of Clinical and Translational Neurology

REVIEW ARTICLE

AMERICAN
AL

AN

c

Open Access

Paroxysmal motor disorders: expanding phenotypes lead to
coalescing genotypes

Laura Zima', Sophia Ceulemans?, Gail Reiner®?, Serena Galosi**>, Dillon Chen®?4,
Michelle Sahagian®#, Richard H. Haas***, Keith Hyland® & Jennifer Friedman?®34’

'University of Nebraska Medical Center, Omaha, Nebraska

“Division of Neurology, Rady Children’s Hospital, San Diego, California

3Department of Pediatrics, University of California San Diego, San Diego, California

“Department of Neurosciences, University of California San Diego, San Diego, California

°Department of Human Neuroscience, Child Neurology and Psychiatry, Sapienza University, Rome, Italy
®Medical Neurogenetics Laboratories, Atlanta, Georgia

’Rady Children’s Institute for Genomic Medicine, San Diego, California

Correspondence

Jennifer Friedman, Rady Children’s Hospital,
San Diego, 8001 Frost St, San Diego, CA
92123. Tel: 858 966 5819; Fax: 858 966
4930; E-mail: jrfriedman@ucsd.edu

Funding Information
No funding information provided.

Received: 24 April 2018; Revised: 28 May
2018; Accepted: 29 May 2018

Annals of Clinical and Translational

Abstract

Paroxysmal movement disorders encompass varied motor phenomena. Less rec-
ognized features and wide phenotypic and genotypic heterogeneity are impedi-
ments to straightforward molecular diagnosis. We describe a family with
episodic ataxia type 1, initially mis-characterized as paroxysmal dystonia to
illustrate this diagnostic challenge. We summarize clinical features in affected
individuals to highlight underappreciated aspects and provide comprehensive
phenotypic description of the rare familial KCNAI mutation. Delayed diagnosis
in this family is emblematic of the broader challenge of diagnosing other parox-
ysmal motor disorders. We summarize genotypic and phenotypic overlap and
provide a suggested diagnostic algorithm for approaching patients with these
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Introduction

Episodic, neurologic dysfunction is a feature of common
disorders such as migraine and seizure, as well as rare,
childhood onset, genetic disorders characterized by inter-
mittent motor perturbation. The term paroxysmal
choreoathetosis was first used to describe such episodic
nonepileptic movement events by Mount and Reback in
1940" and included bouts of dystonia, chorea, athetosis or
a combination of these movements. Classification of the
paroxysmal dyskinesias based on phenomenology was
subsequently proposed by Lance in 1977* and later
replaced by one based upon precipitating factor including
kinesigenic, nonkinesigenic, exercise induced, and hypno-
genic.” Over time, the term paroxysmal movement disor-
ders has grown to include not only the paroxysmal
dyskinesias but episodic ataxias as well. Even more
broadly, paroxysmal movement disorders may encompass
alternating hemiplegias, benign paroxysmal torticollis of
infancy, tics, stereotypies, and shuddering spells among
others.

With increasing awareness of genetic etiologies for
these conditions it is clear that classification based upon
either phenomenology or precipitating factor is insuffi-
cient to distinguish between distinct molecular etiologies.
Overlapping clinical features may hinder accurate classifi-
cation. Specific phenotypes may result from mutations in
several genes and conversely mutations in a single gene
may result in multiple phenotypes of varied severity.*®
Consequently, a patient’s predominant symptoms may
not match the clinical features associated with their classi-
cally defined paroxysmal movement disorder subtype
and/or genetic etiology and may require a more broad
molecular approach for accurate diagnosis.

With these issues in mind, we present a family with
paroxysmal movement disorder, initially mis-categorized,
to exemplify the challenges associated with establishing
the correct molecular diagnosis in these conditions. We
emphasize and provide images and video to demonstrate
key clinical features that may serve as clues to accurate
diagnosis. Additionally, based upon evaluation of 17
affected members spanning multiple generations, less well
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recognized aspects of the disorder are highlighted to
increase awareness of these features and to establish more
comprehensive phenotypic description of the rare variant
identified in the family. In reviewing the approach to
diagnosis, this report highlights the importance of famil-
iarity with features of distinct paroxysmal movement dis-
order subtypes while simultaneously drawing attention to
the limitations of such classification schema.

Case Report

A mother and daughter (Fig. 1 V:13 and VI:8) presented
with paroxysmal muscle cramping. The child was born
without complication at term by caesarian-section due
to maternal pre-eclampsia. Development was normal.
She was noted to toe-walk at 10 months with gait grad-
ually normalizing. Episodic painful cramping manifest as
hand fisting and lower extremity posturing with tran-
sient toe walking began at 18 months and gradually
increased in frequency. During severe episodes the child
was unable to grasp objects or walk. Upon presentation
at age 6, episodes occurred monthly with duration of
hours to days. Initial neurologic examination was nor-
mal with the exception of mild bilateral dysdiadochoki-
nesia, a right Babinski sign, steady gait with pes planus
with mild bilateral foot eversion and mild difficulty with
hopping.

Family history was notable for similar cramping epi-
sodes primarily involving the hands in her mother
The mother
related improvement of symptoms with potassium con-

(Fig. 2) and multiple maternal relatives.

taining foods and also carbamazepine that was initiated
after a single postpartum seizure. A nonspecific history of
epilepsy was noted on the maternal side. CPK was mini-
mally elevated (187 U/L; nl 29-143). Brain MRI and nerve
testing were Initial diagnostic

conduction normal.
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Figure 1. Family Pedigree. Dark Symbols — Symptomatic; Light Symbols — Asymptomatic; “+"
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impression was of myotonia. EMG in the mother, how-
ever, did not show myotonia but instead revealed myoky-
mia. The significance of this finding was not initially
appreciated, the hand posturing observed in the mother
was labeled dystonia (Fig. 2), and the mother and daugh-
ter were referred for movement disorder specialist evalua-
tion for presumed paroxysmal dystonia.

Though the primary complaint of intermittent hand
and leg cramping and posturing was consistent with
paroxysmal dystonia, the finding of myokymia and the
hand positioning, atypical for dystonia (Fig. 2 and Video
S1-54), suggested instead a diagnosis of episodic ataxia
type 1. Therefore, a more focused, detailed history was
obtained from mother with that differential in mind.
Mother reported normal birth and development with
onset of painful leg cramps beginning at 10 years. She
reported paroxysmal episodes of painful muscle cramping
in hands and legs associated with twitching in her face
(Video S3) and occasional tongue involvement with dura-
tion of hours up to 1 week. Episodes sometimes were
associated with blurred vision, dizziness, imbalance, and
vomiting, though these were not prominent symptoms.
During episodes, her fingers would assume a fixed flexed
posture (Fig. 2) and at times she would have difficulty
speaking. Episodes of painful leg stiffening occasionally
woke her from sleep. The patient reported a generalized
tonic-clonic seizure 1 week postpartum and a second pos-
sible seizure a few weeks prior to the birth of her third
child. Sleep and wake EEG were normal twice. Carba-
mazepine initiated after the initial seizure improved
paroxysmal episodes, though the patient was nonadherent
with this medication. Examination at age 22 was notable
only for occasional vocal tics, mild tongue tremor and
irregular tremulous movements of her fingers (Video S1).
These movements were initially considered to be mini-
myoclonus or distal chorea but over time it became clear

— KCNAT c.748_750delTTC; “-" — KCNAT wild

type; “*" — Phenotypically positive per report, individuals not examined. A single noncarrier (V9) reported multiple symptoms (Vertigo, Muscle
cramp, muscle twitch, weakness, headache, nausea, blurred vision, light sensitivity, dyspnea, hypothermia, altered mental status, chest pain,
irregular heartbeat). This individual most likely represents a negative phenocopy but false negative genetic testing cannot be excluded.
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Figure 2. Characteristic Hand Posture. Typical hand posture of adducted thumb and extended fifth finger present in mother (D) and daughter
(C). These postures are similar to those pictured in the original description of EAT in Van Dyke et al., 1975 (A, B). (Reprinted with permission).

these movements resulted from myokymic contraction of
the intrinsic hand muscles.

Sequencing of KCNAI gene revealed an in-frame dele-
tion of phenylalanine 250, a strictly conserved residue
(c.748_750delTTC). This change has previously been
reported in a single family.’

Family Evaluation

Evaluations of probands and family members were under-
taken in accordance with institutional regulations. Stan-
dardized history and physical examination was completed
on 24 individuals (ages 4-80 years) on a single day during
a family educational seminar with findings summarized in
Table 1 and Figure 1. All individuals were at baseline at
the time of the evaluation. As part of routine clinical care
over several years prior to the seminar, Sanger sequencing

of the KCNAI exons and exon/intron boundaries was
completed in individuals V:10, V:13, and VI:1 (Fig. 1)
before family relationships were known. Subsequent tar-
geted sequencing of exon two of the KCNAI gene was
used to investigate the presence of the variant in 19 addi-
tional family members. All testing was conducted in a
clinical genetic testing laboratory.

Results and Discussion

Episodic ataxia type 1 (EA1l) is an autosomal dominant
potassium channelopathy first described by Van Dyke in
1975,' and characterized by brief episodes of ataxia with
persistent myokymia.'''® Episodic events may typically
include dizziness, unsteady, wide-based gait, incoordina-
tion, dysarthria, weakness, stiffness, headache, nausea,
vomiting, visual disturbance, and/or vertigo.'' Myokymia
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Table 1. Episodic symptom character and frequency.

Paroxysmal Motor Disorders

Avg. Age Frequency
of onset

Episodic Symptom # (years) Y M W D Duration typical (Range) Most frequent triggers

Ataxia 15 8 *okok Hodokdookk Rk * Minutes (Minutes-Days) Fever/Exertion/lliness/Startle

Muscle stiffness or 13 10 wodkk okkx Hdk * Minutes (Seconds-Days) Exertion

cramping

Myokymia 11 12 ekt * ek #k%  Minutes (Minutes-Day) Fever Stress

Dizziness or vertigo 10 18 ok HkE Hok Ak Minutes (Minutes-Day) Exertion/Fever/Stress/Temperature
Extreme/Sudden Movement

Dysarthria 9 1M kK *k *x Minutes (Minutes-Hours) lllness/Startle

Weakness 7 22 Aokokodek *k Minutes (Minutes-Weeks) Exertion/Stress

Headache or migraine 5 23 * *k Minutes (Minutes-Hours) Stress/Illiness

Blurred vision 4 12 *k * Minutes (Seconds-Hours) Stress/Fatigue

Altered mental status 4 20 *ok * Minutes (Minutes) Exertion/Stress/Fatigue/Startle

Dyspnea 4 9 * * ok Minutes (Minutes-Half Hour)  Stress/Startle

Sweating 3 33 * * Minutes (Minutes) Stress/Fatigue/Diet

Posturing of limb 3 20 * * Minutes (Minutes) N/A

Choreo-athetosis 2 9 *k Minutes (Minutes-Half Hour)  Fatigue

Hemiplegia 2 34 Variable (Half Hour-Days) Exertion/Stress/Fatigue/lliness

Nausea/or vomiting 1 NR * * Days (Days) N/A

Palpitations or chest 1 10 * * Minutes (Minutes) Exercise/Stress/Alcohol/Vestibular

pain

Change/Temperature Extreme

Affected individuals were queried systematically regarding episodic symptoms reported previously in the literature. Symptom character, age of
onset, frequency, duration and most common trigger are shown; # — Number of 17 affected reporting the symptom; Frequency: D- daily; W-
once to several times per week; M- once to several times per month; Y — several times per year to rare; Number of asterisks represent number of
individuals reporting each symptom frequency. *Data were incomplete and thus total number of asterisks does not always equal the number
reporting a specific symptom; NR — not reported; N/A numerous triggers reported by a single individual only.

manifests as fine twitching or intermittent cramps and
stiffness. To the examiner, myokymia most commonly
appears as subtle peri-ocular or peri-oral rippling/twitch-
ing or fine lateral finger movements with hands in prone,
relaxed position (Videos S1-S4)."” 2! Myokymia at base-
line or heightened during an attack, may be misinter-
preted as tremor.'"'” Onset of symptoms is typically in
childhood and paroxysms may wane in adulthood.'®'"!”
Typical attack duration is minutes though events may
persist for hours.'"**** Episode frequency varies widely
from several times per day to infrequent (<1 per
month).'>'"72> Typical triggers include physical exer-
tion, emotional stress, and environmental temperature
extremes. Events may occur without precipitant and
numerous other triggers have been reported including
fever, caffeine, alcohol, sudden movement, diet, rest after
exertion, startle, movement after prolonged rest, preg-
nancy, menstruation, fatigue, strong smells, or bending
over/looking down.'"'?

Numerous other paroxysmal symptoms have been
reported including dyspnea,” distal weakness with pro-
longed attacks lasting days,”® malignant hyperthermia,””
paresthesias, palpitations, hot flashes'' choreoathetosis,
dystonia, carpal spasm, clenching of the fists, and isolated
neuromyotonia.>>*"**3*  In  addition to episodic

© 2018 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals, Inc on behalf of American Neurological Association.

symptoms, fixed deficits may occur in some. Delayed
motor development® and cognitive dysfunction including
mild to moderate learning disabilities and severe expres-
sive and receptive language delays have been reported.’’>
Shortened Achilles tendons that may result in tiptoe walk-
ing and generalized increase in muscle tone may manifest
as bilateral calf hypertrophy, hypercontracted posture, or
isolated contracture of abdominal wall muscles, elbow,
hip, and knee joints.?® Skeletal deformities including scol-
iosis, kyphoscoliosis, high-arched palate, and minor cran-
iofacial dysmorphism have also been described.'>*®
Though most individuals with EA1 do not have seizures,
abnormal electroencephalograms (EEG) have Dbeen
reported'®**?! and various seizure types have been
described.'"'*'**"* Neuroimaging is typically normal
though cerebellar atrophy has been reported®® and persis-
tent and progressive ataxia may rarely occur.'"* Psychi-
atric symptoms have also been reported though it is not
confirmed that these are related to EA1."!

EA1 results from mutation in the KCNAI gene, which
encodes the Kvl.1 subunit of a potassium channel.'®**
At least 39 pathogenic variants have been identified in
this gene®® and significant inter- and intrafamilial phe-
notypic variability has been reported.”® The pathogenic
variant in this family (c.748_750delTTC) was noted only
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: 9,11 . .
once previously. The patients we describe are of

Native American Heritage (Luiseno Tribe) and were not
initially known to be related. Over time it became clear
that they belong to a large extended family. We suspect
this variant represents a founder effect in this popula-
tion. We are unable to determine if our patients may be
related to the previously described family or if alterna-
tively the wvariants arose independently. All KCNAI
mutation carriers reported a history of ataxia or myoky-
mia or both. A single noncarrier reported multiple
symptoms (Fig. 1). She is likely a phenocopy though
false negative test result cannot be ruled out as this indi-
vidual did not return for follow up. EA1 phenocopies
have previously been described among families with and
without KCNAI mutations.'"?,

The signs and symptoms identified in our family rein-
force previous descriptions of EAl families and highlight
less commonly appreciated aspects. Among mutation car-
riers, ataxia (15/17), painful muscle stiffness/cramping
(13/17), myokymia (reported as tremor or trembling)
(11/17), and dizziness/vertigo (10/17) were the most
prominent symptoms (Table 1). Paroxysmal dyspnea has
been noted to be characteristic of the KCNAIc.748_750-
delTTC variant, occurring in 6/7 cases previously
described.’ In our family only 4/17 of the mutation carri-
ers identified this symptom. Nonspecific headache and
migraine were reported in 5/17 variant carriers, but were
also reported by all five non-carriers and thus the associa-
tion of this symptom with EA1 is unclear. Seizures were
reported in 2/17 carriers. However, due to potential mis-
diagnosis of “spells” as seizures, the number of individu-
als with true epileptic events is unknown.

Interestingly, orthopedic issues that have not previously
been highlighted were problematic for numerous mem-
bers of our family. Six of the seventeen carriers (and none
of the five wild-type individuals) reported a history of toe
walking, tight heel cords, heel cord lengthening or other
lower extremity orthopedic surgery and/or wore braces to
correct abnormal foot postures. An additional six carriers
(and no wild type individuals) were noted to have mild
to moderate Achilles tendon shortening on examination.
Several members reported chronic and disabling progres-
sive gait abnormalities in later adulthood. We are unable
to definitively conclude that these features are related to
KCNAI variant as some also had obesity and/or diabetic
neuropathy that may confound the gait abnormality.
Myopathy, previously reported,'®"” is another potential
cause of gait abnormality. No individuals had muscle
biopsy so we are unable to evaluate this possibility. Learn-
ing disabilities and/or delayed motor and/or language
development were noted in 7/17 carriers but none of the
noncarriers. These symptoms have been reported in indi-
viduals with EA1* but have not been previously

L. Zima et al.

associated with this variant.”'' In keeping with prior

reports,' interictal abnormalities suggestive of underlying
mild cerebellar dysfunction were noted in some individu-
als with SARA scores in carriers of 0-3.5.°*%7 As noted
above, orthopedic issues and diabetic neuropathy may
confound this measurement.

The most common precipitators for spells noted in this
family are similar to those previously described™'' and
include fever, stress, exertion, illness, and fatigue. There
were no factors that consistently resolved spells though all
affected members indicated relaxation would lessen or
abort episodes. Interestingly, two individuals reported that
foods high in potassium and/or potassium supplementa-
tion would shorten or decrease severity of attacks. This
has not been previously reported but bears further study.
Potassium levels evaluated during spells have been normal
in the mother of the proband but have not been system-
atically studied in other members.

Age of affected family members ranged from 4 to
80 years. Symptom onset was at 2.5 to 18 years. In keep-
ing with previous reports, many patients reported short-
ened duration, frequency, and even complete cessation of
spells in later adulthood,”® with all individuals over age
40 reporting decreasing frequency or resolution of symp-
toms and most under 30 years reporting increasing fre-
quency of symptoms. A single patient age 31 reported
stable symptom frequency. Only a subset of affected indi-
viduals were aware of the etiology of their symptoms
prior to the family educational seminar.

The delay to diagnosis in this family is notable though
is not uncommon for EA1.*® For multiple family mem-
bers, symptoms were ascribed to alternative diagnoses
including epilepsy, anxiety and/or hyperventilation.
Though signs and symptoms in this family were consis-
tent with those previously described for EAl, it is remark-
able that, despite numerous prior neurologic evaluations
in multiple individuals by numerous clinicians, this diag-
nosis was not considered due to absence and/or failure to
recognize the hallmark features of EAl. In the mother,
symptoms of ataxia including gait instability and/or inco-
ordination were elicited only after detailed and probing
questioning in retrospect once the diagnosis was sus-
pected, and even then were identified as only minor fea-
tures. Similarly, the daughter denied gait imbalance or
episodes of unsteadiness or dizziness (Video S5).

Another hallmark feature of EAl, myokymia, was
observed and recorded in the medical record as “twitch-
ing” but was not recognized as a clue to the correct diag-
nosis. Myokymia, which has been previously described as
constant piano-playing movements, was either absent on
examination or when present was mis-characterized by
clinicians as tremor, mini-myoclonus or distal chorea, as
has been reported previously in EAL.'® Peri-ocular, peri-

1000 © 2018 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals, Inc on behalf of American Neurological Association.
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oral, and hand myokymia on examination were correctly
identified only after detection by EMG. Of note, none of
the four children under age 10 years or the two eldest
individuals, aged 79 and 80, displayed myokymia. Myoky-
mia was present in 8/11 individuals between ages 12 and
56 interictally during examination. Similarly, despite
awareness of the diagnosis, numerous examinations (JF)
of multiple family members over 7 years after establish-
ing the EA1 diagnosis, the presence and severity of myo-
kymia was quite variable and mostly absent in the
children. As in our experience, there have been other
reports in the literature of episodic ataxia without
myokymia or ataxia, the two “hallmark” features of the
disorder.'*'>**

The primary complaints in the proband and her
mother were painful muscle cramping, stiffness and pos-
turing suggesting initially myotonia and subsequently a
diagnosis of paroxysmal dystonia (Video S5). Paroxysmal
dystonia has been previously reported in EAl patients."'
Postures described in the child proband’s record include
hand clenching, leg extension and walking on the balls of
the feet. Though it is unclear if the postures noted histor-
ically were characteristic of dystonia, hand postures docu-
mented in mother and daughter and multiple other
family members after the diagnosis was suspected are
consistent with carpal spasms described by Van Dyke in
his original report (Fig. 2) and may best be considered
neuromyotonia. Neuromyotonia may mimic dystonia
though the latter is rarely painful.”” In the literature, there
is inconsistent application and understanding of this
term*®*! calling into question whether our patients and
even others described historically displayed neuromyoto-
nia, dystonia or combination of both.

It is important to emphasize that stiffness, cramping
and posturing, as for our family, may be the primary
symptoms leading EA1 patients to seek medical evalua-
tion, rather than the namesake — ataxia. Van Dyke, in his
original report documented cramping, posturing and jerk-
ing limb movements in his patients.'” The term ataxia,
however, has come to overshadow the other features he
described. In fact, though the term ataxia was used ini-
tially by Van Dyke and continues to be applied through-
out the literature, it is unclear if gait imbalance and
incoordination reflect cerebellar and/or vestibular dys-
function or alternatively are due to muscle stiffness, pos-
turing and jerking, weakness or some combination of the
multiple motor abnormalities that have also been
described. Lack of familiarity with these additional char-
acteristics and over-reliance for classification on the name
of the condition — that is ataxia, may lead to mis-categor-
ization and delay to diagnosis. Characteristic but less well
recognized signs of myokymia and neuromyotonia may
not be correctly identified and are highlighted in Figure 2

Paroxysmal Motor Disorders

and Videos S1-S5 to enhance familiarity with these
aspects.

These diagnostic challenges are not unique to EA1 but
are emblematic of the complexity of accurately diagnosing
a broad range of paroxysmal movement/motor disorders.
Like KCNAI, other genes may be associated with varied
and ever expanding phenotypes or presentation may lack
the namesake feature and may overlap multiple other
genetically defined paroxysmal movement disorders. For
example mutation in PRRT2, classically associated with
paroxysmal kinesigenic dyskinesia (PKD) may also pre-
sent as nonkinesigenic dyskinesia, exercise-induced dyski-
nesia, nocturnal dyskinesia, seizure or with hemiplegic
spells.***”  Conversely, across the broad category of
paroxysmal movement disorders multiple genes may con-
verge on similar phenotypes. For example, though PKD is
typically associated with PRRT2 gene mutation, kinesi-
genic spells have also been described with mutation in
SLC16A2, KCNA1, ADCY5, SLC2A1, SCN8A, SLC20A2,
and CLNC].2848-54 Similarly, other clinical features have
been associated with mutations in numerous genes. This
may occur because these symptoms result from multiple
genetic causes. For example though plegic episodes are
classically associated with mutation in ATPIA3, or CAC-
NAIA, such episodes have also been described in individ-
uals with mutation in ATPIA2, PRRT2, SLC2A1, SLCIA3,
MRI1 and SCNIA. 44755761 Similarly, nocturnal spells,
though most suggestive of mutation in ADCY5, have also
been described in patients with PRRT2 and SLCI6A2
mutations. Though not previously associated with
KCNAI, nocturnal spells present in our family broaden
the range of conditions to be considered when night-time
symptoms are present.

The pathophysiologic mechanism underlying overlap-
ping phenotypes is unknown. In a recent report, Yin and
colleagues hypothesize that the influence of basal ganglia
and cerebellum may converge on cortical excitability as a
common final pathway for paroxysmal dystonic move-
ments®® to account for presence of both cerebellar fea-
tures (ataxia) and extrapyramidal features (dystonia,
dyskinesis) in KCNAI gene mutation carriers. In other
instances, apparently overlapping phenotypes may simply
result from mischaracterization of certain difficult to clas-
sify signs that are phenomenologically similar. As we have
demonstrated, neuromyotonia may be mistaken for dysto-
nia. Similarly dyskinetic spells may cause imbalance and
dyscoordination that, especially if not directly observed,
may be difficult to distinguish from or labeled as ataxia.*’
Epileptic and nonepileptic events may co-exist and may
be clinically indistinguishable. This poses challenges not
only to accurate diagnosis but also for the selection of
appropriate therapy. Full review of paroxysmal movement
disorders is beyond the scope of this report though can
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Paroxysmal Motor Disorders

be found in part in Méneret, and Roze, 2016, and Erro
et al., 2017,>°* the latter providing a useful pathophysio-
logic framework from which to conceptualize the pheno-
typic overlap among these conditions. To further aid in
diagnosis and concisely illustrate the phenotypic expan-
sion and genotypic heterogeneity, we have summarized
features across a wide array of paroxysmal motor disor-
ders (Table 2).

Genotypic and phenotypic overlap may be a discourag-
ing impediment to the clinician tasked with diagnosing a
patient with a paroxysmal movement disorder. Méneret
and Roze’ outline a traditional diagnostic algorithm for a
subset of paroxysmal movement disorders based on phe-
nomenology. This approach is most useful when symp-
toms are classic and result from mutation in the most
commonly associated gene in each category. In other situ-
ations, classification may be difficult and even if catego-
rization is correct, there may be simply too many genetic
etiologies to practically screen for each systematically as
suggested in diagnostic algorithms previously pro-
posed.>®® Difficulties with traditional paroxysmal move-
ment disorder classification approaches due to phenotypic
overlap have been raised previously'”**°® and are becom-
ing increasingly problematic with expanding genotypic
and phenotypic heterogeneity.

We suggest the traditional approach reliant on clinical
acumen and historical classification remains useful as an
initial step as some cases may be diagnosed with screen-
ing of a single gene. This step should be supplemented
with broader hypothesis free genetic testing in cases that
remain undiagnosed after initial screening as the number
of potential genetic etiologies is too large to practically
target one by one. Our suggested approach is outlined in
Figure 3. We have chosen the term paroxysmal “motor”
rather than “movement” disorder to acknowledge the
wide range of conditions that may share genetic etiology
but may present either with positive movements such as
dyskinesia and/or with absence of motor movement such
as hemiplegia. To enhance initial success, collecting a
broad history with attention to a wide array of potential
associated symptoms in patient and family members as
well as careful examination for less obvious signs may be
helpful in categorization. In particular diagnostic clues
such as myokymia, nystagmus, and/or neuromyotonia
may be quite characteristic of episodic ataxias. Similarly,
classic presentations such as brief duration dyskinetic
attacks brought on by movement in a developmentally
normal teenager are quite characteristic of mutation in
PRRT2. Developmental delay may lead toward or away
from certain diagnoses. If the clinician is confident in cat-
egorization then targeted screening for the most com-
monly associated gene associated with that category may
be performed. If initial attempts at categorizing and/or
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targeted screening are not successful, we suggest a more
broad approach to screen simultaneously for numerous
potential etiologies. This testing should include not only
known genes that have previously been associated with
the patient’s phenotype, but also, recognizing that there
will likely be continued phenotypic expansion, should
include genes that may not yet have been defined as etio-
logic in association with the patient’s presenting symp-
toms. Care should be taken in particular to exclude
treatable disorders with specific metabolic therapy such as
glutl deficiency among others (Table 3, Table S1).

Next Generation Sequencing (NGS) tools are likely
most useful in this regard. These include sequencing of
phenotype-driven panels, or sequencing of the whole
exome (WES) or the whole genome (WGS). Here we
offer a few caveats: 1. NGS tools may fail to identify copy
number variation (CNV), chromosomal rearrangement
and trinucleotide expansion, and the ability to detect such
variants varies by laboratory and technique employed. In
particular CNV’s may be difficult to detect with WES and
may be more easily identifiable utilizing panels with high
depth of coverage or WGS; 2. NGS tools may inade-
quately cover all regions, particularly high GC rich
regions, and these gaps may not be apparent to the order-
ing clinician unless specifically queried. For some panels,
NGS techniques are supplemented with other strategies
such as Sanger Sequencing to optimize poorly covered
regions or alternative techniques to detect copy number
variation such as Multiplex Ligation-dependent Probe
Amplification (MLPA). However, the use of supplemental
techniques varies widely by laboratory and specific panel
and is not typically evident to the ordering clinician; 3.
Mosaicism has been described for ATPIA3, ADCY5,
SLC2A1, PDHAI, SCN1A and SCN2A®"7? gene mutations
and is likely to be associated with other conditions in the
future. Low-level mosaicism may not be identified by
Sanger and though mosaicism may be detected by WES
or WGS, low-level mosaicism may be excluded by filter-
ing protocols. For these reasons, it is critical that the
ordering clinician be familiar with the limitations of test-
ing. Additionally, familiarity with historically defined PD
subtypes and associated genotypes will enable clinicians to
suspect specific gene mutations, which, if not identified
by NGS, may be pursued with alternative more targeted
techniques. This is especially important with regard to
genes associated with a specific metabolic therapy for
which mutation should be thoroughly ruled out (Table 3,
Table S1); 4. Hypothesis free screening techniques such as
NGS may lead to variants of unknown significance in
genes related to phenotype. Though it is tempting to
ascribe pathogenicity when variants occur in plausible
genes, it is important to exercise caution unless the
genetic data is supplemented with functional studies or
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Monitor/Evaluate Consider in Parallel while evaluating for Paroxysmal Motor Disorder
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Motor Disorder Seizure
Evaluate as
[ ; o o
Onset 520 or Dicidec
No Family
History '
Evaluate for Consider
Developmental ‘ Secondary
] .< Delay Cause “Abnormal Cause®
History, Exam
Monitor for “'F,',Tm':: Consider
Motor Disorder
Evolution ¥ Causet
Consistent with
\_ | I a Benign Mator
r ]
m <
Clinical
Dyskinetey Phenotype not
e Dystoric L Well Defined or
Varies
L 1 [
] ¥ ] ¥ ¥ [] v ¥
W | Kinesigenic | [ . | |NonKinesigenic| Migraine, DhﬂngN:uung Distinguishing
L boctral Spets Togger | [SersseTiuger| | iggr Vertigo Epilepsy = Features
AHC FHM Phenotype
Genes to
v Consider
Vi { Consider
Cause
[]
Whole Exome
Vil ‘or Multi-Gene
Panel

Figure 3. Paroxysmal motor disorder diagnostic algorithm. I. Seizures should be considered in any patient with a paroxysmal motor disorder; Il.
Age of onset, family history, examination and imaging findings may guide diagnosis. Abnormal neurologic examination or imaging findings may
occur with secondary and metabolic etiologies. Care should be taken to exclude treatable metabolic causes (Table 3). Developmental delay, if
present should be evaluated independent of the movement disorder. Benign paroxysmal motor disorders may be considered if phenotype is
consistent. Evolution of motor findings over time may provide clues to diagnoses that are not immediately apparent; lll. Identifying the
predominant character of the spells is the first step in categorization; IV. Distinguishing features including triggers or other characteristic aspects
may enable accurate phenotypic classification; V. Phenotypic characterization limits the genes to consider. Most commonly associated gene/s in
bold with less commonly associated genes in plain type. Where phenotype is classic, targeted gene testing or small gene panel may be considered
first. If phenotype is not well defined or varies then multi-gene panel or exome is a preferred initial step;'Paroxysmal epileptic events may result
from mutations in PRRT2, SCNT1A, KCNAT, ATP1A3, CACNATA, KCNMAT, etc.;ZOnIy genes with seizure as a typical feature are listed. See
Table 2 for other genes associated with epileptic events;*Secondary causes may include trauma, stroke, demyelinating event, electrolyte
disturbance, etc.;*See Table 3° Paroxysmal Benign/Developmental Disorders most commonly include tic disorders but may also include
stereotypies, shuddering spells, benign myoclonus of early infancy, benign neonatal sleep myoclonus and infantile gratification. Paroxysmal
torticollis during infancy is also typically considered benign as symptoms typically resolve over months to years. However, patients should be
monitored as there may be later development of various migrainous symptoms including paroxysmal vertigo and hemiplegic migraine and there
may be associated developmental issues. Mutations in CACNATA and PRRT2 may be found;®Consider classification as “ataxia” if patient
complains of vertigo, dysarthria, headache, nausea, or visual disturbances without specific complaint or examination finding of
ataxia;’Nonkinesigenic triggers include alcohol, fatigue, caffeine, stress, menses, and excitement;®BCKDc = BCKD complex,’Other genes
associated with dyskinesia and nonkinesigenic trigger include: SLC16A2, SCNSA, PDHA1, PDHX, DLAT, ECHS1, SCN1A, and ALDH5A1;°Also
consider genes associated with EA1, EA2, EA6, EA6, and EAS8; FHx, family history; PND, paroxysmal nocturnal dyskinesia; AHC, alternating
hemiplegia of childhood; FHM, familial hemiplegic migraine; PKD, paroxysmal kinesigenic dyskinesia; PED, Paroxysmal exercise-induced dyskinesia;
PNKD, Paroxysmal nonkinesigenic dyskinesia; EA, episodic ataxia
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Table 3. Metabolic disorders that may present as paroxysmal motor disorders.
Paroxysmal movement
phenomenology Metabolic disorder group Disease name Gene' Treatment?
PED Glucose transport defects GLUT1 deficiency SLC2A1 KD, alpha-lipoic acid, L-carnitine,
triheptanoin
Mitochondrial Disorders Pyruvate dehydrogenase PDHAT1 KD, thiamine, carnitine, lipoic
deficiency acid, dichloroacetate
Pyruvate dehydrogenase PDHX KD, thiamine
deficiency
Pyruvate dehydrogenase DLAT KD, thiamine
deficiency
Mitochondrial short-chain enoyl- ECHS1 Low valine diet, cysteamine, N
CoA hydratase 1 deficiency acetylcysteine, thiamine,
riboflavin, carnitine, CoQ10,
pyridoxine, vitamin C
Biogenic Amines Disorders GTP cyclohydrolase 1 deficiency GCH1 L-DOPA/carbidopa
Organic acidurias Succinic semialdehyde ALDH5A1
dehydrogenase deficiency
PKD Glucose transport defects GLUT1 deficiency SLC2A1 see above
Copper metabolism Wilson disease ATP7B D-penicillamine, trientine, zinc
PNKD Glucose transport defects GLUT1 deficiency SLC2AT see above
Aminoacidopathies Maple Syrup Urine disease® BCKDHA BCAA-free formulas
BCKDHB
DBT
Nonketotic hyperglycinemia GLDC sodium benzoate,
dextromethorphan, KD
PAROXYSMAL DYSTONIA  Mitochondrial Disorders Pyruvate dehydrogenase DLAT See above
deficiency
3-hyroxyisobutyryl-CoA hydrolase  HIBCH Low valine diet, cysteamine, N
deficiency acetylcysteine
Thiamine deficiency Thiamine Transporter 2 SLC19A3 Thiamine, biotin, riboflavin,
deficiency CoQ10
Aminoacidopathies Hartnup disease® SLC6AT9 Niacin, L-tryptophan
Nonketotic hyperglycinemia GLDC see above
Isolated Sulfite Oxidase SUOX
deficiency
Cystinuria® SLC3AT Hydratation, potassium citrate,
SLC7A9 D-penicillamine, tiopronin
Biogenic amines disorders Sepiapterin reductase deficiency SR L-DOPA/carbidopa, 5 HTP,
selegiline
PAROXYSMAL CHOREA Aminoacidopathies Isolated Sulfite Oxidase SUOX
deficiency
Glucose transport defects GLUT1 deficiency SLC2A1 see above
Mitochondrial disorders Pyruvate dehydrogenase PDHA1 see above
deficiency
Pyruvate carboxylase deficiency PC biotin, triheptanoin, thiamine,
lipoic acid, citrate, aspartic acid
Mitochondrial complex V MT-ATP6
deficiency
Urea cycle defects Ornithine transcarbamylase oT1C Protein restriction, sodium
deficiency benzoate, sodium PBA, L-
arginine, L-citrulline
CPS1 deficiency CPST see OTC
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Table 3. Continued.

Paroxysmal Motor Disorders

Paroxysmal movement

phenomenology Metabolic disorder group Disease name Gene' Treatment?
HHH syndrome SLC25A15  see OTC
Aminoacidopathies Maple Syrup Urine disease BCKDHA see above
BCKDHB
DBT
Hartnup disease SLC6AT9 see above
Nonketotic hyperglycinemia GLDC
Isolated Sulfite Oxidase SUoX
deficiency
Biotin metabolism Biotinidase deficiency BTD biotin
Thiamine metabolism defects ~ Thiamine pyrophosphokinase TPK1 thiamine, biotin, KD
deficiency
Thiamine Transporter 2 SLC19A3 see above
deficiency
AHC/PLEGIC ATTACKS Glucose transport defects GLUT1 deficiency SLC2A1 see above
Thiamine metabolism defects ~ Thiamine metabolism SLC25A19  thiamine
dysfunction syndrome 4
Mitochondrial disorders Mitochondrial complex V MT-ATP6
deficiency
Aminoacidopathies Cystinuria® SLC3AT1 see above
SLC7A9

PED, Paroxysmal exercise-induced dyskinesia; PKD, Paroxysmal kinesigenic dyskinesia; PNKD, Paroxysmal Nonkinesigenic dyskinesia; AHC, Alternat-
ing hemiplegia of childhood; HHH, Hyperornithinemia-hyperammonemia-homocitrullinuria; KD, ketogenic diet.
'Some genes are not included in the diagnostic flowchart because the phenotype is not well defined.

“Therapies reported in literature typically in case reports or small case series.

3Biochemical diagnosis associated with paroxysmal disorder. Genetic confirmation was not performed linking genes associated with this biochemi-
cal disorder to an individual with paroxysmal motor disorder. Full table with references available as Table S1.

supported by segregation in multiple family members or
replication in independent families. Sharing of data is
crucial with regard to advancing knowledge of such vari-
ants. Various outlets are available in which to deposit
genotypic and phenotypic information in attempt to
more systematically catalogue and characterize variants
including  ClinVar,”>  MatchmakerExchange,”*  and
MDSGene’® among others. Participation in such efforts is
critical to avoid siloed information and to more precisely
establish genotype phenotype correlations so that more
patients may benefit from knowledge gained.

Lastly, we acknowledge that advanced molecular tech-
niques are not available in all regions and thus this
approach may not be universally applicable. In such cir-
cumstances, clinicians may rely upon traditional classifica-
tion schemas guided by Figure 3 and Table 2. In these
settings, even without identification of the precise molec-
ular etiology, approximation of diagnosis may enable
appropriate empiric therapy and most importantly, avoid-
ance of missing metabolic conditions for which a specific
recommended treatment exists (Table 3, Table S1).

In conclusion, though expanding phenotypes and coalesc-
ing genotypes may increase the challenge of diagnosing
patients with paroxysmal motor disorders, accurate

© 2018 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals, Inc on behalf of American Neurological Association.

diagnosis is possible by employing historical strategies of
careful phenotypic categorization paired with current and
future tools to refine the diagnosis when phenotype defies
expected genotype. The knowledge gained from understand-
ing the genetic etiology of distinct and overlapping paroxys-
mal motor conditions will lead to better understanding of
pathophysiologic mechanisms. Better understanding of how
diverse genetic etiologies result in overlapping phenotypes
will lead to improved understanding of underlying disease
process and ultimately to development of better therapies
for individuals with paroxysmal motor disorders.

Acknowledgements

We thank Invitae and GeneDx for providing food for the
family seminar, Medical Neurogenetics Laboratories for
providing sequencing of family members, and family
members for participating in this project.

Author Contributions

Conception and Design of Study: JF, LZ, SC, GR; Acquisi-
tion and Analysis of Data: JF, LZ, SC, GR, DC, MS, RH, KH,
SG; Drafting of Significant Portion of Manuscript: JF, LZ.

1007



Paroxysmal Motor Disorders

Conflicts of Interest

KH is employed by and has a financial interest in Medical

Neurogenetics Laboratories, a company that provides

sequencing of the KCNIA gene on a clinical basis. Other

authors have no conflicts of interest.

References

1.

10.

11.

12.

13.

14.

15.

1008

Mount LA, Reback S. Familial paroxysmal choreoathetosis:
preliminary report on a hitherto undescribed clinical
syndrome. Arch Neurol Psychiatry 1940;44:841-847.

. Lance JW. Familial paroxysmal dystonic choreoathetosis

and its differentiation from related syndromes. Ann Neurol
1977;2:285-293.

. Demirkiran M, Jankovic J. Paroxysmal dyskinesias: clinical

features and classification. Ann Neurol 1995;38:571-579.

. Roze E, Meneret A, Vidailhet M. “Paroxysmal movement

disorders: clinical and genetic features.” In: M. S. LeDoux,
ed. Movement disorders: genetics and models. pp. 767—
778: Elselvier, 2015.

. Méneret A, Roze E. Paroxysmal movement disorders: an

update. Rev Neurol (Paris) 2016;172:433—445.

. Heinzen EL, Arzimanoglou A, Brashear A, et al. Distinct

neurological disorders with ATP1A3 mutations. Lancet
Neurol 2014;13:503-514.

. Gardiner AR, Bhatia KP, Stamelou M, et al. PRRT2 gene

mutations: from paroxysmal dyskinesia to episodic ataxia
and hemiplegic migraine. Neurology 2012;79:2115-2121.

. Brockmann K. The expanding phenotype of GLUT1-

deficiency syndrome. Brain Dev 2009;31:545-552.

. Shook SJ, Mamsa H, Jen JC, et al. Novel mutation in

KCNAL causes episodic ataxia with paroxysmal dyspnea.
Muscle Nerve 2008;37:399-402.

Van Dyke DH, Griggs RC, Murphy MJ, Goldstein MN.
Hereditary myokymia and periodic ataxia. ] Neurol Sci
1975;25: 109-118.

Graves TD, Cha YH, Hahn AF, et al. Episodic ataxia type
1: Clinical characterization, quality of life and genotype-
phenotype correlation. Brain 2014;137:1009-1018.

Eunson LH, Rea R, Zuberi SM, et al. Clinical, genetic, and
expression studies of mutations in the potassium channel
gene KCNALI reveal new phenotypic variability. Ann
Neurol 2000;48:647—656.

Kinali M, Jungbluth H, Eunson LH, et al. Expanding the
phenotype of potassium channelopathy: severe
neuromyotonia and skeletal deformities without prominent
Episodic Ataxia. Neuromuscul Disord 2004;14:689—693.
Poujois A, Antoine JC, Combes A, Touraine RL. Chronic
neuromyotonia as a phenotypic variation associated with a
new mutation in the KCNA1 gene. ] Neurol 2006;253:957-959.
Chen H, Von Hehn C, Kaczmarek LK, et al. Functional
analysis of a novel potassium channel (KCNAI) mutation
in hereditary myokymia. Neurogenetics 2007;8:131-135.

16.

18.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

L. Zima et al.

Imbrici P, Gualandi F, D’Adamo MC, et al. A novel
KCNAI mutation identified in an Italian family affected
by episodic ataxia type 1. Neuroscience 2008;157:577—587.

. Brunt ER, Van Weerden TW. Familial paroxysmal

kinesigenic ataxia and continuous myokymia. Brain
1990;113:1361-1382.

Litt M, Kramer P, Browne D, et al. A gene for episodic
ataxia/myokymia maps to chromosome 12p13. Am J Hum
Genet 1994;55:702—-709.

. Browne DL, Gancher ST, Nutt JG, et al. Episodic ataxia/

myokymia syndrome is associated with point mutations in
the human potassium channel gene, KCNAI. Nat Genet
1994;8:136-140.

. D’Adamo MC. “Episodic ataxia type 1.” In: R. A. Pagon,

M. P. Adam, H. H. Ardinger, et al,, eds. GeneReviews
[Internet]. Seattle, WA: University of Washington, Seattle,
2010.

D’Adamo MC, Hasan S, Guglielmi L, et al. New insights
into the pathogenesis and therapeutics of episodic ataxia
type 1. Front Cell Neurosci 2015;9:317.

D’Adamo MC, Gallenmtler C, Servettini I, et al. Novel
phenotype associated with a mutation in the KCNA1
(Kv1.1) gene. Front Physiol 2014; 5:525.

Jen JC, Graves TD, Hess EJ, et al. investigators C. Primary
episodic ataxias: diagnosis, pathogenesis and treatment.
Brain 2007; 130:2484-2493.

Lee H, Wang H, Jen JC, et al. A novel mutation in
KCNAL1 causes episodic ataxia without myokymia. Hum
Mutat 2004;24:536.

Tomlinson SE, Rajakulendran S, Tan SV, et al. Clinical,
genetic, neurophysiological and functional study of new
mutations in episodic ataxia type 1. ] Neurol Neurosurg
Psychiatry 2013;84:1107-1112.

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:
147-149.

Mestre TA, Manole A, MacDonald H, et al. A novel
KCNAI mutation in a family with episodic ataxia

and malignant hyperthermia. Neurogenetics 2016;17:
245-249.

Yin XM, Lin JH, Cao L, et al. Familial paroxysmal
kinesigenic dyskinesia is associated with mutations in the
KCNAL1 gene. Hum Mol Genet 2018;27:757-758.
Tristan-Clavijo E, Scholl FG, Macaya A, et al. Dominant-
negative mutation p.Arg324Thr in KCNAI impairs Kvl.1
channel function in episodic ataxia. Mov Disord
2016;31:1743-1748.

Browne DL, Brunt ER, Griggs RC, et al. Identification of
two new KCNA1 mutations in episodic ataxia/myokymia
families. Hum Mol Genet 1995;4:1671-1672.

Zuberi SM, Eunson LH, Spauschus A, et al. A novel
mutation in the human voltage-gated potassium channel

© 2018 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals, Inc on behalf of American Neurological Association.



L. Zima et al.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

© 2018 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals, Inc on behalf of American Neurological Association.

gene (Kvl.1) associates with episodic ataxia type 1 and
sometimes with partial epilepsy. Brain 1999;122:817-825.
Demos MK, Macri V, Farrell K, et al. A novel KCNA1
mutation associated with global delay and persistent
cerebellar dysfunction. Mov Disord 2009;24:778-782.
Spauschus A, Eunson L, Hanna MG, Kullmann DM.
Functional characterization of a novel mutation in KCNA1
in episodic ataxia type 1 associated with epilepsy. Ann N Y
Acad Sci 1999;868:442-446.

Adelman JP, Bond CT, Pessia M, Maylie J. Episodic ataxia
results from voltage-dependent potassium channels with
altered functions. Neuron 1995;15:1449—-1454.

Stenson PD, Ball EV, Mort M, et al. Human Gene
Mutation Database (HGMD): 2003 update. Hum Mutat
2003;21:577-581.

Schmitz-Husch T, Tezenas du Montcel S, Baliko L, et al.
Reliability and validity of the International Cooperative
Ataxia Rating Scale: a study in 156 spinocerebellar ataxia
patients. Mov Disord 2006;21:699-704.

Schmitz-Hiusch T, du Montcel ST, Baliko L, et al. Scale for
the assessment and rating of ataxia: development of a new
clinical scale. Neurology 2006;66:1717—1720.
Rajakulendran S, Schorge S, Kullmann DM, Hanna MG.
Episodic ataxia type 1: a neuronal potassium
channelopathy. Neurotherapeutics 2007;4:258-266.

Abdo WF, Bloem BR, Eijk J], et al. Atypical dystonic
shoulder movements following neuralgic amyotrophy. Mov
Disord 2009;24:293-296.

Gutmann L, Libell D. When is myokymia neuromyotonia?
Muscle Nerve 2001;24:151—153.

Gutmann L. Myokymia and neuromyotonia 2004.

] Neurol 2004;251:138—142.

Liu XR, Huang D, Wang J, et al. Paroxysmal hypnogenic
dyskinesia is associated with mutations in the PRRT2 gene.
Neurol Genet 2016;2:e66.

Liu Q, Qi Z, Wan XH, et al. Mutations in PRRT2 result
in paroxysmal dyskinesias with marked variability in
clinical expression. ] Med Genet 2012;49:79-82.

Wang K, Zhao X, Du Y, et al. Phenotypic overlap among
paroxysmal dyskinesia subtypes: Lesson from a family with
PRRT2 gene mutation. Brain Dev 2013;35:664—666.

Heron SE, Grinton BE, Kivity S, et al. PRRT2 mutations
cause benign familial infantile epilepsy and infantile
convulsions with choreoathetosis syndrome. Am ] Hum
Genet 2012;90:152-160.

Riant F, Roze E, Barbance C, et al. PRRT2 mutations
cause hemiplegic migraine. Neurology 2012;79:2122-2124.
Marini C, Conti V, Mei D, et al. PRRT2 mutations in
familial infantile seizures, paroxysmal dyskinesia, and
hemiplegic migraine. Neurology 2012;79:2109-2114.
Brockmann K, Dumitrescu AM, Best TT, et al. X-linked
paroxysmal dyskinesia and severe global retardation
caused by defective MCT8 gene. ] Neurol 2005;252:
663—666.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Paroxysmal Motor Disorders

Lubbers WJ, Brunt ER, Scheffer H, et al. Hereditary
myokymia and paroxysmal ataxia linked to chromosome
12 is responsive to acetazolamide. ] Neurol Neurosurg
Psychiatry 1995;59:400—405.

Friedman JR, Méneret A, Chen DH, et al. ADCY5
mutation carriers display pleiotropic paroxysmal day and
nighttime dyskinesias. Mov Disord 2016;31:147—-148.

De Giorgis V, Varesio C, Baldassari C, et al. Atypical
Manifestations in Glutl Deficiency Syndrome. J Child
Neurol 2016;31:1174-1180.

Gardella E, Becker F, Mgler RS, et al. Benign infantile
seizures and paroxysmal dyskinesia caused by an SCN8A
mutation. Ann Neurol 2016;79:428-436.

Zhu M, Zhu X, Wan H, Hong D. Familial IBGC caused
by SLC20A2 mutation presenting as paroxysmal
kinesigenic dyskinesia. Parkinsonism Relat Disord
2014;20:353-354.

Wang HX, Li HF, Liu GL, et al. Mutation Analysis of MR-
1, SLC2A1, and CLCNI1 in 28 PRRT2-negative Paroxysmal
Kinesigenic Dyskinesia Patients. Chin Med ] (Engl)
2016;129:1017-1021.

Swoboda K]J, Kanavakis E, Xaidara A, et al. Alternating
hemiplegia of childhood or familial hemiplegic migraine?
A novel ATP1A2 mutation. Ann Neurol 2004;55:884-887.
Carren O, Corominas R, Serra SA, et al. Screening of
CACNAI1A and ATP1A2 genes in hemiplegic migraine:
clinical, genetic, and functional studies. Mol Genet
Genomic Med 2013;1:206-222.

Pons R, Collins A, Rotstein M, et al. The spectrum of
movement disorders in Glut-1 deficiency. Mov Disord
2010;25:275-281.

Pearson TS, Akman C, Hinton VJ, et al. Phenotypic
spectrum of glucose transporter type 1 deficiency syndrome
(Glutl DS). Curr Neurol Neurosci Rep 2013;13:342.

Jen JC, Wan J, Palos TP, et al. Mutation in the glutamate
transporter EAAT1 causes episodic ataxia, hemiplegia, and
seizures. Neurology 2005;65:529-534.

Gardiner AR, Jaffer F, Dale RC, et al. The clinical and
genetic heterogeneity of paroxysmal dyskinesias. Brain
2015;138:3567-3580.

Dichgans M, Freilinger T, Eckstein G, et al. Mutation in the
neuronal voltage-gated sodium channel SCN1A in familial
hemiplegic migraine. Lancet 2005;366:371-377.

Erro R, Bhatia KP, Espay AJ, Striano P. The epileptic and
nonepileptic spectrum of paroxysmal dyskinesias:
channelopathies, synaptopathies, and transportopathies.
Mov Disord 2017;32:310-318.

Erro R, Sheerin UM, Bhatia KP. Paroxysmal dyskinesias
revisited: a review of 500 genetically proven cases and a
new classification. Mov Disord 2014;29:1108-1116.
Pourfar MH, Guerrini R, Parain D, Frucht SJ.
Classification conundrums in paroxysmal dyskinesias: a
new subtype or variations on classic themes? Mov Disord
2005;20:1047-1051.

1009



Paroxysmal Motor Disorders

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

1010

Erro R. Expanding the genetic spectrum of paroxysmal
dyskinesias. Mov Disord 2016;31:936.

Gancher ST, Nutt JG. Autosomal dominant episodic ataxia:
a heterogeneous syndrome. Mov Disord 1986;1:239-253.
Hully M, Ropars J, Hubert L, et al. Mosaicism in
ATP1A3-related disorders: not just a theoretical risk.
Neurogenetics 2017;18:23-28.

Chen DH, Méneret A, Friedman JR, et al. ADCY5-related
dyskinesia: Broader spectrum and genotype-phenotype
correlations. Neurology 2015;85:2026-2035.

Wang D, Ho Y-Y, Pascual JM, et al. Glutl deficiency
syndrome R333W genotype and paternal mosaicism. Ann
Neurol 2001;50:5124.

Deeb KK, Bedoyan JK, Wang R, et al. Somatic mosaicism
for a novel PDHA1 mutation in a male with severe
pyruvate dehydrogenase complex deficiency. Mol Genet
Metab Rep 2014;1:362-367.

Depienne C, Trouillard O, Gourfinkel-An 1, et al.
Mechanisms for variable expressivity of inherited SCN1A
mutations causing Dravet syndrome. ] Med Genet
2010;47:404—410.

Stosser MB, Lindy AS, Butler E, et al. High frequency of
mosaic pathogenic variants in genes causing epilepsy-related
neurodevelopmental disorders. Genet Med 2017;20:
403-410.

Landrum M]J, Lee JM, Riley GR, et al. ClinVar: public
archive of relationships among sequence variation and
human phenotype. Nucleic Acids Res 2014; 42 (Database
issue):D980-D985.

Philippakis AA, Azzariti DR, Beltran S, et al. The
Matchmaker Exchange: a platform for rare disease gene
discovery. Hum Mutat 2015;36:915-921.

L. Zima et al.

75. Lill CM, Mashychev A, Hartmann C, et al. Launching the
movement disorders society genetic mutation database
(MDSGene). Mov Disord 2016;31:607—609.

Supporting Information

Additional Supporting Information may be found online
in the supporting information tab for this article:

Table S1. Metabolic disorders that may present as parox-
ysmal motor disorders.

Video S1. Patient V:13; Myokymia manifesting as small
semirhythmical finger movements in the prone and
supine position associated with neuromyotonia, appearing
as thumb adduction and slight extension of the fifth fin-
ger.

Video S2. Patient VI:8; Myokymia manifesting as fine
semirhythmical finger movements in the hand in prone
and supine positions.

Video S3. Patient V:13; Myokymia manifesting as bilat-
eral infraocular twitching movements with exacerbation
in superior gaze position.

Video S4. Patient VI:8; Myokymia is visible both as
movement of the foot across the ankle joint and also as
undulating movements under the skin on the bottom of
the foot.

Video S5. Patient VI:8; The child proband describes the
major symptoms of her condition.
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