
Vol.:(0123456789)1 3

Journal of Neurology 
https://doi.org/10.1007/s00415-022-11307-4

ORIGINAL COMMUNICATION

Clinical and genotypic analysis in determining dystonia non‑motor 
phenotypic heterogeneity: a UK Biobank study

Megan E. Wadon1 · Eilidh Fenner2 · Kimberley M. Kendall2 · Grace A. Bailey1 · Cynthia Sandor3 · Elliott Rees2 · 
Kathryn J. Peall1 

Received: 28 June 2022 / Revised: 20 July 2022 / Accepted: 21 July 2022 
© The Author(s) 2022

Abstract
The spectrum of non-motor symptoms in dystonia remains unclear. Using UK Biobank data, we analysed clinical phenotypic 
and genetic information in the largest dystonia cohort reported to date. Case–control comparison of dystonia and matched 
control cohort was undertaken to identify domains (psychiatric, pain, sleep and cognition) of increased symptom burden 
in dystonia. Whole exome data were used to determine the rate and likely pathogenicity of variants in Mendelian inherited 
dystonia causing genes and linked to clinical data. Within the dystonia cohort, phenotypic and genetic single-nucleotide 
polymorphism (SNP) data were combined in a mixed model analysis to derive genetically informed phenotypic axes. A total 
of 1572 individuals with dystonia were identified, including cervical dystonia (n = 775), blepharospasm (n = 131), tremor 
(n = 488) and dystonia, unspecified (n = 154) groups. Phenotypic patterns highlighted a predominance of psychiatric symp-
toms (anxiety and depression), excess pain and sleep disturbance. Cognitive impairment was limited to prospective memory 
and fluid intelligence. Whole exome sequencing identified 798 loss of function variants in dystonia-linked genes, 67 missense 
variants (MPC > 3) and 305 other forms of non-synonymous variants (including inframe deletion, inframe insertion, stop 
loss and start loss variants). A single loss of function variant (ANO3) was identified in the dystonia cohort. Combined SNP 
and clinical data identified multiple genetically informed phenotypic axes with predominance of psychiatric, pain and sleep 
non-motor domains. An excess of psychiatric, pain and sleep symptoms were evident across all forms of dystonia. Combi-
nation with genetic data highlights phenotypic subgroups consistent with the heterogeneity observed in clinical practice.
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Introduction

Dystonia is a hyperkinetic movement disorder resulting 
in abnormal posturing, pain, functional impairment and 
reduced quality of life [1]. Onset of motor symptoms may 
be in childhood (< 20 years) or adult-life (> 20 years), 
with muscle involvement being generalised (multiple 
body regions including the trunk), segmental (adjacent 
body regions), multifocal or focal (single body region). To 
date, > 30 Mendelian inherited, dystonia-causing genes with 
distinct motor phenotypes have been identified [2].

Dystonia is increasingly recognised to include both motor 
and non-motor symptoms, with much of the non-motor work 
to date focusing on psychiatric symptomatology. Anxiety 
and depression have been shown to be the most prominent 
features [3–6], impacting quality of life and motor symptom 
severity [7]. Other non-motor features described previously 
include pain, sleep disturbance and changes to cognitive 
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function, with these being less well investigated, although 
pain has been reported in up to 88.9% of those with cervi-
cal dystonia, with a frequency up to five times higher than 
unaffected controls [6, 8]. Impaired sleep quality has also 
been reported in up to 77.3% of those with cervical dystonia, 
together with increased rates of excessive daytime sleepiness 
and fatigue.[5, 6, 9–11]. Sleep disturbance has been linked 
to higher levels of anxiety, depression and pain, suggest-
ing interplay between these multiple non-motor traits [11, 
12]. Results of cognitive assessments in dystonia cohorts 
have been conflicting, with suggestion of variation between 
dystonia subtypes [13–15]. Several studies have noted 
impaired prospective memory, processing speed, memory 
recall, working memory and verbal memory in those with 
cervical dystonia, while others have found normal verbal 
memory and executive function [14–16]. Those with blepha-
rospasm appear to demonstrate fewer areas of cognitive defi-
cit, although some studies have described impaired overall 
cognitive function [16–18].

Prospective recruitment and detailed phenotypic assess-
ment of cohorts represent a lengthy and resource demanding 
process, often reliant of participant recall for details of past 
diagnoses and potential loss to future follow-up. In recent 
years, the anonymous linking of clinical data together with 
large, population-level clinical, genetic and imaging data 
collection provides an invaluable tool for the investigation of 
multiple clinical disorders [19]. The UK Biobank (UKBB) 
represents one such resource having recruited over half a 
million participants and consisting of data from hospital 
admissions, self-reported clinical and symptomatic infor-
mation, primary care records, genetic and imaging data. This 
study derives dystonia and matched control cohorts from 
the UKBB, using a previously published clinically validated 
algorithm [20], with subsequent determination of dystonia 
non-motor symptom characteristics, the rate of variants in 
known dystonia-causing genes and the potential role of gen-
otype in influencing non-motor phenotypic variation.

Methods

Participants

Participants were recruited to the UKBB, a prospective 
health study of > 500,000 individuals located across the 
UK, between 2006 and 2010 [21, 22]. UKBB is approved 
by the Research Ethics Committee (reference 16/NW/0274), 
with data released to Cardiff University following applica-
tion (study application code: 13310) access to this data is 
available through application to the UK Biobank. The Inter-
national Classification of Disorders (ICD)-10 system (field 
codes: 41202, 41204 and 41270) and Primary Care (General 
Practice/Family Doctor) records (Read codes v2) were used 

to identify those diagnosed with dystonia (Supplementary 
Table 1), using a previously reported algorithm demonstrat-
ing a 79% sensitivity for identification of those diagnosed 
with dystonia [20]. Participants were excluded if they were 
reported to have been diagnosed with drug-induced dysto-
nia, any other movement disorder or related condition (Sup-
plementary Table 2), with the aim of excluding potential 
diagnoses of secondary dystonia. Individual dystonia diag-
nostic sub-groups with < 100 recorded participants were not 
included for onward analysis. A control cohort, matched for 
age and sex, was randomly generated from the remaining 
cohort on a 15: 1 (control: case) ratio.

Assessment of non‑motor symptoms

Psychiatric symptoms

Psychiatric symptoms were determined as has been 
described in previous UKBB studies [23]. These included: 
(i) documentation of an ICD-10 diagnosis within the “Men-
tal and Behavioural Disorders” section (field codes: 41202 
or 41204), (ii) individuals reviewed by a GP (field code: 
2090) or psychiatrist (field code: 2100) for anxiety, tension, 
or depression., (iii) self-reported psychiatric symptoms (field 
codes: 1930, 1940, 1960, 1970, 1980, 1990, 2000, 2010, 
2030) which had a completion rate of > 93% for each ques-
tion within the dystonia cohort. We also identified individu-
als with psychiatric conditions using Primary Care records 
(Read Code v2). Each psychiatric diagnosis was considered 
independently, i.e. if a participant was linked with diagnostic 
codes for both depression and anxiety, they were included 
in both diagnostic categories. Although other methods of 
determining psychiatric symptoms are available within the 
UKBB, the proportion of those diagnosed with dystonia with 
a complete dataset was limited (e.g. completion rate for the 
Mental Health Questionnaire was 437/1572, < 30%) and 
therefore not included in this analysis.

Pain

Consistent with previous studies examining pain symptoms 
within the UK Biobank [24, 25], we determined the pres-
ence of pain by responses given to standardised question-
naires asking whether pain was present, or not, in one or 
multiple body regions in the last month (field code: 6159). 
Body regions included were headache, facial pain, neck or 
shoulder pain, back pain, stomach or abdominal pain, hip 
pain, knee pain or “pain all over”.

Sleep

As used previously for the analysis of sleep disturbance 
in UKBB participants, five aspects of sleep were analysed 
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through use of a standardised questionnaire, with each being 
categorised as either high or low risk of sleep disturbance 
[26, 27]: (i) Insomnia (field code: 1200): trouble falling 
asleep at night or waking in the night (never/rarely = low 
risk, sometimes/usually = high risk), (ii) chronotype (field 
code: 1180): being a morning or evening person (early 
chronotype = low risk, late chronotype = high risk), (iii) sleep 
duration (field code: 1160): total reported hours slept in 24 h 
(7–8 h sleep = low risk, < 7 h or > 8 = high risk), (iv) snor-
ing (field code:1210): participants reporting snoring = high 
risk, (v) daytime sleepiness (field code: 1220): falling asleep 
during the day (“never/rarely” or “sometimes” = low risk, 
“often” = high risk). A healthy sleep score was derived with 
participants gaining a point for each low-risk outcome and 
defined as ‘healthy sleep pattern (≥ 4), ‘intermediate sleep 
pattern (2 or 3) and ‘poor sleep pattern’ (≤ 1).

Cognition

Cognition was assessed using both touch screen devices 
and online tests. Both testing mediums assessed the same 
domains, and therefore, we chose those completed using 
a touch screen device for consistency and given its higher 
rate of completion amongst the dystonia cohort (99.7% vs. 
19.3%). Four domains of testing were included: (i) numeric 
memory (field code: 4282)—maximum number of digits 
remembered correctly, (ii) prospective memory (field code: 
20018)—subdivided into “Good recall” (correct recall 
attempt), “intermediate recall” (correct second attempt) 
and “bad recall” (incorrect/no recall), (iii) fluid intelligence 
(field code: 20016)—number of fluid intelligence ques-
tions answered correctly, (iv) pairs matching (field code: 
20132)—incorrect matches made for each round [28].

Analysis of whole exome sequencing data 
for variants in Mendelian inherited genes linked 
with dystonia

The presence of variants in Mendelian inherited genes 
linked with dystonia was determined by analysis of the 
plink project files generated from the whole exome sequenc-
ing data available in the first UKBB release (n = 200,643) 
[29]. Briefly, exome data were analysed in Hail, [30] with 
samples or variants excluded if they had a call rate < 95% 
and an allele count > 5. Variants were annotated with their 
functional consequence using the variant effect predictor 
(version 104.3) function in Hail. Additional variant annota-
tions from dbNSFP (version 4.1a) were annotated using Hail 
[31]. Analysis was restricted to 32 genes that have previously 
been associated with dystonia [32]. Individuals with syn-
onymous, missense, loss of function (splice acceptor, splice 
donor, stop gain and frameshift) and remaining forms of 

non-synonymous (inframe deletion, inframe insertion, stop 
loss and start loss) variants were identified.

Missense variants were classified as to their likelihood of 
pathogenicity using a composite score of ‘missense badness’, 
PolyPhen-2 and constraint (MPC) pathogenicity classifier, 
which has previously been shown to have a high specificity 
for pathogenicity, with increased scores indicating a higher 
likelihood of deleteriousness [33]. We determined three 
MPC categories of increasing deleteriousness: MPC < 2, 
2 ≤ MPC < 3, MPC ≥ 3. Variants were classified as either 
singleton (present once in the dataset) or rare (present 2–5 
times in the dataset). The overall cohort was examined for 
both relatedness and ancestry, removing those indicated to 
be closer than third-degree relatives and where the principal 
components were > 3 standard deviations from the mean of 
individuals reporting their ethnic background as white. Clin-
Var (https://​www.​ncbi.​nlm.​nih.​gov/​clinv​ar/) databases were 
used to determine those variants that have been reported 
previously, their likelihood of pathogenicity and the clinical 
disorders with which they had been linked.

Bayesian multiple phenotype mixed model analysis 
(BMPMM) to determine evidence for variation 
in clinical phenotypic axes

One of the challenges in dystonia is to understand the vary-
ing clinical presentation between individuals. This clinical 
heterogeneity suggests the existence of varying molecular 
aetiologies with different subtypes and influences. The clas-
sical approach to characterise clinical heterogeneity is to 
classify patients into discrete phenotypic subgroups, each 
displaying a characteristic set of symptoms. Although this 
approach is appealing, there are many shortfalls including 
arbitrary choice of the clinical variables. Additionally, the 
use of discrete groups also limits the comparison of phe-
notypes to binary tests of absent/present or mild/severe, 
not reflecting the continual nature of phenotypic variabil-
ity. Analysis of continuous traits, as we have used here, has 
greater statistical power and is more biologically relevant, 
allowing us to examine all individuals regardless of the 
frequency of their particular phenotypic presentation. The 
approach is based on PHENIX (PHENotype Imputation 
eXpediated), a sensitive approach exploiting genetic rela-
tionships to impute missing phenotypes, but that can also 
be used for genetically guided dimensionality reduction in 
multiple traits. Here we model phenotypes as a combination 
of genetic and environmental factors, producing multiple 
phenotypic axes, each representing a continuous pattern of 
variation between multiple co-varying phenotypes.

This analysis made use of the single-nucleotide poly-
morphism (SNP) genotype data provided by the UKBB, 
with participants only included if they had both genotypic 
and phenotypic data [21]. A kinship matrix was created 

https://www.ncbi.nlm.nih.gov/clinvar/
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using Genome-wide Efficient Mixed Model Association 
(GEMMA) (version 0.98.4) from SNP data [34–36]. Kinship 
and phenotypic matrices were combined, using a Bayesian 
low-rank matrix factorisation model, to create phenotypic 
axes using the PHENIX package in R [37]. The resulting 
latent variables constitute phenotypic axes representing the 
severity of multiple non-independent clinical phenotypes. 
Variables with ≥ 10% of data missing (e.g. > 1/10 individuals 
had not completed that test/question) were removed when 
determining the phenotypic axes and then reintroduced in 
identifying the clinical relationships within the predeter-
mined axes. Variables that showed little variation within 
each cohort (e.g. minimal participants had reported the 
symptom) were removed from this analysis. Analysis was 
undertaken in the overall dystonia cohort and any of the 
individual subgroups where genotype data were available 
for a minimum of 400 participants.

Statistical analysis

Categorical data were compared using chi-squared tests 
or Fisher’s exact tests where appropriate. Continuous data 
were checked for normality, before being compared using 
Independent 2-group Mann–Whitney U tests. Comparisons 
were made between the complete dystonia cohort and con-
trol group, as well as each dystonia subtype and the control 
cohort. All p values were adjusted for multiple compari-
sons using a Bonferroni correction (significance threshold 
p < 0.05).

Results

Participants

One thousand, five hundred and seventy-two individuals 
(989 female, 583 male), mean age of 59 years (SD: 8.1, 
range: 40–70), diagnosed with dystonia were identified, 
with 24,012 (14,889 female, 9123 male) forming the con-
trol group matched for both age (p = 0.789) and gender 
(p = 0.471, Table 1). Using the combined ICD-10 and Pri-
mary Care diagnostic groups (Supplementary Table 1), only 
cervical dystonia, blepharospasm, dystonia with tremor and 
dystonia unspecified subgroups met our criteria for onward 
analysis (n ≥ 100).

Non‑motor symptom phenotypic analysis

All statistical comparisons reported below are between the 
overall dystonia cohort, or individual dystonia diagnostic 
groups, and the control group.

Psychiatric symptoms

As observed in multiple previous UK population-level 
studies of neurological disorders, rates of recorded diag-
noses were higher in the primary care dataset, compared 
to that of the hospital record-derived ICD-10 [38]. Here, 
significantly higher rates of multiple psychiatric disorders 
were observed across the dystonia cohort, including anxi-
ety (p < 2.2 × 10–16), depression (p < 2.2 × 10–16), eating 
disorders (p = 0.002), serious mental illness (p = 0.002) 
and substance use disorder (p < 2.2 × 10–16), with the same 
pattern observed in cervical dystonia and dystonic tremor 

Table 1   Demographic 
characteristics of the identified 
dystonia and control cohorts

Diagnosis N Age Gender

Mean Standard 
deviation

Range Male Female

Dystonia 1572 59 8.1 40–70 583 989
Idiopathic familial dystonia 3 66 3.5 62–68 1 2
Idiopathic non-familial dystonia 1 58 – – 0 1
Cervical dystonia 775 55.8 8.1 40–70 283 492
Idiopathic orofacial dystonia 6 47.7 8.8 40–64 3 3
Blepharospasm 131 60.4 7.3 42–70 40 91
Idiopathic torsion dystonia 1 47 – – 0 1
Writer’s cramp 4 53.8 2.5 51–57 1 3
Myoclonic dystonia 1 61 – – 1 0
Dystonia with tremor 488 59.6 7.7 40–70 201 287
Other dystonia 8 54.9 5.9 47–65 2 6
Dystonia unspecified 154 57.5 8.1 41–70 51 103
Control 24,012 59 8.1 40–70 9123 14,889
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groups (Table 2). By contrast, those with blepharospasm 
were reported to have significantly higher rates of anxiety 
(p = 0.002) and depression (p = 0.002), while those with 
unspecified forms of dystonia demonstrated only higher 
rates of serious mental illness (p = 0.004). Results from the 
symptom reporting questionnaires identified a significantly 
higher number of the dystonia group reporting mood related 
symptoms across all examined domains, with exception of 
irritability and worry following embarrassment (Table 2). 
Those diagnosed with dystonia were also more likely to have 
been reviewed by a GP or psychiatrist for nerves, anxiety, 
tension or depression (p = 1.27 × 10–10 and p = 7.05 × 10–14, 
respectively). Individuals diagnosed with dystonic tremor 
demonstrated a similar symptom pattern to the overall dys-
tonia cohort, while those diagnosed with cervical dystonia 
described a more specific pattern of symptoms, includ-
ing higher rates of feeling tense (p = 0.024), suffering 
from nerves (p = 0.020), feeling fed-up (p = 0.002), mood 
swings (p = 0.006), but were not significantly more likely 
to have been reviewed by a GP or psychiatrist (p = 0.071 
and p = 0.069, respectively). Unspecified forms of dysto-
nia noted higher rates of two symptoms groups: ‘being a 
nervous person’ (p = 0.002) and ‘suffering from nerves’ 
(p = 0.001), along with seeing a GP or psychiatrist (p = 0.028 
and p = 1.76 × 10–4, respectively). The only psychiatric 
symptom observed at a higher rate within the blepharos-
pasm cohort was that of ‘guilty feelings’ (p = 0.010), with 
no excess rate of GP or Psychiatrist consultation reported. 
ICD-10 psychiatric diagnostic rates were examined despite 
their overall low reported rates (Supplementary Table 3). 
Bipolar Affective Disorder unspecified was the only diag-
nosis significantly higher in the overall dystonia cohort 
(p = 0.002) and only Asperger’s syndrome (p = 0.003) in 
the blepharospasm group. Schizophrenia (p = 0.037), bipo-
lar affective disorder (p = 0.044), recurrent depressive dis-
order (p = 0.005), harmful use of tobacco (p = 6.03 × 10–4) 
and stuttering (p = 0.008) were present at higher rates in the 
dystonia, unspecified cohort.

Pain

A significantly higher number of those diagnosed with dys-
tonia reported experiencing pain (p = 2.29 × 10–19), with 
this replicated in the cervical dystonia (p = 7.09 × 10–11), 
dystonic tremor (p = 1.51 × 10–6) and dystonia, unspecified 
(p = 1.60 × 10–6) groups (Table 3). The body regions affected 
varied between dystonia diagnostic subgroups with higher 
rates of headache (p = 1.08 × 10–6) and neck/shoulder pain 
(p = 5.80 × 10–11) reported in the cervical dystonia group, 
while facial pain was more prominent in the blepharospasm 
group (p = 0.004). Dystonia with tremor and unspecified 
forms reported more generalised pain involvement with sig-
nificantly higher rates of ‘pain all over’ (p = 0.004) (Table 3).

Sleep disturbance

Significantly higher rates of insomnia were present in dys-
tonia (p = 0.006) and tremor groups (p = 0.011), as well as 
sub-optimal sleep duration (< 7 h or > 8 h) in the overall 
cohort (p = 2.63 × 10–6), dystonic tremor (p = 7.50 × 10–7) 
and unspecified forms of dystonia (p = 0.003) (Table 3). 
An excess of daytime sleepiness was also observed in the 
overall (p = 4.61 × 10–4) and tremor (p = 4.03 × 10–4) cohorts. 
The overall dystonia cohort (p = 9.16 × 10–8), cervical dys-
tonia (p = 4.37 × 10–4) and tremor (p = 3.01 × 10–5) cohorts 
were also found to have significantly worse sleep scores 
compared to the control cohort, while poorer sleep patterns 
were described in the overall cohort (p = 7.67 × 10–4), dys-
tonic tremor (p = 0.030) and unspecified forms of dystonia 
(p = 0.042). Consistent with this, there were fewer partic-
ipants with reported healthy sleep patterns in the overall 
cohort (p = 4.90 × 10–4), cervical dystonia (p = 0.016) and 
dystonic tremor (p = 0.011) groups.

Cognition

Differences in cognitive scores, between dystonia and 
control cohorts, were less marked than that observed for 
the other non-motor symptoms. Here, overall lower fluid 
intelligence scores were observed (p = 0.018) (Table 3). 
Further examination found significantly fewer individuals 
in the unspecified dystonia cohort to have good prospec-
tive memory recall (p = 0.029). No significant differences 
were observed across the remaining cognitive assessment 
batteries.

Combined non‑motor symptoms

A key advantage of the UKBB dataset is the opportunity 
to compare symptom rates and severity scores across mul-
tiple non-motor domains, as well as to compare the rela-
tive prevalence of these symptom clusters across multiple 
types of dystonia. These are visualised in Fig. 1, demon-
strating prominent psychiatric and pain symptoms in the 
overall dystonia cohort, with a smaller cognitive profile 
and intermediate picture for sleep disturbance. However, 
this pattern clearly varies between dystonia subtypes with 
specific psychiatric and pain symptoms emerging in the 
blepharospasm group (Fig. 1B), with this differing from the 
more generalised excess of symptoms across these domains 
in the cervical (Fig. 1C) and dystonic tremor (Fig. 1D) 
groups. The dystonic tremor cohort also demonstrated the 
most prominent sleep disturbance profile, with significantly 
higher scores across four domains (insomnia, sleep dura-
tion, daytime sleepiness and poor sleep score), compared 
to single domains for the blepharospasm (sleep duration), 
cervical dystonia (poor sleep score) and unspecified forms of 
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dystonia (sleep duration) (Fig. 1B, C, E). Visually, the rela-
tively low impact of cognitive deficits is clearly observed, 
with only fluid intelligence deficits observed in the overall 
cohort.

Mendelian causes of dystonia

Exome sequencing data were available for 200,643 indi-
viduals within UKBB. Following assessment of relatedness 
and ancestry 21,601 individuals were removed from onward 
analysis, including 48 individuals identified within the dys-
tonia cohort, resulting in an overall cohort of n = 179,028, 
of which 485 were within the dystonic cohort. Loss of func-
tion (n = 831) and other types of non-synonymous variants 
(including inframe deletion, inframe insertion, stop loss and 
start loss variants, n = 331) were identified in all of the genes 
investigated (Table 4), while 83 missense variants with an 
MPC score > 3 were observed in the ADCY5, KCNMA1, 
KCNA1, SCN8A, GNAL, CACNA1A, TUBB4A, ATP1A3 
and TAF1 genes (Fig. 2). Eighty-five of these variants have 
been reported previously with 39 described as pathogenic/
likely pathogenic (SCN8A, SPR, COL6A3, ADCY5, SGCE, 
RELN, TOR1A, THAP1, KCNMA1, TH, GCH1, PRRT2, 
VPS16 and CACNA1A genes), 38 of uncertain significance 
(ADCY5, SCN8A, TUBB4A, ATP1A3, PNKD, COL6A3, 
RELN, TOR1A, CIZ1, GNAL, KCNA1, ANO3, KCNMA1 

and CACNA1A genes) and 8 benign/likely benign (CIZ1, 
SCN8A, KCNMA1, CACNA1A genes). Nine of those previ-
ously reported as pathogenic/likely pathogenic were linked 
with neurological or mental health diagnoses within the 
UKBB dataset, all being loss of function variants (Supple-
mentary Table 4). These included COL6A3 (n = 3), previ-
ously described in DYT27 and Bethlem Myopathy cohorts, 
but linked with sleep apnoea and carpal tunnel phenotypes 
here. Those involving THAP1 (n = 1) and TOR1A (n = 1) 
were linked with myelopathies, while SGCE variants (n = 2) 
were associated with depression, anxiety and myoclonus, 
and hemiplegia for the single overlapping TH variant. The 
single variant (loss of function) identified within the dys-
tonia cohort (ANO3) was linked with a clinical diagnosis 
of cervical dystonia and has not been previously reported 
(Supplementary Table 4, highlighted in bold).

BMPMM analysis

Having excluded the single dystonia case harbouring a non-
synonymous variant on WES analysis, SNP genotype data 
used in this analysis were available for 1387/1572 (88.2%) 
of the overall dystonia cohort, with cervical dystonia and 
dystonic tremor cohorts also met our criteria of a minimum 
of 400 participants with both genotype and phenotype data. 
Using this approach, multiple axes were generated within 

Fig. 1   Coordinate plots for a dystonia overall, b blepharospasm, c 
cervical dystonia, d dystonic tremor and e other/unspecified dystonia. 
Bars represent 1- the Bonferroni adjusted p value with significant var-

iables outlined in red. Bar colour fill represents the distinct non-motor 
symptom domains: pink (cognition), green (pain), blue (psychiatric) 
and purple (sleep)
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each clinical cohort; however, we have chosen to focus 
on the three axes with the highest degree of variation and 
therefore likelihood of clinical relevance (Fig. 3). Key to 
this analysis is individual bar size, indicating the relative 
contribution of that symptom/symptom group to the over-
all phenotype. With this in mind, evident across the overall 
cohort and individual diagnoses (cervical dystonia and dys-
tonic tremor) psychiatric symptoms formed the predominant 
non-motor symptom. In addition, each motor clinical group 
had a single predominant non-motor axis, 79.8%, 91.6% 
and 93.9% for the overall, cervical dystonia and tremor 
cohorts, respectively. Within the overall cohort, the main 
axis (79.8%) demonstrated a predominantly psychiatric phe-
notype, with sleep disturbance next most evident, but with 
only ~ 1/3rd of the effect of the psychiatric symptoms. The 
second and third axes (12.7% and 1.6%) differ predominantly 
in the relative contribution of pain symptoms, with this most 
evident in axis three (1.6% of clinical variance). Amongst 
those diagnosed with cervical dystonia (n = 694), the single 
predominant axis (91.6%) demonstrated a predominant psy-
chiatric phenotype, mainly involving symptoms of anxiety 
and depression. Pain and sleep disturbance were also con-
tributory symptoms, although only approximately half that 
of the contribution of psychiatric symptoms (Fig. 3B). The 
two remaining axes (3.1% and 0.9% non-motor variance) 
suggested more prominent cognitive involvement, with dif-
ficulties associated with fluid intelligence, prospective and 
numeric memory. Psychiatric, pain and sleep disturbance 
formed the predominant non-motor symptoms in the two 
main axes for the dystonia with tremor cohort (n = 442) 
(93.9% and 2.0% of clinical variance), while the third axis 
(1.7%) suggested an overall minimal non-motor phenotype.

Discussion

This study makes use of the broad clinical phenotypic and 
genetic data available within the UKBB to systematically 
examine multiple non-motor symptoms within the same 
dystonia cohort, including distinct dystonia subtypes and 
represents the largest of its kind in the dystonia field to date. 
Key findings include: (a) an excess of non-motor symptoms 
in those with dystonia compared to controls, predominantly 
involving psychiatric symptoms, pain and disturbed sleep, 
with variation dependent on dystonia subtype, (b) low rate 
of potentially pathogenic variants in known dystonia caus-
ing genes within the identified cohort (1 ANO3 variant in 
485 individuals diagnosed with dystonia), within the overall 
cohort (n = 179,028) 1,245 non-synonymous variants were 
identified, 85 reported previously and 39 of these considered 
pathogenic, (c) combining genetic and non-motor pheno-
typic data identified multiple axes of phenotypic variation 
within the dystonia cohorts, with psychiatric symptoms 

again forming the predominant non-motor symptom, with 
smaller effects of pain and sleep disturbance, suggesting 
potential for varying biological mechanisms underpinning 
the phenotypic heterogeneity observed in clinical practice.

Combining data gathered from primary care and hospital 
admission records, as well as patient reported symptoms, 
this study demonstrates psychiatric symptomatology to be 
the most pronounced non-motor symptom in dystonia. These 
findings are not only consistent with the results of work pub-
lished to date, but also support the emphasis of evaluation 
of psychiatric symptoms over other non-motor components 
in both Mendelian and idiopathic dystonia cohort studies 
to date [4, 6, 7, 39]. This study also reinforces depression 
and anxiety being the predominant psychiatric symptoms 
observed, while also identifying other diagnoses, such as 
eating disorders, largely under explored to date but war-
ranting further investigation [40]. However, the pattern and 
predominance of these psychiatric symptoms is also shown 
to vary between dystonia subtypes; for example, depression 
and serious mental illness were predominant in blepharos-
pasm and unspecified forms of dystonia, while a broader 
groups of symptoms including anxiety disorder and sub-
stance abuse were observed in cervical dystonia and dys-
tonic tremor (Fig. 1) [41, 42].

Of the other non-motor symptom groups explored, pain 
and sleep disturbance were also consistently reported, 
although their impact appears to be approximately half that 
of psychiatric disturbance. Pain has long been recognised as 
a prominent feature in cervical dystonia and, as observed in 
this study, tending to focus on the motor affected region [43]. 
Pain is less well reported in blepharospasm, but was again 
centred on the motor affected region, potentially indicating 
that some element of this may be a secondary phenomenon. 
Within the overall dystonia cohort, specific areas of sleep 
disturbance included insomnia, reduced sleep duration and 
daytime sleepiness, in part consistent with previous work 
[9]. However, the sleep questionnaires used during UKBB 
assessment differ from the standardised, sleep specific ques-
tionnaires typically used in previous studies of dystonia and 
lack the depth of understanding provided by investigations 
such as polysomnography [44].

A key finding from this study was the remarkably small 
contribution of cognitive disturbance to the non-motor symp-
tom spectrum observed across the overall dystonia cohort, 
and in particular cervical dystonia and dystonic tremor sub-
types, in the context of robust cognitive assessment. Fluid 
intelligence, in the overall cohort, and prospective memory 
in the blepharospasm and undefined subgroups were the only 
domains significantly impaired compared to controls. Pre-
vious cross-sectional studies, however, have demonstrated 
impairment to a wider group of cognitive domains, includ-
ing impairments to working memory, processing speed 
and short-term memory [45]. These differences in study 
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outcomes may in part relate to the few and subtle cognitive 
deficits that likely exist in dystonia; however, it should also 
be noted that completion rates of the cognitive assessments 
within this cohort were the lowest across the non-motor 
symptoms examined and may have contributed to the out-
comes observed [46]. Interestingly, however, other studies 
do support the more specific deficit in prospective memory 

observed here, with some indicating a selective deficit of 
time-based dysfunction in this domain [16].

Due to the nature of recruitment to the UKBB and its 
resultant demographic characteristics, this study doesn’t rep-
resent a true population-level analysis. However, the genetic 
analysis represents one of the largest cohorts in which 
Mendelian inherited genes-associated disease causation of 
dystonia has been examined. A total of 1,245 potentially 

Table 4   Number of individuals from the complete genetic cohort (n = 179,028) and dystonia cohort (n = 485) with genetic variants in 32 genes 
that have previously been associated with dystonia

Number of variants identified per gene. Results given as overall whole exome sequencing (WES) dataset (n = 200,643); dystonia cohort (n = 638) 
with each set of values presented as whole cohort (inclusive of dystonia cohort); dystonia cohort only. MPC: missense badness, PolyPhen-2 and 
constraint pathogenicity classifier. R: rare variant (present 2–5 times in the dataset), S: singleton variants (present once in the dataset). Other 
non-synonymous variants include inframe deletion, inframe insertion, stop loss and start loss variants

Gene Location OMIM number Synonymous 
variants

Missense variants Loss of func-
tion variants

Other non-
synonymous 
variants

MPC < 2 MPC 2–3 MPC > 3

S R S R S R S R S R S R

SLC2A1 1p34.2 138140 36; 0 114; 1 31; 0 82; 0 18; 0 34; 0 0; 0 0; 0 2; 0 0; 0 0; 0 0; 0
HPCA 1p35.1 142622 12; 0 43; 0 19; 1 42; 0 9; 0 5; 0 0; 0 0; 0 1; 0 3; 0 1; 0 0; 0
MECR 1p35.3 608205 20; 0 61; 0 64; 0 152; 1 0; 0 0; 0 0; 0 0; 0 14; 0 27; 0 4; 0 3; 0
SPR 2p13.2 182125 21; 0 36; 0 44; 0 77; 0 0; 0 0; 0 0; 0 0; 0 4; 0 12; 0 2; 0 2; 0
EIF2AK2 2p22.2 176871 25; 0 60; 0 68; 0 135; 0 0; 0 0; 0 0; 0 0; 0 14; 0 18; 0 1; 0 0; 0
PRKRA 2q31.2 603424 16; 0 25; 0 22; 0 58; 1 2; 0 0; 0 0; 0 0; 0 4; 0 5; 0 3; 0 2; 0
PNKD 2q35 609023 34; 0 71; 0 58; 0 166; 0 0; 0 0; 0 0; 0 0; 0 12; 0 21; 0 1; 0 9; 0
COL6A3 2q37.3 120250 189; 0 553; 2 484; 0 1222; 8 0; 0 0; 0 0; 0 0; 0 35; 0 65; 0 4; 0 14; 0
ADCY5 3q21.1 600293 93; 0 280; 1 153; 0 291; 2 40; 0 58; 0 3; 0 22; 0 17; 0 14; 0 6; 0 23; 0
VPS41 7p14.1 605485 44; 0 90; 1 110; 0 212; 3 0; 0 0; 0 0; 0 0; 0 20; 0 30; 0 2; 0 4; 0
SGCE 7q21.3 604149 25; 1 42; 0 62; 0 137; 0 0; 0 0; 0 0; 0 0; 0 13; 0 16; 0 2; 0 3; 0
RELN 7q22.1 600514 195; 0 429; 0 507; 1 882; 2 6; 0 9; 0 0; 0 0; 0 31; 0 20; 0 8; 0 14; 0
THAP1 8p11.21 609520 10; 0 13; 0 21; 0 61; 0 0; 0 0; 0 0; 0 0; 0 3; 0 2; 0 2; 0 0; 0
TOR1A 9q34.11 605204 27; 0 46; 0 51; 0 111; 1 0; 0 0; 0 0; 0 0; 0 8; 0 28; 0 2; 0 2; 0
CIZ1 9q34.11 611420 56; 1 124; 0 107; 0 233; 0 0; 0 0; 0 0; 0 0; 0 24; 0 12; 0 5; 0 17; 0
KCNMA1 10q22.3 600150 95; 0 243; 0 66; 0 171; 0 49; 0 50; 0 3; 0 0; 0 22; 0 19; 0 9; 0 33; 0
ANO3 11p14.3 610110 71; 0 122; 0 115; 0 221; 1 19; 1 25; 0 0; 0 0; 0 25; 1 45; 0 2; 0 2; 0
TH 11p15.5 191290 35; 0 91; 1 92; 1 252; 0 2; 0 0; 0 0; 0 0; 0 10; 0 19; 0 2; 0 0; 0
KCNA1 12p13.32 176260 35; 1 78; 0 25; 0 46; 0 30; 0 25; 0 0; 0 4; 0 7; 0 3; 0 2; 0 0; 0
SCN8A 12q13.13 600702 136; 1 236; 1 86; 1 230; 2 65; 0 124; 1 6; 0 2; 0 7; 0 10; 0 2; 0 0; 0
NKX2-1 14q13.3 600635 34; 0 67; 0 0; 0 0; 0 0; 0 0; 0 0; 0 0; 0 1; 0 6; 0 0; 0 9; 0
GCH1 14q22.2 600225 15; 0 65; 0 21; 0 54; 0 11; 0 9; 0 0; 0 0; 0 4; 0 7; 0 1; 0 3; 0
PRRT2 16p11.2 614386 19; 0 77; 0 79; 1 155; 1 0; 0 0; 0 0; 0 0; 0 6; 0 11; 0 2; 0 0; 0
GNAL 18p11.21 139312 24; 0 65; 0 27; 0 37; 1 25; 0 41; 0 3; 0 0; 0 5; 0 2; 0 3; 0 0; 0
CACNA1A 19p13.13 601011 180; 0 439; 1 251; 0 594; 3 109; 1 179; 0 2; 0 0; 0 18; 0 12; 0 4; 0 24; 0
TUBB4A 19p13.3 602662 28; 0 129; 0 23; 0 56; 0 24; 1 18; 1 8; 0 5; 0 12; 0 9; 0 2; 0 10; 0
KMT2B 19q13.12 606834 235; 0 584; 2 0; 0 0; 0 0; 0 0; 0 0; 0 0; 0 6; 0 0; 0 10; 0 30; 0
ATP1A3 19q13.2 182350 95; 0 209; 1 32; 0 71; 1 47; 0 44; 0 5; 0 4; 0 9; 0 6; 0 1; 0 0; 0
VPS16 20p13 608550 56; 0 108; 1 99; 1 348; 1 0; 0 0; 0 0; 0 0; 0 15; 0 17; 0 0; 0 10; 0
KCTD17 22q12.3 616386 9; 0 41; 0 27; 0 58; 1 7; 0 27; 0 0; 0 0; 0 7; 0 3; 0 6; 0 2; 0
ATF4 22q13.1 604064 47; 0 97; 1 81; 0 210; 1 0; 0 0; 0 0; 0 0; 0 10; 0 19; 0 3; 0 15; 0
TAF1 Xq13.1 313650 72; 0 124; 0 95; 0 163; 1 34; 0 41; 0 7; 0 9; 0 1; 0 2; 0 4; 0 4; 0
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pathogenic non-synonymous variants in the 32 dystonia 
genes were identified, including 831 loss of function, 83 
missense (MPC score > 3) and 331 other non-synonymous 
forms. Eighty-five of these have been reported previously 
with 45.9% (39/85) considered pathogenic/likely pathogenic. 
With the exception of one, all were reported within the non-
dystonia cohort, suggesting known contribution of incom-
plete penetrance in some known dystonia causing genes, 
such as THAP1 (DYT6) and TOR1A (DYT1). Within the 
dystonia cohort, only a single ANO3 loss of function vari-
ant was observed, associated with a documented cervical 
dystonia phenotype, but not previously reported. To date, 
missense mutations are the most commonly reported muta-
tion type in relation to ANO3-dystonia pathology, with no 
previously reported loss of function mutations in this con-
text. The findings within this cohort are therefore of uncer-
tain significance, and future work is needed to determine 
whether mutations of this type impact protein expression 
and function. By comparison, the only previous study using 
next-generation genetic sequencing of dystonia genes at this 
scale examined 764 individuals with a clinical diagnosis of 

dystonia, identifying causative or likely causative variants 
in 135/728 (19%) families, involving 78 distinct monogenic 
disorders [47]. However, half of this cohort were described 
as having developmental delay or hypotonia, and approxi-
mately a third with intellectual disability or speech disorder. 
Individuals with these levels of co-morbidity are unlikely 
to have been recruited to the UKBB, and therefore, these 
differing rates of variants likely reflect the overall clinical 
context of the cohort.

Despite clinical phenotypic heterogeneity being widely 
recognised across multiple neurological disorders, notably 
adult-onset idiopathic forms in relation to dystonia, bioin-
formatic tools enabling combined phenotypic and genotypic 
analyses have emerged only relatively recently [48]. Here 
we quantified diverse patient phenotypes on a continuous 
scale via the use of phenotype axes. This approach over-
comes many of the limitations associated with the clustering 
methods previously used to classify dystonia heterogeneity. 
The phenotypic axes are extremely robust in term of clinical 
features considered and enable potential alignment of multi-
ple cohorts with different clinical structure. These universal 

Fig. 2   Circos plot of potentially 
pathogenic variants identified 
in Mendelian inherited genes 
with evidence of causation in 
dystonia. Outer tracks indicate 
individual chromosomes and 
the genomic location of genes 
linked with dystonia pathogen-
esis. Inner three tracks, moving 
from outermost to innermost, 
indicate the number of missense 
variants (MPC > 3) (heat-
map), loss of function variants 
(histogram) and other forms 
of non-synonymous variants 
(histogram)
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Fig. 3   Three genetically 
informed phenotypic axes that 
represented the most pheno-
typic variance for A the overall 
dystonia cohort, B cervical 
dystonia and C dystonic tremor. 
Above each axis is the propor-
tion of phenotypic variation it 
represents. Seen a GP/doctor 
and seen psychiatrist refer to 
seeing the specified professional 
for nerves, anxiety, tension, or 
depression. A positive correla-
tion (bars going to the right) 
indicates increased psychiatric, 
pain and sleep disturbance, but 
improved cognitive performance
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axes have the potential to accelerate our understanding of 
how dystonia presents in individual patients, providing 
more robust and objective quantitative traits through which 
patients may appropriately be grouped and compared. The 
most pronounced genetically influenced phenotypic axes 
identified in the overall dystonic cohort in this study were in 
keeping with our previous work, in independent cohorts, and 
using only clinical phenotypes. This study involved a sub-
stantially larger cohort, as well as being combined with SNP 
genetic data, indicating both a consistency to these pheno-
typic findings and the likelihood of a polygenic contribution 
to the observed clinical heterogeneity [49]. The most pro-
nounced genetically influenced phenotypic axes were also 
in keeping with the findings from the direct case–control 
analysis for both overall and individual dystonia diagnostic 
groups, again supporting a potential genetic contribution to 
this phenotype [5, 6, 50]. The most prominent axis across 
all three groups analysed (overall cohort, cervical dystonia 
and dystonic tremor) was that of mood related psychiatric 
symptoms (depression and anxiety), coupled with pain and 
disturbed sleep, a pattern of symptoms beginning to emerge 
consistently across multiple studies [11]. Although Genome-
Wide Association Studies (GWAS) have been undertaken in 
dystonia, in comparison with other disease groups these have 
involved relatively small cohorts. Larger, multi-centre stud-
ies of this kind will be needed to better understand which 
genes, and their size effects, are potentially contributing to 
this polygenic component [51].

Whilst this study benefits from the depth of clinical data 
available within the UKBB, as well as the opportunity to 
examine multiple dystonia types using an identical battery of 
assessments, several limitations need to be considered. The 
most prominent is the lack of clinical confirmation of diag-
nosis, not possible in an anonymised cohort and requiring 
substantial time and resource for a cohort of this size. How-
ever, in deriving this cohort we have used a previously pub-
lished pipeline in which a proportion of the cohort (n = 90) 
underwent clinical confirmation of their dystonia diagnosis 
through in person examination [20]. In addition, only ~ 43% 
of English GP data is linked with the UKBB, making the 
cohort identified here a likely underestimation of all those 
diagnosed with dystonia within the UKBB. Additionally, we 
have applied a very stringent clinical code exclusion criteria 
with the aim of minimising the potential for inclusion of 
cases of secondary dystonia within the cohort. However, in 
so doing we have likely omitted cases of primary dystonia 
when present with another movement disorder (e.g. myo-
clonus) providing a further potential source of cohort size 
underestimation. A minimum of 100 cases was also applied 
to ongoing analysis of the individual dystonia subtypes, with 
only cervical dystonia, blepharospasm, dystonic tremor and 
unspecified forms of dystonia meeting this threshold. This 
approach resulted in other subtypes, for example, writer’s 

cramp and orofacial dystonia, being excluded from onward 
analysis and therefore loss of opportunity for better under-
standing of their non-motor symptom profile. Future work 
will require investigation of larger cohorts with this allowing 
for further dystonia subtypes to be included in more in depth 
analysis. Finally, the dystonia and control cohorts were not 
matched for educational attainment, which has been shown 
to impact pain recognition in dystonia which may have influ-
enced some of the differences observed. However, previous 
work has shown UKBB participants overall to have a higher 
level of educational attainment, potentially further impacting 
the outcomes of the pain assessments reported here [52].

In summary, this study represents one of the largest dys-
tonia cohorts in whom in depth non-motor symptom assess-
ment has been undertaken to date, as well as enabling direct 
comparison between distinct forms of dystonia. We have 
shown an excess of non-motor symptoms across all dystonia 
groups, with this demonstrating a predominant psychiatric 
phenotype coupled with smaller but sizeable components 
of pain and sleep impairment. This work demonstrates the 
need for integration of non-motor symptom evaluation dur-
ing routine clinical practice, as is observed with multiple 
other neurological disorders, and for these to be evaluated 
at regular intervals to allow for identification of non-motor 
symptom variation as well as the implementation of appro-
priate treatment or therapy where needed. Next-generation 
sequencing analysis has identified novel variants with poten-
tial for pathogenicity and needing further analysis, while 
integration of genetic SNP data demonstrated phenotypic 
variability within each cohort, mirroring the symptomatic 
heterogeneity observed in clinical practice and lending sup-
port that these traits contribute to the primary phenotype of 
dystonia.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s00415-​022-​11307-4.
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