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ABSTRACT: Background: Despite the establi-
shed value of genomic testing strategies, practice
guidelines for their use do not exist in many
indications.

Objectives: We sought to validate a recently intro-
duced scoring algorithm for dystonia, predicting the
diagnostic utility of whole-exome sequencing (WES)
based on individual phenotypic aspects (age-at-onset,
body distribution, presenting comorbidity).

Methods: We prospectively enrolled a set of 209 dys-
tonia-affected families and obtained summary scores
(0-5 points) according to the algorithm. Singleton
(N = 146), duo (N = 11), and trio (N = 52) WES data
were generated to identify genetic diagnoses.
Results: Diagnostic yield was highest (51%) among
individuals with a summary score of 5, corresponding
to a manifestation of early-onset segmental or

generalized dystonia with coexisting non-movement
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disorder-related neurological symptoms. Sensitivity
and specificity at the previously suggested threshold
for implementation of WES (3 points) was 96% and
52%, with area under the curve of 0.81.

Conclusions: The algorithm is a useful predictive tool
and could be integrated into dystonia routine diagnostic
protocols. © 2021 The Authors. Movement Disorders
published by Wiley Periodicals LLC on behalf of Interna-
tional Parkinson Movement Disorder Society

Key Words: exome sequencing; diagnostic yield;
dystonia; prediction; scoring algorithm; rare disease
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Introduction

Genomic (whole-exome and whole-genome) sequenc-
ing assays have gained broad use in the clinical setting,
enabling accurate etiologic diagnosis, disorder-
specific counselling, prognostication, and personali-
zation of management.”> However, molecular
diagnostic rates with genomic sequencing vary across
testing indications,” and may also differ substantially
between patients with the same disease entity
depending on individual phenotypic factors.*” There
is a clinically and economically grounded need to
identify patients who are more likely to carry patho-
genic DNA variation detectable by genomic sequenc-
ing, and therefore would be more likely to benefit
from such testing.®” Recently, we took advantage of
a very large collection of whole-exome sequencing
(WES) data from patients with dystonia to isolate
clinical variables significantly associated with diag-
nostic outcome; these included (i) an onset of dysto-
nia before the age of 21 years, (ii) a manifestation of
segmental or generalized dystonia, and (iii) a combi-
nation of dystonia with non-dystonic neurological
features (other movement disorders and/or non-
movement disorder-related symptoms).'® On the
basis of the predictor variables, we developed a
weighted  seven-component, five-point-maximum
score that allows quantification of the likelihood of
arriving at a molecular diagnosis through the application
of WES.'? The scoring algorithm could serve as a tool to
guide patient selection for WES-based diagnostics in dys-
tonia. In this study, we applied WES to 209 prospectively
recruited patients with various types of dystonia as well
as 115 first-degree relatives of these patients to validate
the predictive ability of the algorithm.

Methods

Validation Cohort

Eligible index patients with dystonia (N = 209)
were enrolled from tertiary care institutions (centers

specializing in movement disorders and/or pediatric
neurology) in Austria, Czech Republic, France, Ger-
many, and Slovakia between August 2019 and
October 2020. Affected and unaffected family mem-
bers were recruited whenever possible to complete
WES analyses in duo (N = 11) and trio (N = 52) for-
mats. Patients with known genetic or non-genetic
causes of their conditions were excluded from the
study. Written informed consent was obtained from
all participating subjects or their legal guardians
under protocols approved by local ethics review
boards. The cohort of index patients comprised
117 males (56%), and 55% of patients (N = 114)
had dystonia onset before the age of 21 years; seg-
mental dystonia was documented in 62 patients
(30%) and generalized dystonia in 82 (39%). Dysto-
nia manifestations were classified as “isolated dysto-
nia” in 44% (N = 92), “combined dystonia” in 19%
(N = 40), and “dystonia (isolated or combined) with
coexisting non-movement disorder-related neurologi-
cal symptoms” in 37% (N = 77) of patients.''* The
spectrum of presenting comorbidities is summarized
in Fig. S1A; a complete description of demographic
and clinical characteristics for the cohort can be
found in Table S1.

Application of the Scoring Algorithm

Detailed phenotype information was collected for the
cohort (Fig. S1A; Table S1) and a recently described
regression coefficient-based algorithm'® was employed
to assign scoring points to each index patient. Clinical
characteristics in the following categories were consid-
ered by the algorithm (Fig. 1): age at dystonia onset
(< 21 years — 2 points; > 21 years — 0 points); anatomic
distribution of dystonia (segmental or generalized dys-
tonia — 1 point; focal dystonia — 0 points); and coexis-
tence of non-dystonic neurological features (isolated or
combined dystonia with coexisting non-movement
disorder-related neurological symptoms — 2 points;
combined dystonia without additional symptoms -
1 point; isolated dystonia without additional symptoms
— 0 points). The points for each characteristic were used
to produce individualized summary scores (0 to
5 points, Fig. 1).'°

WES and Genetic Diagnoses

We performed WES and established genetic diagno-
ses at the Helmholtz Center Munich and the Techni-
cal University of Munich, Munich, Germany as
detailed earlier.'®'? The SureSelect Human All Exon
60 Mb kit (Agilent Technologies, Santa Clara, CA)
was used for capture of exonic and flanking splicing
regions and a HiSeq4000 (Illumina, San Diego, CA)
for sequence determination. Variant annotation
and filtering were carried out with a clinically
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N =209

[ Included index patients with dystonia ]

//'

Score for prediction of diagnostic success rate of WES

~

Age at dystonia onset
Infancy to adolescence (0-20 years) 2 points
Adulthood (221 years) 0 points
Body distribution
Generalized or segmental dystonia 1 point
Focal dystonia 0 points
Coexisting symptoms
Dystonia (isolated or combined) plus non-MD symptoms 2 points
Combined dystonia 1 point
Isolated dystonia 0 points
Qmmary score (0-5 points)j
0-2 points 3-4 points 5 points
N = 87 (42%) N =67 (32%) N = 55 (26%)
] ]
Molecularly diagnosed index patients after WES
N =47 (22%)

N =2 (2%)

oriented in-house bioinformatics pipeline, integrating
custom-developed software packages (Burrows-
Wheeler Aligner, SAMtools, PINDEL, Genome-Anal-
ysis-Toolkit, ExomeDepth) and information from
diverse genomic databases (ClinVar,'* the Human Gene
Mutation Database,”> dbSNP, Genome Aggregation
Database). The analysis was focused on predetermined
sets of described disease-related genes, identified via
searches in the Online Mendelian Inheritance in Man
database'® and the literature. Assignment of disease cau-
sality for prioritized variants was based on ClinVar'*
and/or literature report, recommendations of the Ameri-
can College of Medical Genetics and Genomics
(ACMG),"” and multidisciplinary expert review. Visual
verification of variants was done with the Integrative
Genomics Viewer. The full variant prioritization and
interpretation protocol has been published previously.'°

Assessment of the Algorithm’s Performance

The performance of the algorithm was examined using
the statistics program R version 3.2.3, as described.”
We constructed a receiver operating characteristic

N =17 (25%)

N =28 (51%)

FIG. 1. Study flowchart. Abbreviations: non-MD symptoms, non-movement disorder-related neurological symptoms; WES, whole-exome sequencing.

(ROC) curve and calculated the area under the curve by
applying the package “pROC” version 1.16.2.

Results

The distribution of the algorithm-derived summary
scores for the validation cohort is presented in Fig. 1.
WES and evidence-based variant prioritization
established the diagnoses for a total of 47 index
patients, leading to an overall diagnostic yield of 22%;
the diagnostic yields for different subtypes of dystonia
are shown in Fig. S1B. Of the diagnosed patients,
22 (47%) had known pathogenic variants, and
26 (55%) had novel variants that were considered to be
pathogenic or likely pathogenic in the context of the
ACMG standards for the interpretation of sequence
alterations'” (Table S2). Twenty-nine of 38 identified
distinct diagnoses (76%) were due to autosomal-
dominant variants and nine were due to homozygous
or compound heterozygous autosomal-recessive vari-
ants (Table S2). Of these diagnoses, 14 (37%) have also
been found in the original score-derivation cohort'®

Movement Disorders, 2021 3
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TABLE 1 Diagnostic rates per summary score value and breakdown of genes in which pathogenic or likely pathogenic variants were identified

Diagnostic rate among patients

Summary score with this score®

Involved disease genes

0 0/44 (0%)

1 0/22 (0%)

2 2/21 (9.5%)
3 10/41 (24.4%)
4 7/26 (26.9%)
5 28/55 (50.9%)

ADCK3*, LRRK2
BRPF1*, CUL3*, ERCC4, GNAL, PSEN1, THAP1,

TOR1A patient 72 & patient 129 'PS16 patient 87 & patient 128
5

ATP5G3, FGF14, GCH1 patient 110 & patient 126’

SGCE patient 51 & patient 69 & patient 193

ARSA*, ATP1A3* ATP8A2* BRAF* CACNA1A*,

CAMTA1*, CHD4*, DNAJC6, DNM1L*, DNMT1,
FBXO31*, FOXG 1 Patient 92 & patient 130 2 4 BBR 2% GNAO1*,
GNB1*, IRF2BPL*®, KMT2B* Pient 46 & patient 88 pyg Gk,
PANK2*, PNPLA6, SGCE, SON*, SPAST*, /PS16,

WARS2* patient 29 & patient 196’ YY1*

Genes known to be associated with neurodevelopmental disorders are marked with asterisks (*). Genes highlighted in bold are those for which the associated dystonia manifesta-

tions were interpreted as expansions of the previously recognized phenotypes related to these genes.
“Number of patients with a molecular diagnosis after whole-exome sequencing/total number of patients (percent).

"Identified in the same individual (patient 203).

(Fig. S2A). One patient had a dual molecular diagnosis
(patient 203 — CACNA1A- and IRF2BPL-related disor-
der; Table 1; Table S2). Twenty-four of the 38 distinct
diagnoses (63%) were attributable to variants in genes
which have been previously associated with neu-
rodevelopmental disorders; for six of these diagnoses
(BRPF1-, CAMTA1-, CHD4-, FBXO31-, MAG-, and
SON-related disorders) the observed dystonia manifes-
tations were interpreted as phenotypic expansions
(Table 1). We also observed unusual dystonia-
predominant manifestations associated with variants in
LRRK2 and PSENI1, phenomena described previ-
ously.'®! Diagnostic rates per summary scores 0 to
5 in the validation cohort were as follows (Fig. 1;
Table 1): 0 to 2 points — 2% (2/87); 3 to 4 points —
25% (17/67); and 5 points — 51% (28/55). In the evalu-
ation of the predictive power of the algorithm, we
obtained an area under the ROC curve (AUROC) of
0.81 (95% CI, 0.76-0.87) (Fig. S2B). Application of
the previously proposed score cutoff for optimized utili-
zation of WES-based testing (3 points)'® provided a
sensitivity of 96% and a specificity of 52%. Thus, the
algorithm identified the patients most suitable for diag-
nostic evaluation with WES with high accuracy (nega-
tive predictive value of 98% and positive predictive
value of 37% at the cutoff value of 3 points).

Discussion

Although WES has the potential to revolutionize
diagnostic assessment of dystonia, it is still unclear to

most medical professionals when to best apply
it. Clinical scores are helpful tools to support decision-
making in routine practice, but require validation in
separate patient cohorts prior to widespread implemen-
tation.”® We have previously shown that the clinical
variables age-at-onset, body distribution, and pre-
senting comorbidity, all associated with diagnostic out-
come of WES in a multiple logistic regression analysis,
could feasibly be deployed to form a scoring algorithm
for dystonia.'® We hypothesized that the score, which
is easy to calculate and incorporates parameters readily
available during the clinical evaluation process, could
become a routine instrument to prioritize patients for
whom WES is beneficial. We herein assessed the predic-
tive accuracy of the scoring algorithm in a prospective
cohort of 209 dystonia-affected families displaying phe-
notype characteristics similar to those of the original
score-derivation cohort'® (Table S1). The diagnostic
yields per summary scores were comparable between
the validation and derivation cohorts (0 to 2 points —
2% vs. 1%; 3 to 4 points — 25% vs. 26%; 5 points —
51% vs. 50% in the validation and derivation cohorts,
respectively). Our model proved robust, with similar
performances in the validation and derivation cohorts
(AUROC of 0.81 in the validation cohort vs. 0.85 in
the derivation cohort), demonstrating that the algo-
rithm’s summary scores lent sufficient validity to the
prediction of WES-based diagnostic outcome in dysto-
nia. We were also able to confirm the score’s high dis-
criminative ability at the proposed decision threshold
(cutoff score of 3 points; associated negative predictive
value of 98%). We suggest to implement WES as a

4 Movement Disorders, 2021
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standard primary diagnostic test in dystonia for
patients with a summary score of 3 points or higher,
although we stress that this should not be considered a
rigorous cutoff. On a case-specific basis, WES may also
be beneficial for patients with summary scores of 0 to
2 points'® (diagnostic yield of 2% in the present study).
We note that atypical late-onset presentations of DYT-
TOR1A and DYT-THAP1 as well as adult-onset mono-
genic dystonias such as DYT-GNAL could escape
genetic diagnosis if diagnostic decisions are not made
on a case-by-case basis. Other certain clues, which
were either not considered during the construction of
the score (eg, parental consanguinity, increased pater-
nal age, and known parental genetic defects) or not
significantly associated with diagnostic outcome in the
score-derivation cohort (eg, positive family history),
should also be taken into account when guiding geno-
mic testing in dystonia. Moreover, careful examination
by movement-disorder neurologists as well as regular
re-evaluation of a given patient is warranted to ensure
accurate application of the scoring criteria.

Our results support the idea'® that the diagnostic suc-
cess of WES in dystonia is largely driven by the clinical
variables (i) “early symptom onset” (< 21 years of age),
(i1) “more widespread anatomical involvement” (segmen-
tal or generalized distribution of dystonic symptoms),
and (iii) “coexistence of non-dystonic neurological fea-
tures” (other movement disorders and/or non-movement
disorder-related symptoms). The finding of a high pro-
portion (55%, 26/47) of diagnosed patients with (likely)
pathogenic variants in neurodevelopmental disorder-
associated genes further highlights a convergence in the
genetics of dystonia and neurodevelopmental disor-
ders.'®?! In addition, we found that 63% (24/38) of the
specific diagnoses in the validation cohort did not over-
lap with those established in the original score-derivation
cohort,' indicating a marked degree of genetic heteroge-
neity and providing justification for the use of unbiased,
genome-scale screening methods in the etiologic evalua-
tion of dystonia.**

Our analysis needs to be interpreted in the context of
its potential limitations. First, validation was done in a
relatively small cohort recruited from clinical sites also
involved in the development of the scoring algorithm.
“True” external validation in an independent clinical set-
ting would be desirable to ensure reproducibility of the
algorithm. Second, although potentially contributing to
improved predictions, certain variables such as rate and
type of targeted genetic testing prior to WES, the temporal
pattern of an observed dystonia manifestation, and the
sequencing mode (eg, trio WES analysis vs. proband-only
WES) were not considered.'® Third, discoveries of novel
dystonia-causing genes could increase the diagnostic yield
in the future, necessitating refinement of the scoring items.

To conclude, we proposed and validated a decision
support tool for incorporation of WES in the diagnostic

workup of dystonia. Additional studies are warranted
to corroborate the clinical meaningfulness of the scor-
ing algorithm, which could be adapted to improve diag-
nostic accuracy and guide appropriate management in
the field of dystonia. We encourage multicenter collabo-
ration to develop consensus guidelines for the applica-
tion of genomic testing in dystonia. ®

Acknowledgments: We thank the families who participated in this
study.
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