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Testing for Dystonia
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ABSTRACT: Long-read sequencing methodologies
provide powerful capacity to identify all types of genomic
variations in a single test. Long-read platforms such as
Oxford Nanopore and PacBio have the potential to revo-
lutionize molecular diagnostics by reaching unparalleled
accuracies in genetic discovery and long-range phasing.
In the field of dystonia, promising results have come from
recent pilot studies showing improved detection of
disease-causing structural variants and repeat expan-
sions. Increases in throughput and ongoing reductions in
cost will facilitate the incorporation of long-read
approaches into mainstream diagnostic practice.
Although these developments are likely to transform clin-
ical care, there is currently a discrepancy between the
potential benefits of long-read sequencing and the appli-
cation of this technique to dystonia. In this review we

highlight current opportunities and limitations of adopting
long-read sequencing methods for the investigation of
patients with dystonia. We provide examples of long-
read sequencing integration into diagnostic evaluation
and the study of pathomechanisms in individuals with
dystonic disorders. The goal of this article is to stimulate
research into the application and optimization of long-
read analysis strategies in dystonia, thus enabling more
precise understanding of the underlying etiology in the
future. © 2025 The Author(s). Movement Disorders publi-
shed by Wiley Periodicals LLC on behalf of International
Parkinson and Movement Disorder Society.

Key Words: long-read sequencing; PacBio; Oxford
Nanopore; dystonia; structural variants; repeat expan-
sions; long-range haplotype phasing

Significant progress in genomic methodologies has led
to the identification of a broad spectrum of genetic defects
linked to dystonia.1 Current advances in sequencing
approaches have improved our ability to uncover unique
and recurrent variations underlying different dystonic syn-
dromes, resulting in a growing catalog of molecularly
defined monogenic entities.2 Despite this, at least half of
patients with a suspected inherited form of dystonia
remain undiagnosed.3 Broadly, conditions that manifest

with dystonia can be categorized into two groups: one
group in which dystonia is the sole clinical abnormality,
and another group in which dystonia is combined with
additional movement, non-motor neurological, and/or
systemic disorders.4 For both groups, present gold stan-
dards of clinically-oriented sequencing with short-read
sequencing (SRS) technology including short-read exome
sequencing (srES) and short-read genome sequencing
(srGS) have made it possible to discover a range of
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pathogenic variants, including single-nucleotide variants
(SNVs), small insertions and deletions (indels), and copy-
number variants (CNVs).5 Especially for the second
group, an additional array of genomic alterations such as
pathogenic short tandem repeats (STRs) and other struc-
tural variants (SVs) are believed to play a role, although
evidence comes from a few case studies only.5–7

Intrinsic limitations of srES and srGS hinder the process
of obtaining a comprehensive view of causal genetic varia-
tion in dystonia. This is associated with inherent uncer-
tainties in precise diagnosis and the paucity of therapies
targeting pathophysiological mechanisms.1 Moreover,
molecular testing in dystonia often continues to rely on
tiered diagnostic strategies (eg, srES followed by srGS, or
combinations of srES/srGS and chromosomal microarray
or STR screening), with prolonged diagnostic journeys
and avoidable cost-ineffectiveness.1

Long-read sequencing (LRS) methods including targeted
LRS and genome-wide LRS are emerging as new promis-
ing tools to decipher the genetic underpinnings of rare dis-
orders in a high-throughput fashion, potentially capable
of replacing existing testing strategies by virtue of their
great accuracy.8–10 LRS has proven utility for the identifi-
cation of diverse types of genetic changes in previously
undiagnosed diseases.8–10 Although LRS is expected to
outperform conventional srES/srGS workflows, its role in
dystonia has not yet been explored.
In this review we focus on potential applications and

predicted benefits of LRS in dystonia. We summarize
diagnostic outcomes of srES/srGS studies, and we explain
shortcomings of srES/srGS with regard to detection of
variants that can cause dystonic disorders. We describe
technical details of the two main LRS platforms, Pacific
Biosciences’ (PacBio) single-molecule real-time (SMRT)
sequencing and Oxford Nanopore Technologies (ONT)
nanopore sequencing. Additionally, we review instances
where LRS has already demonstrated impact on the accu-
rate molecular diagnosis of dystonia, with further empha-
sis on prospects of integrating DNA-methylation and
RNA analyses. We also recognize existing pitfalls for
broad routine implementation of LRS assays. Finally, we
highlight ongoing initiatives that study the potential of
LRS, aiming at optimizing the genetic diagnostic pipeline.
We hope that the aspects covered herein will provide a
greater understanding of the latest developments in
sequencing diagnostics and guide clinicians in future preci-
sion resolution of genomic variants that can be found in
individuals with dystonia.

SRS Approaches: Diagnostic Yield and
Limitations

SRS approaches are currently first-tier tests for
genetic studies of dystonia. Different approaches can be
used in clinical and in research settings including
targeted gene panels, srES, and srGS. A summary of

key published studies can be found in Table 1. The
cohorts examined in these studies were characterized by
heterogeneous types of dystonia, with preselection of
participants who were more likely to have genetic dis-
orders (eg, enrichment for cases with early disease
onset, generalized symptom distribution, coexisting fea-
tures, and/or history of consanguinity) in some of these
studies (Table 1). Overall, the diagnostic yield is rela-
tively low (9% to 41.7%, Table 1). The yield depends
on the characteristics of the study sample (eg, age at
onset, family history, clinical phenotype), as well as the
genomic methodologies. A recent next-generation
sequencing gene panel study which included 1207 par-
ticipants with dystonia found a diagnostic rate of 9%
(109/1207).11 Other major gene panel studies of dysto-
nia have also shown a diagnostic yield below
20%.12,13,15 A major limitation of this approach is that
it is limited to a panel of preselected genes,12 which will
miss clinically-relevant variants in genes outside of the
panel.
By contrast, srES involves sequencing of the majority

of protein-coding regions of a genome. A European
multicenter study of 728 families with dystonia who
were sequenced with srES found a diagnostic yield of
19% (135/728).2 Through this study a scoring algo-
rithm was developed to predict the diagnostic success
rate of srES. The algorithm assigned higher likelihood
for achieving a srES-based molecular diagnosis to those
with younger onset (<21 years), generalized/segmental
dystonia (versus focal), and those with combined dysto-
nia or dystonia plus non-movement disorder-related
neurological symptoms (versus isolated dystonia). In
another study from France, srES was applied to a
cohort of 32 individuals with early-onset or familial
dystonia after gene panel sequencing, with an overall
diagnostic rate of 34.4%.16 The diagnostic rate was
higher among patients with coexisting features as com-
pared with patients with isolated dystonia.
Furthermore, srGS can provide sequencing informa-

tion on nearly the entire genome including coding and
non-coding regions. An early study of srGS identified a
diagnostic yield of 11.7% for a cohort of 111 partici-
pants (13/111).22 This diagnostic yield improved to
18.9% (21/111) following genomic reanalysis and gene
discovery efforts, showing the added value of genomic
reanalysis to boost the diagnostic rate in SRS
experiments.5

Despite these results, there is a major diagnostic gap
for genetic testing in dystonia (58.3–91%). This diag-
nostic gap may be explained by unknown disease genes
and the limitations of SRS technology. For example,
SRS is unable to sequence long stretches of DNA. Frag-
ments of DNA are amplified and then assembled into a
continuous sequence. This can introduce biases and
there may be failure to generate a significant overlap
between DNA fragments. This results in inaccurate
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genome assembly and difficulty detecting large SVs,
STRs, and variants located in hard-to-sequence regions
including highly repetitive areas.23 These genetic
changes may be relevant to the genetic diagnosis in a
notable portion of patients with dystonia, and could be
addressed through the advent of LRS.24

Methods of LRS
The limitations of srES and srGS drove the develop-

ment of LRS, also known as third-generation sequenc-
ing. SRS typically has read lengths of 150 base pairs
(bp).9 In comparison, LRS technologies can generate
sequence reads of tens of thousands of bases in length
that can be sequenced in real time. The two main tech-
nologies for LRS are PacBio SMRT sequencing25 and

ONT nanopore sequencing26 (Fig. 1). Broadly speak-
ing, PacBio captures sequencing information by moni-
toring a polymerase as it replicates a circular target
DNA molecule; ONT measures changes in ionic cur-
rents as a single-stranded DNA passes through a specifi-
cally designed nanopore protein.
Nanopore sequencers include MinION, GridION,

and PromethION.27 Their flowcells incorporate a mem-
brane that has a grid of fixed nanopores; the membrane
separates two ionic solutions allowing an electrical cur-
rent to flow through the nanopores.9 During the library
preparation, protein adapters are linked to polynucleo-
tides, which are then directed to nanopores, allowing
for the initiation of sequencing. A template strand is
passed through the pore by the potential difference
across the membrane. As the polynucleotide advances

TABLE 1 Summary of key studies for genetic testing in dystonia comparing the diagnostic yield for existing short-read sequencing genetic testing methods

Study
Participants with

dystonia Selection criteria
Diagnostic
approach Diagnostic yield

Thomsen et al.11 1207 patients Dystonia registry recruitment Gene panel analysis 109/1207 (9%)

Van Egmond et al.12 61 patients Tertiary referral for evaluation of dystonia Gene panel analysis 9/61 (14.8%)

Wu et al.14 318 patients Individuals with isolated or combined
dystonia recruited from movement
disorder clinics

Gene dosage
analysis and next-
generation
sequencing panel

40/318 (12.6%)

Montaut et al.13 135 patients Tertiary referral for evaluation of dystonia Gene panel analysis 21/135 (15.6%)

Ma et al.15 65 patients Dystonia as the single or main clinical
feature

Targeted gene
capture

12/65 (18.5%)

Zech et al.2 764 individuals (728
families)

Recruited through movement disorder and
neuropediatric specialty centers, different
types of dystonia including dystonic
cerebral palsy

srES 135/728 (19%)

Zech et al.6 953 unrelated
patients

Various types of dystonia CNV detection
from srES dataset

14/953 (1.5%)

Wirth et al.16 32 patients from 24
families

Early-onset or familial dystonia srES 11/32 (34.4%)

Atasu et al.17 42 families Increased rates of consanguinity (38%) srES 11/42 (26%)

Powis et al.18 189 patients Dystonia with high proportion of
combined dystonia (57%)

Clinical diagnostic
srES

41/189 (21.7%)

Dhar et al.19 65 patients Patients with dystonia presenting as the
predominant motor feature

srES 15/65 (23.1%)

Holla et al.20 48 patients Retrospective review of patients with
dystonia who had undergone clinical
srES

Clinical srES 20/41 (41.7%)

Ahn et al.21 43 patients Young-onset dystonia srES 9/43 (20.9%)

Fellner et al. 5,
Kumar et al.22

111 probands Tertiary referral for evaluation of dystonia srGS 11.7% (13/111);
increased to
18.9% with
reanalysis

Abbreviations: srES, short-read exome sequencing; CNV, copy number variant; srGS, short-read whole-genome sequencing.
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through the pore, there is a unique disruption in current
flow for each consecutive dimer of nucleotides.9,27 The
electric signal is subsequently recorded and processed to
reconstitute the DNA fragment sequence.27 An interesting
aspect of ONT sequencing is adaptive sampling, which
leverages real-time analysis of the sequencing data to
dynamically adjust the sequencing parameters, focusing
sequencing efforts on regions of interest.9 This technique
improves the efficiency of data generation by targeting
specific genomic regions, allowing for deeper coverage
and more effective utilization of sequencing resources.9

ONT sequencing additionally allows for the identification
of base modifications at the DNA level.27 Modified bases
such as 5-methylcytosine in DNA can be detected based
on differences in the current flow between modified and
unmodified bases, paving the way for direct and unbiased
methylome analysis in parallel with DNA sequencing.28

SMRT technology implemented by the PacBio
Sequel and Revio platforms utilizes parallel systems

of polymerase which are bound to DNA fragments
previously circularized by sequencing adaptors.29 The
incorporation of labeled bases by the polymerase
enables the resulting DNA to fluoresce. This fluores-
cence is subsequently detected in real time using a
zero-mode waveguide and a charge-coupled device
camera.25 The fluorescent signal is then processed to
generate reads of tens of kilobases in length or more.
A significant limitation of this technology is its error
rate, which is 4 to 20 times higher than SRS.9 This
issue has been addressed by PacBio with the introduc-
tion of HiFi reads, which are based on the circular
consensus sequencing concept.30 Each circularized
DNA fragment from the SMRT library is sequenced
multiple times, and since single-pass errors are dis-
tributed randomly, they eventually disappear upon
building consensus as the sequencing process is
repeated.30 The latest SMRT platforms also allow for
base methylation calling.31

FIG. 1. Illustration of short-read sequencing (SRS) methods (example of Illumina Hiseq technology) and long-read sequencing (LRS). Examples of
PromethION technology from Oxford Nanopore (ONT) sequencing and Sequel Pacific Biosciences’ (PacBio) single-molecule real-time (SMRT) sequenc-
ing. In SRS, the DNA is fragmented, repaired, polyadenylated, and linked to indexed adapters which will allow their fixation on a solid support, the flow-
cell. Sequencing by chemical synthesis will generate short-reads (75–150 base pairs), which can be mapped and aligned by bioinformatics processing
on the reference genome. Some complex regions of the genome will remain poorly covered. In LRS using nanopore sequencing, high molecular weight
DNA fragments pass through a nanopore. The passage of these long fragments modifies the transmembrane electric current at the level of the flowcell,
and depending on the nature of the base passing through the nanopore, the modification of the signal will be different, and can ultimately be rec-
onstituted in the form of a sequence of long-reads (>10 kb). In LRS using SMRT HiFi, high molecular weight DNA fragments are circularized using spe-
cific adapters. Fluorescent dinucleotides are added by a polymerase, their fluorescence being recorded in real time. The DNA sequence is then
reconstituted. For both technologies, the resulting long-reads are easily aligned to the reference genome with excellent coverage of target regions. Cre-
ated with BioRender.com.
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Advances in Variant Discovery and Beyond
LRS strategies are becoming increasingly powerful

tools for the examination of genetic aberrations that
are difficult to analyze with conventional srES or srGS
approaches (Fig. 2, Table 1).8–10

The improved performance of LRS for discovery of
various types of SVs, such as deletions, duplications,
and insertions as well as inversions and translocations,
is being recognized for different clinical indications
including somatic and constitutional diseases.33 SVs are
emerging as an important class of molecular patholo-
gies underlying movement disorders including dysto-
nia.5,6 A recent comprehensive literature review
identified dystonia as one of the most common move-
ment abnormalities in patients with pathogenic deletion
CNVs detected by chromosomal microarray.34

Similarly, published srES and srGS analyses in larger
cohorts of individuals with dystonia demonstrated that
CNV screening can effectively increase the diagnostic
yield, although discovery power was likely to be limited
in these SRS studies.5,6 LRS is uniquely capable of pro-
viding maximum precision for SV detection by generat-
ing high-confidence reads spanning genomic stretches
that contain corresponding SV breakpoints and/or
entire SV events.35 A comparative study investigating
the efficiency of accurate SV identification illustrated
that standard srGS processed as per Illumina methodol-
ogy failed to uncover 47% of deletions and 78% of the
insertions that were found by PacBio-based LRS, even
though different combinations of modern calling algo-
rithms were employed.36 In particular, insertions larger

than 50 bp are considered one of the hardest-to-detect
variant types in conventional short-read experiments.9

Intriguingly, an early key result from the application of
LRS was the discovery of a SINE-VNTR-Alu ret-
rotransposon insertion in intron 32 of TAF1 as the
cause of X-linked dystonia-parkinsonism (XDP), which
had escaped multiple prior mapping attempts through
conventional approaches.37 The finding enabled
researchers to study fundamental aspects of dystonia
pathophysiology including mechanisms of transcrip-
tional perturbation and neurodegeneration.38 In addi-
tion, a recently established LRS workflow provided
insights into the nature of a hexanucleotide repeat motif
within the XDP-causing insertion element, paving the
way for enhanced understanding of modifiers of dysto-
nia onset and expressivity.39

LRS has also led to the discovery of other complex
SV events in patients with etiologically unresolved con-
ditions with dystonic features. For example, Daida and
colleagues used ONT technology to decipher the pres-
ence and orientation of a previously unannotated 7-Mb
inversion affecting large parts of the coding region of
PRKN in siblings with dystonia and parkinsonism,
establishing the diagnosis of PRKN-linked early-onset
Parkinson’s disease and the molecular basis for effica-
cious treatment of dystonic features with levodopa.40

The report exemplified the utility of LRS in a situation
where only a single heterozygous pathogenic variant
was found for a suspected recessive disorder, highlight-
ing that the method can comprehensively complement
inconclusive pre-screening results.

FIG. 2. Potential advantages versus challenges and limitations of long-read sequencing versus short-read sequencing with examples relevant to dysto-
nia. *Amarasinghe et al.32
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Another prime advantage of LRS is the possibility of
systematically assessing STR pathologies with high
accuracy.33 Especially for patients with dystonia and
accompanying neurological signs, LRS is expected to
emerge as a solid alternative approach to laborious
polymerase chain reaction (PCR)-based techniques or
Southern blot for the identification of expanded STR
alleles in genes that have been linked to syndromes that
can manifest with dystonia and comorbid ataxia or epi-
lepsy such as CACNA1A, CSTB, FGF14, FXN, and
TBP.41 LRS offers unprecedented abilities to precisely
determine expansion lengths, irrespective of GC-content
and additional variation within the STR interval.33

A study by Ardui and colleagues described successful
implementation of a PacBio LRS assay for evaluation
of AGG interruptions within the FMR1 CGG expan-
sion responsible for Fragile X-associated tremor/ataxia
syndrome (FXTAS), gaining sensitivity in the construc-
tion of disease-related STR architectures42; knowledge
about the number of interrupting AGG triplets in
FMR1 is important for estimating the individualized
risk of transmitting pathogenic repeat sizes to future
generations. Notably, dystonia has been observed in a
growing number of FXTAS-affected female individuals,
mostly in the form of an associated feature in the con-
text of ataxic, tremulous, and/or neuropathic presenta-
tions, indicating that the counseling of patients with
dystonia on the basis of FMR1 STR pathology may
become an increasing clinical need.43,44 Although the
implication of neuropathogenic STRs in isolated dysto-
nia is largely unknown, accurate profiling of STR
expansions by ONT technology has recently been used
to detect a disease-causing GGC expansion in the
5’UTR of NOTCH2NLC in a patient affected by adult-
onset cervical dystonia without other symptoms.45

NOTCH2NLC GGC expansions,45 originally linked to
neuronal intranuclear inclusion disease in LRS studies
in 2019, are causative for heterogeneous neurodegener-
ative phenotypes ranging from parkinsonism and ataxia
to dementia and diffuse leukoencephalopathy.46 It is
conceivable that future broader applications of LRS
methods in patients with dystonia will uncover new,
unanticipated roles for pathogenic STRs in different
types of dystonic syndromes, including the group of
poorly resolved late-onset focal dystonias.
LRS is also well suited to overcoming challenges

related to pseudogenes. Pseudogenes are DNA intervals
with high sequence similarity to annotated genes but
without protein-coding function.47 They complicate the
investigation of their functional counterparts because
they often trigger mis-mapping of short-reads, resulting
in false-negative (or false-positive) results.48 The use of
LRS with de novo assembly can eliminate alignment
errors in ambiguous genomic regions and holds poten-
tial for improved evaluation of clinically relevant genes
with pseudogenes.8 A very recent study highlighted the

usefulness of PacBio-based LRS for comprehensive
identification of SNVs in GBA1, whose sequence inter-
rogation is known to be challenging due to the presence
of the highly homologous pseudogene GBAP1.49

Except for some rare reports linking GBA1 biallelic
variants to complex dystonic syndromes,50,51 there is
no current direct evidence for an association between
GBA1 variants and the risk of developing dystonia;
however, accumulating data suggest a role for lyso-
somal impairment including functionally altered GBA1
in individuals with dystonia, emphasizing the need for
accurate genotyping at this locus.52

Given its ability to span entire genes with unique
alignments, LRS can be of further value for the phasing
of SNVs/indels.8 In the absence of information on
maternal and paternal chromosomes, the method can
help to determine whether two identified heterozygous
variants are located in trans or on the same haplotype.8

Importantly, the demonstration of a compound hetero-
zygous status of two variants in a recessive disease gene
is a key criterion for the assignment of pathogenicity
according to the American College of Medical Genetics
and Genomics (ACMG) recommendations.53 Difficulty
in showing biparental inheritance is a common situa-
tion in genetic testing in adults with dystonia, as well as
in affected pediatric individuals for whom DNA of both
parents is not available. A proof-of-principle study by
Castellotti and colleagues used LRS to demonstrate the
biallelic location of two heterozygous POLG alter-
ations, one of which had occurred de novo, in a patient
with paroxysmal dystonia, enabling the (re)classifica-
tion of the variants as (likely) pathogenic and securing
the diagnosis after a long diagnostic journey.54

Finally, LRS drives our increasing ability to perform
high-throughput screening for disease-related molecular
aberrations beyond DNA variations.8,10,55 The access
to measurements of DNA modifications such as methyl-
ation is an additional core benefit of LRS and may
become especially relevant for the diagnosis of dystonic
conditions in which deregulation of transcriptional con-
trol plays a role.55 For example, Lüth and colleagues
determined CpG methylation of DNA sequences
around the transcription factor gene TAF1 in brain-
derived samples from patients with XDP by ONT anal-
ysis, revealing hypermethylation states potentially
related to disease pathogenesis.39 A promising field of
application for combined variant and DNA-
methylation analysis could be the study of patients with
KMT2B-related dystonia. Disease-causing variants in
the epigenetic regulator KMT2B are associated with
genome-wide changes in DNA methylation, and these
CpG markers are powerful indicators for pathogenicity
of an identified sequence change in this gene.56,57 The
use of standard point-of-care bisulfite sequencing for
methylation analysis may become obsolete with future
advancements in the analytical approaches of LRS,
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paving the way towards implementation of a single test
for thorough diagnostic evaluation on different molecu-
lar layers.
LRS can also be applied to transcriptome profiling.58

Although LRS-based analysis of full-length RNA
isoforms needs to be further evaluated in the clinical
setting, this strategy could lead to important discoveries
of previously unrecognized transcript pathologies in
patients with monogenic dystonia. The importance of
comprehensive RNA integrity evaluation in individuals
with dystonia is underlined by the substantial propor-
tion of splice-altering and other transcript-disrupting
alleles among cataloged dystonia-causing variants.2,59

An example with immediate clinical impact has been
reported in a recent transcriptomics approach, describ-
ing a family with a causative homozygous variant in an
untranslated regulatory region of the dystonia-linked
gene SPR. This variant, prioritized based on its effect
on RNA, highlighted the indication for etiology-
directed dopaminergic therapy.60

Limitations of LRS
Although LRS is emerging as a promising approach

for the detection of different types of variants in dys-
tonic syndromes, the methods are still facing several
challenges.
One of the most significant limitations of LRS is the

accuracy per read, which may be lower than in SRS.9

In the case of SMRT, the circular consensus sequence
quality is dependent on the depth of sequencing of the
individual SMRT molecule, defined by the number of
times the molecule is read by the polymerase, which is
itself correlated with the length of the original fragment
and the longevity of the polymerase. An estimated four
passes are required to provide a consensus circular
sequence with 99% accuracy and nine passes for
99.9% accuracy.30 The quality of ONT is heavily
dependent on the length of the DNA fragments, which
are only read once, conversely to SMRT.27 Read qual-
ity relies on achieving optimal translocation speed of
the nucleic acid through the pore, which decreases over
time as the sequencing process advances, altering the
quality of sequencing.9,27 The error rate in ONT ranges
between 1% and 3%, which also remains higher than
SRS.27 Several developments have been proposed to
tackle this significant issue in both SMRT and ONT
LRS, either based on available SRS data (hybrid correc-
tion) or using solely the information contained in LRS
data (self-correction).61 Importantly, these computa-
tional error correction algorithms represent promising
strategies for the reduction of error rates without the
need for modification of experimental protocols,
thereby lowering costs. The future application of LRS
in diagnostic settings will depend largely on the optimi-
zation of approaches to circumvent error rates.

Another hurdle to current broad implementation of
LRS platforms in research and diagnostics is the high
“cost per base”. This metric is used to compare the cost
of sequencing genomes across various platforms.9 The
cost per base of ONT’s PromethION and the most
recent Revio platform offers competitive LRS at around
US$30/Gb while the most recent SRS Illumina platform
can achieve costs below US$10/Gb. However, this met-
ric does not appreciate the inherent value of LRS data,
which are superior to SRS and carry additional infor-
mation, allowing the detection of causal variants that
remain uncovered with SRS. Additionally, portable
ONT sequencers can be easily adopted without the
need for a large financial investment such as is required
for Illumina or PacBio sequencing, mitigating the
impact of the apparent elevated cost of sequencing.9,27

Eventually, it can be anticipated that the cost of
sequencing will decrease as the LRS chemistries become
increasingly mature, as has been the case for SRS
technologies.
LRS yields lower data throughput compared with

SRS platforms, the process for generating long-reads
take significantly more time compared with the rapid
output of high-throughput SRS, affecting the speed of
large projects.9 For instance, with a high-density SMRT
Cell, up to four SMRT Cells per run, and 24-hour run
times, the Revio system with the most recent chemistry
delivers up to 480 Gb of HiFi reads per day,
corresponding to four human genomes with a depth of
coverage of 30X. In comparison, the most recent SRS
platform yields 2400–3000 Gb per run, corresponding
to more than 20 human genomes. Improvements in
chemistry and refinement of the sequencing protocols
may also this limitation to be overcome and accelerate
LRS projects in the future.
While selecting the most appropriate LRS approach

is crucial for the success of individual research projects,
we are currently unable to propose a recommendation
which would prioritize one LRS platform over another
with regard to dystonia; ONT and PacBio platforms
have only been compared in a limited number of stud-
ies, none of them focusing specifically on molecular
diagnosis for rare neurogenetic conditions. ONT could
be more suitable for research projects that focus on
throughput rather than higher accuracy per sequencing
read. However, additional benchmarking studies and
comparative analyses will be required to determine an
optimal LRS approach for different research directions.
This will be also important for the decision about the
preferable LRS-based RNA/methylation analysis frame-
work; it may be hypothesized that PacBio could out-
perform ONT in the context of high-quality RNA
isoform analysis.
The platform is not the sole limiting factor for the

length of the sequenced DNA, which is also affected by
the library preparation and DNA extraction procedure.
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Production of long-reads heavily relies on using high-
quality DNA of high molecular weight.62 Not all clini-
cally accessible tissues are deemed suitable for LRS pro-
jects, and the library preparation protocols for LRS
require high molecular weight DNA from blood or
other invasive tissue collection, excluding saliva. As the
DNA extracted using classical methods is no longer
bound and protected by its histones, simple disruptions
can lead to fragmenting of the DNA strands.9 Specific
DNA extraction kits are consequently required to
obtain high molecular weight DNA, directly increasing
LRS framework cost, and thus limiting the widespread
use of LRS. This also prevents automated extraction of
DNA, which has been widely implemented for SRS.63

While LRS allows for the direct calling of methyla-
tion, it has been demonstrated that coverage affects the
consistency of CpG methylation measurements in LRS
data.28,31 A minimum depth of coverage of 20X is
advised for the calling of methylated bases with clini-
cally relevant accuracy. Such depth of sequencing can
be costly and time-consuming to obtain.55

LRS requires tailored analysis tools and bioinformatics
approaches to take full advantage of this technology.
While various tools for base or methylation calling, error
correction, mapping, and phasing using long-read data
are being developed, we are still at the beginning of the
application of LRS,9 currently preventing its widespread
use in a clinical setting. Compared with cost limitations,
the insufficient availability of powerful data evaluation
and storage infrastructure may emerge as obstacles that
are more difficult to overcome. The large output data vol-
umes and the often non-standardized secondary and ter-
tiary analysis pipelines hinder LRS from becoming
established as a mainstream diagnostic application. Bioin-
formatics assessment tools have mostly been optimized
for SRS, and it will be an important future task to adapt
and comprehensively test the analytic strategies for
LRS data.
It is important to highlight that improved variant-

detection capacity alone may not be sufficient to
unravel ‘all’ the missing heritability of dystonia. Indeed,
it is noteworthy that several neurogenetic conditions
characterized by dystonia are caused by incompletely
penetrant variants.64,65 In these situations, causal path-
ogenic variants inherited from an asymptomatic relative
may be detected by SRS or LRS but will be excluded by
segregation analysis based on a too strict assumption of
Mendelian inheritance. Case–control studies through
collapsing burden analysis that can take advantage of
LRS data will be necessary to address this limitation.66

Lastly, it is important to consider that LRS can be
adopted using a targeted or genome-wide approach.
Genome-wide LRS will provide more information,
cover clinically relevant variants in genes outside of
restrictive gene panels, and serve as a potential resource
for future gene discovery efforts. However, genome-

wide LRS currently remains prohibitively expensive,
and many studies have instead used a targeted LRS
approach.67,68 Further research is needed to explore the
role of targeted versus unbiased genome-wide LRS, in
addition to studies showing the benefit of LRS in indi-
vidual dystonic indications.

Conclusions and Perspectives

Methodologies for conducting LRS studies have
matured substantially and are playing increasingly
important roles in the assessment of clinically signifi-
cant genetic variations across different fields of medi-
cine.8–10 Moreover, LRS approaches hold promise for
offering the capacity for parallel evaluation of
complementary biological layers, including DNA
sequence- and RNA-level information as well as meth-
ylation status and other base modifications. Neverthe-
less, despite the discussed opportunities and the herein
illustrated examples of discovery power in the field of
dystonia, systematic applications of LRS have yet to
demonstrate the ability to enhance the precision of
molecular diagnoses in research and clinical settings on
a cohort-wide scale. The argument for an increased
diagnostic yield through application of LRS remains to
be confirmed. To date, the two major LRS platforms,
ONT and PacBio, have advanced our understanding of
the genetic causes and disease pathogenesis in selected
patients with dystonic syndromes, reaching outstanding
performances in the detection of SVs, the characteriza-
tion of repeat expansions, and simultaneous long-range
variant-phase inference.40,45,54 Given that LRS
addresses many of the shortcomings of SRS strategies,
we speculate that the methodology may be able to offer
an added diagnostic yield of several percentage points
following unyielding standard-of-care genetic testing in
dystonia. LRS may also provide advantages in the anal-
ysis of mitochondrial DNA, in particular by allowing
for the detection of structural alterations such as large-
scale deletions and rearrangements, which may be diag-
nostically important given the relevant contribution of
mitochondrial DNA defects to dystonia.
When considering the implementation of LRS in

genomic diagnostics for daily use, four main factors
should be addressed: accuracy and yield in a given indi-
cation (eg, isolated dystonia versus more complicated
forms of dystonia with coexisting neurological fea-
tures), throughput, and cost. We envision that further
developments of LRS-based analytic workflows will
continue to improve rapidly, making it possible to over-
come current challenges in the comprehensive analysis
of causative variants in patients with dystonia at a rea-
sonable cost. Given the clear indications that LRS is
superior to srES/srGS by virtue of the exceedingly high
levels of continuity in genome assembly and variant-
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calling quality,69 it is likely that LRS will become com-
monplace in the diagnostic workflow of patients with
suspected genetic diseases within the next few years.
We, as a dystonia research community, should keep
pace with the activities of modern genomic methodol-
ogy drivers in order to ensure that the patients we treat
can benefit from the most effective technologies for
achieving a definitive diagnosis. Well-designed studies
and robust data should be available to judge for which
dystonic indications LRS could serve as a truly holistic
test that can overcome inefficient sequential diagnostics
paradigms. We expect that the methodology could be
capable of boosting diagnostic yields under different
analytical protocols, ranging from first-line analysis of
preselected cases with a higher suspicion of an underly-
ing monogenic disease to undiagnosed individuals with
negative testing results from SRS, including patients
with isolated late-onset dystonia. Encouragingly, a
number of efforts utilizing LRS in groups of patients
with different types of dystonia are underway, and sev-
eral collaborative initiatives – for example, PreDYT
(https://www.ejprarediseases.org/predyt/) (Germany,
Italy, France, Switzerland, Luxembourg), GenoDYT
(France), Ainsworth 4 Dystonia Genetic Research Mis-
sion (Australia) – have announced the goal of advanc-
ing knowledge about the analytical validity of LRS in
dystonia. Consequently, we may be embarking on an
era in which challenging genetic variations and thus
far intractable molecular constellations with significant
clinical implications can be resolved, refining diagnos-
tic processes and bolstering precision clinical manage-
ment. Furthermore, with the ability to accurately
recognize mutational configurations in pathogenic
aberrations such as repeat expansions, we may be able
to uncover mechanisms underlying variable expressiv-
ity and reduced penetrance in monogenic disorders
with dystonia.70 The growth of high-resolution data
generated by LRS promises an enormous capacity to
enhance insights into genomic, epigenetic, and trans-
criptomic variations and their link to dystonia. A care-
ful appreciation of the role of LRS in dystonia research
and care can help us to drive greater progress in the
discovery of etiology and pathomechanisms.
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