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We recently established an external quality assessment (EQA) scheme for next-generation sequencing (NGS) diagnostics in rare
neurological disorders (RND) in collaboration with the EMQN. The first assessment rounds revealed limitations and variability in the
quality and completeness of genetic testing reports. To improve and harmonize reporting in NGS-based diagnostics for RND, we
identified 28 topics requiring recommendations based on EQA findings. These topics were grouped into four areas: clinical
information, interpretation, methodology, and reporting. A team of 31 experts with relevant expertise was formed. Using an
adapted Delphi approach, two rounds of surveys were conducted to prioritize the topics. Subsequently, area-specific expert groups
met to formulate recommendations, followed by a final approval round using the five-finger consensus method involving all
experts. In both Delphi rounds, all topics were rated as either very important (n= 12) or important (n= 16), and all were advanced
for recommendation development. Consensus recommendations were achieved for 27 of the 28 topics. These include guidance on
gene panel composition and updating, addressing disease-specific limitations of NGS (e.g., repeat expansion disorders), defining
minimal quality parameters, and promoting sharing of variant interpretations. Each recommendation is supported by real-world
examples. Due to differences in national healthcare frameworks and policies, consensus could not be reached regarding which
patients should or should not undergo NGS testing. The dissemination of these recommendations is expected to improve the
quality of genetic testing and reporting in RND diagnostics, promoting harmonization across laboratories and enabling easier
comparison and interpretation of genetic testing reports.
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INTRODUCTION
Next-generation sequencing (NGS) technologies have become a
foundational tool in the diagnosis of rare neurological diseases
(RNDs), offering a rapid and cost-effective means to address their
significant clinical and genetic heterogeneity [1–3]. As exome and

genome sequencing increasingly serve as first-line diagnostic
approaches, the reliability and reproducibility of NGS-based
testing have become critical to ensuring equitable and accurate
diagnoses for patients with RNDs [4, 5]. The complexity of NGS
workflows—including library preparation, sequencing quality and
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depth, bioinformatic pipelines, variant interpretation, and clinical
reporting—often results in substantial interlaboratory variability,
which may result in disparate testing outcomes for patients across
different institutions and countries [6, 7].
The European Reference Network for Rare Neurological Diseases

(ERN-RND), established in 2017 [8], has prioritized improving access
to high-quality genetic testing throughout the European Union (EU).
As part of this mission, ERN-RND has implemented an external
quality assessment (EQA) scheme for NGS diagnostics, which has
been in routine annual operation since 2021 [7]. Notably, significant
differences across laboratories performing genetic testing for RNDs
were observed in all major areas, including methodological aspects,
data interpretation, and reporting [7]. There is clearly a need for
further harmonization by developing minimal standards for NGS-
based diagnostic testing in RNDs.
While several broad guidelines for the major areas of NGS-

based testing already exist [9–11], RNDs share several particula-
rities that make them distinct from other genetic disorders. These
include: (1) a relatively high diversity of mutational mechanisms,
including single-nucleotide variants (SNVs), but also structural
variants such as repeat expansions, (2) a high rate of genetic and
phenotypic heterogeneity [12], as well as, (3) specific clinical
context considerations, e.g., for (predictive) genetic testing in
adult–onset neurodegenerative disorders. Furthermore, the avail-
able guidelines for NGS testing are often based on the
participation of experts in the field of molecular testing, whereas
we anticipate that the involvement of stakeholders from more
diverse backgrounds could assist in developing guidelines that are
better adapted to the practical context of genetic testing.
To address these gaps, we developed comprehensive recom-

mendations to standardize the processes of NGS-based diagnos-
tics in RND, based on the participation of experts from diverse
fields. The aim of this work was to provide clinically oriented
practice recommendations for laboratories, clinical geneticists and
neurologists to support consistent, high-quality NGS testing,
interpretation and reporting in RND diagnostics across institutions
and countries.

METHODS
The process of development of best practice recommendations is
presented in Fig. 1 and detailed in the sections below.

Identification of topics for recommendation development
We based the topic selection for the recommendation development on the
outcomes and experience from the EQA scheme for diagnostic NGS in
RNDs, which has taken place annually since 2021 [7]. During this process,
28 areas of need for clear recommendations were identified (Table 1) and
ultimately, for 27 topics a consensus could be reached (see Results
section).

Formation of the working group
The working group (WG) was assembled to ensure a diverse representation
of stakeholders participating in the process of genetic diagnostics of RNDs
(Supplementary Table 1). Experts participating in the consensus process
were selected from the European Reference Network for Rare Neurological
Diseases (ERN-RND), a network of nationally designated centres of
expertise for RNDs across Europe. Participants were selected to ensure
representation of all key areas of expertise relevant to RND diagnostics and
care, including clinicians, laboratory specialists, researchers, patient
organisations, academia, industry, professional societies, EMQN, and ERN-
RND. The composition of the group was further designed to achieve broad
geographical representation across Europe and comprehensive coverage
of the main stakeholder groups involved in NGS-based diagnostics.
Selection aimed to ensure broad geographical and institutional represen-
tation in order to reflect differences in institutional practices and national
legal frameworks relevant to genetic testing and reporting. The final expert
panel represented 11 European countries. Potential conflicts of interest
were considered during the expert selection process and during
development of the recommendations. Experts participating in the

consensus process were formally involved throughout the guideline
development process and were specifically contacted during each Delphi
round to encourage continued participation and minimize participant
attrition. As a result, attrition between rounds was limited and did not
substantially affect the overall geographical, institutional or disciplinary
representation of the expert panel.
Stakeholders engaged in the recommendation development process

included members of the EQA organizing and performing team (n= 3),
specialists in neurology and clinical genetics (n= 7), representatives of
patient advocacy groups (n= 1), legal experts (n= 1), professionals in
quality assurance (n= 3), delegates from relevant professional bodies
(n= 5), experts in sequencing and data analysis (n= 3), and experts in
clinical variant interpretation (n= 8). The WG members were formally
invited and were included in the WG following their acceptance. They were
assigned to four focused WGs based on their area of expertise. Seven to
nine members of each group focused on: Methodology (n= 7),
Interpretation (n= 7), Reporting (n= 9), or Clinical Implementation
(n= 8) (Supplementary Table 1).

Prioritization of the relevant topics
In a first step, all WG members were asked to assign importance to each
topic selected by the organizing team. Two Delphi rounds were under-
taken to achieve this. The first Delphi round was initiated in May 2023,
when the WG members were asked to prioritize the broad areas of
recommendations and vote on the importance of selected topics. All WG
members were asked to rank the importance of topics on a 5-point scale
(1=very unimportant to 5= very important). The panelists’ responses
were then used to calculate the levels of importance. An average
importance score was assigned to each topic. During this stage, we also
asked participants to provide additional comments for topic formulation.
The second Delphi round was conducted in February 2024, allowing all

WG participants to reassess the topic’s importance based on the results of
the first Delphi round. For this, the panelists were informed about the
median importance score of all topics and their own previous rating. Only
the panelists who responded to the online questionnaire in the first Delphi
round (n = 27) were asked to respond to the ranked topics in the second
Delphi round. An identical 5-point scale was used to re-score topics.
Complete responses from all participants were obtained at each stage of

the Delphi process.
The topic was considered sufficiently important if the mean score of a

topic exceeded an average value of 3.5 and if the majority of the votes
rated the topic as “important” or “very important”.
To facilitate the process of drafting recommendations, the 28 topics

selected during the survey phase were assigned to four thematic
categories: Methodology (n= 7), Interpretation (n= 7), Reporting (n= 8),
and Clinical Implementation (n= 6). These categories reflect the major
aspects of the diagnostic NGS process.

Development of the best practice recommendations
The recommendations were initially formulated by each focused WG. In
November 2024, the coordinating member of each focused WG defined
the strategy to formulate recommendations, either in an initial WG
meeting or by forming a draft version of recommendations, which was
provided to focused WG members for rating and comments.
After draft recommendations were prepared by the focused WGs, they

were disseminated to all WGs using an online questionnaire, where all
members could vote on their agreement with each statement and provide
optional comments on their vote. All members of WG could rate the
statements with a score ranging from 1 to 10 (where score 1 indicated
complete disagreement and score 10 indicated complete agreement). The
ratings obtained in this manner were used to select statements for
consensus discussions in the final WG meeting.
For the final recommendation harmonization, the topics rated with an

average score below 9.0 were selected for further discussion. These topics
were presented at the final consensus meeting, held in May 2025, where
participants could discuss their opinions and propose amendments to the
statements. The “five-finger” consensus method was employed to facilitate
participatory decision-making for reaching a consensus on the recom-
mendations [13]. Participants indicated their level of agreement with a
proposal by voting on statements with a score of one to five (“fingers”),
where a score of 5 indicated full agreement and a score of 1 indicated full
disagreement [14]. A consensus was reached when all WG participants
voted with a score of 3 (“will go with the group’s decision”) or more on the
statement. When a participant expressed disagreement with a score of 1 or
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2, they were asked to propose modifications to the statement, after which
another voting round was conducted until a full consensus was reached.
WG members who were unable to participate in the consensus meeting
were followed up by email using the same procedure. If no consensus
could be reached, the topic was left without a recommendation.
Mapping between Delphi-prioritized topics and the final recommenda-

tions is presented in Table 1, in which each topic directly corresponds to
the associated recommendation identifier and thematic working group.

RESULTS
Altogether, 31 members representing diverse aspects of genetic
testing were included in the WG to develop best practice
recommendations for NGS-based testing in RND. The majority of
recommendations were developed within focused WGs consisting
of seven to nine members with expertise in (at least) one of 4
principal fields: NGS methodology, variant interpretation, diag-
nostic reporting, and the clinical use of NGS-testing results.

Selection of areas of importance in NGS testing of RNDs
Initially, potential topics for the development of recommendations
were selected based on the weaknesses observed through the

EQA scheme within the ERN-RND network. Subsequently, WG
members were asked to prioritize the topics where the need for
harmonization is most pronounced. The results of the two-tiered
Delphi survey indicated that the majority of WG members viewed
all issues recognized during provision of the EQA scheme as
important (n= 16) or very important (n= 12). The topics and the
results of the Delphi second round are presented in Table 1.

Best practice recommendations for NGS in genetic diagnostics
of RNDs
Altogether, 28 recommendation statements were formulated by
four focused WGs, addressing the fields of NGS methodology,
variant interpretation, reporting and clinical implementation. These
were delivered to the full WG to reach consensus. The initial voting
round revealed a high rate of consensus for 21 statements, reaching
an average score above 9.0. The remaining 7 statements were
further discussed in an online WG consensus meeting or by email
with members who were unable to participate in the meeting, using
the 5-finger method tomeasure and reach consensus. Modifications
were included in six of these recommendations, and consensus was
reached (all WG members voted at least with 3). Notably, for the

Formation of the working groups (WG) and topic selection by the organising team

WG Methodology
(7 participants)

WG Clinical
implementation
(8 participants)

WG Interpretation
(7 participants)

WG Reporting
(9 participants)

Recommendations on
methodological topics

(7 topics)

Recommendations on topics
of clinical implementation

(6 topics)

Recommendations on
interpretation

(7 topics)

Recommendations on
reporting the results

(8 topics)

Development of the guidelines on prioritised topics

Prioritisation of topics, selected by the organising team (Delphi stage 1)

Reassessment of topic priority based on group consensus (Delphi stage 2)

Agreement to the formulated recommendations (using guideline scoring on 1-10 scale)

Harmonised set of 27 best-practice recommendations

100% response rate

100% response rate

Consensus reached for 21 topics Whole group discussion for 7 topics
(five-finger method based harmonisation)

After amendments
consensus reached for 6

topics
No consensus for 1 topic

Median score >9.0 Median score <9.0

Fig. 1 The process undertaken to develop best practice recommendations for NGS-based testing in RNDs.
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criterion on “The clinical context of NGS-based testing” no
consensus was reached. This topic was rated high, i.e., “very
important” in Delphi, however, the discussion revealed that there
were insurmountable discrepancies in the idea to restrict NGS-
based testing to preselected patients, for instance, based on
phenotypic features or disease onset. Therefore, the summary of the
recommendations in Table 1 (key points) and Supplementary
Information (full recommendations with examples) lists only 27
recommendations.

DISCUSSION
To our knowledge, this work presents the first set of expert
recommendations specifically developed to improve and harmo-
nize NGS-based diagnostics for RNDs. They address major
components of the genetic testing process—including methodol-
ogy, interpretation, reporting, and clinical implementation—and
are the result of an interdisciplinary participation of diverse
stakeholders involved in genetic testing of RNDs.
By engaging 31 professionals from diverse domains—clinical

genetics, neurology, bioinformatics, laboratory diagnostics, quality
assurance, and patient advocacy—we ensured that the recom-
mendations reflect the complex and multifaceted nature of
genetic testing for RNDs. This diversity of expertise helped align
technical standards with clinical utility, laboratory feasibility,
ethical frameworks, and patient-centered care. Importantly, the
process also included participants affiliated with multiple profes-
sional organizations and societies, including the European
Academy of Neurology, the EuroGentest committee at the
European Society of Human Genetics, the Movement Disorders
Society and the EMQN, facilitating broader alignment with existing
European and international standards as well as - by endorsement
- supporting the take-up of the recommendations by genetic
diagnostic laboratories in Europe and globally.
The recommendations were developed through a robust and

well-established process that facilitated consensus among a
diverse set of experts from 11 European countries. The process
began by leveraging insights from ERN-RND EQA scheme [7]—an
initiative that has revealed significant variability in current
diagnostic practices. Based on this experience, we identified 28
relevant topics that require guidance and harmonization. We
applied a two-tiered Delphi approach to prioritize these topics,
ensuring that all recommendations address areas identified as
important by the diverse group of experts. The recommendation
statements were developed through focused WGs, and consensus
was achieved using the five-finger consensus method, which
allowed for participatory decision-making and ensured agreement
across all members of the WG. A consensus could be reached for
all items but one recommendation, as there was no approval on
the question of whom to test (clinical context). While some
participants felt it would be important to restrict NGS-based
testing to patients with a high likelihood of a monogenic cause,
e.g., early-onset, familial, syndromic, or complex/atypical neurolo-
gical presentations, and avoid testing sporadic, late-onset, or more
common phenotypes without an established clinical indication of
a genetic disorder, others favored to omit any limitations here and
allow NGS-based testing as the first tier genetic test, and to leave
economic circumstances and available resources guide the
selection of patients to be NGS-tested [15, 16].
We anticipate the immediate applicability of the developed

guidelines and will monitor their use in future rounds of NGS-
based EQA schemes in ERN-RND. As such, they will serve as both a
framework for evaluating current practice and a set of measurable
targets for improvement. This immediate feedback loop between
recommendations and implementation provides an opportunity
not only to assess but also to actively improve the quality of
diagnostic services across and beyond the ERN-RND network. As a
matter of fact, this aligns with the principal modus operandi ofTa
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ERNs: basing the development of a healthcare intervention - i.e.
the recommendations - on an analysis of the heterogeneity and
inequality of a healthcare service provision in Europe - i.e.,
diagnostic NGS testing of RND patients - as well as using the
measurable target - i.e., the ERN-RND NGS EQA - for both a
measurement of the effect of an intervention and to improve the
intervention as such. Moreover, we envision the recommendations
as a foundation for harmonized genetic reporting practices across
Europe, promoting diagnostic consistency, clinical equity, and
cross-border interoperability. The European Academy of Neurol-
ogy has already endorsed the present document.
The recommendations also address specific needs of the RND field

that are not sufficiently covered by existing general NGS guidelines.
For example, they account for the frequent presence of complex
mutational mechanisms, such as repeat expansions, the high degree
of genetic heterogeneity, and the clinical challenges associated with
testing in adult-onset neurological conditions. Furthermore, they
emphasize updating gene panel content, reporting disease-specific
technical limitations, ensuring the attainment of minimum quality
parameters for sequencing, and encouraging the sharing of variant
interpretations. To promote the applicability of the guidelines and
clarify the rationale for their inclusion, we also provide real-world
examples to support their implementation in clinical laboratories
(Table 1 and Supplementary Information).
Although we employed a rigorous guideline preparation

procedure, there are limitations that should be considered. First,
despite efforts to ensure broad geographical and multidisciplinary
representation, some degree of selection bias may have been
introduced through the inclusion of experts primarily affiliated with
ERN-RND-associated centres and collaborating institutions. Second,
the composition of the expert panel may have influenced the
prioritization and interpretation of recommendations, reflecting the
clinical, technical and regulatory perspectives represented within
the group. Finally, as with all Delphi-based consensus approaches,
the recommendations are influenced by expert opinion and
consensus methodology, which may not fully capture all regional
practices, institutional workflows or emerging evidence.
In summary, this work represents a comprehensive, consensus-

driven, and implementable effort to establish a quality-controlled
standard of genetic diagnostics in RNDs. Through direct integra-
tion into the RND NGS EQA scheme and alignment with
stakeholder priorities, these recommendations provide a blueprint
for both measurable improvement and long-term harmonization
in NGS-based diagnostics across Europe and beyond, thereby
contributing to improved patient care.

DATA AVAILABILITY
The data that support the findings of this study are available in the supplementary
material.
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