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In the past decade, next-generation sequencing (NGS) has revolutionised genetic diagnostics for rare neurological disorders (RND).
However, the lack of standardised technical, interpretative, and reporting standards poses a challenge for ensuring consistent and
high-quality diagnostics globally. To address this, the European Reference Network for Rare Neurological Diseases (ERN-RND)
collaborated with the European Molecular Genetics Quality Network (EMQN) to establish an external quality assessment scheme for
NGS-based diagnostics in RNDs. The scheme, initiated in 2021 with a pilot involving 29 labs and followed by a second round in 2022
with 42 labs, aimed to evaluate the performance of laboratories in genetic testing for RNDs. Each participating lab analysed genetic
data from three hypothetical cases, assessing genotyping, interpretation, and clerical accuracy. Despite a majority of labs using
exome or genome sequencing, there was considerable variability in gene content, sequencing quality, adherence to standards, and
clinical guidance provision. Results showed that while most labs provided correct molecular diagnoses, there was significant
variability in reporting technical quality, adherence to interpretation standards, reporting strategies, and clinical commentary.
Notably, some labs returned results with the potential for adverse medical outcomes. This underscores the need for further
harmonisation, guideline development, and external quality assessment in the evolving landscape of genomic diagnostics for
RNDs. Overall, the experience with the scheme highlighted the generally good quality of participating labs but emphasised the
imperative for ongoing improvement in data analysis, interpretation, and reporting to enhance patient safety.
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INTRODUCTION
Next-generation sequencing (NGS) approaches are being increas-
ingly adopted as the fundamental approach in the diagnosis of
rare neurological diseases (RNDs) [1, 2]. Given the clinically
complex and overlapping presentations of neurological diseases
and their extensive genetic heterogeneity, NGS-based approaches
offer a rapid and cost-effective modality to establish a molecular
diagnosis [3]. In particular, comprehensive genomic approaches,
including exome and genome sequencing, are increasingly being
considered as first-line genetic tests for a variety of RNDs [4, 5].
Although the benefits of NGS in diagnosing RNDs are

undisputable, NGS is a complex diagnostic approach consisting
of multiple stages that impact the final diagnostic result [6].
Laboratories providing NGS for diagnostic testing use a variety of
approaches for the preparation of sequencing libraries, bioinfor-
matic analyses, variant interpretation, and reporting [7]. This
diversity also translates into variability in test outcomes, and
several studies have demonstrated medically significant inter-
laboratory variability including differences in test characteristics

[8], variant interpretation [9], and clinical reporting [10]. For this
reason, there is a need to facilitate the harmonisation of the NGS-
based testing process and to establish a mechanism that supports
high-quality standards for meaningful NGS-based diagnostic tests
for RNDs.
The European Reference Network for Rare Neurological Diseases

(ERN-RND) was established in 2017 with the primary aim of
improving the care of patients with RNDs in the European Union
[11]. As part of this objective, ERN-RND aims to improve the access
to high-quality genetic testing in diagnostic laboratories across
Europe. This goal depends on ensuring the provision of
comparable results of NGS-based tests in RNDs.
To achieve this, the ERN-RND has established an external quality

assessment scheme for NGS-based approaches in RNDs´ diag-
nostics. A pilot quality assessment scheme was performed in 2021
and a second round was carried out in 2022. We present the
experiences from these first two external quality assessment
schemes and summarise the current state of the provision of NGS-
based diagnostics for RNDs in ERN centres across Europe.
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MATERIALS AND METHODS
Establishment of the scheme
The ERN-RND external quality assessment scheme was established in 2021
in collaboration with the European Molecular Quality Network (EMQN).
The procedures used in the scheme are in accordance with standard

procedures employed in the provision of the external quality assessment
for molecular diagnostic laboratories [12, 13].

Scheme operation
In both, the 2021 pilot run and the subsequent 2022 run of the scheme,
three DNA samples from patients with RNDs were distributed to
participants along with hypothetical case scenarios detailing referral
clinical information. The selection of cases in the first year of the scheme
was based on a rationale to include straightforward cases to allow
appropriate testing and calibration of the marking criteria, without
introducing additional complexity in variant interpretation or variant
detection. In the second year of the scheme, we have included a case with
a deletion to assess the ability of the labs to perform the detection of
variation types other than short sequence variation or assess the handling
of this limitation of NGS in the diagnostic setting. The case with VCP-linked
dementia was introduced to assess the ability of the labs to interpret the
results of sequencing in relation to referral clinical symptoms and signs. A
negative case was used in both years of the scheme to assess the possible
over-interpretation of results by the laboratories. The details of the cases
selected for the two schemes are presented in Table 1.
The laboratories performed the molecular testing, interpretation and

reporting and returned the final genetic testing reports.
An accompanying feedback form was provided to the participants to

obtain details on the approaches, technology and bioinformatic algorithms
used in the diagnostic process.

Assessment of the scheme results
After completion of the scheme, each returned report was assessed by at
least two of three assessors. The assessment scoring was performed in
three main domains - genotyping, interpretation and clerical accuracy.
Similar to other EMQN-guided schemes [14], a laboratory can achieve a
maximum of 2.0 points in each category and deductions are given by the
assessors when the laboratory departs from the minimum standards
required or makes an error. The deduction depends on the severity of the
discrepancy.
We devised NGS-specific assessment criteria to capture the adherence of

laboratories to minimal standards in the analytical, interpretative and
reporting stages (Table 2).
Additionally, criteria that were specific to selected cases were used in

the assessment. This included the ability to detect copy number variants
(CNV), pertinent to Case 1 in 2022, and the ability of the laboratory to
correlate the molecular finding with the referral in its completeness, which
was pertinent to Case 2 in 2022.

RESULTS
Participation
Overall, the scheme received 29 applications in the pilot run and
42 applications in the subsequent year. Of the applicants, 25 and
37 laboratories returned the final reports in the pilot and the
subsequent season, respectively. In the pilot run, laboratories from
17 different European countries participated, and laboratories
from 18 countries participated in the second year (Fig. 1, panel A).

Methods and strategies used to diagnose RNDs by
participating laboratories
The scheme participants filled out an accompanying feedback
form, which provided additional insight into the approaches and
methodologies used for diagnostic testing employed by the
participating laboratories.
The results indicated the widespread use of comprehensive

genomic approaches for diagnostics of RNDs (Fig. 1, panel B). Of
the 25 institutions participating in the pilot run, 14 (56.0%)
reported using exome sequencing and 5 “clinical” exome
sequencing to perform diagnostic testing in the examined cases.
The remaining 6 laboratories (24%) reported using gene panel Ta
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sequencing. The use of comprehensive genomic approaches was
even more pronounced in the 2022 season of the scheme, where
33 of 37 (89.2%) laboratories reported using either exome, clinical
exome or genome sequencing as the primary diagnostic
approach. A majority of labs reported using in-house developed
pipelines for data analysis (72.0% [18 laboratories] in 2021 and
67.6% [25 laboratories] in 2022).
We have also surveyed the approaches to orthogonal validation

of the test results, with 11 laboratories (44.0%) in the 2021 season
and 14 laboratories (38.9%) in the 2022 season indicating that
they consistently confirm the sequence variants using Sanger
sequencing or a related approach. In the 2021 season, five
laboratories (20%) indicated a consistent use of complementary
methods (ie. MLPA) to capture genomic variation that can be
difficult to detect in NGS-based approaches, while this rate was
higher in the season 2022 (14 laboratories, 38.9%).

Laboratory performance
An overview of the major findings of the scheme is presented in
Fig. 2. Of the 25 participants, 23 (88.0%) reported a correct
molecular result for all three cases in the pilot run of the
2021 scheme. Two laboratories failed to report the pathogenic
LRRK2 variant in the patient with Parkinson’s disease - in one of
the two cases this was because the gene panel investigated did
not contain the LRRK2 gene, which is a major gene linked to the
referral request of testing for Parkinson´s disease [15]. Additionally,
one laboratory failed to detect the pathogenic variant in the SPAST
gene in the patient with spastic paraplegia, although the gene
was targeted.
In 2022, 35 of the 37 participants (94.6%) reported a correct

molecular result for all three cases, based on the methods
reported to be used. Thus, the success rate slightly increased in
the second round of the scheme in 2022 when compared to the
2021 scheme, but there were still two laboratories that failed to
provide at least one correct diagnosis. The most challenging case
in 2022 was a patient with a hemizygous multi-exon deletion in
the ABCD1 gene. This variant had been included to assess the
ability of the participants to routinely detect CNVs in NGS data.
Alarmingly, two laboratories failed to detect this CNV despite
reporting the use of a CNV calling algorithm. Of note, five
laboratories also failed to detect the hemizygous deletion in
the ABCD1 gene but they had clearly indicated that they were not
able to detect CNVs with the applied method and indicated, in
their reports, the need for additional screening. Thus, these
reports were considered correct within the limitations of the test.

However, this illustrated that about a fifth (7/37) of the
participating laboratories in 2022 were not able to detect this
CNV. Of note, hemizygous CNVs in a male are characterised by no
calls in the respective region which is a more pronounced change
than a heterozygous CNV characterised by a 50% drop in the
read depth.

Reporting of sequencing quality measures. During the scheme
evaluation process, we also monitored the performance of
laboratories in terms of reporting of sequencing quality measures,
quality of variant interpretation, and reporting (Fig. 2). We
assessed the provision of minimal technical specifications of
NGS-based tests in participants’ reports. Of the 25 laboratories in
the pilot run, five (20.0%) failed to provide the quality parameters
required to assess sufficient coverage and the percentage of
targeted genomic regions sequenced with acceptable coverage.
Furthermore, five (20.0%) labs failed to provide details of the
library preparation, enrichment, and/or sequencing protocols used
to generate the sequencing dataset. One lab failed to clearly state
the genes considered for diagnostic reporting. In the subsequent
year, incomplete reporting of quality parameters was more
prevalent (13 of 37 labs, 35.1%) and the rate of reporting the
essential data on the methodology was comparable to the earlier
year, with 6 of 37 (16.2%) labs not reporting the essential
information on the methodology used.

Variant interpretation. A broad interlaboratory variation with
considerable limitations was observed in the performance of
variant interpretation. In the pilot run, eight laboratories (32.0%)
did not report using an established standard for variant
interpretation (i.e. ACMG 2015 guidelines [16]). This portion was
similar in the second run (27.0%). While no laboratories made
variant classification errors relevant to clinical decision-making in
the pilot run of the scheme, two participants incorrectly used
evidence in support of the variant’s pathogenicity. One laboratory
made a critical interpretation error in the 2022 run of the scheme
by reporting a single heterozygous variant in the FIG4 gene, which
is associated with biallelic inheritance, as the cause of clinical
presentation described in the referral. Although monoallelic
variants in the FIG4 gene have been associated with amyotrophic
lateral sclerosis (OMIM:612577), this specific variant is prevalent in
the general population in the heterozygous state. It seems, at best
to increase the ALS risk but is not causative on its own. A causative
impact of FIG4 variants in the sense of a monogenic disease have
only been demonstrated for biallelic variants in the literature.

Table 2. Assessment criteria that were developed to ensure the conformance of labs with minimal quality standards of NGS-based test.

Technical standards

Provision of unambiguous information on the library preparation and sequencing approach

Provision of the minimum performance criteria of the test (coverage, percentage of targets captured at minimal sequencing depth)

A clear statement of the limitations of an NGS-based test (in particular for negative reports)

Interpretation standards

A clear statement of the gene content considered in the interpretation

Declaration of variant assertion criteria used in the interpretation

Declaration of the lines of evidence applied in reaching the variant classification

Appropriate use and weighting of evidence used in variant classification

Adequate evidence used in variant classification

Reporting standards

Alignment of the result with the referral medical indication

A clear declaration of the relevance of the finding for the referral diagnosis

Limit the reporting of unrelated or unsupported findings as the principal findings

Provision of condensed and clinically relevant information on the first page of the report

A. Maver et al.
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Further, seven labs of the pilot run (28.0%) did not provide
sufficient evidence to support the final classification of reported
variants in the 2021 season. This improved in the 2022 season,
with only 5 laboratories (13.5%) providing insufficient evidence in
favour of variants’ pathogenicity. While only 7 (28.0%) labs
provided clear references to ACMG evidence codes used in
variant classification in the pilot scheme, we observed an increase
in using ACMG criteria in the subsequent run of the scheme
(54.0%).

Clinical interpretation and reporting. We also noted a wide
variability in the style of the participants’ reports and the adoption

of best practicers for reporting genetic test results [17, 18].
Eighteen laboratories (72.0%) in the 2021 scheme and 28
laboratories (75.7%) in 2022 provided a clear statement of the
clinical relationship of the findings to the clinical presentation
described in the referral. The remaining laboratories used variable
declarations to describe this relationship, including “possible
cause”, “is associated”, “can explain”, “could be compatible”, “may
be responsible” and other terms. We also assessed the interpreta-
tion of the molecular findings in the clinical context, specifically in
the case of frontotemporal dementia and skeletal features due to
a specific VCP variant (Case 2 in 2022) - here 8 of 37 (21.6%)
laboratories failed to make a clear correlation between the

Fig. 1 Countries participating in the pilot ERN-RND QA scheme. Figure A outlines the number of participating centres from each country,
where the darker shade of blue indicates a higher number of participating centres per country. Countries with no participating centres are
highlighted in grey colour. Figure B represents the number of participating centres in both runs of the scheme. Additionally an overview of
self-reported methodological approaches used in diagnostic testing of RNDs is presented for the laboratories that provided this information
(including the scope of sequencing, bioinformatics, routine detection of non-SNV genetic variation and use of orthogonal confirmation). All
the laboratories participating reported a routine detection of SNVs and indels.
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observed skeletal features in the patient with the presentation of
VCP-linked Inclusion body myopathy with early-onset Paget
disease and frontotemporal dementia 1.
The reports also differed in terms of the clinical information

provided to the referring clinician and/or the patient. In the
2021 season, 12 laboratories (48.0%) provided information on the
recurrence risks, 19 labs explicitly stated an option for further
testing in relatives (76.0%) and 10 labs (40.0%) provided an
extended commentary on the disease course and penetrance. One
laboratory (4.0%) did not refer the patient to genetic counselling
upon receiving a positive molecular testing report. In the
2022 season, we saw an improvement in the number of laboratories
indicating recurrence risk rate (27 laboratories, 73.0%), reporting
predictive options for relatives (28 laboratories, 75.7%) and
providing detailed clinical commentary of the findings (13
laboratories, 35.1%). Additionally, five laboratories (13.5%) failed
to mention referral to genetic counselling in the 2022 scheme run.
In 2021, four labs (16%) returned reports that were considered

overly long (over five pages) and too complex by the assessors,
whereas this was noted in 8 laboratories (21.6%) in the 2022 season.
One lab reported (likely) benign variants as the principal finding

of the diagnostic test. In this regard, one of the variants present in
Case 3 in the 2022 scheme has presented a challenge for the
laboratories. This patient harboured a heterozygous variant in
the FIG4 gene - NM_014845.6:c.122T>C, (p.Ile41Thr), which could be
classified as pathogenic. Notably, biallelic pathogenic variants in the
FIG4 gene cause neuropathy, a condition distinct from a brain
calcification disorder, which was the diagnostic referral in this case.
Nevertheless, one laboratory reported this finding as the cause of
the disorder in this patient despite the mismatch between the
clinical presentations.

DISCUSSION
We report on the establishment of an external quality assessment
scheme for NGS-based testing of RNDs in ERN-RND and present

the outcomes of the first two runs of the scheme operation in
2021 and 2022. Results of the assessment indicated a relatively
high accuracy and reproducibility of genotyping results across
participating laboratories but also false-positive and false-negative
reports. In addition to the diagnostic outcome, the content and
presentation of the results in the report was evaluated. For this, we
observed broad variation in the completeness of reported quality
metrics, methodological information provided, quality of variant
interpretation and reporting by participating laboratories. The
summary of the principal observations during the provision of the
scheme is presented in Table 3.
While NGS is generally considered an improvement compared

to classical Sanger sequencing approaches in terms of throughput
and diagnostic yield, especially in highly heterogeneous disorders
such as rare neurological disorders, it also has several properties
that need to be taken into consideration when it is applied for
diagnostic purposes. In both runs of the ERN-RND quality
assessment scheme, we observed that a number of labs did not
report basic information on the laboratory protocol and/or quality
metrics of the NGS-based test that would allow an accurate
evaluation of the limitations of the test performed and identify
gaps with insufficient coverage. Principal test performance
characteristics (including sequencing depth and percentage of
gene target sequenced at a coverage minimum) were also not
consistently reported by the participating laboratories. There is a
wide variability of exome sequencing capture methodology
employed and this significantly impacts the sensitivity of the test
in specific genomic regions [19]. The frequent omission of these
details has already previously been documented for diagnostic
NGS reports [10].
As NGS-based testing typically investigates large sets of genes,

clinical interpretation of the resulting comprehensive datasets is
challenged by the large number of variants detected, which
therefore increases the possibility of misclassification. For this
reason, strict adherence to up-to-date variant interpretation
standards is essential in molecular genetic testing, especially in

Fig. 2 Overview of the outcomes of the 2021 and 2022 ERN-RND scheme results in the domain of provision of NGS-related quality
control parameters, quality of variant interpretation and quality of clinical interpretation and reporting. The charts represent the
proportion of laboratories that met a criterion surveyed (in blue) versus the rest (in grey).
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rare disorders for which only a limited amount of data is available.
Mixed adoption of currently valid standards in interpretation was
observed among labs participating in the ERN-RND EQA scheme.
Furthermore, we observed worrying inconsistencies in the
application of lines of evidence for variant classification and a
number of labs did not provide sufficient evidence to support the
final variant classification (ie. basing the variant classification on
the ClinVar entry, including low-confidence variants (one-star
variants) without providing additional lines of evidence support-
ing pathogenicity). Correct use and application of evidence for

variant pathogenicity assertion are essential for less frequently
reported and less characterised variants where wide variability in
interpretation is anticipated. Despite the widespread use of the
ACMG criteria for variant interpretation [16] by the laboratories
that did report using a standardised system for variant interpreta-
tion, only a minority of laboratories provided specific evidence
codes that would make the applied criteria and their strength
verifiable and allow for easy updating.
Apart from the general recommendations for diagnostic use of

NGS [17], there are currently no specific guidelines on the minimal

Table 3. Overview of the primary challenges and recommendations to harmonise reporting of the NGS-based diagnostic tests for rare neurological
disorders.

Quality measure Challenges observed during the scheme
provision

Recommendations for harmonisation

Information on the details of
the test performed

A proportion of the laboratories failed to clearly
present the sequencing platform, or the capture
reagent used to enrich the sequencing targets.
Information on the bioinformatic software used to
process data is not reported by some laboratories.

The sequencing platform and the capture kit along with
the version should be provided in the report. If an in-
house capture is used, the laboratory should enable the
access to the list of targeted regions in the genome.
The essential elements of bioinformatic pipeline should
also be included in the report.
Especially, the information pertaining to detection of
non-SNV variation should be provided, for example –

details on detection of copy number variation or repeat
expansions.

Provision of quality
parameters of the sequencing
experiment

The NGS experimental quality parameters are not
reported consistently across laboratories.

Report the estimate of depth of coverage and the
percentage of target regions covered at a defined depth
threshold for variant calling

Definition of the reportable
range

The genes and the variation spectrum assessed is
inconsistently reported. There are significant
discrepancies in the sets of genes that laboratories
consider in the interpretation process. An example
is the failure to include recently reported genes in
the reportable range.

The laboratories should clearly report the genes
assessed in their analysis and indicate the spectrum of
genetic variation assessed in the test.
The sets of genes should be regularly updated.
Alternatively, regularly curated and versioned virtual
panels may be used (for example, the PanelApp
resource).

Adherence to variant
interpretation standards

Variable use and reporting of pre-defined variant
interpretation standards is observed.

The laboratories should provide the information on the
variant interpretation standard use. If an in-house
variant classification system was used, it should be
accessible upon request.

Reporting evidence to
support variant pathogenicity
assertion

Several laboratories do not clearly present the lines
of evidence that support the final variant
classification

The lines of evidence should be clearly and distinctly
presented in the variant interpretation. If the ACMG
guidelines are used, reporting of evidence codes and
the assigned evidence strengths is strongly advised.
The laboratories should include information on the
specifications of the variant evidence or gene-specific
classification system modifications, if they are used.

Clinical interpretation The relevance and association of the reported
finding to the clinical referral is not presented
consistently

The laboratories should clearly indicate the relevance of
primary findings in terms of their association with
referral indication and report if a finding is consistent
with the referral clinical presentation.

Clinical guidance There is a variability in provision of clinical
commentary and guidance in the reports

The necessity of genetic counselling should be
consistently indicated on the reports.
Indication of the mode of inheritance should be
indicated for primary findings, and if possible, an
assessment of recurrence risk.
In case of significant limitations of NGS approaches in
detecting a particular disorder (for example, when
reporting a negative result for a referral primarily
associated with repeat expansions), this limitation
should be highlighted in among the primary
conclusions of the test.
If further genetic testing is needed to clarify the
diagnostic relevance of the finding (for example, a
segregation analysis), this should also be advised in the
clinical report.

Report format Several laboratories provide lengthy reports that
require significant effort to extract the relevant
information.

Despite the complexity of NGS-based genetic testing, it
is recommended to state the principal outcomes and
conclusions of the testing concisely on the first page of
the report
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required content and recommended format of NGS-based reports.
Accordingly, we also observed a large variability in the format in
contents of the sequencing reports returned by participants in the
quality assessment schemes. Particular variation was observed in
the declaration of the clinical relevance of the finding to the
referral clinical presentation, where various and often unclear
wording was used to describe the relevance of the findings.
Another notable difference among the reports was observed in
the amount of clinical guidance, clarification and advice offered to
the report recipient - either the referring medical specialist or the
patient. The length of the report was also variable and some of the
reports were excessively long, making them difficult to follow and
understand the relevant clinical information.
A comparison of the outcomes in the pilot versus the second

run of the scheme demonstrated results, with similarly high
molecular detection rates but large differences in the variant
interpretation, data analysis and reporting of the results. We
observed a trend towards an increasing adoption of accepted
variant assertion guidelines, increasing transparency in provision
of evidence to support variant classifications and provision of
relevant gene content analysed in the test.
Furthermore, the scheme provides a valuable insight into the

methods and approaches used for NGS-based diagnostics of RNDs
in ERN centres. We observed that the majority of the ERN-RND
laboratories reported using comprehensive genomic testing
approaches. This was despite the fact that clinical referrals
warranted investigation of relatively small sets of genes, i.e. the
number of genes currently linked to typical Parkinson’s disease
comprises fewer than 20 genes [20]. This can likely be attributed
to the fact that laboratories are resorting to using expanded
genomic tests coupled with virtual panel analysis rather than
utilising targeted sequencing panels for hundreds of different
diseases with the constant need to update such panels.
Additionally, the scheme sheds light onto shifting diagnostic

practices - we observed that less than half of laboratories perform
confirmatory testing of sequence variants reported as a diagnostic
finding, which is likely due to recent studies demonstrating that
this is not necessary for high-quality variants. We have noted that
only a few laboratories reported that they consistently perform
complementary analyses, such as Sanger sequencing to cover
gaps or MLPA-based detection of exonic deletions/duplications, in
addition to sequencing. The effect of this shift in the genetic
testing landscape may have an impact on the outcome of genetic
testing, therefore its impact should be observed and measures
should be taken to ensure comparable detection sensitivity and
specificity in genetic testing of RNDs. The approaches to quality
assessment should be continuously tailored to account for these
changes in approaches to genetic testing.
A notable feature of RNDs genetic testing stems from the

notion that these disorders are genetically extremely hetero-
geneous and are also associated with a variety of mutational
mechanisms, that may not be readily detectable by standard
bioinformatic work-up of targeted short-read NGS-based
approaches, including repeat expansions, CNVs and sometimes
recurrent non-coding pathogenic variants. Therefore, an appro-
priate interpretation and reporting of results considering these
limitations should be ensured by the ERN-RND quality assessment
scheme. Recent publications report an increasingly expanding
mutational spectrum detectable by NGS-based genetic testing
[21, 22]. Although initially, NGS has been primarily aimed at
detecting sequence variants, attempts have been undertaken to
detect CNVs [22, 23], repeat expansions [24], mitochondrial
variants (if included in the enrichment) [22] and uniparental
disomy [25]. While targeting this broad spectrum of variant types
has consistently been shown to improve the diagnostic yield of
genetic testing, these approaches are performed using a broad
spectrum of bioinformatic pipelines with a wide variation in their

sensitivity, specificity and consistency of use in molecular
diagnostic labs. With the inclusion of a case with a hemizygous
deletion in the ABCD1 gene, we were able to estimate the rate of
adoption of CNV calling algorithms in the diagnostic pipelines of
laboratories. Here almost a fifth (18.9%) of the labs failed to detect
the hemizygous deletion in the ABCD1 gene, which is char-
acterised by no reads over four exons of the gene. As we
recognise that laboratories variably use detection of CNVs, failure
to detect the ABCD1 deletion was not regarded as a critical error
for laboratories that did not report using CNV detection
algorithms. It is nevertheless expected that the hemizygous loss
of a substantial part of the gene (gap in coverage) should prompt
a targeted revision of the coverage of this gene and therefore lead
to the identification of the possible deletion. Alarmingly, two of
the laboratories that failed to detect this deletion indicated the
use of a CNV calling algorithm in the report. This suggests a
notable source of variability in the use and accuracy of extended
algorithms for the detection of genetic variation in addition to
single nucleotide variants (SNVs) and in insertion-deletion variants
(indels). To date, no repeat expansion or non-coding variant has
been included in the schemes and thus, no statement can be
given on the number of laboratories able to detect these types of
variants. However, it can be speculated that it will be lower than
the number for successful CNV detection. Therefore, the applica-
tion of these approaches should also be monitored as a part of the
external quality assessment in the ERN-RND scheme.
The wide variability in the results of the ERN-RND scheme across

participating labs highlights the urgent need to initiate activities
to harmonise the NGS-based testing across (European) labora-
tories and stresses the need for clear and direct expert opinion-
based recommendations and/or best practice guidelines for
reporting results of NGS-based testing for RNDs. Through
continuous monitoring in the external quality assessment devel-
oped by ERN-RND and the development of expert opinion-based
recommendations and/or best practice guidelines tailored for the
specific genetic context of RNDs, we should promote consistent
adherence to diagnostic test standards, variant interpretation and
reporting standards. The results of this assessment represent a
valuable basis for selection of topics in development of best
practice guidelines and recommendations. We present broad
recommendations to address the challenges and interlaboratory
variability in NGS-based testing for RNDs in Table 3, based on the
discrepancies noted during the scheme. These represent a starting
point to improve harmonisation of the NGS-based testing for rare
neurological disorders and extend the previously published
guidelines for reporting results of diagnostic genomic testing
[18]. As genetic testing progresses towards the widespread use of
genome sequencing in the diagnostic evaluation of RNDs,
ensuring high quality of interpretation and reporting is essential
to improve access to genetic testing of sufficient quality across
different laboratories.
As of January 1st 2022, ERN-RND is composed of 68 national

centres of expertise from 25 European Union member states.
Expanding the participation in the NGS EQA to these clinical
centres will significantly increase the number of participating
laboratories. In combination with the development of expert
opinion-based recommendations and/or best practice guidelines
for NGS-based testing in RND, this might lead to a quality-assured
harmonisation of how NGS-based testing is being applied for RND
patients in Europe and, thus, to an improvement of diagnostic
care provision.

DATA AVAILABILITY
The datasets generated during and/or analysed during the current study are available
from the corresponding author on reasonable request.

A. Maver et al.

1020

European Journal of Human Genetics (2024) 32:1014 – 1021



REFERENCES
1. Fogel BL, Satya-Murti S, Cohen BH. Clinical exome sequencing in neurologic

disease. Neurol Clin Pr. 2016;6:164–76.
2. Nolan D, Carlson M. Whole Exome Sequencing in Pediatric Neurology

Patients: Clinical Implications and Estimated Cost Analysis. J Child Neurol.
2016;31:887–94.

3. Córdoba M, Rodriguez-Quiroga SA, Vega PA, Salinas V, Perez-Maturo J, Amartino
H, et al. Whole exome sequencing in neurogenetic odysseys: An effective, cost-
and time-saving diagnostic approach. PLOS One. 2018;13:e0191228.

4. Thomas Q, Vitobello A, Mau-Them FT, Duffourd Y, Fromont A, Giroud M, et al.
High efficiency and clinical relevance of exome sequencing in the daily practice
of neurogenetics. J Med Genet. 2022;59:445–52.

5. Srivastava S, Love-Nichols JA, Dies KA, Ledbetter DH, Martin CL, Chung WK, et al.
Meta-analysis and multidisciplinary consensus statement: exome sequencing is a
first-tier clinical diagnostic test for individuals with neurodevelopmental dis-
orders. Genet Med. 2019;21:2413–21.

6. Corominas J, Smeekens SP, Nelen MR, Yntema HG, Kamsteeg E-J, Pfundt R, et al.
Clinical exome sequencing-Mistakes and caveats. Hum Mutat. 2022;43:1041–55.

7. Zhang K, Yu L, Lin G, Li J. A multi-laboratory assessment of clinical exome
sequencing for detection of hereditary disease variants: 4441 ClinVar variants for
clinical genomic test development and validation. Clin Chim Acta Int J Clin Chem.
2022;S0009-8981:01259–1.

8. Gotway G, Crossley E, Kozlitina J, Xing C, Fan J, Hornbuckle C, et al. Clinical Exome
Studies Have Inconsistent Coverage. Clin Chem. 2020;66:199–206.

9. SoRelle JA, Pascual JM, Gotway G, Park JY. Assessment of Interlaboratory Variation
in the Interpretation of Genomic Test Results in Patients With Epilepsy. JAMA
Netw Open. 2020;3:e203812.

10. Vears DF, Elferink M, Kriek M, Borry P, van Gassen KL. The patient with 41 reports:
Analysis of laboratory exome sequencing reporting of a “virtual patient.”. Genet
Med. 2022;24:1306–15.

11. Reinhard C, Bachoud-Lévi A-C, Bäumer T, Bertini E, Brunelle A, Buizer AI, et al. The
European Reference Network for Rare Neurological Diseases. Front Neurol.
2020;11:616569.

12. Secchiero S, Zardo L, Plebani M. The role of the External Quality Assessment.
Biochem Med Biochem Medicahdmbhr. 2010;No2:20.

13. Müller CR, European Molecular Genetics Quality Network. Quality control in
mutation analysis: the European Molecular Genetics Quality Network (EMQN). Eur
J Pediatr. 2001;160:464–7.

14. Mueller CR, Kristoffersson U, Stoppa-Lyonnet D. External quality assessment for
mutation detection in the BRCA1 and BRCA2 genes: EMQN’s experience of 3
years. Ann Oncol. 2004;15:i14–7.

15. Trinh J, Zeldenrust FMJ, Huang J, Kasten M, Schaake S, Petkovic S, et al.
Genotype-phenotype relations for the Parkinson’s disease genes SNCA, LRRK2,
VPS35: MDSGene systematic review. Mov Disord Off J. Mov Disord Soc.
2018;33:1857–70.

16. Richards S, Aziz N, Bale S, Bick D, Das S, Gastier-Foster J, et al. Standards and
guidelines for the interpretation of sequence variants: a joint consensus
recommendation of the American College of Medical Genetics and Genomics
and the Association for Molecular Pathology. Genet Med. 2015;17:405–23.

17. Souche E, Beltran S, Brosens E, Belmont JW, Fossum M, Riess O, et al. Recom-
mendations for whole genome sequencing in diagnostics for rare diseases. Eur J
Hum Genet. 2022;30:1017–21.

18. Deans ZC, Ahn JW, Carreira IM, Dequeker E, Henderson M, Lovrecic L, et al.
Recommendations for reporting results of diagnostic genomic testing. Eur J Hum
Genet. 2022;30:1011–6.

19. Shigemizu D, Momozawa Y, Abe T, Morizono T, Boroevich KA, Takata S, et al.
Performance comparison of four commercial human whole-exome capture
platforms. Sci Rep. 2015;5:12742.

20. Lange LM, Gonzalez-Latapi P, Rajalingam R, Tijssen MAJ, Ebrahimi-Fakhari D,
Gabbert C, et al. Nomenclature of Genetic Movement Disorders: Recommenda-
tions of the International Parkinson and Movement Disorder Society Task Force -
An Update. Mov Disord Soc. 2022;37:905–35.

21. Testard Q, Vanhoye X, Yauy K, Naud M-E, Vieville G, Rousseau F, et al. Exome
sequencing as a first-tier test for copy number variant detection: retrospective
evaluation and prospective screening in 2418 cases. J Med Genet.
2022;59:1234–40.

22. Bergant G, Maver A, Lovrecic L, Čuturilo G, Hodzic A, Peterlin B. Comprehensive
use of extended exome analysis improves diagnostic yield in rare disease: a
retrospective survey in 1,059 cases. Genet Med. 2018;20:303–12.

23. Pfundt R, del Rosario M, Vissers LELM, Kwint MP, Janssen IM, de Leeuw N, et al.
Detection of clinically relevant copy-number variants by exome sequencing in a
large cohort of genetic disorders. Genet Med. 2017;19:667–75.

24. Ibañez K, Polke J, Hagelstrom RT, Dolzhenko E, Pasko D, Thomas ERA, et al. Whole
genome sequencing for the diagnosis of neurological repeat expansion disorders
in the UK: a retrospective diagnostic accuracy and prospective clinical validation
study. Lancet Neurol. 2022;21:234–45.

25. Yauy K, de Leeuw N, Yntema HG, Pfundt R, Gilissen C. Accurate detection of
clinically relevant uniparental disomy from exome sequencing data. Genet Med.
2020;22:803–8.

ACKNOWLEDGEMENTS
The authors would kindly like to thank all the participating laboratories for the data
they provided on the diagnostic approaches used in addition to the final reports.

AUTHOR CONTRIBUTIONS
AM, KL, NW, RT, TBH, HG wrote or significantly contributed to writing the manuscript.
AM, KL, MG, HG designed and conceived the study and helped establishing the
scheme. AM, KL, NW, RT analysed the data. MS, TBH contributed with clinical
validation of sequencing results. AM, KL, FB, NW, RT participated in the assessment of
scheme results and reports. FB, NW, RT, MS, TBH, MG, BP have provided essential
guidance during the study and manuscript preparation and have critically assessed
the study and the results. All authors contributed to the final version of the paper.

FUNDING
The funding of the scheme operation and this study was provided by the European
Reference Network – Rare Neurological Diseases (ERN–RND, Project number 739510).
Open Access funding enabled and organized by Projekt DEAL.

COMPETING INTERESTS
The authors declare no competing interests.

ETHICAL APPROVAL
This study did not use patient data and have used virtual patient scenarios to
perform the assessment of laboratory performance.

ADDITIONAL INFORMATION
Correspondence and requests for materials should be addressed to Holm Graessner.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in anymedium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons licence, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this licence, visit http://
creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024

A. Maver et al.

1021

European Journal of Human Genetics (2024) 32:1014 – 1021

http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Quality assurance for next-generation sequencing diagnostics of rare neurological diseases in the European Reference Network
	Introduction
	Materials and methods
	Establishment of the�scheme
	Scheme operation
	Assessment of the scheme results

	Results
	Participation
	Methods and strategies used to diagnose RNDs by participating laboratories
	Laboratory performance
	Reporting of sequencing quality measures
	Variant interpretation
	Clinical interpretation and reporting


	Discussion
	References
	Acknowledgements
	Author contributions
	Funding
	Competing interests
	Ethical approval
	ADDITIONAL INFORMATION




