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A B S T R A C T

The current era of high-throughput analysis-driven research offers invaluable insights into disease etiologies, 
accurate diagnostics, pathogenesis, and personalized therapy. In the field of movement disorders, investigators 
are facing an increasing growth in the volume of produced patient-derived datasets, providing substantial op
portunities for precision medicine approaches based on extensive information accessibility and advanced 
annotation practices. Integrating data from multiple sources, including phenomics, genomics, and multi-omics, is 
crucial for comprehensively understanding different types of movement disorders. Here, we explore formats and 
analytics of big data generated for patients with movement disorders, including strategies to meaningfully share 
the data for optimized patient benefit. We review computational methods that are essential to accelerate the 
process of evaluating the increasing amounts of specialized data collected. Based on concrete examples, we 
highlight how bioinformatic approaches facilitate the translation of multidimensional biological information into 
clinically relevant knowledge. Moreover, we outline the feasibility of computer-aided therapeutic target evalu
ation, and we discuss the importance of expanding the focus of big data research to understudied phenotypes 
such as dystonia.

1. Introduction

The availability of diagnostically relevant patient-derived data in 
diverse clinical fields, including neurological movement disorders, has 
increased tremendously because of major advances in laboratory tech
niques and scalable, high-performance computing [1]. Monogenic cau
ses are thought to account for most cases of rare movement disorders 
[2]. Moreover, it is now understood that rare genetic variation con
tributes to disease susceptibility in a substantial proportion of move
ment syndromes that are more commonly seen in daily practice, such as 
Parkinson disease (PD) and late-onset ataxia (LOA) [3,4]. Efforts to 
integrate data-intensive analysis strategies, such as genomic sequencing 
and multi-omics approaches, are thus expanding worldwide [5,6]. In 
recent years, decreasing costs of massively parallel assays and the cre
ation of novel software packages and bioinformatics workflows have led 
to an accumulation of data from both research-based studies and clinical 
investigations [7,8]. The landscape of high-throughput analytic appli
cations, encompassing genomics, epigenomics, transcriptomics, 

proteomics, and metabolomics, has drawn growing attention for use in 
diagnostics, exploration of pathogenesis, screening of drug targets, and 
the creation of predictive models of disease in asymptomatic pop
ulations [2,9]. Over 15 years ago, the scientific community focused on 
the identification of genetic variants. Now, the emphasis has transi
tioned to data interpretation, integration of multiple layers of informa
tion, development of optimized computational processing pipelines, and 
the sharing of data internationally [10,11]. Ideally, the output from 
different big data-generating methods and tools would be combined in a 
standardized manner to enable holistic applications for precise diag
nosis, disease classification, biomarker and therapeutic target discovery, 
as well as prediction of prognosis, with the ultimate goal of delivering 
individualized care for each patient [12]. Despite the many challenges 
ahead, we are witnessing a confluence of breakthroughs in wet lab 
methodologies, bioinformatics systems, innovative research projects, 
and clinical cooperative initiatives, supporting the realization of 
big-data science toward precision medicine [13,14]. Herein, we present 
opportunities derived from our increasing ability to leverage large-scale 
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phenotype-driven datasets, summarizing key genomic technologies, 
associated bioinformatic methods, including artificial intelligence 
(AI)-based algorithms, and their roles for deriving useful insights into 
disease etiologies. As big data grows, there is a need to adopt integrative 
pathways for parallel analysis of multiple omics and global cooperation 
to facilitate efficient use and re-use of the mass amounts of generated 
information [15–17]. Finally, we outline the prospects of computational 
platforms that can support treatment-target identification, and we stress 
future directions that should be considered to improve big-data analytics 
for understudied phenotypes. Although the discussed approaches are of 
wide relevance, we focus on their application in movement disorders, 
providing examples from current movement-disorder literature and 
ongoing programs designed to advance research on dystonic, Parkin
sonian, and/or ataxic/-spastic conditions (Figs. 1 and 2).

1.1. Phenomics

Comprehensive phenotyping and systematic phenotypic analyses 
represent crucial prerequisites for harnessing the maximum benefit of 
biomedical big data [2,18,19]. Considering an estimated number of 
more than 50 million individuals enrolled in clinical cohorts and bio
banks worldwide [20], the cataloging of these subjectsˋ trait manifes
tations is a huge task and requires advanced computational processing 
and bioinformatics infrastructure. Efforts collecting phenotypic data 
from thousands of patients with dystonia [21,22], PD [3], ataxia [23], 
and other movement disorders [2] are underway, motivated by the goal 
of expanding the recruitment to diverse underrepresented populations 
[24,25]. So far, we have only begun to tackle the large amounts of data 
produced by deep (er) phenotyping of movement disorder-affected pa
tients, which are often captured by not only one physician but rather a 
team of multidisciplinary experts involved throughout the course of a 
differential diagnosis and a patient’s care over time [26]. One way we 
can track the state of our accumulated knowledge about relationships 

between phenotypes and their associated genes is through publicly 
available online databases such as Online Mendelian Inheritance in Man 
(OMIM) [27]. While around 5000 genes are presently recognized as 
clinically relevant [20], an OMIM-based query for genes linked to dys
tonia/tremor, parkinsonism, and ataxia yields 598, 124, and 733 hits 
(accessed 12/2024) [27], respectively, highlighting heterogeneity as an 
important source of data intensity. Despite the rich repository of evi
dence, OMIM is curated manually, making it difficult to ensure all en
tries are up to date. A recent study investigating a compilation of 
aggregate phenotypic data from over 50,000 patients with neuro
developmental disorders suggested that up to one-third of 
disease-specific clinical features may be under-documented in OMIM 
[28]. Unfortunately, the descriptions of movement abnormalities seem 
to be particularly often incomplete [2,29]. For example, Rots et al. [30] 
reported that 24 % of patients with pathogenic KDM6B variants dis
played spastic-ataxic symptoms or dystonia, although these features had 
never been reported for KDM6B-related disease in OMIM, highlighting 
challenges of using open-source dataset catalogs for diagnostic evalua
tion in movement disorders. Alternative analysis platforms designed to 
accelerate the interactive exploration of genotype-phenotype correla
tions are now under development, often supported by computational 
technology that is capable of optimizing phenotype extraction from 
multiple sources [31]. Integration of AI-based text mining tools can 
narrow relevant information from high-throughput phenotyping and 
provide guidance for analysts to establish precise diagnoses [32,33]. 
Two recent studies demonstrated that natural language processing sys
tems, automatically extracting phenomics data from electronic health 
records of patients with heterogeneous rare-disease symptoms, 
including abnormal movements, were powerful tools to aid clinicians in 
augmenting diagnostic certainty [34,35]. When combined with genomic 
data, an electronic health record-mining platform was able to quickly 
flag causative pathogenic variants with no need for expert di
agnosticians [35]. As more multimodal big-data analyses will be carried 

Fig. 1. Multi-omic information contributing to big data and bioinformatic strategies for data analysis. 
Phenomics data are collected in the clinical setting. Patient biosamples, including blood and/or skin biopsy-derived primary fibroblasts, are used to obtain genomics, 
epigenetics, transcriptomics, proteomics, and metabolomics data. The outputs of the different single omic technologies can be combined to provide a greater depth to 
analysis and to enhance research and diagnostic discoveries. The ultimate goal of multi-omics big data studies is to advance precision clinical care with improved 
diagnosis, understanding of pathomechanisms, as well as identification of biomarkers and efficacious treatment options.
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out for disease characterization, frameworks are necessary to allow for 
standardized capture of phenotypes for computational analysis [6,36,
37]; the Human Phenotype Ontology (HPO) provides computable de
scriptions of clinical features, listing, for example, 19 terms that define 
different manifestations of dystonia [38]. Although HPO may be 
regarded as an imperfect means of reporting motor phenomenology, this 
vocabulary has been effectively incorporated into large-scale genomic 
analysis projects for patients with dystonia [39] and other movement 
disorders [37]. Lastly, studies showed that AI-aided algorithms trained 
on clinical big data can outperform human specialists in distinguishing 
between specific disease states through pattern recognition [40,41]; 
such progress may also transform movement-disorder care when digital 
high-resolution phenotyping with sensors and other still under-utilized 
monitoring systems will enter the clinic [42].

1.2. Genomics

Advancements in next-generation sequencing technologies have 
spurred the production of large volumes of biomedical information [2,
43]. Daily implementation of high-throughput methods that generate 
data at the genome-scale enables comprehensive interrogation of ge
netic aberrations underlying phenotypic presentations in the 
movement-disorder clinic [2]. In this process, bioinformatics offers 
scalable solutions for analyzing the data-intensive output from 
whole-exome sequencing (WES) and whole-genome sequencing (WGS) 
[44]. Over the past years, modern WES/WGS-data pipelines coupled 
with multifunctional software tools facilitated a more accurate under
standing of the etiological spectrum of movement phenotypes. For 
example, recent seminal studies elucidated the genomic architecture of 
cerebral palsy by cohort-wide bioinformatics-driven whole-genome 
annotation [45,46], serving as an entry point to precision care in this 
underserved field [46]. Moreover, big genomic data analyses provided 
insights into the role of phenotypic predictors of diagnostic success in 
movement disorders (e.g., early-onset generalized dystonia with neu
rodevelopmental comorbidity was shown to be associated with a mo
lecular yield of up to ~50 %) [21,47]. A wide range of computer-aided 
methodological approaches is necessary to diagnose patients by WES or 
WGS [48,49], thus, for the identification of different types of variations 
in sequencing raw data, a suite of state-of-the-art calling algorithms has 

been designed [50]. In addition to widely used conventional tools, 
including the Genome Analysis Toolkit [51], AI-based callers such as 
Googleˋs DeepVariant are now available and may supersede other 
workflows for discovering single-nucleotide variants and short inser
tions/deletions (INDELs) [52]. Additionally, a collection of 
copy-number variant-detection tools with different underlying models 
and input-data requirements allows analysts to efficiently investigate 
larger duplications and deletions aligned against a reference genome 
[53]. The diagnostic evaluation of some movement disorders, especially 
ataxia, has been revolutionized by the introduction of automated tools 
that enable the discovery of expanded short-tandem repeats (STRs) in 
WES/WGS data [54]. ExpansionHunter addresses long-standing needs 
to characterize clinically relevant STR variation in a fast and robust 
manner [55]; this framework was essential to tackle mystery ataxic 
disorders that had remained undiagnosed in expert settings for decades 
(e.g., FGF14-related forms of LOA) [56]. Finally, the recent advent of 
long-read sequencing (LRS) platforms such as Oxford Nanopore tech
nology (ONT) and Pacific Biosciences leads to further improvements in 
variant-identification accuracy, although these methods come with 
challenging demands for new, computationally intensive data process
ing strategies, which are not yet widely available across laboratories 
[57,58]. Nevertheless, pilot studies using LRS in patients with move
ment disorders highlighted insightful results, such as the demonstration 
of superior structural-variant detection by ONT in PARK2-related PD 
[59]. One of the most critical stages of WES/WGS-based diagnostics is 
data interpretation, which relies heavily on inference of the impact of 
called variants [2]. Although we still have a paucity of knowledge to 
interpret many (if not most) rare variants that are found in a patient 
exome or genome, the integration of different types of evidence, 
including bioinformatic gene-prioritizations and predictions of variant 
effects based on computational tools, can provide essential clues for 
diagnosis [2]. Today, high-quality annotations of mutational constraint 
and expected deleteriousness are available from multiple models. 
Karczewski et al. used data from the Genome Aggregation Database 
(gnomAD) to define gold-standard gene-level intolerance scores, 
providing a reliable means of improving the interpretation of variants 
[60]. The observed-to-expected upper bound fraction scores from gno
mAD represent computationally derived ranking metrics, helping in
vestigators prioritize genes in which variants are likely of clinical 

Fig. 2. Proposed approach for big data translation into therapy. 
Following bioinformatic integration of multi-omics data, the results may drive insights into targeted interventions for individual patients or larger groups of etio
logically stratified patients. The development of novel drugs is time consuming, whereas the application of existing treatments based on specific pathogenic 
mechanisms can be straightforward.

A. Saparov and M. Zech                                                                                                                                                                                                                      Parkinsonism and Related Disorders 134 (2025) 107311 

3 



significance [61]. In a recent WES/WGS study of a cohort of patients 
with neurodevelopmental movement disorders, Poggio et al. found 
missense variants in ATP2B2, prioritized based on the geneˋs significant 
constraint against missense substitutions [62]; follow-up functional ex
periments validated the disease-causing nature of the variants [62], 
highlighting how metrics calculated from harmonized large-scale 
sequencing data can inform on disease-association hypotheses per 
gene. Moreover, innovative developments of computational 
variant-effect predictors have begun to transform automated analysis 
pipelines for sequencing data [63]. Key drivers of improved predictor 
effectiveness have been the integration of advanced 
machine-learning-based approaches and the use of meta-predictors, 
merging the output from several existing individual tools [63]. Google 
DeepMindˋs AlphaMissense, an unsupervised language model classifier, 
is capable of providing proteome-wide structural predictions for all 
possible amino-acid substitutions and has been proposed to achieve at 
least 90 % precision when predicting the established clinical impact of 
missense mutations [64]. Other AI-based tools like PrimateAI-3D from 
Illumina have been trained on extensive multiple-sequence alignments 
and augment variant predictions with cross-species information [65]. 
INDELs are the focus of some new predictive models, such as INDELpred 
[66], aiming to improve the interpretation of this common type of 
genomic variation for accurate diagnoses. Computational 
prediction-based variant annotations are also increasingly relevant for 
the clinically oriented analysis of splice sites and non-coding parts of the 
genome [67]. As more genomes of patients with movement disorders are 
sequenced, a deeper understanding of DNA regions that do not corre
spond to protein-coding sequences is also important. SpliceAI is a 
deep-learning splicing prediction algorithm allowing for faster assess
ment of putative splice defects [68], which represent ~10 % of all 
disease-causing mutations and are thought to explain a notable fraction 
of monogenic movement disorders [69]. Despite additional efforts 
concentrating on the definition of mutation-intolerant non-coding se
quences with deep learning [70], the interpretability of non-coding 
variants remains a big challenge; we would like to encourage the 
movement-disorder community to invest in innovative computational 
science to overcome existing barriers in the analysis of pathogenic 
variants in non-coding elements, e.g., by providing the datasets of their 
patients as potential new AI use-cases. The precise constellation by 
which all the different computational methods and algorithms for 
variant analysis could be combined into an optimal pipeline is not fully 
streamlined, but most laboratories guarantee diagnostic performance by 
integrating cross-validated sets of interconnected bioinformatic systems 
[21,48,49]. Ultimately, dynamic adaption mechanisms in software ar
chitecture are recommended, given the surge of newly emerging ma
chine learning, AI, and natural language-processing applications in 
genomics [11].

1.3. Multi-omics

There is a growing need to improve diagnostic success rates by 
performing combined analyses of multi-omics data produced through 
complementary technologies [2,6,9,71]. Simultaneously, technological 
developments that deal with the validation and scalability of the 
different big-data formats are required [72]. One recent major 
advancement in the realization of multi-level molecular profiling in 
patients affected by rare diseases, including movement disorders, has 
been the introduction of clinical DNA methylation episignature testing 
[73]. This methodology allows the determination of characteristic pat
terns in the methylomes of individual patients, which are 
disease-specific and can be used to (re-)classify genomic variant findings 
[73]. Most currently established episignatures have been constructed on 
the basis of microarray technology-based standardized, high-throughput 
assessments of methylation profiles in peripheral blood [74]. In dystonia 
caused by variants in the histone-modifier gene KMT2B, episignature 
studies were useful to predict disease subtypes (e.g., early-versus 

later-onset forms) [75]; moreover, variant effect-size analyses based on 
methylation changes in larger sets of patients suggested that KMT2B 
variants define allelic series, offering potential insights into mechanisms 
of variable expressivity [76]. The increasing application of other 
high-throughput screening methodologies, such as transcriptomics and 
proteomics, can also allow for in-depth evaluations of variant effects on 
molecular and clinical phenotypes [77,78]. These technologies enable 
quantitative and qualitative assessments of all the RNAs and proteins 
that are detectable in an investigated cell type, capable of informing on 
the consequences of regulatory and cryptic splicing variants [2,9,79]. 
Murdock et al. [80] provided a global perspective on transcriptome al
terations in fibroblasts from patients with rare undiagnosed diseases, 
identifying a movement disorder-affected patient with an RNA expres
sion defect-inducing promoter variant in SPR. Moreover, proteomic 
analyses are now implemented in large-scale genomics studies to yield 
molecular perturbations underlying disease [6,77]. Our group inte
grated fibroblast-derived proteomic data combined with genomic and 
transcriptomic information at scale to prioritize causal variants in 
long-term unresolved cases with dystonic syndromes; our results high
lighted the discovery power of high-depth proteomics, showing that the 
approach helped to uncover driver genes with difficult-to-detect non-
coding mutations (Zech et al., in preparation). Sophisticated denoising 
autoencoder-based methods have been developed for reproducible 
identification of expression outliers in patient transcriptomes and pro
teomes [77,81], along with complementary processing tools that sup
port unbiased searches for splice defects with high sensitivity and 
specificity [82]. Although big-data multi-omic analyses are currently 
limited by the lack of expression of several neurologically relevant genes 
in easily accessible tissue, future strategies such as comprehensive 
CRISPR gene-activation may expand our possibilities to comprehen
sively apply RNA/proteome diagnostics [83]. Furthermore, metab
olomics, focusing on the interrogation of large sets of small molecules 
representative of core biological processes, is gaining momentum for the 
diagnosis of patients with movement disorders, especially PD [84]. 
Metabolomic approaches could be routinely used to screen for global 
pathway abnormalities in patients versus controls, highlighting 
disease-specific biomarkers that would enable stratification for tailored 
treatment [85]. Many details remain to be addressed surrounding the 
widespread implementation of multi-omics diagnostic procedures in the 
field of movement disorders. We will need guidance on how to combine 
the results generated on different platforms with heterogeneous preci
sion levels to obtain optimal insights across molecular layers with valid 
interpretability. We are hopeful that the systematic expansion of sam
ples and the development of even more efficient processing software 
based on AI will provide clinicians with improved views of their pa
tientsˋ multi-omic disease profiles.

1.4. Data sharing

Every individual is expected to carry over 200 very rare variants in 
the protein-coding DNA sequence [60], and the majority of variants 
reported in patients with rare disorders are unique [69]. Indeed, studies 
showed that the number of distinct causally involved genotypes in
creases linearly with the number of investigated disease subjects [21,47,
86]. It is well established that we need to assemble much larger datasets 
to enhance the effectiveness and speed of diagnosis and to reach satu
ration in the catalogs of clinically relevant variants [20]. In recent years, 
scalable databases and controlled-access methods capable of dealing 
with the tremendous amounts of shareable genomic data have begun to 
contribute to a better understanding of disease causation [2], all while 
meeting requirements to maintain the patientsˋ privacy [87]. 
Variant-level data are increasingly archived in community-curated re
positories such as ClinVar [69], HGMD [88], and the movement 
disorder-specific database MDSGene [89]. Importantly, these resources 
facilitate the connection between responsible analysts, accelerating in
sights into unappreciated genetic heterogeneity. For example, our group 
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recently identified a patient with dystonia and congenital eye malfor
mation who harbored a nonsense variant in RARB, a gene for which only 
missense mutations were described [90]; the cross-referencing to Clin
Var highlighted that the exact same nonsense change had been found in 
two independent patients from other laboratories, confirming a new 
pathogenic mechanism and securing the diagnosis [90]. ClinVar data 
have also been used in a very recent large-scale case-control 
meta-analysis of rare variants linked to PD [91]. Based on evaluation of 
genotypes from over 3 million individuals, the researchers showed that 
variants in PD-related genes that are deposited in ClinVar could be 
categorized into high-confidence and low-confidence PD-associated 
variants [91]; the findings can provide an improved understanding of 
the clinical significance of ClinVar-listed variants for PD at scale, guid
ing genetic testing design and follow-up studies into genetic architec
ture. Additionally, data sharing via the MatchMaker exchange platform 
[92] including GeneMatcher [93] has been instrumental to advance 
knowledge about genotype-phenotype associations in the past decade 
[15]. GeneMatcher-supported multicenter analyses led to an unprece
dented acceleration in the identification of individuals affected by the 
same rare condition [15], such as CUL3-related neurodevelopmental 
disease, which has been recently demonstrated to be linked to a 
phenotypic spectrum ranging from unspecific developmental delay in 
infancy to specific movement disorders in adulthood [94]. To maximize 
patient benefit through reusable data, the output from WES, WGS, and 
multi-omics studies, as well as standardized phenotypic descriptors, can 
be registered in environments enabling cross-cohort investigations such 
as the European Genome-Phenome Archive and its national hubs, e.g., 
the German Human Genome-Phenome Archive [95]. Movement 
disorder-centered initiatives for collecting and sharing multilayered 
data have been set up, e.g., for ataxia [23,96] and PD [3]; the GP2 
consortium focuses on the inclusion of data from geographically un
derrepresented PD populations [97]. In addition to the sharing of data, 
our capabilities for collaborative analysis and joint interpretation must 
be catalyzed. Here, international “solvathons” such as those organized 
by the Solve-RD network [98] may prove useful, since these events 
foster data-centric interactions between researchers, clinicians, bio
informaticians, and other experts [99]. New activities are on the horizon 
that will further enhance our endeavors of boosting big-data analyses for 
movement disorders on a global scale.

1.5. Beyond diagnostics - translating big data to treatment

Recent technical and computational developments enabling the 
evaluation of high-throughput, large-scale phenomics, genomics, and 
multi-omics data will be instrumental in advancing strategies for the 
realization of precision medicine [5] (Fig. 2). Beyond the improvement 
of diagnostics, big-data analyses and related research can offer unique 
pathways to the translation of clinically relevant information from 
multiple layers into personalized treatment regimens [100]. Innovative 
approaches integrating big-data results with clinical interventions and 
targeted therapies are emerging [100]. For example, Lewis et al. [101] 
leveraged seminal advances in the understanding of the genetic archi
tecture of cerebral palsy to demonstrate that 8 % of molecular findings in 
1841 WES-diagnosed individuals enabled precision medicine in
terventions; this knowledgebase for genomics-guided patient benefit is 
expected to greatly aid the introduction of optimized management 
workflows targeting the mechanisms of disease in the field of cerebral 
palsy, a group of conditions which had traditionally been considered 
untreatable [102]. Moreover, genomics/multi-omics insights can be 
helpful to promote drug repurposing: a growing body of evidence sug
gests that disease-associated genetic variation or molecular connectome 
alterations hinting at specific etiologic targets or perturbed signatures 
may provide substantial opportunities to use existing medications in 
novel clinical applications [103,104], such as movement disorders. 
Notably, among 50 drugs approved by the FDA within one year, up to 
two-thirds are reported to have genetically-informed bases of action 

[105]. In PD, for example, big-data inference approaches have begun to 
predict repurposing candidates based on genome-wide association study 
signals and biological pathway analyses [106]. Although 
cost-consuming and inappropriate for fast-track clinical implementa
tion, the design of novel compounds suitable for tailored therapy is also 
possible once specific genomically-guided intervention targets or drug
gable movement disorder-driving proteins have been identified [104]; 
in such process, bioinformatics and AI-empowered strategies will play 
key roles, building models to predict a given targetˋs druggability and to 
introduce generative strategies that can use synthetic data for advanced 
target selection [103]. Finally, progress has also been made in the 
translation of genomic findings into testing of more specific treatments 
based on mutational mechanisms. Mittal et al. [107] employed big-data 
mining to characterize the landscape of monogenic variants treatable 
with antisense-oligonucleotide (ASO) therapy: by computationally 
assessing ClinVar information they predicted that roughly half of all 
annotated pathogenic variants would have a promising avenue for ASOs, 
acting against loss-of-function, gain-of-function and/or splice 
defect-specific effects. Mechanism-centric ASO approaches are already 
under development for movement disorders, including ataxia telangi
ectasia [108], and could be generalized to other indications. Further 
advances in deep learning predictions given the abundance of data from 
patients with movement disorders are likely to reshape the process of 
screening for new drugs and their implementation into clinical practice.

2. Perspectives

With the accumulation of new datasets and samples from patients 
with movement disorders worldwide, the role of big-data research is 
becoming increasingly important. We anticipate that frameworks for 
computationally aided mechanism and drug-repurposing explorations 
based on a combined phenomics-genomics-multiomics concept will 
expand to markedly pursue the improvement of patient care in the near 
future [2,5]. Although not particularly covered in this article, the output 
from studies that provide the capacity to move beyond the evaluation of 
rare variation will be of great importance in these endeavors [109]. In 
the field of PD, genome-wide association studies have convincingly 
identified more than 90 more common variants that are implicated in PD 
risk, offering insights into the molecular-genetic architecture of the 
disease at a broader scope [109]. Implementation of complementary 
approaches for parallel investigations of rare and common variants may 
be very powerful for predicting more precisely the risk of developing PD 
and other movement disorders in the future. However, 
paradigm-shifting big-data studies are currently transforming different 
forms of movement disorders at different paces [2]. To equitably realize 
the benefits of big-data studies across indications, coordinated efforts 
are necessary. One example of underrepresentation in impactful 
big-data advancements is dystonia, which has long attracted much less 
support for research than other movement disorders such as PD or ataxia 
[2]. We must support synergies to provide research data of patients with 
all types of movement disorders to analytical approaches that enhance 
convergence of multi-layer disease information, computer science, and 
proof-of-concept translation. Critical factors for success will be the 
mainstreaming of combined genomics and multi-omics applications in 
daily care and the unification of independent data-rich initiatives, thus 
maximizing the potential for precision medicine. It is now a crucial time 
to demonstrate how big data can transform evidence-based diagnostics 
and therapy, enhancing decision-making and optimizing clinical impact 
at a global level.
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