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ARTICLE INFO ABSTRACT

Keywords: With the growing possibilities in genetic testing, the number of genetic disorders associated with dystonia has

Eye movement disorders constantly increased over the last few years. Accurate phenotyping is crucial to guide and interpret genetic

Dystonia . analyses in the search for an etiological diagnosis. Although eye movements examination has proven a valuable

Monogenic disorders . . s . . . . . .

Geneti tool in the assessment of patients with inherited movement disorders such as ataxia or parkinsonism, less is
enetics

known about the association between eye movement disorders and genetic dystonia. This study aimed to
summarize the most frequent eye movement disorders in monogenetic forms of dystonia as classified by the
Movement Disorders Society (MDS). More than sixty genetic disorders causing dystonia were repeatedly asso-
ciated with eye movement disorders. Among these, 24 are classified as DYT genes, 22 were classified by MDS as
having another prominent movement disorder, and 19 are genetic disorders that manifest with dystonia but are
not included in the MDS classification. Six different eye movement disorders have consistently been reported
(saccadic slowing and supranuclear gaze palsy, saccadic initiation failure and oculomotor apraxia, saccadic
dysmetria, oculogyric crisis, nystagmus and ophthalmoplegia). The phenotypic association of each disorder with
monogenic dystonic diseases, as well as the possible underlying pathophysiological mechanisms, is described
here. Our findings suggest that eye movement disorders, along with the movement phenotype, may help
delineate subgroups of dystonia by reflecting disruptions in specific brain networks. Therefore, eye movement
examination is a crucial part of the neurological evaluation, providing valuable insights into patients with
inherited forms of dystonia.

1. Introduction

Dystonia is defined as a hyperkinetic movement disorder (MD)
characterized by sustained or intermittent muscle contractions causing
abnormal and often repetitive movements and/or postures. It is etio-
logically classified as inherited, acquired, or idiopathic [1]. The current
view states that dystonia is a network disorder, with dystonic symptoms
arising from dysfunction at cortico-thalamic-basal ganglia level with a
possible role for brainstem and cerebellar pathways [2,3].

Our understanding of the genetic background of dystonia is rapidly

expanding due to the availability of next generation sequencing (NGS)
techniques, with a fast-growing number of new genetic etiologies [4]. In
the latest Movement Disorders Society (MDS) classification papers, 59
genes (DYT-genes) are presented manifesting with isolated dystonia or
dystonia as the predominant MD [5,6]. Further, NGS has also led to an
expansion of a dystonic phenotype in genetic disorders primarily asso-
ciated with other MDs such as parkinsonism or ataxia (non-DYT genes)
[5-8]. To deal with this increasing complexity, detailed phenotyping is
warranted to guide and interpret data from genetic analysis [9,10].
Several studies focused on the clinical value of eye movement
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disorders (EMDs) in genetic MD [11-14]. EMDs may be of help to
distinguish among inherited MDs such as ataxia or parkinsonism [13,
14], and even raise the strong suspicion of specific condition as observed
with vertical supranuclear gaze palsy in Niemann Pick type C disease
[15]. Moreover, EMDs can be the presenting and/or leading sign in
several conditions evoking specific groups of disorders [11]. The
co-occurrence of dystonia and EMD may expand the knowledge of the
functional impact of gene functions and alterations on anatomical level.
However, EMDs in patients with inherited forms of dystonia have been
less characterized compared to other MDs.

This review aims to summarize the most frequent eye movement
abnormalities in monogenetic forms of dystonia, delineating pheno-
typical and possible converging pathophysiological pathways.

2. Methods
2.1. Search strategy

A literature search for papers concerning EMDs in patients with
dystonia due to an inherited disorder was conducted up to August 2024.
English written papers were selected from PubMed and through in-paper
relevant citations. Detailed search terms can be found in Supplementary
material.

The first search (Search 1) aimed to detect reports of EMDs in pa-
tients with genetic confirmed dystonia caused by 59 isolated, combined
and complex DYT-genes, according to the MDS task force classification
[5,6], such as DYT/CHOR, DYT/PARK, DYT/ATX.

A second broader search (Search 2), which was performed by
combining the same EMD search terms with terms as “dystonia” and
“gene*“, included inherited disorders in which dystonia is present in the
patient but not the main motor phenotype according to the MDS clas-
sification (non-DYT genes) and other genetic disorders that report dys-
tonia as part of the clinical phenotype.

2.2. Selection criteria

Genetically or biochemically (inherited metabolic diseases)
confirmed cases were included when the combination of dystonia and
EMD were present in at least two patients. Diseases due to large DNA
deletion or duplication were excluded from the analysis.

2.3. Phenotypical and pathophysiological associations

For each type of inherited dystonia, the two most frequently asso-
ciated EMDs were considered and described in the manuscript, but a
complete list of EMDs in DYT-associated and other MD associated (non-
DYT) genes was generated as well. Furthermore, the presence of typical
associations of dystonic and EMD phenotypes were explored, and the
underlying molecular and/or brain network dysfunctions were analyzed
when possible.

3. Results

A total of 887 papers were retrieved from the literature, of which 288
met the inclusion criteria. Eight different EMDs were repeatedly re-
ported in the genetic syndromes with dystonia. Some EMDs, such as
ocular flutter, opsoclonus, square-wave jerks, and smooth pursuit
alteration which were inconsistently reported in a few conditions were
not further taken into consideration.

Due to clinical and/or pathophysiological similarities, some EMD
were grouped together. Slow saccades and supranuclear gaze palsy
share the same pathophysiological mechanisms in the brainstem, as well
as overlapping involvement of basal ganglia, cerebellum and cortical
areas may be involved. Slow saccades may temporally precede a
supranuclear gaze palsy in some cases, as so, these EMDs were regarded
as one. Further, saccadic initiation failure and oculomotor apraxia have
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overlapping features: the impairment consists in failure of volitional
saccades and failure of both volitional and reflexed saccades, respec-
tively. Being part of the same spectrum with the same neuroanatomical
pattern alteration, these features were combined as well [16].

This resulted in six EMDs to be associated with genetic dystonia: 1)
Saccadic slowing and supranuclear gaze palsy; 2) Saccadic initiation
failure and oculomotor apraxia; 3) Saccadic dysmetria; 4) Oculogyric
crisis; 5) Nystagmus; and 6) Ophthalmoplegia.

Search 1 revealed that EMDs were repeatedly reported in 24 of the 59
DYT genes, including 12 DYT, 9 DYT/PARK, 2 DYT/CHOR, and 1 DYT/
ATX genes. Search 2 resulted in EMDs reported in 41 gene related dis-
eases, including 22 other MD associated (non-DYT) genes from the MDS
classification [ATX (11), MYC/ATX (1), PARK (3), paroxysmal MDs
(PxMD; 2), PxXMD/ATX (1), CHOR (1), disorders with mixed MDs
(MxMD; 3). In addition, there were 19 genes found not included in the
MDS classification (Fig. 1). A complete list of the genes is reported in
Table 1, and Supplementary material. The recurrent phenotypical and
pathophysiological association of genetic dystonia with specific EMDs
with their definition and main anatomical areas involved is shown in
Table 2. More detailed results will be discussed separately for every
EMD.

3.1. Slow saccades and supranuclear gaze palsy

3.1.1. Phenotypical association

Saccadic slowing and supranuclear gaze palsy were associated with
fifteen genetic disorders: presenting with isolated DYT (n = 1, DYT-
KMT2B), combined DYT (n = 3, DYT/PARK (PLA2G6-(NBIA), SLC6A3)
and ATX/DYT-SQSTM1) and complex DYT (n = 2, DTY-IRF2BPL and
DYT-PANK2-(NBIA). In addition, they were reported in 9 non-DYT

DYT non-DYT others

30
25
20
15

10

0
SS/SGP SIF/OMA SD ocC Nys oP

Fig. 1. Fig. 1 shows the number of genes associated with specific eye MD.
Genetic disorders have been divided in three groups according to the clinical
phenotype. DYT: DYT genes according to MDS classification, including genes
with 2 label (i.e. DYT/CHOR, DYT/PARK); non-DYT: Genes listed in MDS
classification with other predominant movement disorders; 3) others: Genes
not included in MDS classification that manifest with dystonia.

SS/SGP: Slow saccades and supranuclear gaze palsy. SIF/OMA: Saccadic initi-
ation failure/Oculomotor Apraxia. SD: Saccadic Dysmetria. Nys: Nystagmus,
OC: Oculogyric crises. OP: Ophthalmoplegia.
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Table 1
Complete list of monogenic disorders associated to dystonia and EMDs.
GENE INHERITANCE OMIM SS/SGP SIF/OMA SD ocC NYS OP
DYT-ATP7B AR 606882 + ++ ++
DYT-DDC AR 107930 ++
DYT-EIF2AK2 AD, AR 176871 ++
DYT-IRF2BPL AD 611720 ++ ++
DYT-KMT2B AD 606834 ++ ++ + +
DYT-MECR AR 608205 ++
DYT-OPAI AD 165500 4+ 4+
DYT-PANK2 AR 606157 ++ ++ +
DYT-SLC19A3 AR 606152 —++ —++
DYT-SUCLA2 AR 603921 —++
DYT-TOR1A AD, AR (rare) 605204 ++ (AR) + ++
DYT-TUBB4A AD 602662 + ++ ++
DYT/PARK-ATP1A3 AD 182350 ++ 4+
DYT/PARK-GCH1 AD, AR 600225 +4+
DYT/PARK-GLB1 AR 611458 ++
DYT/PARK-PLA2G6 AR 603604 ++ + ++
DYT/PARK-SLC30A10 AR 611146 ++
DYT/PARK-SLC6A3 AR 126455 ++ ++ +
DYT/PARK-SPR AR 182125 +4+
DYT/PARK-TAF1 X-L 313650 ++ ++
DYT/PARK-TH AR 191290 ++
DYT/CHOR-GCDH AR 608801 ++
DYT/CHOR-HPRT1 X-L 308000 ++ ++
DYT/ATX-SQSTM1 AR 601530 ++ + + ++
ATX -APTX (AOA1) AR 606350 ++ ++
ATX-AFG3L AR 604581 ++
ATX-ATM AR 607585 ++ + ++
ATX-ATXN1 AD 601556 + ++ ++
ATX -ATXN2 AD 601517 ++ ++
ATX -ATXN3 AD 607047 ++ + ++
ATX-DAB1 AD 603448 ++ ++
ATX-MRE11 AR 600814 ++
ATX -NPC AR 607623 —++
ATX-SETX (AOA2) AR 608465 ++ +4+
ATX -TBP AD 600075 ++
MYC/ATX -CSTB AR 601145 —++
PXMD/ATX-CACNA1A AD 601011 +4+
PXMD-SLC2A1 AD, AR (rare) 138140 +4+ ++
PXMD-ECHS1 AR 602292 —++
PARK-DCTN1 AD 601143 4+
PARK-GBA1 AR 606463 ++ ++
PARK-SYNJ1 AR 604297 ++
CHOR-VPS13A AR 605978 —++ —++
MXMD-ATP13A2 AR 610513 ++ ++
MXMD-POLG AR, AD (Rare) 174763 ++
MXMD-ADCY5 AD, AR (rare) 600293 ++ ++
PNKP (AOA4) AR 605610 ++ ++
HSP-AP5Z1 AR 613653 ++
AARS2 AR 612035 ++
HIBCH AR 610690 ++
MAG AR 159460 ++
DEGS1 AR 615843 ++
DLG4 AD 602887 ++
DRD2 AD 126450 ++
GNB1 AD 139380 + ++ ++
GRIN1 AD, AR 138249 ++
HIKESHI AR 614908 ++
MOCS1 AR 603707 ++
MOCS2 AR 603708 +4+
PURA AD 600473 ++
PTCD3 AR 614918 ++
SHQ1 AR 613663 ++
SLC18A2 AR 193001 ++
VPS41 AR 605485 “++
mtDNA Maternally — ++

X-L: X-linked; SS: slow saccades; SGP: supranuclear gaze palsy; SIF: saccadic initiation failure; OMA: oculomotor apraxia; SD: saccadic dysmetria; OC: oculogyric crisis;
Nys: nystagmus; OP: ophthalmoplegia: ++: the two most common EMDs, reported in the main text: +: other EMDs reported in literature. References for each gene in
the table can be found in Supplementary material.

genes, including ATX-genes (n = 3, ATXN2, ATXN3, NPC1), PARK-genes combined dystonia genes as well as non-DYT genes (mainly ATX- and
(n=3,DCTN1, GBA1, SYNJ1), CHOR-gene (n = 1, VPS13A), and MxMD PARK-genes).

(n =2, ADCY5, ATP13A2). Hence, the combination of slow saccades or

supranuclear gaze palsy and dystonia is reported in isolated and
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Definition and principal anatomical involvement of each eye movement disorders, followed by their phenotypical and pathophysiological associations.

EMDs Description Main anatomical Recurrent Recurrent Non Recurrent pathophysiological
involved DYT-Genes DYT-Genes mechanisms or group of
structures disorders

Slow Saccades® Disorders of saccadic velocity. Brainstem DYT ATX, PARK Lysosomal and endosomal

Saccades are slow, but range of motion is normal. (Superior disorders
Colliculus) /NBIA
Supranuclear gaze Eye movements are slow, and range of motion is limited. Brainstem
palsy® May affect selectively saccades or both saccades and smooth
pursuit
Range of motion is overcome with the doll’s eye maneuver.
Saccadic Initiation Disorders in saccades initiation. Cerebellum DYT, DYT/ ATX Post-synaptic dopaminergic
Failure” Voluntary and involuntary saccades are delayed in initiation. ~ Superior PARK disorders
Colliculus /DNA repairing system
Basal Ganglia
Oculomotor Disorders in saccade initiation. Frontal eye fields
Apraxia® Voluntary saccades are selectively delayed in initiation. Parietal eye fields
Cerebellum
Saccadic Dysmetria Disorders of saccadic accuracy. Saccades do not reach target Cerebellum - ATX -
as an early stop (hypometric saccades) or an overshoot
(hypermetric saccades) occur. Subsequent small saccadic
movements may be seen to reach the target.
Oculogyric Crises Paroxysmal and tonic upwards deviation of the eyes. Basal Ganglia DYT/PARK - Neurotransmitters disorders
Discomfort or pain may occur.
Nystagmus Involuntary and rhythmic back and forth movement of the Cerebellum DYT, DYT/ ATX -
eyes. PARK

Ophthalmoplegia Limitation of eye movement range, that is not overcome by External ocular DYT - Mitochondrial disorders

the doll’s eye maneuver muscles

a and b have been considered respectively together.

Recurrent DYT-genes and non DYT-genes were considered if at least 3 genetic disorders with the same label (i.e. DYT, DYT/PARK, ATX) were found. EMDs: eye

movement disorders.

3.1.2. Pathophysiological association

Anatomically, slow saccades or supranuclear gaze palsy usually point
to a brainstem dysfunction, such as the paramedian pontine reticular
formation, and rostral interstitial nucleus of medial longitudinal
fasciculus (riMLF), respectively generating horizontal and vertical sac-
cades [15,17]. In addition, involvement of cerebellar areas is also
possible [17,18].

With regards to the pathophysiological background, slow saccades
and supranuclear gaze palsy seem to be frequently associated with dis-
orders affecting (or thought to affect) the endo-lysosomal and autophagy
systems (ATX-NPC, DYT-IRF2BPL, ATX/DYT-SQSTM1, MxMD-ATP13A2
PARK-GBA1 and PARK-SYNJ1) and neurodegeneration with brain iron
accumulation (NBIA) (DYT-PANK2-(NBIA), DYT/PARK-PLA2G6-
(NBIA), ATP13A2) [4,19,20]. In ATX-NPC patients, post-mortem ex-
amination showed selective degeneration of riMLF neurons [21].
Moreover, MR-imaging detected bilateral brainstem lesions affecting the
mesencephalon and caudal pons in ATX/DYT-SQSTM1 [22-24], and
brainstem atrophy in patients with DYT-IRF2BPL [25].

In addition to iron accumulation in NBIA, brainstem atrophy is also
seen in ATP13A2, DYT-PANK2-(NBIA), and DYT/PARK-PLA2G6-(NBIA)
[26,27] disorders. Notably, brain iron accumulation was detected in
both ATX/DYT-SQSTM1 and DYT-IRF2BPL [28,29].

Finally, slow saccades with an associated progressive gaze restriction
and dystonia can be seen in spinocerebellar ataxia type 2 (ATX-ATXN2),
and 3 (ATX-ATXN3). Brainstem lesions, particularly affecting mesen-
cephalic excitatory burst neurons, were reported to be responsible for
this ocular manifestation in both these genetic disorders [19,20].

3.1.3. Conclusion

Slow saccades and supranuclear gaze palsy can be seen in a broad
range of dystonic phenotypes including DYT and non-DYT genes,
without any specific phenotypic associations. These EMDs may suggest
the presence of disorders involved in the endo-lysosomal and autophagy
pathway or NBIA, with anatomical lesions of the mesencephalon.

3.2. Saccadic initiation failure and oculomotor apraxia

3.2.1. Phenotypical association

Saccadic initiation failure and oculomotor apraxia were associated
with 14 disorders, including 7 DYT-gene defects as isolated DYT
(KMT2B, and TOR1A), combined DYT (DYT/CHOR-HPRT1, and DYT/
PARK-genes (SLC6A3, SLC30A10, TAF1)) and complex DYT-ATP7B.
They were also reported consistently in non-DYT genes, such as ATX-
genes (AFG3L2, ATM, ATPX1, MRE11A, PNKP, SETX), MYC/ATX-
CSTB, MxMD-ADCY5and in one non-MDS classified gene, (DRD2). In
conclusion, saccadic initiation failure and oculomotor apraxia are
mainly associated with DYT/PARK genes, pure DYT-genes, but also
several ataxic genes.

3.2.2. Pathophysiological association

Oculomotor apraxia results from hemispheric lesions affecting the
cortical eye-fields and basal ganglia [17). Saccadic initiation failure may
result from lesions affecting several brain areas such as the superior
colliculus or deep cerebellar nuclei [17].

The superior colliculus is involved in the generation and initiation of
saccades, through activation of brainstem excitatory burst neurons [29].
The superior colliculus is thought to be inhibited by substantia nigra
pars compacta [17,29]. In this light, it can be speculated that dysfunc-
tion in dopaminergic pathway may cause an imbalance of superior
colliculus input, resulting in a delay in the generation of saccades. This
may account for saccadic initiation failure observed in individuals with
genetic disorders involving the striatal post-synaptic dopaminergic
signaling such as DRD2, MxMD-ADCY5, and possibly DYT/CH-
OR-HPRT1 [30].

Other disorders sharing a common pathophysiological mechanism
are represented by genetic disorders involved in DNA break repair sys-
tems (ATX-APTX1, ATX-ATM, ATX-SETX, ATX-PNKP) [31]. In this group
of disorders, a significant loss of cerebellar Purkinje cells is consistently
observed, which may contribute to the development of oculomotor
apraxia [32]. Furthermore, dysfunction of these cerebellar cells has been
implicated in the pathophysiological network underlying dystonia. [33,
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3.2.3. Conclusion

There is no clear phenotypical association of saccadic initiation
failure and oculomotor apraxia and dystonia. For the latter, while the
precise mechanisms remain unclear, the involvement of Purkinje cell
impairment appears to be a key feature shared across conditions.

Disorders affecting post-synaptic dopamine signaling or DNA repair
system may lead to developing saccadic initiation failure and oculo-
motor apraxia in combination with dystonia through different
mechanisms.

3.3. Saccadic dysmetria

3.3.1. Phenotypical association

Saccadic dysmetria is associated with 10 dystonic disorders,
including 4 DYT-genes. Hypometric saccades have been reported in
complex dystonia (DYT-ATP7B, DYT-PANK2-(NBIA)), 1 combined dys-
tonia DYT/PARK-TAF1, and 1 complex dystonia DYT/CHOR-HPRTI.
Non-DYT genes associated with saccadic dysmetria are CHOR-VPS13A,
ATX-TBP, ATX-DAB1, PNKP and HSP-AP5Z1. Hypermetric saccades
have been described in ATX-TBP and ATX-ATXN1 [35-37].

3.3.2. Pathophysiological association

Saccadic dysmetria is a hallmark of cerebellar dysfunction [18],
potentially linked to lesions in the fastigial nucleus [17]. The largest
group of genes (ATX-ATXN1, ATX-TBP, ATX-DAB1, ATX-PNKP) is
associated with an ataxic phenotype, suggesting that the
cerebellar-basal ganglia network may be a common pathophysiological
link. However, other mechanisms have also been proposed, including
lesions in the mesencephalon (e.g., central mesencephalic reticular
formation and superior colliculus) [13,17] and peripheral causes, such
as visual defects [17]. Similarly, saccadic hypometria observed in
DYT/PARK-TAFland DYT/CHOR-HPRTImutations is thought to result
from aberrant basal ganglia activity, possibly interfering with superior
colliculus function [38,39].

3.3.3. Conclusion

Both hypometric and hypermetric saccades are reported in dystonic
syndromes. Hypometric saccades may be found in DYT-genes, whereas
hypermetric saccades should raise the suspicion of a possible cerebellar
disorder presenting with dystonia. Hypometric saccades are less specific
in terms of anatomical localization, as they can origin along the whole
saccadic pathways (cerebellum, brainstem, cerebellar cortex, white
matter and basal ganglia). Accordingly, hypometria in some DYT-genes
may originate from altered superior colliculus activity [38,39].

3.4. Oculogyric crises

3.4.1. Phenotypical association

Oculogyric crisis is associated with 11 different genetic disorders, of
which 6 DYT-genes [4 DYT/PARK-genes (ATP1A3, GCH1, SPR, TH) and
2 DYT-genes (DDC, TUBB4A)], 2 non-DYT genes (MxMD-ATP13A2,
PxMD-SLC2A1), and 3 conditions not listed in the current MDS classi-
fication (SLC18A2, SHQI and GRIN1).

3.4.2. Pathophysiological association

The pathophysiological mechanisms underlying oculogyric crises
remain elusive, although a hypodopaminergic state (i.e., blockage of the
dopamine receptor or a defective dopamine metabolism) is consistently
associated with this sign [40]. Accordingly, 6 of the reported dystonic
diseases with oculogyric crises are inherited disorders of monoamine
neurotransmitters synthesis (iMND) (AR and AD DYT/PARK-GCHI,
DYT/PARK-TH, DYT/PARK-SPR, DYT-DDC, and SLC18A2). This large
group of conditions is among the most frequent genetic cause of early
onset dystonia-parkinsonism during infancy and childhood, and results
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from disorders of synthesis and trafficking of catecholamine and sero-
tonin [41]. Some of the disorders of neurotransmitter synthesis show
significant improvement on disease-specific treatment/dopamine sup-
pletion. Due to the non-progressive course for many of these conditions,
they may be misdiagnosed as cerebral palsy so delaying diagnosis and
treatment [41,42]. The occurrence of oculogyric crisis may be an
important clinical clue to differentiate iMND from cerebral palsy [43].

Oculogyric crisis has been reported in other genetic MD such as DYT/
PARK-ATP1A3, MxMD-ATP13A2, DYT-DDC, GRIN1, SHQ1 and DYT-
TUBB4A [40,44-47]. Interestingly, a dopaminergic dysfunction has
been hypothesized in MxMD-ATP13A2, GRIN1 and SHQ1 defects [44,45,
48], and low levels of dopamine metabolite in CSF were detected in
patients with DYT/PARK-ATP1A3, SHQ1 and DYT-TUBB4A deficiency
[40,46,48,49]. Albeit not consistently, some of these patients with one
of the six disorders may benefit from dopamine administration [40,46,
50].

3.4.3. Conclusion

The presence of oculogyric crisis is mainly associated with a com-
bined dystonia-parkinsonism phenotype and points towards a neuro-
chemical or anatomical dopaminergic dysfunction. Recognition of
oculogyric crisis is crucial as it can be considered as a key sign to
recognition of potentially treatable iMND.

3.5. Nystagmus

3.5.1. Phenotypical association

Nystagmus was associated with 30 disorders, of which 10 DYT-genes:
isolated DYT (EIF2AK2), complex DYT (IRF2BPL, MECR, OPAI,
SLC19A3, TUBB4A), and combined dystonia syndromes as DYT/PARK
(ATP1A3, GLB1, PLA2G6-(NBIA)), DYT/CHOR (GCDH). In addition,
nystagmus has been reported in 11 non-DYT genes: ATX-genes (ATM,
ATXN1, ATXN3, DAB1, SETX), 2 genes associated with PxMD (ECHS],
SLC2A1), 1 ATX/PxMD-gene (CACNA1A), and AARS2, HIBCH, MAG
(listed in hereditary ataxia group [6], and in 9 non-MDS genes (DEGS],
DLG4, GNB1, HIKESHI, MOCS1, MOCS2, PTCD3, PURA, VPS41).

3.5.2. Pathophysiological association

The underlying pathophysiological mechanisms of nystagmus are
broad. Nystagmus can result from central (i.e., cerebellar or white
matter lesions) or peripheral causes (visual failure due to optic atrophy
or retinal changes, or vestibular lesions) [11,51]. Analogously, some of
the associated disorders are predicted to primarily affect the cerebellum
(ATX-SETX,  ATX-ATM,  ATX/PxMD-CACNA1A, ATX-ATXNI,
ATX-ATXN3, ATX-DAB1) but also white matter (DYT-TUBB4A,
DYT-EIF2AK2, MAG, AARS2, HIKESHI, PURA). In addition, nystagmus
may result from visual problems in some disorders (i.e., DYT-OPA1,
DYT-EIF2AK2, DLG4, MECR, MOCS).

3.5.3. Conclusion

Although nystagmus is frequent in patients with genetic dystonia,
this is associated with many other non-DYT-genes. The presence of
nystagmus in dystonia should therefore raise suspicion of disorders
usually presenting with different MD (especially ataxia or paroxysmal
dyskinesias). The pathological background is broad, possibly involving
cerebellum, white matter lesions, visual cortex, ocular and vestibular
impairment.

3.6. Ophthalmoplegia

3.6.1. Phenotypical association

Ophthalmoplegia was associated with 11 disorders, of which 4 DYT-
genes (DYT-TOR1A, DYT-SLC19A3, DYT-SUCLA2, DYT-OPA1), 1 com-
bined dystonia and ataxia (ATX/DYT-SQSTM1), 4 non-DYT genes
phenotype (ATX-ATXN2, ATX-APTX1, PARK-GBA1, MxMD-POLG) and a
few non-classified genes (GNB1, and mt-DNA disorders).
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3.6.2. Pathophysiological association

Ophthalmoplegia is associated with cellular energy failure and
mitochondrial disorders [11]. This may be due to the high metabolic
requirement of the external eye muscles which are implied in a fast and
precise control of eye motility control [52] and, therefore, particularly
rich in mitochondria and susceptible to energy failure [52].

Accordingly, this group includes disorders affecting primarily mito-
chondrial function (DYT-OPA1, DYT-SUCLA2, POLG and mt-DNA disor-
ders) or an inborn error of vitamin metabolism or transport as well as
other neurometabolic disorders (DYT-SLC19A3, PARK-GBA1) [53].

3.6.3. Conclusion

There is no clear phenotypical association between ophthalmoplegia
and dystonic syndromes, but the presence of ophthalmoplegia in a
dystonic patient should raise the suspicion of a neurometabolic disorder.

4. Discussion

This review aimed to summarize the most frequent EMDs reported in
monogenetic causes of dystonia, as well in disorders where dystonia is
the main phenotype as in those where dystonia is less prominent. In
addition, phenotypical and etiological associations were described. By
doing so, we suggest that converging pathophysiological pathways
related to dystonia and EMD could suggest specific brain networks
involved in the disease process.

4.1. Phenotypical association of eye movement disorders in genetic
dystonia

Our review shows that EMDs disorders are a frequent part of the
clinical phenotype in genetic dystonia, with EMDs reported in almost
half of the 59 DYT genes. For these DYT-genes, no clear association was
found between the type of EMD and dystonic phenotype as classified in
the MDS classification, with exception of oculogyric crisis and the
dystonia-parkinsonism phenotype.

Nevertheless, careful detection of EMDs may help to distinguish
dystonic syndromes. For example, the observation of slow saccades in
patients with isolated dystonia may point to DYT-KMT2B rather than
DYT-HPCA or DYT-THAP1 where eye movements are not affected [54].
Saccadic initiation failure and saccadic dysmetria may suggest an un-
derlying DYT/CHOR-gene, such as DYT/CHOR-HPRT1, in a patient with
combined chorea-dystonia. The occurrence of oculogyric crisis should
point a specific group of dopamine deficiencies [11,41]. Therefore, a
careful and systematical eye movements examination across genetic
dystonia patients could provide additional meaningful insights.

The coexistence of EMDs and dystonia was also reported in 22 non-
DYT genes, most frequently ATX genes that were associated with
nystagmus, saccadic initiation failure and oculomotor apraxia, slow
saccades and supranuclear gaze palsy, and dysmetric saccades. Over the
years, the involvement of the cerebellum in dystonia has gained atten-
tion [55,56]. Atypical phenotypes of ATX-genes have been reported
presenting with prominent dystonia, which may make a correct diag-
nosis challenging [57-59]. Again, the examination of eye movements is
of added value and may help to pinpoint a specific group of disorders.
The observation of oculomotor apraxia may point for autosomal reces-
sive conditions (ATX-ATM, ATX-SETX, ATX-ATPX) rather than auto-
somal dominant (ATX-TBP, ATX-ATXN1, ATX-DAB1) that instead show
saccadic dysmetria.

4.2. Pathophysiological associations

The occurrence of EMDs is known to be associated with specific
pathological mechanisms as shown for oculogyric crisis in monoamine
neurotransmitter disorders [43], and ophthalmoplegia in mitochondrial
disorders [11,40,52].

Interestingly, this review suggests a possible association of slow
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saccades and supranuclear gaze palsy with NBIA, which might be due to
described changes of brainstem structures [20-26]. In addition, saccadic
initiation failure and oculomotor apraxia may point to striatal
post-synaptic dopaminergic signaling and DNA-break repairing systems.
These two mechanisms may lead to a similar EMD through different
mechanisms, possibly involving the basal ganglia in the first case, and
cerebellum in the latter [32]. For nystagmus, a clear converging path-
ophysiological pathway could not be determined due to the heteroge-
nous pathophysiological mechanisms of nystagmus.

Classifying the genetic disorders according to a single main patho-
physiological mechanism may be an oversimplification of disorders with
a complex and/or still largely unknown pathophysiology. However, this
manuscript aims to serve as a research framework for understanding the
pathophysiological associations between eye movement disorders and
genetic dystonia among other phenotypical characteristics, rather than
as a diagnostic guide for clinical practice.

4.3. Limitations of eye movement examination

The EMD phenotype across such a broad genetic spectrum of diseases
is challenging to link to specific etiological presentations. This review
aimed to find potential common pathophysiological pathways. For this
reason, we acknowledge the presence of certain limitations in our
approach. The recognition of EMDs in patients with complex MDs can be
challenging and may show inter-observer variability. To discriminate
between EMDs and to come to a proper classification, a structured eye
movement examination can be very helpful and be done in a short
amount of time [11]. In addition, video recordings may be helpful in
paroxysmal EMDs such as oculogyric crises. A quantitative measure of
these EMDs is the gold standard but was not available in most cases
published in the literature. In addition, it can be quite challenging and
even infeasible in patients with dystonia as this gold standard (video--
oculography) requires the patients to sit still for 30-45 min. Develop-
ment of new, easy-applicable methods to quantify eye movements
through eye-tracking or video-oculography may provide useful infor-
mation for the assessment of EMDs, aiding in early detection, further
characterization if eye movements and monitoring of therapeutic in-
terventions [60-62], especially in children. In the future, the integration
of machine learning to combine eye movement detection with move-
ment phenotypes may improve clinical phenotyping. As our under-
standing of the association between these factors grows, these tools can
be refined to support more accurate diagnosis and monitoring. Lastly,
the recognition of new phenotypes associated with genes is rapidly
expanding, meaning that our work represents the current state of the art
but warrants further exploration and should be revised in light of future
discoveries.

5. Conclusion

We have shown that EMDs are frequent in both DYT-disorders and in
disorders where dystonia is not the prominent MD. Detailed clinical
phenotyping, including a systematic characterization of eye movements
in patients with dystonia is important and may lead to gain better insight
into the pathophysiology of the disease by identifying the specific brain
networks involved in the underlying pathological process.

CRediT authorship contribution statement

Luca Pollini: Writing — original draft, Methodology, Investigation,
Data curation, Conceptualization. Ilaria Pettenuzzo: Writing — original
draft, Resources, Methodology, Investigation, Formal analysis, Data
curation. Marina A.J. Tijssen: Writing — review & editing, Visualiza-
tion, Methodology, Investigation, Conceptualization. Lisette H. Koens:
Writing - review & editing, Writing — original draft. Tom J. De Koning:
Writing — review & editing, Writing — original draft. Vincenzo Leuzzi:
Writing — review & editing, Writing — original draft. Hendriekje



L. Pollini et al.

Eggink: Writing — review & editing, Writing — original draft, Supervi-
sion, Project administration, Methodology, Investigation, Data curation,
Conceptualization.

Financial disclosures

LP, IP, VL, declare no financial disclosures. LK reports grants from
United for Metabolic Diseases and Stofwisselkracht. TK has received an
unrestricted grant and speakers fee from PTC pharmaceuticals. HE re-
ports a grant from Janivo Stichting.

MT reports grants from the Netherlands Organisation for Health
Research and Development ZonMW Topsubsidie (91218013) and
ZonMW Program Translational Research (40-44600-98-323). She also
received an European Fund for Regional Development from the Euro-
pean Union (01492947) and an European Joint Programme on Rare
Diseases (EJP RD) Networking Support Scheme. Furthermore, from the
province of Friesland, the Stichting Wetenschapsfonds Dystonie and
unrestricted grants from Actelion, Ipsen and Merz.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.parkreldis.2025.107325.

References

[1] A. Albanese, K. Bhatia, S.B. Bressman, et al., Phenomenology and classification of
dystonia: a consensus update, Mov. Disord. 28 (7) (2013) 863-873, https://doi.
0rg/10.1002/mds.25475.

[2] N. Briiggemann, Contemporary functional neuroanatomy and pathophysiology of
dystonia, J. Neural Transm. 128 (4) (2021) 499-508, https://doi.org/10.1007/
500702-021-02299-y.

[3] T. Schirinzi, G. Sciamanna, N.B. Mercuri, A. Pisani, Dystonia as a network disorder:
a concept in evolution, Curr. Opin. Neurol. 31 (4) (2018) 498-503, https://doi.
org/10.1097/WCO0.0000000000000580.

[4] P. Gonzalez-Latapi, N. Marotta, N.E. Mencacci, Emerging and converging
molecular mechanisms in dystonia, J. Neural Transm. 128 (4) (2021) 483-498,
https://doi.org/10.1007/s00702-020-02290-z.

[5] C. Marras, A. Lang, B.P. van de Warrenburg, et al., Nomenclature of genetic
movement disorders: recommendations of the international Parkinson and
movement disorder society task force, Mov. Disord. 31 (4) (2016) 436-457,
https://doi.org/10.1002/mds.26527.

[6] L.M. Lange, P. Gonzalez-Latapi, R. Rajalingam, et al., Nomenclature of genetic
movement disorders: recommendations of the international Parkinson and
movement disorder society task force - an update, Mov. Disord. 37 (5) (2022)
905-935, https://doi.org/10.1002/mds.28982.

[7]1 S. van der Veen, R. Zutt, C. Klein, et al., Nomenclature of genetically determined
myoclonus syndromes: recommendations of the international Parkinson and
movement disorder society task force, Mov. Disord. 34 (11) (2019) 1602-1613,
https://doi.org/10.1002/mds.27828.

[8] M. Rossi, M. Anheim, A. Durr, et al., The genetic nomenclature of recessive
cerebellar ataxias, Mov. Disord. 33 (7) (2018) 1056-1076, https://doi.org/
10.1002/mds.27415.

[9] F. Magrinelli, B. Balint, K.P. Bhatia, Challenges in clinicogenetic correlations: one
gene - many phenotypes, Mov Disord Clin Pract 8 (3) (2021) 299-310, https://doi.
org/10.1002/mdc3.13165. Published 2021 Mar 2.

[10] R. Gannamani, S. van der Veen, M. van Egmond, T.J. de Koning, M.A.J. Tijssen,
Challenges in clinicogenetic correlations: one phenotype - many genes, Mov Disord
Clin Pract 8 (3) (2021) 311-321, https://doi.org/10.1002/mdc3.13163. Published
2021 Mar 2.

[11] L.H. Koens, M.A.J. Tijssen, F. Lange, et al., Eye movement disorders and
neurological symptoms in late-onset inborn errors of metabolism, Mov. Disord. 33
(12) (2018) 1844-1856, https://doi.org/10.1002/mds.27484.

[12] P. Kassavetis, D. Kaski, T. Anderson, M. Hallett, Eye movement disorders in
movement disorders, Mov Disord Clin Pract 9 (3) (2022) 284-295, https://doi.org/
10.1002/mdc3.13413. Published 2022 Feb 16.

[13] E. Pretegiani, L.M. Optican, Eye movements in Parkinson’s disease and inherited
parkinsonian syndromes, Front. Neurol. 8 (2017) 592, https://doi.org/10.3389/
fneur.2017.00592. Published 2017 Nov 9.

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

Parkinsonism and Related Disorders 133 (2025) 107325

F. Rosini, E. Pretegiani, C. Battisti, M.T. Dotti, A. Federico, A. Rufa, Eye movement
changes in autosomal dominant spinocerebellar ataxias, Neurol. Sci. 41 (7) (2020)
1719-1734, https://doi.org/10.1007/5s10072-020-04318-4.

E. Salsano, C. Umeh, A. Rufa, D. Pareyson, D.S. Zee, Vertical supranuclear gaze
palsy in Niemann-Pick type C disease, Neurol. Sci. 33 (6) (2012) 1225-1232,
https://doi.org/10.1007/5s10072-012-1155-1.

C. Tilikete, M.P. Robert, Ocular motor apraxia, in: A. Shaikh, F. Ghasia (Eds.),
Advances in Translational Neuroscience of Eye Movement Disorders,
Contemporary Clinical Neuroscience. Springer, Cham, 2019, https://doi.org/
10.1007/978-3-030-31407-1_22.

R.J. Leigh, D.S. Zee, The Neurology of Eye Movements, fifth ed., Oxford University
Press, New York, NY, 2015.

K. Jensen, S.B. Beylergil, A.G. Shaikh, Slow saccades in cerebellar disease,
Cerebellum Ataxias 6 (2019) 1, https://doi.org/10.1186/540673-018-0095-9.
Published 2019 Jan 17.

D. Fasano, S. Parisi, G.M. Pierantoni, et al., Alteration of endosomal trafficking is
associated with early-onset parkinsonism caused by SYNJ1 mutations, Cell Death
Dis. 9 (3) (2018) 385, https://doi.org/10.1038/s41419-018-0410-7. Published
2018 Mar 7.

D. Solomon, A.C. Winkelman, D.S. Zee, L. Gray, J. Biittner-Ennever, Niemann-Pick
type C disease in two affected sisters: ocular motor recordings and brain-stem
neuropathology, Ann. N. Y. Acad. Sci. 1039 (2005) 436-445, https://doi.org/
10.1196/annals.1325.041.

M.A. Kilic, O. Kipoglu, O. Coskun, et al., Homozygous SQSTM1 nonsense variant
identified in a patient with brainstem involvement, Brain Dev. 43 (10) (2021)
1039-1043, https://doi.org/10.1016/j.braindev.2021.06.001.

M. Akkari, I. Kraoua, H. Klaa, et al., SQSTM1 mutation: description of the first
Tunisian case and literature review, Mol Genet Genomic Med 8 (12) (2020) e1543,
https://doi.org/10.1002/mgg3.1543.

V. Muto, E. Flex, Z. Kupchinsky, et al., Biallelic SQSTM1 mutations in early-onset,
variably progressive neurodegeneration, Neurology 91 (4) (2018) e319-e330,
https://doi.org/10.1212/WNL.0000000000005869.

P.C. Marcogliese, V. Shashi, R.C. Spillmann, et al., IRF2BPL is associated with
neurological phenotypes [published correction appears in Am J hum genet. 2018
sep 6;103(3):456], Am. J. Hum. Genet. 103 (2) (2018) 245-260, https://doi.org/
10.1016/j.ajhg.2018.07.006.

M.C. Kruer, N. Boddaert, Neurodegeneration with brain iron accumulation: a
diagnostic algorithm, Semin. Pediatr. Neurol. 19 (2) (2012) 67-74, https://doi.
org/10.1016/j.spen.2012.04.001.

P. Hogarth, Neurodegeneration with brain iron accumulation: diagnosis and
management, J Mov Disord. 8 (1) (2015) 1-13, https://doi.org/10.14802/
jmd.14034.

M. Skorvanek, P. Dusek, M. Rydzanicz, et al., Neurodevelopmental disorder
associated with IRF2BPL gene mutation: expanding the phenotype? Park. Relat.
Disord. 62 (2019) 239-241, https://doi.org/10.1016/j.parkreldis.2019.01.017.
T.B. Haack, E. Ignatius, J. Calvo-Garrido, et al., Absence of the autophagy adaptor
SQSTM1/p62 causes childhood-onset neurodegeneration with ataxia, dystonia,
and gaze palsy, Am. J. Hum. Genet. 99 (3) (2016) 735-743, https://doi.org/
10.1016/j.ajhg.2016.06.026.

S. Ramat, R.J. Leigh, D.S. Zee, L.M. Optican, What clinical disorders tell us about
the neural control of saccadic eye movements, Brain 130 (Pt 1) (2007) 10-35,
https://doi.org/10.1093/brain/awl309.

E.L. Whiteley, G.S. Tejeda, G.S. Baillie, N.J. Brandon, PDE10A mutations help to
unwrap the neurobiology of hyperkinetic disorders, Cell. Signal. 60 (2019 Aug)
31-38, https://doi.org/10.1016/j.cellsig.2019.04.001. Epub 2019 Apr 2. PMID:
30951862.

M. Beaudin, A. Matilla-Duenas, B.W. Soong, et al., The classification of autosomal
recessive cerebellar ataxias: a consensus statement from the society for research on
the cerebellum and ataxias task force, Cerebellum 18 (6) (2019) 1098-1125,
https://doi.org/10.1007/s12311-019-01052-2.

0. Onodera, Spinocerebellar ataxia with ocular motor apraxia and DNA repair,
Neuropathology 26 (4) (2006) 361-367, https://doi.org/10.1111/j.1440-
1789.2006.00741.x.

J.J. White, R.V. Sillitoe, Genetic silencing of olivocerebellar synapses causes
dystonia-like behaviour in mice, Nat. Commun. 8 (2017 Apr 4) 14912, https://doi.
org/10.1038/ncomms14912. PMID: 28374839; PMCID: PMC5382291.

M. Thomsen, L.M. Lange, M. Zech, K. Lohmann, Genetics and pathogenesis of
dystonia, Annu. Rev. Pathol. 19 (2024 Jan 24) 99-131, https://doi.org/10.1146/
annurev-pathmechdis-051122-110756.

C. Mariotti, D. Alpini, R. Fancellu, et al., Spinocerebellar ataxia type 17 (SCA17):
oculomotor phenotype and clinical characterization of 15 Italian patients,

J. Neurol. 254 (11) (2007) 1538-1546, https://doi.org/10.1007/500415-007-
0579-7.

C.T. Loy, M.G. Sweeney, M.B. Davis, et al., Spinocerebellar ataxia type 17:
extension of phenotype with putaminal rim hyperintensity on magnetic resonance
imaging, Mov. Disord. 20 (11) (2005) 1521-1523, https://doi.org/10.1002/
mds.20529.

P. Opal, T. Ashizawa, Spinocerebellar ataxia type 1. 1998 oct 1 [updated 2023 feb
2], in: M.P. Adam, J. Feldman, G.M. Mirzaa, R.A. Pagon, S.E. Wallace, L.J.H. Bean,
K.W. Gripp, A. Amemiya (Eds.), GeneReviews® [Internet], University of
Washington, Seattle, Seattle (WA), 1993-2024. PMID: 20301363.

H.A. Jinnah, R.F. Lewis, J.E. Visser, G.E. Eddey, G. Barabas, J.C. Harris, Ocular
motor dysfunction in Lesch-Nyhan disease, Pediatr. Neurol. 24 (3) (2001)
200-204, https://doi.org/10.1016/50887-8994(00)00265-4.


https://doi.org/10.1016/j.parkreldis.2025.107325
https://doi.org/10.1016/j.parkreldis.2025.107325
https://doi.org/10.1002/mds.25475
https://doi.org/10.1002/mds.25475
https://doi.org/10.1007/s00702-021-02299-y
https://doi.org/10.1007/s00702-021-02299-y
https://doi.org/10.1097/WCO.0000000000000580
https://doi.org/10.1097/WCO.0000000000000580
https://doi.org/10.1007/s00702-020-02290-z
https://doi.org/10.1002/mds.26527
https://doi.org/10.1002/mds.28982
https://doi.org/10.1002/mds.27828
https://doi.org/10.1002/mds.27415
https://doi.org/10.1002/mds.27415
https://doi.org/10.1002/mdc3.13165
https://doi.org/10.1002/mdc3.13165
https://doi.org/10.1002/mdc3.13163
https://doi.org/10.1002/mds.27484
https://doi.org/10.1002/mdc3.13413
https://doi.org/10.1002/mdc3.13413
https://doi.org/10.3389/fneur.2017.00592
https://doi.org/10.3389/fneur.2017.00592
https://doi.org/10.1007/s10072-020-04318-4
https://doi.org/10.1007/s10072-012-1155-1
https://doi.org/10.1007/978-3-030-31407-1_22
https://doi.org/10.1007/978-3-030-31407-1_22
http://refhub.elsevier.com/S1353-8020(25)00066-5/sref17
http://refhub.elsevier.com/S1353-8020(25)00066-5/sref17
https://doi.org/10.1186/s40673-018-0095-9
https://doi.org/10.1038/s41419-018-0410-7
https://doi.org/10.1196/annals.1325.041
https://doi.org/10.1196/annals.1325.041
https://doi.org/10.1016/j.braindev.2021.06.001
https://doi.org/10.1002/mgg3.1543
https://doi.org/10.1212/WNL.0000000000005869
https://doi.org/10.1016/j.ajhg.2018.07.006
https://doi.org/10.1016/j.ajhg.2018.07.006
https://doi.org/10.1016/j.spen.2012.04.001
https://doi.org/10.1016/j.spen.2012.04.001
https://doi.org/10.14802/jmd.14034
https://doi.org/10.14802/jmd.14034
https://doi.org/10.1016/j.parkreldis.2019.01.017
https://doi.org/10.1016/j.ajhg.2016.06.026
https://doi.org/10.1016/j.ajhg.2016.06.026
https://doi.org/10.1093/brain/awl309
https://doi.org/10.1016/j.cellsig.2019.04.001
https://doi.org/10.1007/s12311-019-01052-2
https://doi.org/10.1111/j.1440-1789.2006.00741.x
https://doi.org/10.1111/j.1440-1789.2006.00741.x
https://doi.org/10.1038/ncomms14912
https://doi.org/10.1038/ncomms14912
https://doi.org/10.1146/annurev-pathmechdis-051122-110756
https://doi.org/10.1146/annurev-pathmechdis-051122-110756
https://doi.org/10.1007/s00415-007-0579-7
https://doi.org/10.1007/s00415-007-0579-7
https://doi.org/10.1002/mds.20529
https://doi.org/10.1002/mds.20529
http://refhub.elsevier.com/S1353-8020(25)00066-5/sref37
http://refhub.elsevier.com/S1353-8020(25)00066-5/sref37
http://refhub.elsevier.com/S1353-8020(25)00066-5/sref37
http://refhub.elsevier.com/S1353-8020(25)00066-5/sref37
https://doi.org/10.1016/s0887-8994(00)00265-4

L. Pollini et al.

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

A. Sprenger, H. Hanssen, I. Hagedorn, et al., Eye movement deficits in X-linked
dystonia-parkinsonism are related to striatal degeneration, Park. Relat. Disord. 61
(2019) 170-178, https://doi.org/10.1016/j.parkreldis.2018.10.016.

E.J. Slow, A.E. Lang, Oculogyric crises: a review of phenomenology, etiology,
pathogenesis, and treatment, Mov. Disord. 32 (2) (2017) 193-202, https://doi.org/
10.1002/mds.26910.

O. Kuseyri Hiibschmann, G. Horvath, E. Cortes-Saladelafont, et al., Insights into the
expanding phenotypic spectrum of inherited disorders of biogenic amines, Nat.
Commun. 12 (1) (2021) 5529, https://doi.org/10.1038/s41467-021-25515-5.
Published 2021 Sep. 20.

T. Opladen, E. Lopez-Laso, E. Cortés-Saladelafont, et al., Consensus guideline for
the diagnosis and treatment of tetrahydrobiopterin (BH4) deficiencies [published
correction appears in Orphanet J Rare Dis. 2020 Aug 5;15(1):202], Orphanet J.
Rare Dis. 15 (1) (2020) 126, https://doi.org/10.1186/513023-020-01379-8.
Published 2020 May 26.

J. Friedman, E. Roze, J.E. Abdenur, et al., Sepiapterin reductase deficiency: a
treatable mimic of cerebral palsy, Ann. Neurol. 71 (4) (2012) 520-530, https://doi.
org/10.1002/ana.22685.

C. Ohba, M. Shiina, J. Tohyama, et al., GRIN1 mutations cause encephalopathy
with infantile-onset epilepsy, and hyperkinetic and stereotyped movement
disorders, Epilepsia 56 (6) (2015) 841-848, https://doi.org/10.1111/epi.12987.
B. Dehay, A. Ramirez, M. Martinez-Vicente, et al., Loss of P-type ATPase ATP13A2/
PARK9 function induces general lysosomal deficiency and leads to Parkinson
disease neurodegeneration, Proc. Natl. Acad. Sci. U. S. A. 109 (24) (2012)
9611-9616, https://doi.org/10.1073/pnas.1112368109.

D. Tonduti, C. Aiello, F. Renaldo, et al., TUBB4A-related hypomyelinating
leukodystrophy: new insights from a series of 12 patients, Eur. J. Paediatr. Neurol.
20 (2) (2016) 323-330, https://doi.org/10.1016/j.ejpn.2015.11.006.

A. Brashear, K.J. Sweadner, J.F. Cook, K.J. Swoboda, L. Ozelius, ATP1A3-Related
neurologic disorders, in: M.P. Adam, D.B. Everman, G.M. Mirzaa, et al. (Eds.),
GeneReviews®, University of Washington, Seattle, Seattle (WA), February 7, 2008.
C.S. Chi, C.R. Tsai, H.F. Lee, Biallelic SHQ1 variants in early infantile hypotonia
and paroxysmal dystonia as the leading manifestation, Hum. Genet. 142 (8) (2023
Aug) 1029-1041, https://doi.org/10.1007/500439-023-02533-5.

P. Termsarasab, A.C. Yang, S.J. Frucht, Intermediate phenotypes of ATP1A3
mutations: phenotype-genotype correlations, Tremor Other Hyperkinet Mov (N Y)
5 (2015) 336, https://doi.org/10.7916/D8MG7NS8. Published 2015 Sep. 16.
D.R. Williams, A. Hadeed, A.S. al-Din, A.L. Wreikat, A.J. Lees, Kufor Rakeb disease:
autosomal recessive, levodopa-responsive parkinsonism with pyramidal
degeneration, supranuclear gaze palsy, and dementia, Mov. Disord. 20 (10) (2005)
1264-1271, https://doi.org/10.1002/mds.20511.

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

Parkinsonism and Related Disorders 133 (2025) 107325

S. Kang, A.G. Shaikh, Acquired pendular nystagmus, J. Neurol. Sci. 375 (2017)
8-17, https://doi.org/10.1016/j.jns.2017.01.033.

P. Yu-Wai-Man, N.J. Newman, Inherited eye-related disorders due to
mitochondrial dysfunction, Hum. Mol. Genet. 26 (R1) (2017) R12-R20, https://
doi.org/10.1093/hmg/ddx182.

Matthew E. Gegg, Anthony H.V. Schapira, Mitochondrial dysfunction associated
with glucocerebrosidase deficiency, Neurobiol. Dis. 90 (2016) 43-50, https://doi.
0rg/10.1016/j.nbd.2015.09.006. ISSN 0969-9961.

L.R. Owczarzak, K.E. Hogan, R.T. Dineen, C.E. Gill, M.H. Li, A new pathologic
KMT2B variant associated with childhood onset dystonia presenting as variable
phenotypes among family members, Tremor Other Hyperkinet Mov (N Y) 12 (2022
Mar 17) 7, https://doi.org/10.5334/tohm.679. PMID: 35415007; PMCID:
PMC8932353.

M. Bologna, A. Berardelli, The cerebellum and dystonia, Handb. Clin. Neurol. 155
(2018) 259-272, https://doi.org/10.1016/B978-0-444-64189-2.00017-2.

D.A. Sival, S.A.M.V. Noort, M.A.J. Tijssen, T.J. de Koning, D.S. Verbeek,
Developmental neurobiology of cerebellar and Basal Ganglia connections, Eur. J.
Paediatr. Neurol. 36 (2022) 123-129, https://doi.org/10.1016/j.
€jpn.2021.12.001.

F. Carrillo, S.A. Schneider, A.M. Taylor, V. Srinivasan, R. Kapoor, K.P. Bhatia,
Prominent oromandibular dystonia and pharyngeal telangiectasia in atypical
ataxia telangiectasia, Cerebellum 8 (1) (2009) 22-27, https://doi.org/10.1007/
$12311-008-0055-7.

E. Freitas, O. Costa, S. Rocha, A new phenotype of ataxia with oculomotor apraxia
type 4, Cureus 13 (2) (2021) e13601, https://doi.org/10.7759/cureus.13601.
Published 2021 Feb 28.

Y. Sekijima, T. Hashimoto, O. Onodera, et al., Severe generalized dystonia as a
presentation of a patient with aprataxin gene mutation, Mov. Disord. 18 (10)
(2003) 1198-1200, https://doi.org/10.1002/mds.10526.

M.C. Patterson, D. Vecchio, H. Prady, L. Abel, J.E. Wraith, Miglustat for treatment
of Niemann-Pick C disease: a randomised controlled study, Lancet Neurol. 6 (9)
(2007) 765-772, https://doi.org/10.1016/S1474-4422(07)70194-1.

L.H. Koens, 1. Tuitert, H. Blokzijl, et al., Eye movement disorders in inborn errors of
metabolism: a quantitative analysis of 37 patients, J. Inherit. Metab. Dis. 45 (5)
(2022) 981-995, https://doi.org/10.1002/jimd.12533.

R. Schiffmann, E. Mengel, M. Wallace, C. Rochmann, J. Turnbull, R. Krupnick,

C. Gwaltney, R. Pulikottil-Jacob, I. Batsu, R. Zheng, A. Hamed, Qualitative study of
the patient experience with venglustat for gaucher disease type 3 in a phase 2
open-label, multicenter, multinational study (LEAP), Adv. Ther. 41 (7) (2024 Jul)
2907-2923, https://doi.org/10.1007/512325-024-02881-2. Epub 2024 May 27.
PMID: 38802634; PMCID: PMC11213771.


https://doi.org/10.1016/j.parkreldis.2018.10.016
https://doi.org/10.1002/mds.26910
https://doi.org/10.1002/mds.26910
https://doi.org/10.1038/s41467-021-25515-5
https://doi.org/10.1186/s13023-020-01379-8
https://doi.org/10.1002/ana.22685
https://doi.org/10.1002/ana.22685
https://doi.org/10.1111/epi.12987
https://doi.org/10.1073/pnas.1112368109
https://doi.org/10.1016/j.ejpn.2015.11.006
http://refhub.elsevier.com/S1353-8020(25)00066-5/sref47
http://refhub.elsevier.com/S1353-8020(25)00066-5/sref47
http://refhub.elsevier.com/S1353-8020(25)00066-5/sref47
https://doi.org/10.1007/s00439-023-02533-5
https://doi.org/10.7916/D8MG7NS8
https://doi.org/10.1002/mds.20511
https://doi.org/10.1016/j.jns.2017.01.033
https://doi.org/10.1093/hmg/ddx182
https://doi.org/10.1093/hmg/ddx182
https://doi.org/10.1016/j.nbd.2015.09.006
https://doi.org/10.1016/j.nbd.2015.09.006
https://doi.org/10.5334/tohm.679
https://doi.org/10.1016/B978-0-444-64189-2.00017-2
https://doi.org/10.1016/j.ejpn.2021.12.001
https://doi.org/10.1016/j.ejpn.2021.12.001
https://doi.org/10.1007/s12311-008-0055-7
https://doi.org/10.1007/s12311-008-0055-7
https://doi.org/10.7759/cureus.13601
https://doi.org/10.1002/mds.10526
https://doi.org/10.1016/S1474-4422(07)70194-1
https://doi.org/10.1002/jimd.12533
https://doi.org/10.1007/s12325-024-02881-2

