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ABSTRACT: Genetically determined myoclonus disor-
ders are a result of a large number of genes. They have
wide clinical variation and no systematic nomenclature.
With next-generation sequencing, genetic diagnostics
require stringent criteria to associate genes and phenotype.
To improve (future) classification and recognition of geneti-
cally determined movement disorders, the Movement Dis-
order Society Task Force for Nomenclature of Genetic
Movement Disorders (2012) advocates and renews the
naming system of locus symbols. Here, we propose a
nomenclature for myoclonus syndromes and related disor-
ders with myoclonic jerks (hyperekplexia and myoclonic
epileptic encephalopathies) to guide clinicians in their diag-
nostic approach to patients with these disorders. Sixty-
seven genes were included in the nomenclature. They were
divided into 3 subgroups: prominent myoclonus syn-
dromes, 35 genes; prominent myoclonus syndromes com-
bined with another prominent movement disorder, 9 genes;
disorders that present usually with other phenotypes but
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can manifest as a prominent myoclonus syndrome,
23 genes. An additional movement disorder is seen in
nearly all myoclonus syndromes: ataxia (n = 41), ataxia and
dystonia (n = 6), and dystonia (n = 5). However, no addi-
tional movement disorders were seen in related disorders.
Cognitive decline and epilepsy are present in the vast
majority. The anatomical origin of myoclonus is known in
64% of genetic disorders: cortical (n = 34), noncortical
areas (n = 8), and both (n = 1). Cortical myoclonus is com-
monly seen in association with ataxia, and noncortical
myoclonus is often seen with myoclonus-dystonia. This
new nomenclature of myoclonus will guide diagnostic test-
ing and phenotype classification. © 2019 The Authors.
Movement Disorders published by Wiley Periodicals, Inc.
on behalf of International Parkinson and Movement Disor-
der Society.
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Myoclonus is a hyperkinetic movement disorder char-
acterized by sudden, brief, involuntary jerks of a single
or multiple muscles.'” It can be caused by muscle
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contraction (positive myoclonus) or sudden interruption
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(negative myoclonus).* The myoclonic jerks can be difficult
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[ NOMENCLATURE
to distinguish from other hyperkinetic movement disor-
ders.’ Electrophysiological testing has proven helpful for
discriminating myoclonus from other hyperkinetic move-
ment disorders and for classifying the myoclonus subtype.®
Myoclonus can be classified based on anatomical origin:
cortical, subcortical (or noncortical”), spinal, and periph-
eral myoclonus.® So far, in genetic myoclonus syndromes
only cortical (CM) and subcortical subtypes have been
described.®

Determination of the etiology of myoclonus is challeng-
ing, and recently, a novel diagnostic 8-step algorithm was
proposed to help clinicians accurately, efficiently, and
cost-effectively diagnose myoclonus.® Once the acquired
forms and late-onset neurodegenerative disorders (such as
Alzheimer’s disease and parkinsonian disorders) of myoc-
lonus are excluded in this diagnostic workup, a large
number of genetically determined disorders with wide
clinical variation remain. In almost all genetic syndromes,
myoclonus is not the sole feature, but it is accompanied
or even overshadowed by another movement disorder.’
This is likely the reason systematic nomenclature similar
to PARK (for parkinsonism) or DYT (for dystonia) has
not been established for myoclonus. In many of the
suspected genetic myoclonus syndromes, the genetic cause
is (still) unknown, but next-generation sequencing (NGS)
has revolutionized molecular genetic diagnosis and has
produced an exponential increase in known genetic causes
and expansion of movement disorder phenotypes, includ-
ing myoclonus. However, NGS frequently produces
genetic variants for which pathogenicity is unclear. This
emphasizes the importance of good clinical phenotyping
and weighting of NGS results in the context of the pre-
senting clinical syndrome.

In 2012, the International Parkinson and Movement
Disorder Society Task Force for Nomenclature of Genetic
Movement Disorders was established to revise the system
of locus symbols, as the current movement disorders sys-
tem had become outdated with the advances in NGS, the
lack of established criteria for conferring locus symbols,
or ongoing revision of the list.”

Here we present a new myoclonus nomenclature. We
also include groups of related disorders that can present
in the outpatient clinic of a movement disorder special-
ist with jerks as a prominent symptom. First, there are
the hyperekplexias, as the excessive startle reflex closely
resembles reticular reflex myoclonus, both clinically
and neurophysiologically.'® Second are the genetic epilepsy
syndromes with myoclonic jerks, specifically the epileptic
encephalopathies. Patients with myoclonic epilepsy enceph-
alopathies exhibit, next to their clear epileptic attacks, often
spontaneous, reflex or action myoclonus, with evidence of a
cortical origin. These cortically driven epileptic jerks resem-
ble isolated cortical myoclonus, as both are characterized by
short-lasting (<100-millisecond) jerks with a cortical dis-
charge on the electroencephalogram (EEG). Historically, it
is not clear if there is a neurobiological distinction between
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MYOCLONUS SYNDROMES
the 2 phenomena, and therefore we decided to include them
both in the current myoclonus nomenclature.

The first 2 papers of the task force included the pro-
posed nomenclature for genetic parkinsonism, dysto-
nia, autosomal-dominant and -recessive cerebellar
ataxia, hereditary spastic paraplegia, paroxysmal move-
ment disorders, neurodegeneration with brain iron
accumulation, and primary familial brain calcifica-
tion."* Here, we present the genetically determined
myoclonus syndromes nomenclature based on the same
principles, criteria, and recommendations.

Methods

Inclusion

Our recommendations are based on a systematic liter-
ature search. All articles regarding genetic causes of
myoclonus syndromes were identified by a PubMed,
Online Mendelian Inheritance in Man, and Textbook
search, including all the additional relevant references cited
in the articles found. The key search terms “myoclonus,”
“myoclonic epilepsy,” and “startle” were used in combi-
nation with the term “genetic causes.” For the period to
June 2015, we used our previously published systematic
review with the same search terms.® In addition, an identi-
cal search was performed for the period between June
2015 and October 2018 to identify newly discovered
genes. All reviewed articles and abstracts were restricted to
those published in English.

Following the recommendations of the task force, the
criteria for gene inclusion are that mutations in the gene
must be causative (ie, risk factor genes were excluded),
and myoclonus must be a prominent feature. In deter-
mining the pathogenicity, no specific threshold for the
level of penetrance of a mutation was designated by the
Movement Disorder Society (MDS) Task Force and
was determined for each gene based on standards prev-
ailing in the field. In the field of myoclonus, we decided
that genes related to myoclonus or myoclonic epilepsy
with medium or low penetrance were excluded. In
Table 1 we included genetic disorders DYT-ANO3 and
CHOR-NKX2-1, although the penetrance of these
genes is reduced. The reason to include them is that the
previous nomenclature of the MDS Task Force decided
to include lower penetrance, as it is more common in
dystonic syndromes and these 2 genes present with the
clinical syndrome of myoclonus-dystonia.

Prominent myoclonus was present if either (1) the lit-
erature stated that myoclonic jerks were a prominent
feature of the phenotype, (2) the myoclonic jerks were
the main reason for disability, and/or (3) the myoclonic
jerks were the main focus of treatment. In addition to
this, the predominance of myoclonus in the disorder
had to be confirmed in the literature by a second inde-
pendent group of researchers.’
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This adjudication process included 2 persons (S.V.
and R.Z.). All genes included in the new nomenclature
were reviewed by 6 experts within the field of myoclo-
nus to reach a broadly supported consensus (H.S., J.C.,

S.B.,,P.T., TK., M.T.).

Classification

Following the recommendation of the task force and
to guide clinicians in daily practice, the genetic disor-
ders were allocated based on clinical presentation into
1 of the following 3 groups: (1) prominent myoclonus
syndromes, genetic disorders that present with promi-
nent myoclonus in the majority of cases; (2) combined
myoclonus syndromes, genetic disorders that present
with prominent myoclonus and another prominent
movement disorder (eg, dystonia/ataxia) in the majority
of cases; and (3) disorders that usually present with
other phenotypes but can manifest as a prominent
myoclonus syndrome, genetic disorders that present
with prominent myoclonus only in a minority of cases
as part of the phenotypic spectrum of this disorder.

Prefixes

In accordance with the recommendations of the task
force, the prefix MYC was given to genes in which
myoclonus is a prominent feature in the majority of the
patients. In addition, we added a second prefix to genes
and consequently allocated it to the subgroup combined
myoclonus syndromes, in which another movement dis-
order is an additional prominent feature, resulting in a
double prefix if both movement disorders are promi-
nent (eg, MYC/ATX-GOSR2). Overlapping genes with
double prefixes were discussed among the appropriate
experts from the MDS Task Force to reach consensus.
The symbol prefix is followed by the gene name. For
clarity and to allow comparison with former classifica-
tions, we provided the old locus symbol (eg, DYT11) in
the last column of Table 1, when appropriate. Genes
that present with myoclonic epilepsy were not given
any prefix, because the dominant feature of the pheno-
type is epilepsy rather than a movement disorder.

Additional Clinical and Electrophysiological
ltems

A brief description of the clinical presentation of disor-
ders linked to each gene is listed in Table 1 with special
emphasis on the most common accompanying signs and
symptoms including ataxia, dystonia, cognitive prob-
lems, or epilepsy. Furthermore, we added the myoclonic
anatomical subtype, cortical or subcortical (ie, non-
cortical), if known, for each genetic disorder based on
reported clinical and electrophysiological features to fur-
ther improve the classification of myoclonus. Experts
have argued against the term “subcortical” myoclonus,
as its anatomical origin is still undetermined; however,

the term “subcortical” myoclonus will still be used in the
new nomenclature because of the absence of a widely
supported alternative.” See Supplementary Table 1 for
the anatomical classification criteria for myoclonus.”?

Results

Gene Selection

One hundred sixty-six genes linked to a myoclonus
syndrome were found in the systematic literature review.
An extensive overview of all genes associated with myoc-
lonus with reason for inclusion or exclusion can be
found in Supplementary Table 3, and see Figure 1 for an
overview. Nighty-nine genes were excluded because of
the absence of prominent myoclonus (n = 45), lack of
confirmation of the phenotype with prominent myoclo-
nus by a second independent research group (n = 31),
and questionable pathogenicity (n = 23).

Sixty-seven genes were included in the new nomencla-
ture for myoclonus syndromes (see Table 1). (1) In the
subgroup prominent myoclonus syndromes, 35 genes
were included; (2) in the subgroup combined myoclonus
syndromes, 9 genes were included; and (3) in the sub-
group disorders that usually present with other pheno-
types but can manifest as a prominent myoclonus
syndrome, 23 genes were included.

Prefix Allocation

The locus symbol prefix MYC was assigned to
22 genes. Genes in which the predominant phenotype
showed wide heterogeneity or was dominated by epi-
leptic or nonmotor symptoms were not assigned any
prefix. For myoclonus epilepsy with ragged red fibers
syndrome, only the most frequent causative gene (mt-
MTTK) is listed. The remaining causative genes are
stated in the caption of Table 1, as they are associated
with a similar phenotype as mt-MTTK.

Myoclonus syndromes

N =166

Questionable
pathogenicity

Non-prominent
myoclonus

Phenotype with prominent myoclonus

=28 N=45 N=23

Validated Non -
genes confirmed

genes

N=67 N=31

FIG. 1. In and exclusion of genes associated with myoclonus syndromes.
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Additional Clinical and Electrophysiological
Clues

The following most common accompanying signs and
symptoms observed overall were cognitive decline in 90%
(n = 60), epilepsy in 82% (n = 535), ataxia in 61% (n = 41),
ataxia and dystonia in 9% (n = 6), and dystonia in 7%
(n = §). The anatomical location of myoclonic origin could
be allocated in 64% of genes (n = 43) because of support
of strong electrophysiological data, and in the cortex in
51% (n = 34), noncortical areas in 12% (n = 8), and both
cortical and noncortical areas in 1% (n = 1) of all genes.
Three of the 8 genes with jerks originating from non-
cortical areas were classified as originating from the brain
stem (hyperekplexia).

Discussion

In this article we propose a nomenclature of geneti-
cally determined myoclonus according to the new nam-
ing system presented by the MDS Task Force.' This
myoclonus list currently includes 67 genes. Thirty-five
genes presented with prominent myoclonus syndromes,
9 with combined myoclonus syndromes, and 23 with
disorders that usually present with other phenotypes but
can manifest as a prominent myoclonus syndrome. Co-
occurrence of movement disorders, especially ataxia and
dystonia, was seen in almost all except for familial corti-
cal myoclonus tremor with epilepsy (FCMTE, or
BAFME, benign adult familial myoclonus epilepsy),
hyperekplexia, and (myoclonic) epileptic encephalopa-
thies. Epilepsy and cognitive decline were the most fre-
quently observed accompanying clinical features for the
disorders listed in this new nomenclature.

The literature search detected 166 genes linked to a
myoclonus syndrome, but only 67 were used for the
nomenclature list. Filtering using strict criteria (indepen-
dent confirmation and predominant myoclonus) to arrive
at a list of confirmed entities that can present with predomi-
nant myoclonus is meant to help the clinician with the
selection of test procedures and assist in the interpretation
of results of genetic testing.” In our opinion, the require-
ment for independent confirmation by a second research
group is an important criterion, as it diminishes erroneous
genotype-phenotype linkages. At present, with the wide-
spread use of NGS in research and clinical diagnostics,
many potentially new myoclonus genes are reported. Still,
we had to exclude 31 genes (19%) that require validation.
A significant proportion of patients with myoclonus syn-
dromes still remain unsolved (progressive myoclonus
ataxias in 36%°* and progressive myoclonus epilepsies in
28%°%), in which excluded genes could be considered.

A new clinical diagnostic approach in patients with
myoclonus has recently been described.® After establishing
that the myoclonus in a patient has a genetic cause,
Table 1 can be used as a diagnostic framework for

OF GENETIC

MYOCLONUS SYNDROMES
physicians in clinical practice to select candidate genes for
individual patients based on the absence or presence of
accompanying signs and symptoms.

FCMTE/BAFME is the only genetically determined
myoclonus syndrome with relatively pure myoclonus,
although it is accompanied by infrequent epilepsy in a
majority of but not all patients. This genetic disorder is
caused by 2 recently confirmed genes (MYC-SAMD12
and MYC-RAPGEEFE2) with intronic expansions of non-
coding TTTCA and TTTTA pentanucleotide repeats. It
presents with a phenotype of benign CM with infre-
quent tonic-clonic and sometimes focal seizures. RNA-
mediated toxicity resulting in diffuse loss of Purkinje
cells in the cerebellum is suggested to be the underlying
pathogenesis of this disorder.”®”” The potential role of
the cerebellum in CM has been pointed out multiple
times in the literature, supported by the frequent pheno-
typical co-occurrence of CM and cerebellar ataxia.”®

Ataxia is the most common accompanying movement
disorder in myoclonus syndromes (24 genes). Almost
all patients in whom the genetic disorder consists of a
combination of ataxia and myoclonus present with the
clinical syndrome of progressive myoclonus ataxia
(PMA) or progressive myoclonus epilepsy (PME). The
most common and best characterized are Unverricht-
Lundborg disease (MYC/ATX-CSTB), Lafora disease
(MYC/ATX-EMP2A), neuronal ceroid lipofuscinosis
(multiple genes), sialidosis (MYC/ATX-NEU'1), and
dentatorubral pallidoluysian atrophy (ATX-ATN1).””

The anatomical origin of myoclonus in most patients with
ataxia is thought to be cortical. Clinically, cortical myo-
clonic jerks present typically in the distal limbs and face,
jerks are provoked by action and are stimulus sensitive.”® Of
the genetic disorders in which ataxia and myoclonus co-
occur, we found that cortical origin was supported by strong
electrophysiological evidence in 54% (n = 14), and it was
suspected in 33% (n = 8). Mechanistic hypotheses for corti-
cal myoclonus include: (1) loss of Purkinje cells with
astrocytosis, resulting in disinhibition via the cerebello-
thalamico-cortical pathway, (2) neuronal cell loss in the den-
tate nuclei leading to impaired cerebellar projections to
the cortex, or (3) a reduction in the concentration of
y-aminobutyric acid (GABA)-ergic synapses in the sensory-
motor cortex.'” On a molecular level, most genetic disor-
ders presenting with both ataxia and myoclonus have
impaired posttranslational modification of proteins to
which certain neuronal groups might be particularly vulner-
able compared with others.'*® This could play a role in the
characteristic phenotype of PMA, including a fixed order of
signs, starting with ataxia, subsequently CM, and eventually
by infrequent epilepsy.”*

Dystonia is the second type of prominent movement dis-
order accompanying myoclonus. The combination of
myoclonus and dystonia is known as myoclonus-dystonia
syndrome (M-D). The classical myoclonus-dystonia phe-
notype is based on genetic defects in the MYC/DYT-
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SGCE gene in about 50% of cases.'®! Other disorders that
can give rise to a myoclonus-dystonia phenotype in-
clude MYC/DYT-KCTD17, DYT-ANO3, ATX-PRKCG,
ATX-ATM, CHOR/DYT-ADCYS5, CHOR-NKX2-1, and
maternal uniparental disomy with regions of heterodisomy
and isodysomy on chromosome 7 (mUPD7), which is
based on the loss of function of the SGCE gene.

The anatomical locus of myoclonus in M-D is subcor-
tical. Clinically, the myoclonus and dystonia in M-D
are located mainly in the trunk and proximal upper
limbs, and the myoclonus is not stimulus sensitive. The
noncortical origin of the myoclonus is supported elec-
trophysiologically in 5 genetic disorders presenting with
M-D (MYC/DYT-SGCE, MYC/DYT-KCTD17, DYT-
ANO3, ATX-ATM, ATX-PRKCG) and unknown in
2 others (CHOR/DYT-ADCYS and CHOR-NKX2-1).
The pathophysiology of subcortical myoclonus includes
circuit abnormalities in the basal ganglia and involve-
ment of the cerebellum. Disruptions in neurotransmis-
sion pathways have been hypothesized to play a role,
particularly the unbalanced homeostasis of GABA,
serotonin, and dopamine-related pathways.'°* In con-
trast to myoclonus of cortical origin, cortical excitabil-
ity and intracortical inhibition were found to be normal
or less profoundly disturbed.'®

The overlap between types of accompanying move-
ment disorders and the anatomical origins of the myo-
clonic jerks is remarkable. Currently, the anatomical
origin can be assigned in only 64% of genetic disorders.
We encourage movement disorder specialists to classify
the subtype of myoclonus by a thorough clinical descrip-
tion (eg, distribution, stimulus sensitivity) of the myo-
clonic jerks and if possible electrophysiological testing
(eg, corticomuscular coherence or jerk-locked back-aver-
aging). We realize that availability of the tests varies con-
siderably between centers and countries.® However, the
myoclonic subtype guides the clinician toward a more
precise differential diagnosis (see Table 1) and effective
treatment strategy,'®* and it helps to unravel the patho-
genesis of myoclonus by creating homogenous groups.

Epilepsy is an additional feature in 82% of myoclonus
syndromes, presenting either as CM in combination with
epilepsy or myoclonic jerks as part of a myoclonic seizure.
It is only described in genes with jerks originating from
the cortex, as mutations in genes linked to noncortical
myoclonus (hyperekplexia, all M-D syndromes, and
Coffin-Lowry syndrome) rarely present with epileptic
manifestations. The distinction between myoclonus and
(myoclonic) epilepsy can be difficult to make, and seem-
ingly minor differences in terminology can create confu-
sion. Myoclonus epilepsy is a condition in which CM,
often continuously present, and epilepsy occur indepen-
dently, whereas myoclonic epilepsy is an attack of gen-
eralized convulsions starting with myoclonic jerks or
predominantly characterized by myoclonic jerks. Jerks
in both CM and myoclonic epilepsy are associated with

EEG polyspikes or spike/polyspike-wave complexes
before the onset of an EMG burst.'® Confusion is not
only the case in clinical practice but also in the literature,
making it difficult to interpret many of the clinical presen-
tations described. For instance, the phenotype associated
with MYC/ATX-GOSR?2 has been called an epileptic syn-
drome with myoclonic seizures (progressive myoclonus
epilepsy type 6) in articles from the field of epilepsy,'®® as
opposed to a syndrome with prominent cortical myoclo-
nus in combination with epilepsy (progressive myoclonus
ataxia) in articles from the field of movement disorders.'®”
Particularly in the fields of movement disorders and epi-
lepsy, the phenotype is a decisive factor for further diagnos-
tics, and inaccuracy of descriptions can lead to erroneous
genotype-phenotype relationships. Ongoing discussion
and consensus meetings between experts in both fields are
necessary to accomplish a consistent terminology with
clear definitions that could easily be implemented in clinical
practice.

Cognitive problems including cognitive decline and
psychomotor retardation have been reported in all but
5 genetic disorders, MYC/DYT-SGCE, MYC/DYT-
KCTD17, mUDP7 (based on loss of SGCE-gene),
DYT-ANO3, and the hyperekplexias. Other nonmotor
features, particularly psychiatric disorders and behav-
ioral problems, are also being recognized as part of the
phenotype of certain movement disorders (eg, dystonia).
In disorders with cortical myoclonus, almost half the
patients experience symptoms of depression or anxi-
ety.'”® Underestimation of these nonmotor features is
likely, as we have only recently started considering this
to be part of the phenotype. Future case descriptions of
myoclonus syndromes should include details on cognition,
psychiatric symptoms, and behavioral changes. The clini-
cian should be aware of the high occurrence of nonmotor
features in patients with myoclonus syndromes. These are
features that impact the patient’s life and his or her fam-
ily, and they require proper guidance and counseling.'®”

Just as the presence of accompanying signs and symp-
toms can guide clinicians to a refined differential diagno-
sis, absence of an accompanying movement disorder
proves a useful observation, as it points toward the
related disorders, hyperekplexia and myoclonic epileptic
encephalopathies. Hyperekplexia is characterized by
3 clinical symptoms: generalized stiffness at birth, exces-
sive startle reflexes, and generalized stiffness following a
startle. Genetic studies have shown mutations in different
parts of the inhibitory glycine receptor complex, located
in the postsynaptic membrane of glycinergic and mixed
GABAergic neurons. Synaptic inhibition in the brain stem
and spinal cord is impaired as a result of a defect in 1 of
these 3 genes.'” With regard to the genes identified in epi-
leptic encephalopathies with prominent myoclonic jerks,
a majority of these disorders share a phenotype that
includes early disease onset (in the first 18 months of life)
and a progressive course resulting in refractory epilepsy
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and severe cognitive decline. However, some genetic dis-
orders are extremely rare (eg, CARS2), and those pheno-
types are likely to be expanded in the coming years.

Conclusion

In collaboration with the MDS Task Force, we present
a new nomenclature that includes 67 genetically deter-
mined myoclonus syndromes. As is apparent from this
current list, numerous genes are linked to myoclonus
syndromes, and prioritizing putative causative genes
based on corresponding accompanying signs or symp-
toms and clinical clues could accelerate the identification
of a molecular diagnosis in individual cases. Further-
more, it shows the additional value of electrophysiologi-
cal testing in patients with myoclonus syndromes, as it
may lead to a more refined differential diagnosis and
therapeutic strategy. The current nomenclature can be
used as a framework to add newly discovered genes in a
systematic way and can be used for movement disorder
(myoclonus) next-generation sequencing diagnostics. In
the near future, genetically determined myoclonus syn-
dromes can be uploaded in the searchable online data-
base, the Movement Disorder Society Genetic Mutation
Database, MDSGene (www.MDSGene.org), to provide
an online, browsable database of hereditary myoclonus

syndromes." ‘@
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