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Abstract

The 2018 consensus statement on the classification of tremors proposes a two-axis categorization scheme
based on clinical features and etiology. It also defines “isolated” and “combined” tremor syndromes
depending on whether tremor is the sole clinical manifestation or is associated with other neurological or
systemic signs. This syndromic approach provides a guide to investigate the underlying etiology of tremors,
either genetic or acquired.

Several genetic defects have been proven to cause tremor disorders, including autosomal dominant and
recessive, X-linked, and mitochondrial diseases, as well as chromosomal abnormalities. Furthermore, some
tremor syndromes are recognized in individuals with a positive family history, but their genetic confirmation
is pending. Although most genetic tremor disorders show a combined clinical picture, there are some
distinctive conditions in which tremor may precede the appearance of other neurological signs by years or
remain the prominent manifestation throughout the disease course, previously leading to misdiagnosis as
essential tremor (ET). Advances in the knowledge of genetically determined tremors may have been
hampered by the inclusion of heterogeneous entities in previous studies on ET. The recent classification of
tremors therefore aims to provide more consistent clinical data for deconstructing the genetic basis of tremor
syndromes in the next-generation and long-read sequencing era.

This review outlines the wide spectrum of tremor disorders with defined or presumed genetic etiology, both
isolated and combined, unraveling diagnostic clues of these conditions and focusing mainly on ET-like
phenotypes. Furthermore, we suggest a phenotype-to-genotype algorithm to support clinicians in identifying
tremor syndromes and guiding genetic investigations.



1. INTRODUCTION

The 2018 consensus statement on tremor classification reiterates that tremor is an involuntary, rhythmic,
oscillatory movement of a body part,[1,2] and provides a novel categorization scheme based on clinical
features (Axis 1) and etiology (Axis 2).[1] Within Axis 1, tremor syndromes are termed “isolated” and
“combined” depending on whether tremor occurs alone or is associated with other neurological or relevant
systemic signs.[1] This syndromic approach aims to better delineate tremor phenotypes and investigations of
both genetic and acquired tremor syndromes.[1]

Many tremor disorders have a known genetic basis, including autosomal dominant (AD) and recessive (AR),
X-linked and mitochondrial diseases, as well as chromosomal abnormalities. Moreover, some patients with
tremor have positive family histories, but lack molecular diagnosis,[1] suggesting Mendelian inheritance of
hitherto unknown genes or more complex heritability patterns. Most genetic tremor disorders are combined
syndromes. However, in some distinctive conditions, tremor may precede other neurological signs by years
or remain the sole or prominent manifestation, potentially masquerading as essential tremor (ET).

This review outlines the broad spectrum of isolated and combined tremor syndromes with defined or
presumed genetic etiology. Given the numerous genes and chromosomal abnormalities linked to tremor
disorders, we focus on ET-like phenotypes and highlight clues to diagnose other distinctive phenotypes.
Monogenic disorders are presented first according to their inheritance patterns and chromosomal aberrations
thereafter. A phenotype-to-genotype algorithm is provided at the end. Previously unpublished videos (Video
1) and references to previously published videos (Supplementary Table) showing some tremor disorders

covered by this review are provided.

2. INHERITED AUTOSOMAL DOMINANT TREMOR DISORDERS

2.1 Essential tremor

ET is an isolated tremor syndrome characterized by bibrachial action tremor with or without tremor in other
body parts (e.g., head, larynx, lower limbs).[1] Prevalence is estimated at 1% in the general population and 4-
5% in people over 65 years.[3] Age of onset ranges from childhood to late adulthood, with a bimodal
distribution showing peaks before 24 years of age, and after 46 years of age.[4] Some affected individuals
display alcohol sensitivity.[1,2] Positive family history is present in 20-90% of ET cases, suggesting AD
inheritance.[5] Candidate loci and genes associated with ET are listed in Table 1.[6-29] However, no genetic
findings have conclusively been replicated, and ET etiology remains controversial. Many factors may have
hampered the dissection of genetic underpinnings of ET.[35] First, the longstanding lack of stringent
diagnostic criteria and the lack of biomarkers for ET which may have facilitated contamination of ET study
cohorts with tremor disorders misdiagnosed with ET (e.g., Klinefelter syndrome (KS), fragile X-related
tremor/ataxia syndrome (FXTAS), DYT-ANO3 (DYT24),[36] and SCA-PPP2R2B (SCA12)[36]), or with



“ET plus” syndromes, where additional subtle neurological signs (e.g., mild memory impairment, impaired
tandem gait, subtle body posturing) are present.[1] Second, the reduced penetrance of ET observed in ET
families. Third, the high rate of phenocopies in ET pedigrees, i.e. people with a similar or identical
phenotype resulting from different underlying genotypes or environmental nongenetic factors. Fourth, the
possible contribution of multiple risk loci, epigenetic modifications, and environmental influences in the
pathogenesis of ET.[35] Finally, the intrinsic limitations of genetic technologies available for ET research
over time. For instance, early genetic research on ET was mainly represented by genome-wide association
studies (GWAS) whose limitations have recently been reviewed by Tam et al.[37] As another example, next-
generation sequencing (NGS) has not allowed to accurately analyze genomic regions carrying structural
variation, repetitive sequences, guanine-cytosine rich sequences, or sequences with multiple homologous
elements, but the emerging long-read sequencing (LRS) technologies promise to overcome specific
limitations of NGS and might shed light on the significance of noncoding genomic regions, complex
genomic variants, repeat expansions, and DNA methylation patterns in the pathogenesis of ET.[38,39]
Against this background, LRS has recently contributed to identify a GCC trinucleotide repeat expansion in
the NOTCH2NLC gene in 11 Chinese kindreds with ET,[29] but this finding has not been replicated in
independent studies yet.

In summary, ET and ET plus represent clinical syndromes of heterogeneous possibly genetic etiology. In this
context, the recent classification of tremors should promote deeper clinical phenotyping to deconstruct

genetic tremor syndromes in the NGS and LRS era.[1]

2.2 Autosomal dominant primary dystonias

Tremor is part of the motor phenomenology of dystonia,[40] therefore all genes associated with dystonia
may underpin isolated and combined tremor syndromes.[1] Dystonic tremor manifests as a rhythmic,
intermittent, patterned movement in body regions which are primarily affected or unaffected by dystonia. It
may appear before overt dystonic posturing and abate in response to sensory tricks or null-point
positioning.[40] An overview of monogenic primary dystonias is found elsewhere, including the AD
dystonia phenotypes related to TOR1A (DYT1), THAP1 (DYT6), and GNAL (DYT25) genes.[41-45] Tremor
is often reported as a major clinical feature in DYT-ANO3 and DYT/PARK-GCHL1 (DY T5a),[36] discussed
below.

DYT-ANOS is caused by a heterozygous mutation in ANO3, which maps on chromosome 11p14.2-p14.3 and
encodes anoctamin 3, a Ca2*-gated chloride channel highly expressed in the striatum.[46] Age of onset
ranges between childhood and the sixth decade.[46-48] Tremor involving the head, voice, and upper limbs in
various combinations is often the earliest manifestation, and most prominent finding throughout the disease
course, mimicking ET or SCGE-related myoclonus-dystonia (Supplementary Table); dystonic posturing is
often minimal.[49] Contiguous spread over years is possible, but generalization has never been reported.[49]

Subcortical myoclonus can also be observed.[49]



DYT/PARK-GCHL1 is a dopa-responsive dystonia caused by a heterozygous mutation in GCHZ1, which maps
on chromosome 14q22.1-922.2 and encodes the enzyme GTP cyclohydrolase 1.[50] Upper-limb postural
tremor has been reported, either alone or with parkinsonism, in both childhood- and adult-onset cases.[50,51]
Voice, head, chin and parkinsonian rest tremor are also described.[51] Tremor is dopa-responsive and shows
diurnal fluctuation.[50] AR inheritance has also been reported in DYT/PARK-GCH1.[52]

2.3 Autosomal dominant spinocerebellar ataxias

Tremor is common in AD spinocerebellar ataxias (SCAs). A 2-3 Hz titubatory head or trunk tremor reflects
cerebellar dysfunction, and is therefore not indicative of a specific SCA. However, action tremor of the
hands resembling ET has been reported as presenting sign in SCA-PPP2R2B and SCA-FGF14 (SCA27),[36]
which are herein discussed in detail.[53-55] Palatal tremor is part of the phenotypic spectrum of SCA20 and
SCA-ATXNT7 (SCA7),[36] both important differential diagnoses of progressive ataxia with palatal tremor
(PAPT; see below).[56-58] Rest tremor is rare in SCAs, usually indicating coexisting parkinsonism, as
observed in SCA-ATXN2 (SCA2) and SCA-ATXN3 (SCA3).[36,59]

SCA-PPP2R2B (SCA12) is caused by a CAG/CTG repeat expansion in the 5° untranslated region of
PPP2R2B, which maps on chromosome 5932 and encodes a brain-specific regulatory subunit of the
phosphatase PP2A.[60,61] Individuals with more than 46 repeats on one allele develop the disease.[62]
Rather than the gait ataxia typical of SCAs, SCA-PPP2R2B often presents with prominent or isolated upper-
limb and sometimes head action tremor (Video 1, Segment 1).[60] SCA-PPP2R2B is particularly common
among the Agarwal community from northern India, but also reported in European, American, and non-
Indian Asian kindreds.[63] Onset is generally in the fourth decade. Disease progression is slow and patients
display varied clinical manifestations, including cerebellar signs (i.e., gait ataxia, limb dysmetria, dysarthria,
abnormal eye movements), parkinsonism, dystonia, hyperreflexia, psychiatric symptoms, and, in later stages,
cognitive decline.[63] Cerebral and cerebellar atrophy are typical MRI findings.[63] Testing for SCA-
PPP2R2B should be considered in individuals with ET-like tremor and a positive family history of
cerebellar, parkinsonian, pyramidal, and cognitive manifestations, especially if geographical provenance and
brain imaging are consistent. Despite being an ET phenocopy at onset, SCA-PPP2R2B has not been
associated with ET in a large cohort study.[64]

A heterozygous mutation in the gene encoding fibroblast growth factor 14 (FGF14) on chromosome 13934
cause SCA-FGF14 (SCA27), which usually manifests with childhood-onset hand “trembling” (high-
frequency, small-amplitude tremor) exacerbated by emotions and fatigue, and/or head titubation.[65] Tremor
is the initial clinical feature in 60% of cases (and present in over 95%), and may precede the appearance of
progressive or episodic ataxia, dysarthria, nystagmus, orofacial dyskinesia, psychiatric manifestations and
cognitive impairment by many years.[65] Mild to moderate cerebellar atrophy on MRI has been reported in
20% of cases, mainly older individuals.[59,65] The diagnosis should therefore be considered in patients with
ataxia who report tremor since childhood, or other associated features, such as episodic ataxia and

neuropsychiatric symptoms.



2.4 Autosomal dominant monogenic Parkinson’s disease

All genes causing monogenic Parkinson’s disease (PD) may be linked with combined tremor syndromes, as
rest tremor is a cardinal motor feature. Hand rest tremor in monogenic PD is indistinguishable from the
classic pill-rolling tremor observed in idiopathic PD; unilateral leg rest tremor has been reported as a
presenting feature in many PARK-LRRK2 (PARKS; chromosome 12g12), and may precede the appearance
of other parkinsonian features by many years.[36,66-67] An overviews of monogenic PD is available
elsewhere.[68]

2.5 Neuroferritinopathy

Neuroferritinopathy is an AD neurodegeneration with brain iron accumulation (NBIA) syndrome. Caused by
mutations in the ferritin light chain gene (FTL; chromosome 19913.33)[69], it was originally described in
families from Northern England, but later also in France, Italy, Japan, and India. Neuroferritinopathy usually
begins between the fourth and sixth decade of life with either prominent chorea, dystonia, pyramidal signs,
or a bradykinetic-rigid syndrome. Onset with upper-limb postural and kinetic tremor, followed by gait
difficulties and progressive cognitive impairment has been reported by several authors.[70-71] Palatal tremor
was reported with cognitive decline in affected individuals of British and French ancestry.[70-73] Laboratory
investigations reveal low to low-normal serum ferritin levels, with normal iron, hemoglobin and transferrin.
Neuroradiological clues include cortical iron deposition (pencil lining sign),[74] bilateral pallidal necraosis,

and cystic cavitation of the basal ganglia in advanced stages.[75]

2.6 Tremor related to genes causing frontotemporal dementia with parkinsonism

The genetic landscape of the syndrome of frontotemporal dementia with parkinsonism (and sometimes motor
neuron disease) has been clarified in recent decades with the identification of multiple causative genes
including MAPT, PRGN, TARDP, VCP, CHMP2B, and C90rf72.[76-82] In this context, parkinsonism
generally manifests as an akinetic-rigid syndrome, with typical resting tremor being reported in less than
10% of cases.[77] FUS mutations rarely cause parkinsonism associated with a postural tremor resembling
ET.[81]

2.7 Hereditary geniospasm

Hereditary geniospasm (HG) is an isolated tremor syndrome characterized by recurrent, paroxysmal
elevation-and-depression of the chin and lower lip due to rhythmic mentalis muscle contractions at
frequencies between 4-30 Hz.[83,84] It is inherited as an AD trait with approximately 80% penetrance.[83]
Episodes occur spontaneously or triggered by stress and last seconds to several hours. HG usually manifests
soon after birth or in early childhood but frequency and severity of episodes generally decrease with age.
Although the genes responsible for HG remain unknown, a genome-wide linkage analysis mapped some

cases to chromosome 9g13-g21, and confirmed the genotypic heterogeneity of the disorder.[83] Despite its



denomination, neurophysiological findings suggest that HG represents a focal brainstem myoclonus rather
than tremor.[84]

2.8 Autosomal dominant progressive ataxia with palatal tremor

PAPT is a rare clinical syndrome characterized by progressive cerebellar dysfunction and low-frequency (1-
2 Hz) palatal tremor. While increasing evidence suggests that sporadic PAPT represents a novel 4-repeat
tauopathy,[85] several genetic disorders are recognized to underlie familial cases of PAPT. These include
late-onset Alexander disease,[86] SCA20[56] and SCA-ATXN7 (SCA7)[36,57] (see Table 2), the AR
disorders GM2-gangliosidosis[87] and cerebrotendineous xantomatosis[88] (see Table 3), and mutations in
the mitochondrial polymerase gamma gene (POLG; see section 5).[89]

Alexander disease is a rare AD leukodystrophy with age of onset from infancy to the early seventh decade.
Adult-onset forms manifest with bulbar signs (dysarthria and dysphagia), spasticity, slowly progressive gait
ataxia, dysautonomia, sleep disturbances, and cognitive impairment.[86,90] A 2-Hz palatal tremor is reported
in around 40% of cases (Supplementary Table).[91] The disease is caused by mutations in GFAP, which
maps on chromosome 17¢21.31 and codes for the glial fibrillary acidic protein.[86] On brain MRI, almost
90% of late-onset cases show severe medullary and cervical spinal cord atrophy, with a preserved basis
pontis (‘tadpole sign’).[92] Although white matter abnormalities may coexist, lesion load is never as high as

in early-onset disease.[86]

2.9 Autosomal dominant hereditary spastic paraplegias

Tremor rarely forms part of the spectrum of hereditary spastic paraplegias (HSPs).[93] Orthostatic tremor
has been reported as a presenting or additional sign in three independent cases of HSP-REEP1 (HSP31;
Supplementary Table).[36,94,95] Furthermore, hand tremor has been described in HSP-SPAST
(HSP4).[36,93]

Table 2 provides summaries of the above-mentioned and other AD tremor disorders.[41-86,89-102]

3. INHERITED AUTOSOMAL RECESSIVE TREMOR DISORDERS

3.1 Wilson’s disease

Wilson’s disease (WD) is an AR disorder of copper metabolism caused by biallelic mutations in ATP7B
(chromosome 13g14.3),[103] which results in defective copper excretion into the biliary tract, and
subsequent toxic accumulation of free copper in different organs, primarily the liver and brain. Hepatic WD
typically presents in late childhood, whereas neurological manifestations generally occur in the second or
third decade (though cases presenting as young as 6 and as old as 72 years have been reported).[104] Tremor

is the presenting manifestation in up to 55% of neurological WD, and may be accompanied by dystonia,



parkinsonism, choreoathetosis, and cerebellar signs with dysphagia, dysarthria, and drooling.[103,104]
Although well-known, the classic “wing-beating” tremor of the upper extremities is not the sole tremor type
in WD (Supplementary Table). An ET-like tremor involving the arms, head and legs can be the earliest
manifestation of neurological WD, as can tongue tremor with dysarthria.[103-106] WD-related tremors
(which can be unilateral) may also be ‘rubral-like’, dystonic or parkinsonian and are generally accompanied
by prominent postural and/or kinetic component. Investigations reveal low serum ceruloplasmin, excessive
urinary copper excretion, cerebral atrophy with hyperintensity of the basal ganglia on T2-weighted MRI
sequences, and Kayser-Fleischer rings. Liver biopsy may confirm the clinical suspicion in challenging
cases.[103,104]

3.2 Autosomal recessive Parkinson’s disease and primary dystonias

Overviews on monogenic PD and primary isolated dystonias are detailed elsewhere.[41-43,45,68] Among
AR PD, PARK-Parkin (PARK2), PARK-PINK1 (PARKG6), PARK-DJ-1 (PARK7), PARK-FBXO7
(PARK15), PARK-DNAJC6 (PARK19), and PARK-SYNJ1 (PARK20) may manifest with dystonic and/or
parkinsonian rest tremor usually before the age of 40.[36,107-111] DYT/PARK-SLC6A3 causes infancy-,
childhood-, and rarely adult-onset parkinsonism-dystonia with tremor.[36,112] An entity called benign
tremulous parkinsonism of the young, characterized by rest and/or postural tremor in the legs or hands,
sometimes as the sole or prominent feature of PD, has been reported in juvenile PARK-Parkin.[113]
PLA2G6- and ATP13A2-related disorders can present as an AR parkinsonian syndrome, including rest
tremor, and are reported in details below.[114] AR isolated dystonias related to the HPCA, COL6A3, and
VPS16 genes are extremely rare. Mutations in the THAP1 (DYT6) or GNAL (DYT25) genes, which are

usually dominantly inherited, can also be inherited in an AR manner.[45]

3.3 Autosomal recessive syndromes of neurodegeneration with brain iron accumulation

All genes linked to AR NBIA disorders may underlie combined tremor syndromes, including PANK2,
PLA2G6, C190rf12, COASY, FA2H, ATP13A2, and CP.[114] Isolated rest or dystonic tremor of the upper
limbs is reported as the presenting sign in atypical cases of NBIA/DYT-PANK2 (PKAN) with late onset
(second to fourth decade).[36,115-119] In atypical cases of NBIA/DYT/PARK-PLA2G6 (PLAN) with onset
in late adolescence or early twenties with dystonia-parkinsonism, pill-rolling tremor is present in
approximately two thirds of cases along with psychiatric manifestations and rapid cognitive
decline.[114,120] The clinical picture of aceruloplasminemia, a disorder resulting from biallelic mutations in
the gene coding for ceruloplasmin (CP), encompasses different movement disorders including tremor,
chorea, ataxia, and/or dystonia alongside psychiatric and cognitive changes, diabetes mellitus and
retinopathy.[121,122] Laboratory investigations usually reveal absent or very low serum ceruloplasmin with
normal copper excretion and high ferritin. On MRI, iron deposition may be detected in the basal ganglia, red
nucleus, and dentate, but also in the liver.[121,122] Intention tremor or parkinsonism with rest tremor have

been described alongside dystonia, spasticity, cerebellar signs, neuropathy, and visual failure in



mitochondrial membrane protein-associated neurodegeneration (MPAN), a childhood-onset NBIA syndrome
caused by biallelic mutations in C190rf12 (chromosome 19q12).[123,124] Recently, AD mode of inheritance
has also been reported for MPAN.[125]

3.4 Autosomal recessive inborn errors of metabolism

A plethora of AR neurometabolic diseases include tremor in their clinical phenotype,[126] including glutaric
aciduria type I, classic galactosemia, and phenylketonuria. In these conditions, tremor may appear in early
childhood or as late-onset sequela, regardless of prompt initiation of dietary treatment (Supplementary
Table).[126,127] Glutaric aciduria type | is a disorder of lysine and tryptophan metabolism due to mutations
in the glutaryl-CoA dehydrogenase gene (GCDH; chromosome 19p13). Although the classic phenotype
encompasses acute encephalopathic crises precipitated by febrile episodes before the age of 2, bibrachial
dystonic tremor with orofacial dyskinesias starting from adolescence or early adulthood have been reported
in otherwise asymptomatic individuals.[128] Classic galactosemia is an inborn error of galactose metabolism
caused by pathogenic variants in the galactose-1-phospate uridylyltransferase gene (GALT; chromosome
9p13). Acute systemic complications are typical of disease presentation in newborns. However, neurological
manifestations, including action tremor of the arms and head, dystonia, cerebellar and pyramidal signs, as
well as late-onset complications (e.g., premature ovarian failure (POF)) have been reported despite strict

dietary galactose restriction since birth.[129]

Table 3 provides brief summaries of the above-mentioned and other AR tremor disorders.[87,88,93,103-136]

4. INHERITED X-LINKED TREMOR DISORDERS

4.1 Fragile X-associated tremor ataxia syndrome

FXTAS is a late-onset neurodegenerative disorder affecting around 40% of males carrying a premutation
(CGG trinucleotide expansion of 55-200 repeats) allele in the 5* untranslated region of fragile X mental
retardation gene (FMR1; chromosome X27.3). Estimated prevalence is 1:800 in males and 1:250 in
females.[137,138] Onset is generally in the seventh decade with progressive disabling tremor and ataxia,
variably associated with parkinsonism, cognitive and behavioral impairment, autonomic dysfunction,
peripheral neuropathy, and sleep disturbances. Tremor is the earliest sign in nearly 80% of cases and may
precede other symptoms by years. Documented tremor phenotypes include ET-like tremor affecting the
hands, axial tremor, and non-isolated unilateral upper-limb rest tremor (Video 1, Segment 2).[138] Due to
stochastic X-chromosome inactivation, female premutation carriers rarely develop FXTAS, though a case
series reports tremor in nearly 40% of females permutation carriers, and many suffer from POF and
depression.[139] A FXTAS-like phenotype has also been reported in fragile X syndrome (>200 repeats). In

FXTAS, brain MRI shows T2 hyperintensities in the periventricular white matter and middle cerebellar



peduncles (MCP sign) in 60% of male and 13% of female carriers.[138] The MCP sign on brain MRI along
with a family history of mental retardation in male offspring and/or of amenorrhea before the age of 40 in
females should prompt fragile X carrier testing.

4.2. Lubag disease

Lubag disease (DYT/PARK-TAFL1) is an X-linked dystonia-parkinsonism described in males of maternal
Filipino descent. Mutations in the noncoding regions within, and close to, the TATA-binding protein-
associated factor-1 gene (TAF1; chromosome Xq13.1) have been reported as cause of the disease.[140] Age
of onset ranges from 12 to 79 years.[141] The classic phenotype is one of focal cranio-cervical dystonia that
spreads to other body regions over time, and may combine with, or be replaced by, parkinsonism. Tremor
and parkinsonism are common at presentation and may precede or overshadow dystonic features.[142]
Tremor in DYT/PARK-TAF1 dystonia affects the head or limbs, and may appear at rest, on posture and/or
during movements. It is often asymmetric and can be misdiagnosed as PD or ET. Lubag patients may also
exhibit myorhythmia.[141] Female carriers are mostly asymptomatic, though a small minority manifest
dystonia, parkinsonism, and/or chorea. Lubag disease should be suspected when an isolated or combined
tremor syndrome occurs in individuals of Filipino ancestry and there is a family history of parkinsonism

and/or dystonia consistent with X-linked inheritance.[141]

Table 4 provides brief summaries of the above-mentioned and other X-linked tremor disorders.[137-147]

5. INHERITED MITOCHONDRIAL TREMOR DISORDERS

Defects in maternally inherited mitochondrial DNA (mtDNA) or in nuclear genes (nDNA) encoding
respiratory chain subunits may result in isolated and combined tremor syndromes.[89,148-152] Mutations in
POLG (nDNA) may cause early-onset levodopa-responsive parkinsonism with typical rest tremor with either
dominant or recessive inheritance. POLG-related parkinsonism usually begins around age 40, but onset has
been reported as early as the third decade in some families. POLG mutations may also underlie familial
PAPT.[89,148] A task-specific dystonic tremor was the presenting feature in a patient with pathogenic
variant in SURF1-related Leigh syndrome (nDNA).[149] A C10orf2 TWINKLE variant has been reported in
a patient presenting with simultaneous orthostatic tremor and eyelid ptosis.[150] Cytochrome ¢ oxidase
deficiency due to mutation in COX20 gene (MtDNA) causes a childhood-onset cerebellar ataxia with
intention tremor and pyramidal signs.[151] An extensive review of mitochondrial disorders is covered
elsewhere.[149,151,152]
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6. TREMOR DISORDERS RELATED TO CHROMOSOMAL ABNORMALITIES

Sex chromosome aneuploidies

Tremor is a common manifestation of sex chromosome aneuploidies, including KS, Jacobs syndrome (JS),
and rarer supernumerary X or Y syndromes (Supplementary Table).[153-159]

KS is the most frequent sex chromosome abnormality among males (1:700 newborns) and the most common
cause of infertility in the male population. The clinical picture includes tall stature from puberty, arm span
exceeding height, and hypergonadotropic hypogonadism/androgen deficiency.[153] Intention tremor of the
upper extremities, sometimes associated with head, voice, and leg tremor, has been reported in up to 75% of
individuals with KS (47,XXY karyotype).[154,155]

Unilateral or bilateral rest, postural and/or intention tremor of the arms as well as head tremor is also
recognized in JS (47,XYY karyotype). Despite a prevalence of 1:1,000 in the male population, it is estimated
that up to 88% of cases remain undiagnosed in their lifetime.[153,156] Clinical clues include tall stature,
central adiposity, macrocephaly, macro-orchidism, hypotonia, clinodactyly, and hypertelorism. Half of males
with XYY karyotype receive a diagnosis of attention deficit or autistic spectrum disorder.[156]

Postural and/or action tremor of the upper limbs with onset during the first or second decade is reported in
48,XXYY syndrome, which has an estimated prevalence of approximately 1:18,000-1:40,000 among
newborn males. Physical features are similar to those seen in KS, although 48,XXY'Y patients exhibit
significantly more neurodevelopmental and psychological features, including dysmorphic features (e.g., long
face, epicanthal folds, poor dentition), pes planus, attention deficit disorder, and learning
difficulties.[153,157-159]

In summary, males presenting with tremor from an early age with suggestive physical features (tall stature,
micro- or macro-orchidism, and rarely, facial dysmorphism), and a history of infertility and/or early
developmental delays or learning disabilities should prompt karyotyping to evaluate for sex chromosome

aneuploidies.[153-159] As aneuploidies are not inherited, family history is usually unremarkable.

Table 5 provides brief summaries of tremor disorders related to sex chromosome aneuploidies and structural

chromosomal abnormalities.[153-161]

7. DISCUSSION

A plethora of gene and chromosomal abnormalities are known to cause isolated and combined tremor

syndromes. Details on genetic disorders causing tremor and relevant clues to diagnosis are reported in Tables

2to 5. Figure 1 provides a phenotype-to-genotype algorithm to guide clinicians in the differential diagnosis

and genetic testing options.
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Most genetic tremor disorders exhibit a complex clinical picture when their phenotype is fully expressed.
However, some (e.g., DYT-ANO3, SCA-PPP2R2B, FXTAS, KS) may resemble ET both at onset and for
many years thereafter. Moreover, some tremor syndromes of uninvestigated or undetermined etiology may
be erroneously referred to as ET in clinical practice. By providing a detailed syndromic approach to tremors
and strict diagnostic criteria for ET, the 2018 tremor classification allows stratification of patients into
phenotypically homogeneous subgroups, and may ultimately contribute to further advances in our
understanding of the genetic basis of tremors.

Deconstructing Axis 1 of the recent classification,[1] the differential diagnosis of presumed genetic tremors
appears to be largely based on the presence or absence of associated signs, as illustrated in Figure 1. Young
age of onset narrows the differential diagnosis, as few genetic tremor disorders manifest in childhood or
adolescence (e.g., WD, KS, some monogenic primary dystonias and neurometabolic diseases). Specific
patterns of body distribution can aid the diagnostic process (e.g., palatal tremor: Alexander disease, SCAZ20,
POLG-related disorders; laryngeal tremor: dystonic conditions, ET). Similarly, rest tremor limits the
differential diagnoses mostly to parkinsonian conditions, while intention tremor should prompt a search for
other signs of cerebellar involvement, as seen in SCAs and other ataxic syndromes. Abnormal laboratory
tests may hint at the diagnosis. These include serum ceruloplasmin and urinary copper levels in WD and
aceruloplasminemia, iron studies in neuroferritinopathy and aceruloplasminemia, sex hormone levels in sex
chromosome aneuploidies, and CSF analysis in dopa-responsive dystonia and rarer neurometabolic diseases.
Specific imaging findings on brain MRI in FXTAS, WD, NBIA, and positive dopamine receptor imaging in
PD and other parkinsonian condition can also be directive.

It is noteworthy that genetic tremor syndromes often occur in the absence of a positive family history of
tremor. Although being particularly frequent for AR, X-linked, and classic mitochondrial inheritance, this
may also occur in AD disorders with incomplete or delayed penetrance, or due to de novo mutations.
Moreover, sex chromosome aneuploidies are not inherited, and parents of a child with one of these
conditions are not at an increased risk of having a second affected child. Geographical provenance may
prove useful, suggesting diagnoses such as SCA-PPP2R2B, DYT/PARK-TAF1, and neuroferritinopathy. A
history of intellectual disability in male offspring and/or premature amenorrhea in female family members
should prompt clinical suspicion of FXTAS.

Despite the large number of genetic defects which are recognized to cause tremor disorders, a substantial
proportion of patients with tremor-dominant clinical pictures encountered in the routine care remain without
a definitive molecular diagnosis, even after undergoing NGS-based investigations, such as multigene panels,
whole exome sequencing (WES) and whole genome sequencing (WGS).

An exponential growth of genetic knowledge on tremors is expected with the progress and widespread
availability of NGS and LRS technologies.[38,39,162-164] Firstly, targeted gene panels allow simultaneous
cost-effective testing for several known tremor-related genes and simplify molecular diagnosis of sporadic
cases due to de novo mutations, when a priori hypotheses on responsible genes may be challenging.

Secondly, WES or WGS combined with Sanger sequencing and linkage analysis may identify new genes
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responsible for tremor syndromes in individual families. Thirdly, NGS makes large scale exome or genome
screening possible, in order to identify new risk loci through approaches such as genome-wide association
studies. Finally, LRS may enable the detection of variants in NGS blind genomic spots, reveal large and
complex rearrangements, large insertions or deletions, haplotype phasing, and changes in DNA
methylation.[38,39] NGS and LRS technologies may therefore shed light on heterogeneous etiologies
underlying tremor syndromes currently labeled as ET, and expand the genotypic spectrum of rarer or more
complex tremor disorders.[38,39,163,164] Continuous updating on genotype and phenotype of tremor
syndromes will be possible with online resources, such as Online Mendelian Inheritance in Man®
(https://www.omim.org/), Human GeneReviews® (https://www.ncbi.nlm.nih.gov/books/NBK1116/),
Genecards® (http://www.genecards.org), and Movement Disorder Society Genetic mutation database
(https://www.mdsgene.org). Nevertheless, thorough phenotyping of patients and targeted investigations

remain the cornerstone of clinical decision-making for genetic testing and result interpretation.

All patients provided written informed consent to be videotaped, and to the publication of the videos in both

the printed and online modalities.
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Table 1. Summary of loci and genes which have hitherto been associated with essential tremor in chronological order

Second stage: 270 ET.

Locus/Gene Chromosome | Gene product Study type” Study population Criteria to define ET in the study Reference
TRIG criteria for definite ET.[2, 30] Bilateral postural tremor, with or
16 small Icelandic families (75 without kinetic tremor, of the hands or forearms which was visible and
ETM1 3q13 - (see DRD3) GWS+LA ET) persistent and had lasted for at least five years. Absence of other (6]
neurological signs, including dystonia.
Bilateral postural tremor, with or without kinetic tremor, that was
) ) 1 large Czech/American family | visible and persistent in the hands or forearms and had moderate (2- to
ETM2 2p22-p25 (see HS1BP3) GWS+LA (18 ET) 4- cm excursion) or coarse (>4-cm excursion) tremor amplitudes and (7]
slow tremor frequency (4 to 10 Hz).
158 unrelated Caucasian ET Criteria for ET according to [31] and [32].
MTHFR 1p36.22 Methylenetetrahydrofolate CG+CCGAS and 246 unrelated Caucasian 8]
reductase HC
Definite or probable ET according to [30]. Bilateral postural tremor of
Hematopoietic lineage cell specific - the hands or forearms which was visible and persistent with at least 1-
HS1-8P3 2p24.1 protein binding protein 3 M 2 unrelated US families to 2-cm excursions in at least one arm. Absence of parkinsonism, ]
dystonia, myoclonus, peripheral neuropathy, or restless legs syndrome.
7 North American families (65 Definite ET according to [33]. Bilateral tremor of minimum 5-year
ETM3 6p23 - GWS+LA ET) duration and severity grades three or four with secondary causes of [10]
tremor excluded.
. - Definite or probable familial ET diagnosed according to the guidelines
DRD3 3g13.31 Dopamine receptor D3 CG+LA 30 unrelated ET French families of the 1998 MDS Consensus Statement.[2] [11]
Icelandic families: TRIG criteria for definite ET,[2, 30] i.e. bilateral
postural tremor, with or without kinetic tremor, of hands or forearms,
Firststage 452 eelandic €T | S0 B et v, inluding dvstonta and Prkinson's
and 14,394 HC. disonse gica’ signs, g dy
LINGO1 15g24.3 Igg#tc; ir;?;ncf repeat and Ig domain GWAS aeg%r}dEsJ?geé::% AFu Tst?gd 1419 Austrian families: ET diagnosed according to the guidelines of the [12]
9 P ' 1998 MDS Consensus Statement.[2] Exclusion of subjects with the co-
Germany, Iceland) or US
oriain occurrence of PD and ET.
gin. German families: not specified.
American families: definite or probable ET according to the guidelines
of the 1998 MDS Consensus Statement[2] and TRIG criteria.[30]
356 Caucasian ET and 409 Not specified.
MAPT 17¢21.31 Microtubule-associated protein tau | CG+CCGAS Caucasian HC from North [13]
America
First stage: 436 ET and 928 HC | ET diagnosed according to the guidelines of the 1998 MDS Consensus
of German origin. Statement.[2]
SLC1A2 11p13 Excitatory amino acid transporter 2 | GWAS Second stage: 554 ET and 609 [14]
HC of European (Germany,
Denmark, Austria) origin.
First stage: 1 large French- Definite ET according to the guidelines of the 1998 MDS Consensus
FUS Fused in sarcoma/translated in Canadian family (23 ET, 12 Statement.[2]
(ETM4) 16p112 liposarcoma WES HC). [15]
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First stage: 1 large Turkish
family (11 ET, 5 ET+PD, 8
HC).

ET diagnosed according to the guidelines of the 1998 MDS Consensus
Statement.[2] Five subjects were reported to have co-existence of PD
and ET.

HTRA2 2pl3.1 Mitochondrial serine protease WES Second stage: 25 other Turkish [16]
ET families (each including
multiple ET) and 364 HC.
First stage: 3 Spanish families ET diagnosed according to the guidelines of the 1998 MDS Consensus
TENM4 . : (23 ET, 12 HC). Statement.[2]
(ETMS) 11g14.1 Teneurin transmembrane protein4 | WES Second stage: 299 unrelated [17]
Spanish ET.
First stage: 456 ET and 2,715 Definite or probable ET diagnosed according to the guidelines of the
HC of Spanish origin. 1998 MDS Consensus Statement.[2]
Second stage: 897 ET and 1,449
TREM2 6021.1 Triggering receptor expressed on CG+CCGAS HC from Germany, ltaly, [18]
pet. myeloid cells 2 America, and Taiwan.
Third stage: 14,777 HC from
Spain, Italy, Germany, North
America, China.
- 1 small Spanish family (2 ET, 4 | ET according to the guidelines of the 1998 MDS Consensus
SORTL 1p133 Sortilin 1 WES HC) Statement[2] and the WHIGET clinical criteria.[34] [19]
Not specified, but apparently not isolated tremor syndrome in the index
. . . family (one subject had postural tremor of both hands, head tremor,
First stage: 1 large Spanish - . - L .
A - mild resting tremor and a mild ataxic gait; one subject had myoclonus,
Vol d sodi h | family with ET and epilepsy (7 | f both hands and head
SCN4A 170233 oltage-gated sodium channel, WES ET). postural tremor of both hands and head tremor). [20]
type 4, alpha subunit . . In the second stage, ET according to the guidelines of the 1998 MDS
Second stage: 76 sporadic and S L
L Consensus Statement[2] and the WHIGET criteria clinical criteria were
25 familial ET. . -
comprehensively reviewed by the Consensus Statement of the
Movement Disorder Society on Tremor.[34]
DnalJ (Hsp40) homolog, subfamily 571 ET of European descent ET according to standard diagnostic criteria.[31]
DNAJCI3 39221 C, member 13 WES from North America [21]
NOS3 7936.1 Nitric oxide synthase 3 ET according to the WHIGET criteria clinical criteria.[34]
Hyaluronan and proteoglycan link 37 families with 3to 7 ET
HAPLN4 19p13.11 protein 4 enrolled in the US
USP46 4912 Ubiquitin-specific protease 46 WES [22]
: 37 families with 3to 7 ET
KCNS2 8022.2 Voltage-gated potassium channel enrolled in the US and 95
subunit Kv9.2
unrelated ET
STK32B 4pl6.2 Serine/threonine kinase 32B First stage: 1,778 ET and 5,376 | Definite or probable ET according to the guidelines of the 1998 MDS
Peroxisome proliferator-activated HC of North-Western European | Consensus Statement.[2] Postural and action tremor in the arms
PPARGC1A 4p15.2 receptor gamma coactivator 1- GWAS ancestry. exceeding the amplitude seen in enhanced physiological tremor and not [23]
alpha Second stage: 1,029 ET and attributable to other causes (PD, dystonia, medication).
. 1,065 HC of North-Western
CTNNA3 10g21.3 Catenin alpha 3 European ancestry.
. . o Postural and action tremor localized to both upper limbs, without
Voltage-gated sodium channel 1 Chinese family with ET and - !
SCN11A 3p22.2 subunit alpha Nav1.9 WES recurrent pain attacks (8 ET) tremor qf the Voice, head or other body parts. Rest tremor gradually [24]
developing with age.
. 200 Han Chinese ET and 432 ET diagnosed according to the guidelines of the 1998 MDS Consensus
MCI1R 16qg24.3 Melanocortin 1 receptor CG+CCGAS Han Chinese matched HC Statement[2] and [31]. [25]
239 Caucasian sporadic ET and | ET according to [30] and [33], no further details provided.
VDR 12g13.11 Vitamin D receptor CG+CCGAS 239 unrelated matched [26]

Caucasian HC

35



200 Chinese ET and 229 ET diagnosed according to the guidelines of the 1998 MDS Consensus
IL1B 2014.1 Interleukin 1-beta CG+CCGAS - Statement.[2] Exclusion of parkinsonism, drug induced tremor, [27]
Chinese HC . . P
cerebellar tremor, dystonia and tremors with hyperthyroidism.
Calcium voltage-gated channel Definite, probable, or possible ET according to the WHIGET
CACNAIG 17921.33 subunit alphal G criteria.[34]
SLIT3 5034-g35 Slit guidance ligand 3 -
KARS 16023.1 Lysyl-tRNA synthetase WGS gnfﬁmg('ffn(f’hle%g 9 HC) [28]
KIF5A 12q13.3 Kinesin family member 5A
Neurotrophic receptor tyrosine
NTRK1 1g23.1 Kinase 1
S WES+LRS+RP- 197 ET pedigrees of Chinese ET diagnosed according to the guidelines of the 1998 MDS Consensus
NOTCHZNLC | 1q21.2 Notch 2 N-terminal like C PCR+GC-PCR origin and 1305 Chinese HC Statement.[2] [29]

Legend: CCGAS = case-control genetic association study; CG = candidate gene approach; ET = subjects with essential tremor; FM = fine mapping; GC-PCR =

GC-rich polymerase chain reaction; GWAS = genome-wide association study; GWS = genome-wide scan; HC = healthy controls; LA = linkage analysis; LRS =

long-read sequencing; MDS = Movement Disorder Society; PD = Parkinson’s disease; RP-PCR = repeat-primed polymerase chain reaction; TR = targeted

resequencing; TRIG = Tremor Investigation Group; WES = whole-exome sequencing; WGS = whole-genome sequencing; WHIGET = Washington Heights—

Inwood Genetic Study of Essential Tremor; ” Original genetic study; replication studies not reported.
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Table 2. Main autosomal dominant inherited disorders which can present with tremor

Tremor
Tremor disorder OMIM® Chromosome | Gene Age of onset Main phenotype” as rare Laboratory and imaging findings
sign®
Primary dystonias!
Early-onset mostly generalized dystonia, usually
DYT-TOR1A First-third involving lower limbs at onset. Isolated writing
(DYTLY) 128100 934.11 TORIA decade tremor, head tremor, late onset rest tremor )
reported.
Progressive dopa-responsive dystonia with diurnal
fluctuation. Upper-limb postural and kinetic s .
S : - - Blood tests: high post-load phenylalanine.
DYT/PARK-GCH12 First-sixth tremor reported. Sometimes combined with 8 sl X
(DYT5a) 128230 14922.2 GCH1 decade parkinsonism (including rest tremor), pyramidal CSF: low neopterin, biopterin, 5-HIAA, low or
; T - . - normal HVA.
signs, scoliosis, anxiety, depression, obsessive—
compulsive disorder, sleep disturbances.
Early-onset mostly generalized dystonia, usually
DYT-THAP12 602629 8p11.21 THAP1 Second-third |nvolvm_g neck and upper limbs at onset. Head or )
decade upper limb tremor reported as isolated or
presenting sign.
PxMD-SLC2A1 Paroxysmal exercise-induced dystonia with or
601042 . - - - CSF: low glucose and lactate.
(DDYTQ, Glutl (606777) 1p34.2 SLC2A1 Childhood without epilepsy. Cerebellar action tremor Reduced CSF to blood glucose ratio.
eficiency Syndrome) frequently reported.
! Focal or segmental dystonia. Head and/or arm
DYT-ANO3 615034 11p14.3- ANO3 Fourth-fifth tremor often precedes overt dystonia. Sometimes -
(DYT24) pl4.2 decade . - S
combined with myoclonic jerks.
Childhood to Focal or segmental and occasionally generalized
DYT-GNAL? 615073 18p11.21 GNAL dystonia. Pure dystonic tremor of the upper limbs
fourth decade -
may precede or follow the onset of dystonia.
Spinocerebellar ataxias®
Slowly progressive ataxia, slow saccades Brain MRI: marked cerebellar atrophy; atrophy
SCA-ATXN2 183090 12q24.12 ATXN2 Third-fourth parkinsonism (including rest tremor), postural of t_he pons, medulla oblongata, spinal cord,
(SCA2) decade tremor. sensory symotoms parietal cortex, and thalamus.
' y symp ' DaTscan: possible reduced tracer uptake.
. Ataxia, ophthalmoplegia, parkinsonism (including .
SCA-ATXN3 Third-fourth . L Brain MRI: ponto-cerebellar atrophy.
(SCA3) 109150 14¢32.12 ATXN3 decade rest tremor), dystonia, chorea, spasticity, sensory DaTscan: possible reduced tracer uptake.
symptoms, amyotrophy.
. . Brain MRI: moderate-severe atrophy of the
Adulthood Usually pure cerebellar syndrome with ataxia and Lo
SCA-CACNAIA 183086 | 19p13.13 CACNALA* | (usually >50 postural tremor: rarely parkinsonism (including vermis; mild atrophy of the cerebellar
(SCA®b) hemispheres; mild, diffuse atrophy of cortical
years) rest tremor). !
areas in some cases.
SCA-ATXN7 164500 3p14.1 ATXNT Adolescence Palatal tremor_, ataxna,_ v_nsual disturbances, Brain MRI: severe pontine and cerebellar
(SCAT) ophthalmoplegia, spasticity. atrophy.
Childhood or Action tremor of the arms or head, mild or absent Brain MRI: cgrebral andfor cerebellar
SCA-PPP2R2B - - : . - (vermis>hemispheres) atrophy.
604326 5032 PPP2R2B adulthood ataxia and/or limb dysmetria, pyramidal signs. . .
(SCA12) - - - - DaTscan: reduced tracer uptake in reported
(8 to 62 years) Parkinsonism (including rest tremor) reported. - . ;
cases with parkinsonism.
SCA-ITPR1 - Pure cerebellar ataxia, head tremor and cognitive Brain MRI: cerebellar atrophy (mainly of the
(SCA15/SCAL6) 606658 | 3p26.1 ITPRL Fifth decade impairment. vermis).
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Dysarthria, slowly progressive ataxia, palatal Brain CT/MRI: early dentate calcification,
Adulthood tremor (2/3 of cases), laryngeal dystonia, sometimes along with pallidal calcification;
SCA20 608687 11912.2-12.3 | unknown hypermetric horizontal saccades, minor pyramidal mild to moderate cerebellar atrophy; increased
(19-64 years) : : P X - .
signs, postural tremor of the arms with or inferior olivary T2-weighted signals in cases
without involvement of the head. with symptomatic palatal tremor.
SCA-FGF14 Ataxia, orofacial dyskinesia, cognitive impairment, Brain MRI: atrophy of the cerebellar vermis
(SCA27) 609307 13q33.1 FGF14 Adolescence hand tremor, cognitive decline. and hemispheres.
Parkinson’s disease®
PARK-SNCA 168601/ Usually fourth- Parkinsonism (including rest tremor), cognitive .
(PARK1/PARK4) goss43 | 49221 SNCA fifth decade impairment. DaTscan: reduced tracer uptake.
PARK-LRRK2 Usually >50 Slowly progressive parkinsonism (including rest .
(PARKS) 607060 12q12 LRRK2 years tremor) with good response to levodopa. DaTscan: reduced tracer uptake.
PARK-VPS35 Usually fifth- Parkinsonism (including rest tremor) with good .
(PARK17) 614203 16q11.2 VPS35 sixth decade response to levodopa. DaTscan: reduced tracer uptake.
Frontotemporal dementia
Brain MRI: selective frontal and/or temporal
. Third-seventh FTD, parkinsonism (including rest tremor) can lobe atrophy.
MAPT-FTD 600274 17921.31 MAPT decade precede FTD, rarely MND. DaTscan: reduced tracer uptake (in cases with
parkinsonism).
Brain MRI: selective frontal and/or temporal
Fourth-seventh FTD, MND, akinetic-rigid parkinsonism, rarely lobe atrophy.
Coorf72-FTD 105550 9q21.2 Coorf72 decade associated with postural or rest tremor. DaTscan: reduced tracer uptake (in cases with
parkinsonism).
Blood tests: low progranulin.
CSF: low progranulin.
) Sixth-ninth FTD, parkinsonism (including rest tremor) can Brain MRI: selective frontal and/or temporal
PRNG-FTD 607485 17921.31 PRNG decade precede FTD, rarely MND. lobe atrophy.
DaTscan: reduced tracer uptake (in cases with
parkinsonism).
Brain MRI: striking caudate atrophy; frontal
_ Fourth-fifth FTD, MND, rarely parkinsonism typically and/or temporal lobe atrophy.
FUS-FTD 608030 16p112 FUS decade associated with postural tremor. DaTscan: reduced tracer uptake (in cases with
parkinsonism).
Brain MRI: selective frontal and/or temporal
Usually sixth . S . lobe atrophy.
TARDP-FTD 612069 1p36.22 TARDP decade FTD, MND, parkinsonism (including rest tremor). DaTscan: reduced tracer uptake (in cases with
parkinsonism).
Chorea, psychiatric features, cognitive impairment.
. . Usually fourth Akinetic-rigid parkinsonism rather than chorea in Brain MRI: caudate atrophy.
Huntington disease 143100 4p163 HTT decade juvenile-onset forms. Isolated postural hand and DaTscan: normal tracer uptake.
head tremor rarely reported as presenting sign.
Parkinsonism (including rest tremor), weight loss,
Fourth-fifth central hypoventilation, psychiatric features (apathy, .
Perry syndrome 168605 2p13.1 DCTN1 decade hallucinations). Family history of parkinsonism and DaTscan: reduced tracer uptake.
sudden death.
Hereditary spastic paraplegias
) Pure (mostly) or complex HSP (cognitive . Lo .
&SSPPLS‘; AST 182601 2p22.3 SPAST lgf/i?&% td%ca de impairment, epilepsy, ataxia, distal amyotrophy, ng;gr?gﬁgs\;vzgsnrromsgzzigzgormal|t|es,
ataxia, postural hand tremor, neuropathy) P '
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Complex HSP with axonal neuropathy, cerebellar
HSP-REEPL 610250 2pll.2 REEP1 Second to ataxia, cognitive impairment. Orthostatic tremor -
(HSP31) seventh decade .
reported in few cases.
5'_'SSPF;7RZE)EP2 615625 5g31.2 REEP2 Infancy Spastic paraparesis, mild postural tremor. -
Usually Blood tests: low ferritin, liver function tests
) Progressive chorea and dystonia (mainly affecting may be abnormal.
NBIA/CHC.)REA FTL 606159 19q13.33 FTL adulthood . the orofacial region), palatal tremor, cognitive Brain MRI: iron deposition in the basal ganglia
(Neuroferritinopathy) (second to sixth - 2 . . -
decline, psychiatric features. and dentate; cystic degeneration of putamen
decade) S T
and globus pallidus; cortical lining sign.
Spastic paraparesis, dysarthria, dystonia, . L P
HSP/NBIA-ClQoerlz 614298 1912 C19orf12 Childhood parkinsonism, neuropathy, psychiatric features, Bral_n MRI: iron depqsnlpn in the globus
(HSP43, MPAN) - pallidus and substantia nigra.
optic atrophy.
Brain MRI: mild to severe atrophy of the
. . . medulla oblongata extending caudally to the
E;rlab;riéglyzggl:I’o%syg?g;;eggﬁzhggﬁg;?; cervical spinal cord (tadpole sign) in almost
- ’ 0 - whi iti
,(;Ai(;l:alltseonset Alexander 203450 17g21.31 GFAP ?g\?e%’fﬁ rdset; de ataxia, palatal tremor, dysautonomia, sleep ﬁl%ﬁ)rg;eiiﬁ%gv;hggsmzt;iriI?S?r?émiilgrﬁs.
Srlztri:)b:?;ecs)yrt%?jgﬁt:)\rl]i (ézg‘leme. Slow orthostatic containing intermediate filament of GFAP
P ' (Rosenthal fibers) localized in astrocyte
cytoplasm.
Pri familial brai 213600 8pll.21 SLC20A2 P . i . includi it
carllc?iqf?crgtigrrr(llilghrram 615007 5032 PDGFRB Third-fourth dn;?orsis;lvaiﬁizrn Itr;Z?rr\]cI)Srm (smghl:atlpig ;sstur't;imor)’ Brain CT/MRI: basal ganglia and dentate
disease) 615483 | 22q13.1 PDGFB decade e e B rea o P , calcification.
616413 1025.3 XPR1 ' )
Brain CT-MRI: brain calcification in the white
matter.
Hereditary diffuse Usually fourth Personality changes, cognitive impairment, seizures, E;?;QrgfEtllfoce';ebrgn\?g;?nm?ggnllzsrio:ds’
leukoencephalopathy with | 221820 5932 CSF1R decadey parkinsonism (including rest tremor), kinetic ventricles phy 9 g
spheroids tremor, spasticity. Neuropathology: non-inflammatory myelin
loss, reactive astrocytosis, and axonal spheroids
in the white matter.
- Various genes . . -
Charcot-Marie-Tooth - - - Usually second Sensory-motor neuropathy, pes cavus, peroneal NCS: MCVs ranging from demyelinating to
p 7 Various Various (i.e. PMP22, ;
disease MPZ, NEFL) to third decade muscular atrophy, postural tremor. axonal.

Legend: 5-HIAA = 5-hydroxyindoleacetic acid; CSF = cerebrospinal fluid; CT = computed tomography; FTD = frontotemporal dementia; HSP = hereditary

spastic paraparesis; HVA = homovanillic acid; MCV = motor conduction velocity; MND = motor neuron disease; MRI = magnetic resonance imaging; NCS =

nerve conduction study; OMIM® = Online Mendelian Inheritance in Man.

" Tremor features are reported in bold. 8 Tremor is rarely part of the clinical spectrum. * All autosomal dominant primary dystonias may include tremor as part of

their phenotype. 2 Autosomal recessive inheritance also reported. ® All autosomal dominant spinocerebellar ataxias may include tremor as part of their cerebellar
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syndrome. # Anecdotal reports on CACNA1A-related adult-onset paroxysmal head tremor. ® All autosomal dominant forms of Parkinson’s disease may include
tremor as part of their phenotype. ® Autosomal recessive inheritance also reported. “ When tremor was a major feature, Charcot-Marie-Tooth disease was referred

to as Roussy-Lévy syndrome in previous literature.
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Table 3. Main autosomal recessive inherited disorders which can present with tremor
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Tremor

Tremor disorder OMIM® | Chromosome | Gene Age of onset Main phenotype” as rare Laboratory and imaging findings
sign®
Combined dystonia with tremor (action tremor, wing- Blood tests: low serum copper and
- . . . . ceruloplasmin, abnormal liver
beating tremor), parkinsonism (including rest tremor), function
Wilson disease 277900 13914.3 ATP7B Adolescence or cerebellar signs, neuropsychlatr!c and cognitive fe_zatl_Jres, Urine tests: high urinary copper.
early adulthood sunflower cataracts, Kayser-Fleischer ring, chronic liver T - :
- . MRI: high T2 signal in the basal
disease. Anecdotal reports on tongue tremor as presenting LT . »
- ganglia, “face of the giant panda
sign. « »
or “double panda” signs.
Parkinson’s disease’
PARK-Parkin Young-onset parkinsonism (including rest tremor) with
(PARK?) 600116 626 PRKN Fourth decade dystonic features (including dystonic tremor), mild pyramidal DaTSCAN: reduced tracer uptake.
signs.
- Young-onset parkinsonism (including rest tremor) with
PARK-PINK1 605909 1p36.12 PINK1 Third-fourth dystonic features (including dystonic tremor). Pyramidal DaTSCAN: reduced tracer uptake.
(PARK®) decade :
signs also reported.
PARK-DJ1 Third-fourth Young-onset parkinsonism (including rest tremor), areflexia, .
(PARK?) 606324 1p36.23 DJ1 decade psychiatric features. DaTSCAN: reduced tracer uptake.
PARK-FBOX7 . . . . . ]
(PARK15) 260300 22q12.3 FBOX7 Third decade Dystonia-parkinsonism-pyramidal syndrome. DaTSCAN: reduced tracer uptake.
PARK-SYNJ1 615530 21922.11 SYNJ1 Third decade Yoqu-onset p_arkms_omsm (|ncl_ud|ng rgst tremor), dystonia, DaTSCAN: reduced tracer uptake.
(PARK20) cognitive decline, seizures, eyelid apraxia.
CSF: high HVA, normal neopterin,
DYT/PA.RK'SLCGA?’ Infantile parkinsonism-dystonia, including rest and action biopterin, 5-HIAA.
(Dopamine transporter 613135 5p15.33 SLC6A3 Infancy SCAN: ab duced
deficiency syndrome) tremor. DaTSCAN: absent or reduce
tracer uptake.
Infantl'le parkinsonism- 618049 100253 SLC18A2 Infancy Seve_re psychor_notor phsablllty, axial hypotonia, _dystpnla, DaTSCAN: absent or reduced
dystonia type 2 parkinsonism (including rest tremor), oculogyric crises. tracer uptake.
Primary dystonias?
. . L . Blood tests: high post-load
DYT-GCH1? First-sixth Progressive dopajrespon_swe dy_stonla} Wlth_ dlurn_al fluctuation. phenylalanine.
128230 14qg22.2 GCH1 Sometimes combined with parkinsonism (including rest ; - .
(DYT5a) decade tremor) and pyramidal signs CSF: low neopterin, biopterin, 5-
Py gns. HIAA, low or normal HVA.
Dystonia—parkinsonism, oculogyric crisis (paroxysmal, . .
DYT-TH Infancy to E X Y . CSF: low HVA, normal neopterin,
(DYT5b) 191290 11p15.5 TH adolescence conjugate, tonic upward deviation of the eyes), autonomic biopterin, 5-HIAA.
disturbance, tremor and myoclonus.
Autosomal recessive hereditary ataxias*
NCS: generally show MCV greater
than 40 m/s with reduced or absent
First-second Cerebellar/sensory ataxia, areflexia, muscle weakness, SNAP with an absent H reflex.
Friedreich ataxia 229300 9¢21.11 FXN decade (late postural or kinetic tremor, head tremor. Chorea and Brain and spine MRI: often normal
onset reported) dystonia also reported. in early stages, atrophy of the
cervical spinal cord and cerebellum
in advanced stages.
Cerebellar ataxia, oculomotor apraxia, conjunctival
. . . Infancy (late telangiectasias, immune defects, predisposition to malignancy. Blood tests: high alpha-fetoprotein.
Ataxia telangiectasia 208900 119223 ATM onset reported) Tremor reported since early stages. Parkinsonism including Brain MRI: cerebellar atrophy.
rest tremor may be present in late stages.
Ataxia with oculomotor First-second Phenotype similar to ataxia telangiectasia with sensorimotor Blood tests: low albumin; high
apraxia type 1 208920 9p21.1 APTX decade (late neuropathy and cognitive impairment. Chorea, dystonia, and serum cholesterol.
p typ onset reported) parkinsonism including rest tremor reported. Brain MRI: cerebellar atrophy.
L First-second Phenotype similar to ataxia with oculomotor apraxia type 1. e ) .
Ataxia with oculomotor 606002 9934.13 SETX decade (late Chorea, dystonia, and parkinsonism including rest tremor Blood tests: high alpha-fetoprotein.

apraxia type 2

onset reported)

reported.

Brain MRI: cerebellar atrophy.
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Hereditary ataxia with

First-second

Friedreich-like phenotype with visual impairment or retinitis

vitamin E deficiency 277460 8012.3 TTPA decade Eéeglzir;tosa. Dystonic head tremor reported as presenting Blood tests: low vitamin E.
Blood tests: absent or extremely
. . L Sl low LDL-cholesterol, triglyceride,
Abetalipoproteinemia 200100 | 4q23 MTTP First-second Friedreich-like phe_notype, retinitis pigmentosa, and apolipoprotein B plasmatic
decade hypocholesterolemia, malabsorption. ; L " N
levels; acanthocytosis; low vitamin
E.
Cerebellar ataxia, cognitive impairment, juvenile cataract, Blood tests: high cholestanol,
Cerebrotendinous First-second tendon xanthomas. Rarely parkinsonism, including rest absent 27-OH.
- 213700 2qg35 CYP27A1 decade (late tremor. Chronic diarrhea, psychiatric symptoms, peripheral Brain MRI: variable cerebellar
xanthomatosis - : -
onset reported) neuropathy, dystonia, myoclonus, spastic paraplegia, atrophy, cerebellar or cerebral
pseudobulbar palsy, seizures. leukodystrophy.
NBIA
. . Lo . . Brain MRI: iron deposition in the
NBIA/DY T-PANK2 Childhood (late Parkinsonism (including rest tremor), behavioural changes, AR L
(PKAN) 234200 20p13 PANK2 onset reported) pigmentary retinopathy in 50% of cases. lsoizsr?l ganglia with “eye of the tiger
) Brain MRI: usually iron deposition
NBIA/DYT/PARK Childhood (late Parkinsonism (including rest tremor), pyramidal signs, in the globus pallidus and
PLA2G6 256600 | 22913.1 PLA2G6 d itive decli bell - b ML bell h
(PLAN) onset reported) cognitive decline, cerebellar ataxia. substantia nigra; cerebellar atrophy
in late-onset forms.
. . . . . . Brain MRI: iron deposition in the
HSP/NBIA-C190rf12 - Spastic paraparesis, dysarthria, dystonia, parkinsonism, - -
(HSP43, MPAN)? 614298 19q12 C190rf12 Childhood neuropathy, psychiatric features, optic atrophy. E!Str):s pallidus and substantia
. Global developmental delay, ataxia, pyramidal signs, dystonia, Brain MRI: iron deposition i_n the
CoPAN 615643 17g21.2 COASY Childhood - . ' ' ' ' globus pallidus and substantia
parkinsonism. nigra
Brain MRI: iron deposition in the
HSP/NBIA-FA2H First-second . . . . basal ganglia (not constant),
(HSP35, FAHN) 234200 | 20p13 FA2H decade Spastic paraparesis, ataxia, dystonia. pontocerebellar atrophy, white
matter hyperintensities.

: . i Early-onset levodopa-responsive parkinsonism (including rest Brain MRI: generalized atrophy,
Kufar-Rakeb disease 606693 1p36.13 ATP13A2 Second-third tremor), pyramidal features, supranuclear upgaze palsy, putaminal and caudate iron
(PARK-ATP13A2) decade IR -

cognitive impairment. deposition.
Blood tests: absent serum
NBIA/DYT/PARK-CP 604290 3024-025 cp Middle Retinal degeneration, diabetes, neurological features (dystonia, ceruloplasmin, high serum ferritin.
(Aceruloplasminemia) b4=4-4 adulthood parkinsonism including rest tremor, ataxia). Brain MRI: iron deposition in the
basal ganglia and dentate.
Infancy: acute systemic complications, generalized dystonia.
S Infancy or Later in life: action tremor of the arms and head, dystonia, Routine newborn screening in some
Glutaric aciduria type 1 231670 19p13.13 GCDH adulthood cerebellar and pyramidal signs, premature ovarian failure in countries.
females.
Neonatal period Infancy: acute encephalopathic crises precipitated by febrile Routine newborn screening in some
Classic galactosemia 230400 | 9p13.3 GALT P episodes. Later in life: bibrachial dystonic tremor along with - g
to adulthood - . countries.
orofacial dyskinesias.
Manganese transportopathies
Childhood or Liver disease, polycythemia. Childhood: limb dystonia, Ejlr?;?otssso:&bc;?r:r:rzli;lver
SLC30A10 deficiency 613280 1941 SLC30A10 adulthood dysarthria, fine tremor, bradykinesia, spastic paraparesis. Brain MRI: T1 hyperintensities of

Adulthood: parkinsonism, including rest tremor.

the basal ganglia.
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- Loss of developmental milestones, dystonia, bulbar signs, Brain MRI: T1 hyperintensities of
SLC39A14 deficiency 617013 8p21.3 SLC39A14 Infancy spasticity. the basal ganglia.
Hereditary spastic paraplegias
Infancy or Complex HSP. Cerebellar signs, polyneuropathy, seizures, Brain MRI: white matter
HSP-KIAA1840 604360 15¢21.1 KIAA1840 adolescence (late cognitive impairment, abnormal eye signs, amyotrophy, ) ab_normalltles, cerebel!lar atrophy,
(HSP11) parkinsonism (including rest tremor), maculopathy, action thin corpus callosum, "ears of the
onset reported) : - o
tremor, mental retardation, upper limb weakness. lynx" sign.
HSP-DSTYK . Cognitive impairment, Lison syndrome, pigmentary skin )
(HSP23) 270750 1g32.1 DSTYK Childhood abnormalities, facial and skeletal dysmorphism, tremor.
Pes cavus and a late onset slowly progressive paraplegia, Brain MRI: hypomyelinating
HSP-GJC2 613206 1942.13 GIC2 Adulthood dysarthria, Io_ss _of finger f!exte'rlty, dysmetria, intention leukodystrophy and TCC in all
(HSP44) tremor, scoliosis, upper limb involvement, and cognitive three
impairment. patients
HSP-PGAP1 Severe developmental delay, Distended abdomen, borderline Brain MRI: agenesis of corpus
(HSP67) N-A. 2933.1 PGAP1 Infancy intelligence, ACC, vermis hypoplasia, defective myelination callosum, hypomyelination.
?HSSPF;?ZE)EPZ 615625 | 5g31.2 REEP2 Early childhood Spastic paraparesis, mild postural tremor. -
. Various genes . .
Charcot-Marie-Tooth . . - Usually second Sensory-motor neuropathy, pes cavus, peroneal muscular NCS: MCVs ranging from
di 6 Various | Various (i.e. MFN2, . o
isease NEFL) to third decade atrophy, postural tremor. demyelinating to axonal.

Legend: 5-HIAA = 5-hydroxyindoleacetic acid; CSF = cerebrospinal fluid; CT = computed tomography; HSP = hereditary spastic paraparesis; HVA =

homovanillic acid; MCV = motor conduction velocity; MND = motor neuron disease; MRI = magnetic resonance imaging; N.A. = not available; NBIA =

neurodegeneration with brain iron accumulation; NCS = nerve conduction study; OMIM®= Online Mendelian Inheritance in Man; SNAP = sensory nerve action

potential.

"Tremor features are reported in bold. 8 Tremor is rarely part of the clinical spectrum. * All autosomal recessive forms of Parkinson’s disease may include tremor

as part of their phenotype. 2 All autosomal recessive primary dystonias may include tremor as part of their phenotype. * Autosomal dominant inheritance also

reported. * All autosomal recessive spinocerebellar ataxias may include tremor as part of their cerebellar syndrome. ® Autosomal dominant inheritance also

reported. ® When tremor was a major feature, Charcot-Marie-Tooth disease was referred to as Roussy-Lévy syndrome in previous literature.
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Table 4. Main X-linked inherited disorders which can present with tremor

Tremor
Tremor disorder OMIM® | Chromosome | Gene Age of onset Main phenotype” as rare Laboratory and imaging findings
sign®
Middlo Lntelz_ntlon or actlrc])n tren]gr,l cerek:jellar ataxia, c(i:ogfnltlve_: Brain MRI: middle cerebellar peduncle
Eragile X tremor/ataxia iddle-late ecline, neuropathy, vestibular and autonomic dysfunction. sign, moderate to severe brain atrophy;
300623 Xq27.3 FMR1 adulthood Postural and rest tremor also reported. Family history: : - '
syndrome - L L : cerebral and cerebellar white matter
(usually >50 years) intellectual disability in male relatives; premature ovarian .
- - - abnormalities.
failure in female relatives.
DYT-TAF1 Brain MRI: hyperintense putaminal rim,
(DYTS3, Lubag 314250 | Xql13.1 TAF1 Third-fourth decade Dystonia, parkinsonism, including rest tremor. then atrophy of the caudate head or
syndrome) putamen.
. Early adulthood Intellectual disability, early-onset parkinsonism, including )
Waisman syndrome 311510 Xq28 RAB39B (<45 years) rest tremor.
. . . - Blood tests: high very long chain fatty
Adrenoleukodystrophy | 300100 | Xq28 ABCD1 | Childhood/Adulthood | SPAstic paraparesis, adrenal insufficiency, bladder and bowel acids, high adrenocorticotropic hormone.
dysfunction. . R .
Brain MRI: white matter abnormalities.
Occurs almost exclusively in females. Developmental arrest
Infanc and regression, poor sociability, lack of communication,
Rett syndrome 312750 | Xq28 MECP2 (6-18 r)r/wnths) irritability, anxiety, dystonia, tremor, respiratory pauses, -
loss of hand skills, deceleration of head growth, progressive
motor deterioration and stereotypies.
Infanc Dystonia (including dystonic tremor), choreoathetosis,
Lesch-Nyhan syndrome | 300322 Xq26.2-26.3 HPRT1 (3-6 m)é)nths) ballismus, cognitive and attentional deficits, self-injurious Blood tests: high uric acid.
behaviors.
Lower motor neuron disease (muscle weakness and atrophy,
fasciculations, decreased or absent tendon reflexes)
involving the limbs and bulbar region (dysarthria and
dysphagia); cramps; sensory neuropathy; gynecomastia; . . .
Spinal and bulbar Third-fi sexual dysfunction (testicular atrophy, decreased fertility, Blood tests: e_Ievated CPK; hyperglycemia;
ird-fifth decade - AN - . h hyperlipidemia.
muscle atrophy 313200 | Xql2 AR - erectile dysfunction); partial metabolic syndrome (diabetes L .
’ (may appear earlier) - . . - - EMG/NCS: signs of acute and chronic
(Kennedy disease) mellitus, non-alcoholic fatty liver disease). High-frequency - o -
. diffuse denervation; low SNAP amplitudes.
postural tremor of the hands, which may precede the
onset of muscle weakness. Postural leg tremor also
reported. A minority of female carriers have mild symptoms
(cramps; tremor).
P_ellzaeus-Merzbacher 312080 Xq22.2 PLP1 Early childhood Pyramldgl dysfunction, cerebellar ataxia, head tremor, > Brain MRI: hypomyelination.
disease progressive nystagmus, psychomotor delay.
Brain MRI: in the first stage normal or
First stage (early childhood): developmental delay, nonspecific brain atrophy; in the second
intellectual disability, epilepsy, stereotypies, dysfunctional stage iron accumulation in the substantia
NBIA/PARK-WDR45 . sleep, ocular defects. Second stage (adolescence or early nigra and globus pallidus (hypointense on
(BPAN) 300894 Xp11.23 WDR45 Barly childhood adulthood): rapidly progressive parkinsonism and cognitive T2); on T1 hyperintense “halo” surrounding
decline. Rest tremor may be part of parkinsonism. Both a thin line of hypointensity in the substantia
males and females present with a similar phenotype. nigra and cerebral peduncles.
Intellectual disability; speech delay; short stature; Brain MRI: cortical dysplasia;
Cabezas syndrome 300354 Xq24 CuL4B Infancy cervicodorsal kyphosis; hyperextensible joints; truncal ventriculomegaly; loss of cerebral white

obesity; abnormal gait; prominent lower lip; hypogonadism;

matter; thin corpus callosum.
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muscle wasting in the lower legs; small feet. Constant fine
tremor in the upper extremities with intention
component. Female carriers are normal or minimally
affected.

CMTX (GJB2)!

302800

Xq13.1

GJB2
(90%
CMTX)

Second to third
decade

Males more severely affected than females. Sensory-motor
neuropathy. Postural tremor reported.

NCS: MCV ranging from demyelinating to
axonal.

Legend: EMG = electromyography; MCV = motor conduction velocity; MRI = magnetic resonance imaging; NCS = nerve conduction study; OMIM®= Online

Mendelian Inheritance in Man.

"Tremor features are reported in bold. S Tremor is rarely part of the clinical spectrum. * When tremor was a major feature, CMT has been referred to as Roussy-

Lévy syndrome in previous literature.
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Table 5. Main chromosomal abnormalities which may include tremor in their clinical picture

Tremor disorder |

Karyotype

Age of symptom onset

| Main phenotype™

| Laboratory and imaging findings

Quantitative chromosomal abnormalities

Klinefelter syndrome

47, XXY

Puberty.

Tremor usually begins
during childhood, but may
appear later in life.

Intention tremor of the upper extremities, sometimes
associated with head, voice, and leg tremor, tall stature, arm
span exceeding height, hypergonadotropic
hypogonadism/androgen  deficiency (infertility due to
azoospermia, painless bilateral gynecomastia, decreased libido
and potency, very low testicular volume and firm consistency
of the testes).

Spermiogram: azoospermia.

Blood tests: hypergonadotropic hypogonadism/androgen deficiency.

Jacobs syndrome

47, XYY

First decade

Intention tremor of the arms, either unilateral or bilateral,
sometimes with postural and/or mild resting tremor of the
arms as well as head tremor. Tall stature starting from
childhood, a tendency toward central adiposity, macrocephaly,
macro-orchidism starting in early puberty, hypotonia,
clinodactyly, and hypertelorism. Asthma, dental problems,
and seizures are more frequent than in the pediatric population.
Attention deficit or autistic spectrum disorder. Developmental
delays and language disorders are common.

Other supernumerary
X or Y syndromes

48 XXYY

First decade

Postural and/or action tremor of the upper limbs, tall
stature, micro-orchidism, and hypergonadotropic
hypogonadism, dysmorphic features (long face, epicanthal
folds, poor dentition), pes planus, allergies, asthma, attention
deficit disorder, and learning difficulties.

Spermiogram: azoospermia.

Blood tests: hypergonadotropic hypogonadism/androgen deficiency.

Qualitative chromosomal

| abnormalities

Chromosome 22qg11.2
deletion syndrome

First decade

Various combinations of congenital heart defects (particularly
conotruncal malformation), palatal abnormalities, facial
dysmorphic features, development delays and learning
difficulties, immune deficiency, endocrine dysfunctions,
hypocalcemia. Less frequent manifestations include
psychiatric illness (psychosis, schizophrenia, attention deficit
disorder, anxiety), skeletal malformations, esophageal
dysmotility and structural gastrointestinal anomalies, renal
anomalies, seizures (idiopathic or associated with
hypocalcemia),  ophthalmologic ~ abnormalities, = and
reproductive issues, parkinsonism (including rest tremor).

DaTscan: reduced tracer uptake.

"Tremor features are reported in bold.
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Figure 1. Phenotype-to-genotype algorithm for genetic tremor syndromes
Overview: main tremor disorders discussed in this review arranged according to their syndromic classification and mode of inheritance. *Rarer presentations are

mentioned in small print. The underlying genes are given in italic.
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GENETIC TREMOR DISORDERS

v

v

ISOLATED COMBINED TREMOR SYNDROMES
TREMOR SYNDROMES
(ET-like syndromes) ET PLUS SYNDROMES TREMOR COMBINED WITH
|
l l v v v v v

AD
DYT-ANO3 (DYT24)
SCA12-PPP2R2B (SCA12)

AR
Glutaric aciduria type 1 (GCDH)

Galactosemia (GALT)
Phenylketonuria (PAH)

XL
FXTAS (FMR1, premutation)

CHR
KS (47,XXY)

Tremor with the features of

ET and additional

neurological signs of

uncertain significance, such

as:

- impaired tandem gait

- subtle dystonic posturing

- memory impairment

- other mild neurologic
signs of uncertain
significance,

that do not suffice to make an

additional syndrome

classification or diagnosis,

including ET plus rest tremor.

DYSTONIA

PARKINSONISM

CEREBELLAR FEATURES

PYRAMIDAL FEATURES

OTHER

AD
DYT-TOR1A (DYT1)

DYT-THAPI (DYT6)
DYT-SCGE (DYT11)

DYT-KMT2B (DYT28)
DYT-GCH1 (DYT5a)
DYT-ATPIA3 (DYT12)
DYT-PRKRA (DYT16)
DYT-SLC2A1 (DYT18)
DYT-CIZ1 (DYT23)
DYT-ANO3 (DYT24)
DYT-GNAL (DYT25)
Neuroferritinopathy (FTL)
Primary familial brain
calcification (SLC20A2,
PDGFRB, PDGFB, XPR1)
Alexander disease (GFAP)

AR

WD (ATP7B)
DYT-GCH1 (DYT5a)
DYT-TH (DYTSb)
Syndromic tremulous
dystonia (CAMTAZ2)
PKAN (PANK2)

PLAN (PLA2G6)
MPAN (C190rf12)
CoPAN (COASY)
FAHN (FA2H)
Kufor-Rakeb disease
(ATP13A2)
Aceruloplasminemia (CP)

XL
DYT-TAF1 (DYT3)
BPAN (WDR45)

AD
PARK-SNCA

(PARK1/PARK4)
PARK-LRRK2 (PARKS)
POLG

MAPT

PGRN

C9orf72
Neuroferritinopathy (FTL)
PARK-UCHLI (PARKS)
PARK-GIGYF2 (PARK11)
PARK-HTRA2 (PARK13)
PARK-RAB7LI (PARK16)
PARK-VPS35 (PARK17)
PARK-EIF4GI (PARK18)
vCcrP

CHMP2B

TARBP

AR

PARK-Parkin (PARK2)
Gaucher disease
(GBA)

WD (ATP7B)
PARK-PINK1 (PARKG)
PARKDJ1 (PARK7)
PARK9/Kufor-Rakeb disease
(ATP13A2)

PARK14 (PLA2G6)

PARK15 (FBXO7)

PARK19 (DNAJC6)

PARK 20 (SYNJT)

Infantile parkinsonism-
dystonia (SLC6A3)

XL

FXTAS (FMR1,
premutation)
Waisman syndrome
(RAB39B)

CHR

Chr 22g11.2 deletion
syndrome
PARK16/Distal partial
trisomy 1q syndrome
(1932q42)

AD
POLG

SCA-ATXNI (SCA1)
SCA-ATXN2 (SCA2)
SCA-ATXN3 (SCA3)
SCA-CACNAIA (SCA6)

SCA-ATXN7 (SCA7)
SCA-ATXNE (SCA8)
SCA-PPP2R2B (SCA12)
SCA-ITPR1 (SCA15/16)
SCA-FGF14 (SCA27)
Alexander disease (GFAP)

AR

Friedreich ataxia (FXN)

WD (ATP7B)

Ataxia telangiectasia (ATM)

Ataxia with oculomotor apraxia type 1
(ATx)

Ataxia with oculomotor apraxia type 2
(SETX)

Cerebrotendinous xanthomatosis
(cvp27)

Ataxia with vitamin E deficiency (TTPA)
Abetalipoproteinemia (MTTP)
GM2-gangliosidosis (HEXA, HEXB,
GM2A)

XL
FXTAS (FMR1, premutation)

CHR

Chr 22q11.2 deletion syndrome
PARK16/Distal partial trisomy 1q
syndrome (1q32q42)

AD

HSP-SPAST (HSP4)
HSP-ZFYE26 (HSP15)
HSP-REEPI (HSP31)
HSP-ATP13A2 (HSP78)
SCA-PPP2R2B (SCA12)
MAPT

PGRN

Corf72

vee

CHMP2B

TARBP
Neuroferritinopathy (FTL)
Alexander disease (GFAP)

AR

PARK-Parkin (PARK2)
PARK-PINK1 (PARKSG)
PARK-FBOX7 (PARK15)
PKAN (PANK2)

PLAN (PLA2G6)

MPAN (C190rf12)

CoPAN (COASY)

FAHN (FAZH)
Kufor-Rakeb disease (ATP13A2)
Aceruloplasminemia (CP)
HSP-Spactasin (HSP11)

XL
Adrenoleukodystrophy (ABCD1)

AD

WITH NEUROPATHY:

Roussy-Lévy syndrome (MPZ, PMP22,
NEFL)

WITH COGNITIVE IMPAIRMENT:
MAPT, PGRN, C90rf72, VCP, CHMP2B,
TARBP

Alexander disease (GFAP)

AR
WITH COGNITIVE IMPAIRMENT:
GBA

XL
FXTAS (FMR1, premutation)

CHR

WITH HYPOGONADISM:
KS (47,XXY syndrome)
47, XYY syndrome

48 XXYY syndrome




Legend: AD = autosomal dominant; AR = autosomal recessive; XL = X-linked; CHR = chromosomal abnormality.
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Video Legend

Video 1. Segment 1: tremor in a case of SCA-PPP2R2B (SCA12). Segment 2: tremor in a case of fragile X

tremor-ataxia syndrome (FXTAS).
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Supplementary File Legend

Supplementary Table. Video collection of some tremor disorders reviewed in this article.

Previously unpublished videos (Video) or references to previously published videos (Supplementary Table)

are provided.

Tremor disorder Reference to Video
DYT-TOR1A
[S1]
(DYTL)
DYT-ANO3
[S2]
(DYT24)
SCA-PPP2R2B )
Video, Segment 1
(SCA12)
HSP-REEP1
[S3]
(HSP31)
Adult-onset Alexander disease [S4]
Wilson disease [S5]
Glutaric aciduria type 1 [S6]
Classic galactosemia [S7]
Fragile X tremor/ataxia syndrome Video, Segment 2
Spinal and bulbar muscle atrophy [se]
(Kennedy disease)
Klinefelter syndrome [S9]
Jacobs syndrome [S10]
48,XXYY syndrome [S11]
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