult cases with EA, instrumented gait analysis can detect a specific gait signature of narrowbased gait and lower landing acceleration []. In pediatric cases, single fiber EMG can be a useful diagnostic aid to confirm abnormal neuromuscular transmission, where genetic analysis is difficult or novel m
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	A single CACNA1A mutation can result in widely different phenotypes, even within the same family (e.g. EA, FHM, chronic ataxia, headaches) [, –]. A Korean study suggested possible anticipation in an EA2 family with childhood epilepsy, with splice site mutation and normal repeat number []. Increased phenotypic variability and large numbers of variants of uncertain significance (VUS) are becoming challenges in the genetic diagnosis of CACNA1A.
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	Management
	Diagnosis can be made by a combination of clinical features and confirmed by genetic testing. EA2 is usually distinguished from other EAs by attack duration and interictal nystagmus. However, misdiagnosis as functional ataxia, anxiety, TIA, seizures or migraines has been reported before the correct genetic diagnosis was made [, –].
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	Acetazolamide can reduce or completely abolish attacks, and is a hallmark of the disease. It is a carbonic anhydrase inhibitor but the mode of action is not well understood for EA []. About 50–75% patients report improvement with 250 mg to 1000 mg daily. However side effects of nephrolithiasis, paresthesia, and fatigue may limit tolerance []. The potassium channel blocker 4aminopyridine (4AP) is also effective, reducing the number of attacks and improving quality of life in an RCT []. Dalfampridine, a slo
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	EA3: (gene unknown)
	This was reported in a single large Canadian family in 2001. It resembles EA1, with short attacks with vertigo and tinnitus and interictal myokymia. It may respond to acetazolamide []. It is distinguished by EA1 and EA2 by vertigo and tinnitus accompanying the attacks, absent interictal nystagmus, and shorter attacks. Linkage studies excluded KCNA1 and CACNA1A as a cause, and mapped the gene 1q42 with a high LOD score, but only after adapting linkage parameters []. Some have questioned the reliability of th
	67
	68

	EA4: (gene unknown)
	This is also termed ‘periodic vestibulocerebellar ataxia’ and ‘North Carolina autosomal dominant ataxia’. It is reported in 2 families from North Carolina, suggesting a common single founder. It is characterized by ataxia, vertigo, episodic impaired smooth pursuit, gazeevoked nystagmus, and diplopia []. The onset is between 30–60 years, and symptoms worsen over time. It resembles EA2 but without interictal nystagmus, and it does not respond to acetazolamide. Gabapentin may relieve vertigo symptoms in EA4 [
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	EA5: (CACNB4)
	This was reported in a single FrenchCanadian family 20 years ago, with a mutation in CACNB4 gene, coding for the beta4 auxiliary subunit of voltagegated calcium channels (Cav2.1) []. It is late onset and responds to acetazolamide. There were attacks of vertigo and ataxia lasting for several hours, although 1 family member had a single attack lasting for weeks. Interictal examination revealed spontaneous downbeat and gazeevoked nystagmus, mild dysarthria and truncal ataxia. However no additional cases hav
	73
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	EA6: (SLC1A3)
	EA6 has been reported in several Caucasian and Korean families to date, and associated with SLC1A3 mutations in all cases [–]. The phenotype resembles EA2 with long duration attacks, interictal nystagmus, similar triggers, and acetazolamide response []. Migraine, alternating hemiplegia, progressive ataxia and epilepsy may cooccur. Childhood and adult onset is reported, and it appears to have reduced penetrance []. The SLC1A3 gene codes for EAAT1 (excitatory amino acid transporter), a glial Na+–dependent gl
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	EA7: (unknown gene)
	This was reported in 7 members of a 4generation family in 2007. It is similar to EA2 but without interictal nystagmus. This was mapped to 19q13 with a LOD score slightly above significance cutoff. Sequencing of 2 candidate genes in this region (KCNC3, SLC17A7) did not identify a mutation [].
	85

	EA8: (UBR4)
	This was first reported in 2016 in an Irish 3generation family []. This presented by age 2, much earlier than EAs 1–7. There are episodic attacks with impaired balance, dysarthria, and generalized weakness. Attacks can be triggered by physical fatigue or stress. Interictal examination can show intention tremor, eyelid myokymia, and impaired tandem gait. Attacks vary in duration from minutes to hours, and frequency ranges from daily to every few months. Migraine with aura may cooccur. Attacks respond to cl
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	EPISODIC ATAXIAS ASSOCIATED WITH OTHER GENETIC DISORDERS
	There are a growing number of genetic disorders that can present with EA either alone or embedded in a complex syndrome. These include chronic ataxia disorders (SCA-14, SCA-27, SCA-35, SCA-42, AOA2, CAPOS,), genetic epilepsy syndromes (KCNA2, SCN2A, PRRT2, TBC1D24), GLUT1, mitochondrial disorders (PDHA1, PDHX, TPK1, DARS2, ACO2), metabolic disorders [aminoacidopathies (Maple syrup urine disease: BCKDHA, BCKDHB, DBT; Hartnup disease: SLC6A19), urea cycle defects (type I citrullinemia: ASS1), thiamine metabo
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	SCA-14 (PRKCG)
	SCA14 is a dominantly inherited slowly progressive ataxia, sometimes accompanied by parkinsonism, dystonia, myoclonus and cognitive impairment. It is caused by mutations in PRKCG gene encoding protein kinase C gamma (PRKγ). PRKCG mutations may also present with adultonset episodic ataxia, with a frequency of 1/14 PRKCGpositive patients [].
	88

	SCA-27 (FGF14)
	SCA27 is a lateonset progressive ataxia with parkinsonism, postural tremor and titubation; 20% have coexistent episodic ataxia []. It is caused by mutations in FGF14 gene which encodes Fibroblast Growth Factor 14. This protein is highly expressed in the brain, especially Purkinje cells, where it interacts with voltagegated Na+ channels to regulate neuronal excitability []. Isolated EA is also reported to be caused by heterozygous FGF14 gene mutations [, –]. Onset age ranges widely from early childhood t
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	SCA-42/epilepsy (CACNA1G)
	CACNA1G encodes the poreforming α1G subunit of Ttype voltage gated calcium channel (VGCC). Mutations in CACNA1G cause generalized absence epilepsy and SCA42. A single family is reported with episodic vestibulocerebellar ataxia associated with a mutation in the CACNA1G gene []. There were attacks of dizziness, unsteadiness, headache and facial numbness, and headmovement induced vertigo. Attacks lasted up to several months in duration. Interictal examination showed cerebellar findings and bilateral vestibu
	93

	AOA2 (SETX)
	Mutations in SETX (senataxin) account for two separate clinical syndromes. Oculomotor apraxia type 2 (AOA2), an autosomal recessive spinocerebellar ataxia, with adolescent or early adult onset progressive ataxia, oculomotor apraxia, neuropathy, cerebellar atrophy, and elevated alphafetoprotein levels. Autosomal dominant juvenileonset motor neuron disease (ALS4) is also characterized. There is a single case report of a 4 year old boy presenting with isolated severe EA attacks lasting 20–30 minutes, and int
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	CAPOS/RODP/AHC (ATP1A3)
	Mutations in the ATP1A3 gene mutation cause a broad spectrum of neurologic disorders. These include the clinical syndrome of cerebellar ataxia, areflexia, pes cavus, optic atrophy and sensorineural hearing loss (CAPOS), rapidonset dystonia parkinsonism (RODP), and alternating hemiplegia of childhood (AHM) []. It may also present with paroxysmal ataxia triggered by fever, with attacks responsive to acetazolamide []. Dystonia, hypotonia, neuropsychiatric symptoms, cognitive impairment, and microcephaly may a
	95
	96
	97

	GLUT-1 (SLC2A1)
	The SLC2A1 gene encodes glucose transporter protein type 1 (GLUT1) which facilitates glucose transport across the bloodbrain barrier, and is critical for brain energy. The GLUT1 deficiency syndrome is a result of inadequate brain glucose transport. The main phenotype is a severe chronic neurologic disorder (microcephaly, developmental delay, early infantile seizures, ataxia) []. About 10% do not have this phenotype, and instead have milder paroxysmal variants often provoked by fasting or exercise, such as
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	Epilepsy spectrum disorder (KCNA2)
	A spectrum of neurological disorders may be caused by mutations in the KCNA2 gene, which encodes voltagegated potassium channel Kv1.2. Early onset developmental and epileptic encephalopathy, intellectual disability, and ataxia are recognized. A milder phenotype of episodic ataxia, epilepsy, and complicated hereditary spastic paraplegia is reported [, ].
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	Epilepsy spectrum disorder (SCN2A)
	Mutations in SCN2A are associated with a spectrum of neurological disorders from benign to severe epilepsies, autism spectrum disorder and intellectual disability [, ]. SCN2A encodes the alpha subunit of voltage gated neuronal Nav1.2 channel. Lossoffunction mutations result in severe epilepsy, intellectual disability and autism, whereas gainoffunction mutations cause benign familial neonate infantile seizures (BFNIS) with or without EA []. Patients with BFNIS have seizures before age 3 months which reso
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	PKD/epilepsy (PRRT2)
	PRRT2 (prolinerich transmembrane protein 2) mutations are responsible for a spectrum of paroxysmal neurological disorders. The 3 main phenotypes are paroxysmal kinesogenic dyskinesia (PKD), benign familial infantile convulsions (BFIC) and infantile convulsions and choreoathosis (ICCA) [–]. Other phenotypes include migraine, FHM and epilepsy []. EA appears to be a rare manifestation of PPRT2 mutations. In 1 large study of 374 PRRT2positive patients, episodic ataxia was only occasionally reported []. In ano
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	Epilepsy spectrum/DOORS (TBC1D24)
	Mutations in the TBC1D24 presynaptic protein are associated with a neurological spectrum of epilepsy, chronic encephalopathy, DOORS (deafness, onychodystrophy, osteodystrophy, mental retardation and seizures), hearing loss, and myoclonus. Biallelic mutations of TBC1D24 were found in an infant with EA and myoclonus, with a later finding of cerebellar atrophy in adolescence [].
	128

	Mitochondrial disorders
	EA cases are reported in mitochondrial disorders, such as pyruvate dehydrogenase complex deficiency, (PDHx, PDHA1), TPK1, DARS2, MTATP6, ACO2 genes []. EA can be isolated or occur with other neurological abnormalities. Diagnostic clues are the presence of serum and CSF lactic acidosis. A mild presentation of fevertriggered EA attacks lasting 2 to 7 days, and a normal interictal exam, was observed in a young child with PDH deficiency []. Tests showed elevated serum and CSF lactate, and MRI brain showed dent
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	Unknown genes
	A “lateonset EA” was reported in 2009 of 4 cases in a single 2generation family but the gene is not known []. Onset was in the fifth or sixth decade. Phenotype severity was variable, with more severe cases exhibiting daily attacks with slowly progressive ataxia and poor acetazolamide response. Screening excluded KCNA1 (EA1), CACNA1A, (EA2), and locus for EA2, EA5, EA6 and EA7.
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	SECONDARY (ACQUIRED) EPISODIC ATAXIA
	There is a broad differential diagnosis for acuteonset recurring ataxia []. (). Secondary or acquired EA may resemble primary EA with regards to onsetage, attack variability, and interictal cerebellar findings, but are more likely to have abnormal laboratory and MRI imaging []. Many secondary causes are treatable, and collectively more common that primary EAs, so they are important to consider.
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	The most common secondary disorders are transient ischemic attacks or stroke, multiple sclerosis or other immunemediated disorders []. “Paroxysmal dysarthria and ataxia” (PDA) is a wellrecognized phenomenon in multiple sclerosis, with stereotyped multiple daily episodes of sudden ataxia lasting seconds to minutes, attributed to ephaptic transmission []. This PDA syndrome can mimic genetic EA, and is also reported in immunemediated diseases such as antiphospholipid syndrome, Bickerstaff’s/Bickerstafflike
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	Epileptic pseudoataxia may transiently occur after a seizure. Hypothyroidism can present with recurrent ataxic episodes, and responds to thyroxine. Toxins (e.g. alcohol, antiseizure medications, lead) can present with reversible acute ataxia. Metabolic disorders (e.g. maple syrup urine disease, pyruvate dehydrogenase deficiency, ornithine transcarbamylase deficiency, biotinidase deficiency, Hartnup disease, argininosuccinic aciduria, citrullinemia, thiamine pyrophosphate deficiency) causing EA usually prese
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	Autoimmune ataxias are usually chronic, but three types to date may manifest with EA. CASPR2 (VGKC complex) can present with episodic ataxia and dysarthria, seizures and cognitive dysfunction. MRI brain may be normal or show medial temporal hyperintensity, with elevated CSF protein and positive CASPR2IgG in serum and CSF [–]. It responds to immunotherapy. AntiNMDA receptor autoimmunity can present with paroxysmal dysarthriaataxia syndrome []. AntiHu (ANNA1)associated paraneoplastic limbic encephalitis
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	DIFFERENTIAL DIAGNOSIS FOR EPISODIC ATAXIA
	EA can be mimicked by other paroxysmal disorders with stereotyped attacks of central or peripheral origin (e.g. vestibular migraine, migraine with brainstem aura, seizures, paroxysmal dyskinesias or benign paroxysmal positional vertigo). Patients with EA have been misdiagnosed with migraine, seizures, functional or anxiety disorders, resulting in premature diagnostic closure [, , ]. A personal or family history of epilepsy or migraine may have suggested these alternative more common diagnoses, rather than E
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	APPROACH TO EPISODIC MOVEMENT DISORDERS IN THE CLINIC: (SEE )
	TABLE 3

	Clinical assessment
	EA can be readily misdiagnosed or overlooked. In order to recognize, it is important to routinely include it in the differential diagnosis of spells, whether these are movement or nonmovement based. A detailed history should include: onset age, triggers, duration, frequency, aura, baseline between spells, and response to treatment trials. Patient descriptors may pose challenges (e.g. episodic stiffening due to EA1 versus PKD attack, or EA with episodic cognitive impairment due to EA2 versus seizure). Event
	22

	Investigations
	Brain imaging looking carefully for cerebellar atrophy or other structural brain lesions can provide diagnostic clues for primary or secondary EA. Electroencephalography during a triggered attack can help differentiate EA from an epileptic event. However, baseline EEG abnormalities may be encountered in both EA2 and genetic epilepsies with EA. Laboratory testing (e.g. serum and CSF lactate or glucose can assist diagnosis of mitochondrial disorders or GLUT1 syndromes respectively). For secondary cases, bloo
	Genetic testing
	If one suspects a primary EA that is fairly classical for either EA1 or EA2, proceeding to single gene testing for KCNA1 or CACANA1A may be an appropriate choice. In uncertain cases, a multigene EA panel could be used []. For atypical or complex cases, where other investigations have failed, next generation sequencing or whole exome sequencing has diagnostic utility to detect a causal gene mutation []. Reaching a specific genetic diagnosis can provide clinical value: guide treatment, reduce unnecessary inve
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	Treatment
	For cases that resemble EA1 or EA2, one may proceed directly to firstline treatment (antiseizure medication or acetazolamide, respectively), without requiring genetic confirmation []. If unsuccessful, consider secondline treatment trials. Ultimately, genetic testing is goldstandard for the diagnosis to guide appropriate treatment and longterm management. Many of the primary EAs, other genetic causes of EA, and secondary forms of EA are treatable. (See ).
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	DISCUSSION
	EA encompasses a complicated group of disorders, with continually expanding phenotypes and a growing list of causes. Over the past decade, genetic advances appear to have increased, rather than simplified, diagnostic difficulty. There has been further expansion of EA1 and EA2 phenotypes, identification of about 20 other genetic causes of EA, and reporting of new secondary causes of EA. Moreover, for EAs 3, 4, 5, and 7 many questions remain unanswered, as no new families have been identified or the gene rema
	The genes underpinning EA can exhibit significant overlap with other neurological paroxysmal phenomena, such as epilepsy and migraine. For example, EA and epilepsy associations include EA1 (KCNA1), EA2 (CACNA1A), EA5 (CACNB4), EA6 (SLC1A3), SCN2A, KCNA2, ATP1A3, SLC2A1, and PRRT2 []. This suggests a shared pathophysiological basis, and advances into the underpinnings of EA may translate into better understanding for these other paroxysmal disorders.
	116

	The phenotype is often not accurately predicted by the underlying genotype. Within the same family there can be large variability in attack frequency, disease severity, and treatment response, despite the same genotype. It is presumed that the phenotype must therefore be modulated by environmental factors, modifier genes, or agedependent expression []. This seems plausible as these are episodic (not fixed) disorders, and environmental modifiers are already illustrated by the presence of attack triggers. A 
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	Improved understanding of genotypephenotype relations using molecular and electrophysiological study in animal models and patients may result in better precision medicine. A machinelearning method was recently applied to 47 patients with 33 unique variants in CACNA1A (pathogenic or likely pathogenic) to predict LOF or GOF mutations []. The severity score was significantly higher for GOF variants, S5/S6 helices variants and pVal1392 Met variant. This was interpreted as demonstrating broad disease severity 
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	Using advanced genetic testing may be the crucial step for undiagnosed hereditary EAs, although this can create its own challenges. Genetic testing may be restricted by methodology or techniques, such that the pathogenic gene was omitted, or mutations may not be adequately detected (e.g. repeat expansion, microdeletion). If mutations are detected, there may be additional challenges because of broad phenotype variability, poor genotypephenotype correlations, or a large number of VUS identified (e.g. CACNA1A
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	Prior to advances in genetic testing, all EAs were thought to be channelopathies. Genetic mutations in KCNA1, CACNA1A, CACNB4, SLC1A3, SCN8A, KCNMA1, and ATP1A3 genes that encode ion channels lend support to the channelopathy theory []. Moreover, the overlap of movement disorders, migraine and epilepsy is often described in channelopathy disorders []. However other EA genes do not encode ion channels, suggesting alternative mechanisms []. There is evidence to suggest that the presynaptic terminal is involve
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	The current classification system and diagnostic algorithm for EA frequently designates EA1, EA2 and others. This seems too simplistic given the current number of genes identified. Moreover, clinical prediction for the underlying gene is unreliable, as even classical EA1 and EA2 phenotypes can be KCNA-1 and CACNA1A negative respectively. Empiric treatment may also result in misdiagnosis, e.g. acetazolamide responsive GLUT1. It is likely time to reconsider the nosology for EA.
	The simplest solution might be to ascribe EA numbers to all the genes identified to date for EA. This would be similar to the SCAs, which currently number 50. The caveat is that some genes are more commonly associated with nonEA syndromes. Another suggestion is to classify EA by its mutation. This has been proposed for the PKDs e.g. PKDPRRT2 or PKDSCN8A []. This could be readily used for EA, e.g. EAPRRT2, EA SLC2A1, EASLC1A3, etc. However, a limitation is that this could only be used if a causative ge
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	Therefore, turning to the dystonia classification system may provide a better model for EA classification. This also combines 2 axes: clinical characteristics and etiology, with the goal of helping guide diagnosis and treatment []. Adapting this model for EA, Axis 1 clinical characteristics could include age at onset, attack duration, simple (dysarthriaataxia) or complex attack, interictal exam (normal or abnormal), and other neurologic comorbidities (e.g. epilepsy, intellectual impairment) and Axis 2 etio
	154
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	A final alternative strategy, also borrowing from PKDs, is to consider grouping EAs into categories by presumed pathogenic mechanism: i.e. channelopathies, neurotransmission synaptopathies, brain energy transportopathies, to create a new classification system [].
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	Most EAs are treatable or even curable, so it is important to correctly diagnose them. There are now four effective treatments for EA2 include longacting formulations of 4aminopyridine (dalfampridine and fampridine) in addition to acetazolamide and 4AP. Novel observations of sleepalleviated EA2 attacks may suggest innovative treatment modulators. Many genetic EAs and GLUT1 respond to acetazolamide. A trial of thiamine supplementation could be considered in cases suspicious for disorders of thiamine met
	CONCLUSIONS
	Episodic ataxias may be overlooked or misdiagnosed for a variety of reasons, including phenotypegenotype variability, clinical overlap with primary and secondary causes, and common mimicking disorders. As many primary EAs and secondary EAs are highly treatable, it behooves us to make the correct diagnosis, and to consider EA in the differential diagnosis of paroxysmal neurologic symptoms. EA1 and EA2 phenotypes have greatly expanded, and there are now several treatment options for EA2. There are unanswered
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	Thiamine pyrophosphate deficiency
	Thiamine pyrophosphate deficiency
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	Thiamine
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	Thiamine transporter (SLC19A3)
	Thiamine transporter (SLC19A3)
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	Biotin, Thiamine
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	Biotinidase deficiency (BTD)
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	Biotin
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	Hartnup disease
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	Niacin supplement
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	Dietary restriction of branchedchain amino acids, Thiamine supplement
	Dietary restriction of branchedchain amino acids, Thiamine supplement


	Ornithine transcarbamylase deficiency
	Ornithine transcarbamylase deficiency
	Ornithine transcarbamylase deficiency

	Dietary restriction of nitrogen intake
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	Pyruvate dehydrogenase deficiency (PDHX, PDHA1)
	Pyruvate dehydrogenase deficiency (PDHX, PDHA1)
	Pyruvate dehydrogenase deficiency (PDHX, PDHA1)

	Thiamine, alphalipoic acid, ketogenic diet, dichloroacetate
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	Mitochondrial
	Mitochondrial
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	Mitochondrial cocktail
	Mitochondrial cocktail


	Inflammatory
	Inflammatory
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	Multiple sclerosis
	Multiple sclerosis

	Steroids, diseasemodifying therapies
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	Behcet’s
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	Immunomodulatory treatment
	Immunomodulatory treatment


	Kawasaki disease
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	Highdose aspirin, IVIG, steroids
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	Autoimmune
	Autoimmune
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	Autoimmune (CASPR2, antiNMDAR, antiHu/ANNA1)
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	Steroids, immunomodulatory treatment
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	IVIG, Plasmapheresis
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	MillerFisher syndrome
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	Toxic
	Toxic
	Toxic

	Toxicity (lead, alcohol, AEDs)
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	Discontinue medications/toxic exposure
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	Vascular
	Vascular
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	TIA/Stroke
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	Iatrogenic
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	Table 4 Treatable causes of episodic ataxia.
	Table 4 Treatable causes of episodic ataxia.
	# A response is not reliably observed.

	CLINICAL CHARACTERISTICS OF EA (AXIS 1)
	CLINICAL CHARACTERISTICS OF EA (AXIS 1)
	CLINICAL CHARACTERISTICS OF EA (AXIS 1)
	CLINICAL CHARACTERISTICS OF EA (AXIS 1)
	CLINICAL CHARACTERISTICS OF EA (AXIS 1)
	CLINICAL CHARACTERISTICS OF EA (AXIS 1)

	OTHER NEUROLOGIC DISORDERS
	OTHER NEUROLOGIC DISORDERS


	AGE AT ONSET
	AGE AT ONSET
	AGE AT ONSET

	ATTACK DURATION
	ATTACK DURATION

	SIMPLE OR COMPLEX ATTACK
	SIMPLE OR COMPLEX ATTACK

	INTERICTAL FEATURES
	INTERICTAL FEATURES


	Infancy (birth to age 2)
	Infancy (birth to age 2)
	Infancy (birth to age 2)
	Childhood (3–12 years)
	Adolescence (13–20 years)
	Early adult (21–40 years)
	Late adult (>40 years)

	Short (secondsminutes)
	Short (secondsminutes)
	Moderate (hours)
	Long (days or longer)

	Paroxysmal ataxiadysarthria
	Paroxysmal ataxiadysarthria
	 
	 
	 
	 
	–

	isolated


	OR
	 
	 
	 
	 
	–

	with other features
	 
	 
	 
	 
	–

	tinnitus

	 
	 
	 
	–

	vertigo

	 
	 
	 
	–

	nystagmus

	 
	 
	 
	–

	brainstem

	 
	 
	 
	–

	neuromuscular

	 
	 
	 
	–

	migraine

	 
	 
	 
	–

	other






	Nystagmus
	Nystagmus
	Myokymia
	Other cerebellar signs
	Tremor
	Other neurologic signs

	Migraine
	Migraine
	Epilepsy
	Intellectual impairment
	Deafness
	Autism
	Paroxysmal disorder of infancy





	Table 5 Proposed Axis 1 clinical characteristics for EA.
	Table 5 Proposed Axis 1 clinical characteristics for EA.
	There are five proposed clinical descriptors in Axis 1 (age at onset, attack duration, attack complexity, interictal features, and other neurologic comorbidities).

	ETIOLOGY OF EA (AXIS 2)
	ETIOLOGY OF EA (AXIS 2)
	ETIOLOGY OF EA (AXIS 2)
	ETIOLOGY OF EA (AXIS 2)
	ETIOLOGY OF EA (AXIS 2)
	ETIOLOGY OF EA (AXIS 2)


	NERVOUS SYSTEM PATHOLOGY
	NERVOUS SYSTEM PATHOLOGY
	NERVOUS SYSTEM PATHOLOGY

	INHERITED OR ACQUIRED
	INHERITED OR ACQUIRED


	INHERITED
	INHERITED
	INHERITED

	ACQUIRED
	ACQUIRED

	UNKNOWN
	UNKNOWN


	None
	None
	None
	Evidence of degeneration (Cerebellar atrophy)
	Evidence of structural lesions

	Autosomal dominant
	Autosomal dominant
	Autosomal recessive
	Mitochondrial

	Inflammation
	Inflammation
	Demyelination
	Vascular
	Drugs
	Toxic
	Metabolic
	Neoplastic
	Paraneoplastic
	Functional

	Sporadic
	Sporadic
	Familial





	Table 6 Proposed Axis 2 etiology of EA.
	Table 6 Proposed Axis 2 etiology of EA.
	The etiology axis is subdivided into neuroimaging findings, and the identification of a genetic or acquired cause underlying episodic ataxia. For example, an etiological description of an EA case could be ‘evidence of degeneration’ and an ‘autosomal dominant pattern, for EA2 (EACACNA1A), or ‘evidence of structural lesion’ and acquired cause for multiple sclerosis.
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