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Abstract

Background The EURO-NMD Registry collects data from all neuromuscular patients seen at EURO-NMD’s expert cen-
tres. In-kind contributions from three patient organisations have ensured that the registry is patient-centred, mean-
ingful, and impactful. The consenting process covers other uses, such as research, cohort finding and trial readiness.

Results The registry has three-layered datasets, with European Commission-mandated data elements (EU-CDEs),

a set of cross-neuromuscular data elements (NMD-CDEs) and a dataset of disease-specific data elements that function
modularly (DS-DEs). The registry captures clinical, neuromuscular imaging, neuromuscular histopathology, biologi-

cal and genetic data and patient-reported outcomes in a computer-interpretable format using selected ontologies
and classifications. The EURO-NMD registry is connected to the EURO-NMD Registry Hub through an interoperabil-

ity layer. The Hub provides an entry point to other neuromuscular registries that follow the FAIR data stewardship
principles and enable GDPR-compliant information exchange. Four national or disease-specific patient registries are
interoperable with the EURO-NMD Registry, allowing for federated analysis across these different resources.

Conclusions Collectively, the Registry Hub brings together data that are currently siloed and fragmented to improve
healthcare and advance research for neuromuscular diseases.
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Background

Rare diseases (RD) often remain undiagnosed or misdi-
agnosed for years, the knowledge about many conditions
continues to be sparse [1], and effective, disease-mod-
ifying therapies are only available for a minority of RD
patients [2]. The challenges for research are multiple:
patient populations are typically small, heterogeneous,
and geographically scattered, and patient data are scarce
and fragmented leading to insufficient knowledge about
the epidemiology, natural history and pathophysiology
of most conditions. European and international collabo-
ration has long been recognised as the most appropriate
way to tackle RD-specific barriers [3, 4]. The European
Reference Networks (ERNSs,https://health.ec.europa.
eu/european-reference-networks), working closely with
patient organisations, have triggered cross-border EU
collaboration between healthcare providers (HCPs) for
complex and rare diseases [5]. One of the axes of this col-
laboration is the development of Registries to measure
and guarantee a homogeneous delivery of care across the
European space, the identification of cohorts and popu-
lations, enhancing clinical trials recruitment, collecting
neuromuscular diseases long-term data and promoting
research [4].

Consequently, the EU Health Programme has allocated
funds so ERNs can develop registries with mixed clinical
monitoring and research purposes. The use of registries
allows data pooling for adequately-powered statistical
analysis, thereby overcoming rare diseases’ knowledge
gap in epidemiological and clinical research [6—8]. How-
ever, difficulties still emerge from duplication of efforts
and lost opportunities arising from the diversity of reg-
istries covering similar areas, data quality issues, propri-
etary formats and reduced interoperability.

Main Text

EURO-NMD is the European Reference Network for
Rare Neuromuscular Diseases, collectively affecting
500,000 EU citizens [9]. The number of patient regis-
tries for neuromuscular disorders in Europe and world-
wide is estimated to be several hundred. These registries
may have been established at a centre, regional, national
or international level, often dedicated to a single neuro-
muscular condition and a specific purpose [10—12]. They
may use patient-reported data, clinician-reported data
or a combination of the two, and the number of data ele-
ments collected may range from less than ten to several
hundred. The choice of data elements is primarily deter-
mined by the purpose of the registry, as a registry aiming
to assist in the recruitment of participants into clinical
trials may collect a different set of data to one seeking to
diagnose individuals who lack a molecular diagnosis or
to collect longitudinal clinical data on a patient cohort.
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In recent years, efforts have been made to harmonise
data elements across different registries, particularly
those related to the same condition [13, 14]. Ontologies
help make data more machine-readable and interoper-
able [15]. The use of the Human Phenotype Ontology
(HPO), particularly, was found to facilitate diagnostic
research and gene discovery for rare diseases, including
neuromuscular diseases [16]. With the recent marketing
approval of often costly disease-modifying treatments in
several neuromuscular disorders, e.g., Spinal Muscular
Atrophy, additional data collection that better captures
clinical progression and response to treatment has been
initiated [17]. Data captured in post-marketing registries
to generate real-world data may include specific func-
tional, laboratory or imaging tests and patient-reported
outcomes [18].

The EURO-NMD registry hub

EURO-NMD registry hub responds to clinicians’

and patients’ unmet needs

Neuromuscular disorders are challenging to recognise,
and patients experience long diagnosis delays, a phenom-
enon coined the “diagnostic odyssey” [19]. Few specific
treatments have been described, as they cover less than
5% of rare diseases, but their number is multiplying for
gene and variant-specific therapies [20]. EURO-NMD
is one the largest ERNs bringing together 82 healthcare
providers across 25 European countries and including 27
patient organisations. The Network works to speed up
diagnosis and research in NMDs and improve the stand-
ards of care for these pathologies. It is structured around
five main disease groups: Muscle Diseases, Peripheral
Nerve Diseases, Neuromuscular Junction Defects, Mito-
chondrial Diseases and Motor Neuron Diseases (https://
ern-euro-nmd.eu/).

More than 100,000 NMD patients are estimated to be
seen annually by the HCPs in the ERN. EURO- NMD
health care providers and patient organisations are active
in more than 120 primarily disease-specific and patient-
run registries. While the existing registries collect vital
information, none is used by all EURO-NMD centres,
and there is no unified NMD or NMD Disease-Specific
Registry in the EU. Data from the EURO-NMD registry
was set up to be interoperable with four existing pilot
registries (Duchenne Data Platform, CRAMP, DM-SCope
and SMArtCARE) as a proof-of-concept of the EURO-
NMD Registry Hub framework (Fig. 1).

The EURO-NMD Registry Hub project (https://regis
try.ern-euro-nmd.eu/) was launched in May 2020 with
equal co-funding from the EU 3rd Health Programme
and three leading patient organisations, World Duchenne
Organisation, Duchenne Data Foundation and AFM-
Téléthon (Grant agreement 947598). The objective is to
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Fig. 1 EURO-NMD registry hub

build a patient-centred and interoperable registry hub for
all paediatric and adult patients with rare neuromuscu-
lar diseases treated within the EURO-NMD’s Centres,
including undiagnosed patients. It was designed to col-
lect longitudinal clinical and patient-reported data and
exchange data with existing registries by adopting FAIR
data management and stewardship principles and EU
standards for data collection [21]. The EURO-NMD reg-
istry is a component of the Hub that addresses the data
collection needs of the healthcare providers that are
members of the ERN.

Importance of patient involvement and in-kind
contribution

The EURO-NMD Registry Hub is designed as a clini-
cian-patient partnership. Even if it primarily aims to
collect clinical data from patients seen at EURO-NMD’s
expert centres, it addresses patients’ unmet needs. The
consenting process covers uses beyond the clinical
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ones, such as research, cohort finding and trial readi-
ness when patients agree to be contacted to re-consent
for those specific uses. Patients have a say at all levels of
the registry life and input medical-grade patient-orig-
inated data in the form of patient-reported outcomes,
adding an information layer for long-term monitoring
of diseases and treatments.

The EURO-NMD Registry Hub project has been sup-
ported by three patient organisations, AFM-Téléthon,
Duchenne Data Foundation, and World Duchenne
Organisation, who recognize the significance of con-
necting neuromuscular data to improve health out-
comes. These organisations have provided a shared
in-kind contribution of 274,641.20€, which supple-
ments the project’s budget and enables the registry
to benefit from the expertise and resources of patient
organisations.

In-kind contributions from patient organisations in
research projects are essential for several reasons:
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1. Expertise: Patient organisations often have extensive
knowledge and experience in the specific disease or
condition being researched, as well as in the needs
and priorities of the patient community. Their exper-
tise can be valuable in shaping the research agenda
and ensuring patient-centred research.

2. Patient involvement: In-kind contributions from
patient organisations can facilitate patient involve-
ment in the research process, from study design to
dissemination of results. This involvement can help
ensure that research is meaningful and relevant to
patients and increase patient trust and participation
in the research process.

3. Resource leveraging: In-kind contributions from
patient organisations can help leverage resources and
maximize the impact of funding. Patient organisa-
tions can contribute staff time, expertise, and other
resources that can supplement the research project’s
budget and increase the project’s overall impact.

4. Collaboration: In-kind contributions from patient
organisations can facilitate cooperation between
patients, researchers, and other stakeholders. This
collaboration can foster a shared understanding of
research goals and priorities and help build relation-
ships leading to future collaborations.

5. Co-governance: Patient organisations have the same
rights and obligations as all other partners in the pro-
ject and are equal partners in the research process.
Co-governance can help ensure that the perspec-
tives and priorities of patients are integrated into all
aspects of the research project, from design to dis-
semination of results.

Overall, in-kind contributions from patient organisa-
tions can help ensure that research is patient-centred,
meaningful, and impactful and can facilitate collabora-
tion and resource leveraging to maximize the impact of
research funding. Co-governance can help build trust and
foster a sense of ownership among patient organisations,
researchers, and other stakeholders, ultimately leading to
more meaningful and impactful research outcomes.

EURO-NMD registry

A primary objective of the Registry was implementing
a continuous monitoring system to track EURO-NMD’s
Centres’ performance against selected key performance
indicators (KPIs) of care quality while providing sufficient
data to launch research and clinical trials and inform pol-
icy and regulatory decisions.

Registry ethics, privacy and security
The EURO-NMD Registry is housed within the secure
hospital IT infrastructure of the University Medical
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Centre Freiburg in Germany. All data is stored within this
secure infrastructure and can only be accessed by author-
ised personnel. Web access is only possible for authorised
users with verified credentials over a secure channel with
encryption (HTTPS). Backups are performed regularly,
and a disaster recovery procedure is in place.

The Registry uses an opt-in approach for recruitment,
meaning that hospitals must obtain informed consent
from patients for participation. Ethics and governance
approval are required before each hospital participates
in the EURO-NMD Registry, and each centre has a Data
Protection Impact Assessment (DPIA) in place. Pseu-
donymisation is also implemented, with all patients
assigned a pseudonym by the site entering the data. The
patient’s identity is only known by the hospital respon-
sible for the patient care. Data entered by a participating
hospital is not shared with other users except in aggre-
gated format for benchmarking. Data are available in
aggregated and/or pseudonymised formats to all stake-
holders to develop projects, policies or studies, following
approval by the Data Access Committee of the EURO-
NMD Registry Hub project, which includes HCPs and
patient representatives. Patients registered to the EURO-
NMD Registry can also access and manage their own
clinical and patient-generated data. Stakeholders beyond
the Reference centres within EURO-NMD include other
ERN:S, investigators from outside the ERN, patient organ-
isations and patient groups, government organisations,
not-for-profit organisations, and potentially industry and
pharmaceutical companies. However, there is no current
framework for these interactions yet in place. Different
access levels are defined depending on the stakeholder
group applying to use the Registry data.

Patients’ role in governance and data access

Based on an extensive qualitative survey conducted by
EURORDIS in 2019, most rare disease patients want to
share their health data to advance scientific research and
clinical benefits but simultaneously express specific pref-
erences, needs, and concerns regarding data sharing. The
results demonstrate specifically the willingness of almost
half of the survey respondents (54%) to have more con-
trol over their private health data and the data sharing
process [22].

One of the innovative components of the EURO-NMD
Registry functionality is that the patient is the ultimate
manager of his data. The three patient advocacy groups,
as equal partners in the co-design of the Registry, have
been involved in the discussions related to common
standards for data privacy and security, FAIRification of
data, storage, access, and data curation (e.g. data organi-
sation/management, quality assurance) while ensuring
full compliance with GDPR and ethical principles. It is
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also imperative at this stage to explore the future devel-
opment and implementation of dynamic systems tailored
to the needs and preferences of patients, regarding whom
they share their data, for which purpose and flexibil-
ity to change their preferences reliably and at any time.
Also, patients’ access to updated information on research
outcomes to which their data has contributed will foster
patient participation in data-sharing initiatives [6].

Role-based rules have been defined for the different
types of stakeholders for the data access and analytical
purposes of the EURO-NMD Registry, as described in
detail in the data access policy manual (publicly available
at the registry website https://registry.ern-euro-nmd.eu).

In the first phase, only patients followed by specialists
from the ERN EURO-NMD Full Members or Affiliated
Partners will have access to the EURO-NMD Regis-
try. Patients can have access to their data, and they will
be able to complete online patient-reported outcomes/
surveys. Furthermore, we envision a dynamic, machine-
assisted consent process for the patients to grant each
potential user of their health data a nonexclusive license
to use such data for research purposes.

Registry IT architecture

Data from the EURO-NMD Registry will be collected
and managed using Research Electronic Data Capture
(REDCap) software hosted at University Medical Center
Freiburg [10, 11]. The objective is to design an interop-
erable tool to gather one-entry epidemiological data with
dynamic, recurrent data collection to reflect disease pro-
gression and treatment effects. In the latter case, both
scheduled and unscheduled annotations should be pos-
sible. Another central requirement for establishing the
EURO-NMD Registry was to define five disease-driven
datasets (Neuropathies, Myopathies, Mitochondrial Dis-
eases, Neuromuscular Junction Disorders, and Motor
Neuron Diseases) and a dataset for undiagnosed patients.
These six subsets represent a “branch” of the Redcap data
collection. During data entry, patients are assigned to
one of those branches. The instruments (i.e., individual
forms) and data items shown are customised based on
the choice of dataset during data entry, facilitating data
entry and saving time spent on that task.

The logic of the data organisation goes beyond disease
groups, as there are other criteria on which branching
and the inclusion or exclusion of specific data items and
instruments depend, such as age, gender, clinical diagno-
sis or the affected gene in the case of a mutation.

The temporal nature of the longitudinal data led to the
definition of three time points:

« "Enrolment™: for all information to be collected once
(e.g., demographics, consent)
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o "Visit" for all information that is updated at least
annually and can typically be determined during a
patient encounter (e.g., phenotypes, all longitudinal
data to enable natural history assessment)

o "Unscheduled" for all information that should be
continuously traceable and does not necessarily coin-
cide with a scheduled patient encounter at the spe-
cialised HCP / ERN centre (e.g., changes in medica-
tion, results of genetic tests).

Several validation mechanisms have been implemented
to ensure quality while entering the data.

Firstly, there are default data types for all items, pre-
defined response options and distinguishability between
"not answered" and "unknown." The entry of free text is
avoided.

Secondly, data quality rules are in place that prevent
implausible entries (e.g., the visit data cannot precede the
date of the consent). On the other hand, whenever pos-
sible, the entries are linked to ontology search and valida-
tion. For example, registry users can enter the name of
a disease, and the system will return a list of codes from
the Orphanet Rare Disease Ontology (ORDO) for selec-
tion (available at https://www.orphadata.com/ordo/).

Finally, an audit trail tracks which user changed a data
item and when and which data exports were called up.

Users can view summary statistics for their centre’s
patients via project dashboards and download predefined
data exports in different formats (e.g., CSV, SPSS, SAS, R,
Stata, CDISC).

The technical requirements for the system were formu-
lated as 24 technical Key Performance Indicators (tech-
nical KPIs), available as Additional file 2. They include,
for example: "secure data transmission/storage ", "role-
based access ", "follow FAIR Principles ", "track changes
", "data export ", and a more detailed description for
each requirement. We have formulated one or more test
cases with step-by-step instructions and expected results
for each technical KPI. Based on these operationalised
requirements, the system was tested by one of the patient
organisations involved in the project with experience in
digital application development and data management
(Data Duchenne Foundation). All tests achieved the
desired results. A public report on the data audit related
to the data quality and completeness is available.

We nominated a group of twenty test users among all
disease group representatives from many different coun-
tries to evaluate the software’s usability and adequacy
through mock data entry. The assessment of the users’
satisfaction with the implementation was positive. We
organised a hands-on session explaining the basic fea-
tures of the software before starting the feedback col-
lection. We have recorded this session and set up a
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quick-start guide to assist the testers. We asked the latter
to enter patient data into the system as close to reality as
possible while changing all identifiable information. We
provided a survey for the structured collection of feed-
back and feature requests and also asked the testers to
report their overall impression in a partially standardised
"User experience"-survey.

As a result of the received feedback, we have modified
the tools for genetic diagnosis to allow, for instance, for
better mapping of variants of mitochondrial DNA and a
more accessible listing of previously performed tests that
did not return diagnostic results.

The conclusions of the user-experience survey so far
indicate that the system is understandable, works reli-
ably and that the collected data is considered relevant
for patient care and research of neuromuscular diseases.
The feedback on time needed for data entry and the
completeness of the collected data items and response
options was comparatively heterogeneous and clearly
illustrates a typical conflict of objectives.

Registry site operations

The HCPs members of the network are requested to
enroll all neuromuscular patients seen at the centre, both
prevalent and incident. As a rule, each patient should
have at least an annual registry data entry.

The EURO-NMD Registry uses a hybrid registry model
that fully complies with the European General Data Pro-
tection Regulation (GDPR) and the national laws and
regulations of the different member states. It is a unique
set-up that allows HCPs to enter data in a centralised
registry or, alternatively, to build local versions of the
registry that are in federation with the central registry
and each other. The first option means fewer challenges
to the local IT infrastructure of the participating HCPs.
The second option could offer considerable advantages
in overcoming complications by using different proto-
cols and legislation in different countries. Ultimately, the
participating institutions will decide on their preferred
choice.

Registry datasets

The Joint Research Centre (JRC) of the European Com-
mission has defined a "Set of common data elements for
Rare Diseases Registration". This dataset of 16 common
data elements, the EU-CDEs, is freely available on the
internet in 21 languages and represents "the first practi-
cal instrument released by the EU RD Platform aiming at
increasing interoperability of RD registries” [23].

The EU-CDEs have been implemented in all the ERNs
registries, enabling cross-talking between them and
cross-ERN comparisons. However, EU-CDEs are not dis-
ease-specific and may not answer all relevant questions
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for the EURO-NMD ERN. In addition, while these data
elements were mandatory, their implementation in the
different registries was not harmonised. As an example,
genetic diagnosis is an ERDRI-mandated data item. Still,
the only recommendation on the document reads: "Inter-
national classification of mutations (HGVS) (strongly
recommended—see link)/HGNC/OMIM code". Still,
annotating the exact genetic defect is essential for many
rare diseases. For most ERN, the level of annotation may
vary between disease groups and ERNs, but we adopted a
nomenclature compliant with Human Genome Variation
Society (HGVS) recommendations.

On top of the EU-CDEs, we have added a Common
Neuromuscular Dataset of 44 fields serving all neuro-
muscular diseases (NMD-CDEs). This dataset is the
intersection of the data elements chosen by all five dis-
ease areas (muscular diseases, peripheral nerve diseases,
mitochondrial diseases, neuromuscular junction diseases
and motor neuron diseases). It applies to any neuromus-
cular patient seen in a node of the network. Finally, every
disease area has Disease-Specific Datasets (DS-DEs).
These have a reduced number of fields, only displayed if
the diagnosis points towards their inclusion in the visit
data collection form.

The crucial starting point for the EURO-NMD regis-
try was to select the data elements that serve its primary
purpose. All data elements were reviewed according to
the following priming questions:

(a) Does the data element contribute to the primary
mission of EURO-NMD, i.e., improving health-
care for rare neuromuscular conditions across the
HCPs?

(b) Is the data element required at the time of diagnosis
(baseline) or subsequent visits (follow-up)?

(c) Is the data element required across all age groups,
or only in children or adults?

(d) Is the data element required for all neuromuscular
diseases, or just for one or several of the disease
groups (e.g., myopathies), or just for a specific dis-
ease entity (e.g., Duchenne muscular dystrophy)?

Figure 2 visualises the composition of the registry
from group-specific datasets and the intersections across
groups resulting from NMD-CDEs and EU-CDEs.

All data elements and their hierarchical dependen-
cies are described in the codebook and adopt standard
ontologies as recommended for data integration [24]. We
do not exclude future inclusion of different or additional
ontologies when needed. However, the current choice,
depicted in Table 1, reflects the experience of existing
neuromuscular registries. The codebook is available to
the registry users via the REDCap platform.
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Table 1 EURO-NMD registry hub adopted ontologies

Ontology Use

Website

Human phenotype ontology

Human genome variation society

Semiology definitions
Annotation of modification at chromosomal, gene,

https://hpo.jax.org/app/
https://www.hgvs.org/

variant and protein level

OMIM
ORDO (orphanet rare disease ontology)

Classification of genes and diseases
Classification of rare diseases

https://www.omim.org
https://www.orphadata.com/ordo/

FAIR-by-design

FAIR stands for Findable, Accessible, Interoperable, and
Reusable. It is the acronym used to describe a global ini-
tiative to make data more valuable by increasing the abil-
ity of computers to find, interpret, integrate, and analyse
those data autonomously.

Findable means that healthcare professionals, research-
ers, regulators, representatives of patient organisations
can find EURO-NMD registry and see what data exist.
This is achieved through registering the EURO-NMD
in JRC’s ERDRI platform (https://eu-rd-platform.jrc.ec.
europa.eu/erdridor/register/6501).  Accessible means
that once they find the data they were looking for, they
clearly know if they are authorised to use them. Interop-
erable means that records written in different languages
and formats can be combined and Reusable means that
data can be used more than once for research but also by
patients themselves.

The EURO-NMD Registry will be interoperable with
other rare disease registries under a data-sharing model
relying on federated queries that run without data trans-
fer between registries (‘the data visiting’ approach). In
this light, we designed and integrated a FAIR architecture

(FAIR-by-design) that complements existing ERN
EURO-NMD data management systems. This design
addresses two critical concerns related to the sharing of
patient health data: protection and privacy. The FAIR
infrastructure implements data access regulations by pre-
paring patient health data for secondary use in a secure
(anonymized and aggregated data) and GDPR-compliant
way.

Interoperability is achieved by processing a subset
of the data collected from each participating Regis-
try according to the semantic model for the EU-CDEs
developed by EJPRD (European Joint Programme on
Rare Diseases) and hosting this transformed data in a
triplestore, which is a component of a FAIR Data Point.
A FAIR Data Point (FDP) is "a metadata repository spe-
cifically designed to adhere to as many FAIR Principles
and norms as possible. It follows a global standard for
descriptions of catalogues and datasets (Data Catalog
Vocabulary—DCAT)) and enhances them by adding
the fully machine-actionable read/write behaviours of
the Linked Data Platform, allowing machines to explore
the data descriptions autonomously. FDPs also auto-
matically register themselves in a central index, which


https://eu-rd-platform.jrc.ec.europa.eu/erdridor/register/6501
https://eu-rd-platform.jrc.ec.europa.eu/erdridor/register/6501
https://hpo.jax.org/app/
https://www.hgvs.org/
https://www.omim.org
https://www.orphadata.com/ordo/

Atalaia et al. Orphanet Journal of Rare Diseases (2024) 19:66

browses their metadata regularly, thus enabling "smart
search" overall public FDPs making this software an
indispensable component of a FAIRification process.
Apart from being a software that allows data owners to
expose datasets in a FAIR manner and data users to dis-
cover information about the offered datasets, it acts as
a gateway to data by describing the access conditions
and any restrictions enforced by the repository.

A FAIR assessment of the newly-built EURO-NMD
registry was achieved using an automated evaluation
system called the 'FAIR Evaluator), developed as an open
source (https://w3id.org/AmIFAIR). The EURO-NMD
registry scored 19 out of 22 possible points, represent-
ing 22 individual tests spanning all FAIR principles
except for R1.3 (The (meta)data conforms to commu-
nity standards). The FAIR assessment was particularly
useful in guiding the development teams on the quality
of their deployment process. It helped detect accidental
errors or misunderstandings that were difficult to spot
with the human eye. It provided Proof of Compliance
with a set of FAIRness requirements supplied by the
EURO-NMD Steering Committee through the Registry
Key Performance Indicators.

Registry key performance indicators

To identify data elements contributing to improve-
ments in healthcare, we defined key performance
indicators (KPIs) that can be used to benchmark the
performance of the HCPs and track outcomes for
patients (Additional file 1). Across all neuromuscular
diseases, "time to diagnosis” and "time to treatment”
were identified as KPIs enabling comparing processes at
different HCPs. In KPIs such as "percentage of patients
with complete remission" for a particular disease,
treatment timeframe allows the comparison of patient
health outcomes. Since the KPIs are not directly cap-
tured by the registry but are derived indicators that can
be generated from data elements at a cohort level, the
data elements necessary to derive the KPIs were then
defined. For example, "time to diagnosis" can be derived
from the date of a patient’s first coming to the atten-
tion of the expert centre, together with the confirmed
molecular diagnosis and the date of the diagnosis.

We invited the five disease group chairs of the ERN
EURO-NMD to define key performance indicators (KPIs)
and identify the corresponding data items needed for
appropriate longitudinal follow-up of the neuromuscular
conditions of their expertise. The KPIs are intended to
capture standard measurements of HCPs’ performance
and quality of patient care and inform the participating
centres about their respective KPI results.

For example, the KPIs include:
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o Average time from the patient’s first contact with
HCP to diagnosis or start of targeted therapy.

+ The proportion of patients with access to therapy
services (e.g., physical therapy, occupational therapy,
dietary advice).

+ The proportion of patients on different types of ven-
tilation.

+ The proportion of patients with cardiac disease.

We have defined Key Performance and Outcome Indi-
cators (KPIs) for each dataset that help each HCP range
their performance inside the network and guarantee
high-quality care delivery to patients. For the Common
Data Elements, we intend to collect both KPIs and aggre-
gated statistics results as described below:

+ % of cases by age (adult/pediatric)

+ % of cases by sex

+ % according to patient status

« life expectancy

+ % patients diagnosed in the first year

+ Time from onset to first HCP visit

+ Time from onset to diagnosis

+ % clinically diagnosed cases

+ % genetically diagnosed cases

+ % undiagnosed cases (without clinical/genetics diag-
nosis)

+ % patients consenting to be contacted for research
purposes

+ % patients consenting to the reuse of their data (by
list item)

+ % patients with biological samples

+ % patients with biological samples in a biobank

+ stratification by disability score

The complete list of data elements and corresponding
KPIs can be found in Appendix 1.

On every appointment, the collection or updating of
the Common Data Elements is mandatory. We encourage
a progressive capture of the Common Neuromuscular
and Disease-specific Datasets. Still, we will not bench-
mark the latter during the initial data collection cycle of
2 years.

Patient-reported outcomes

Patient-reported outcome Measures (PROMs) provide
essential information on benefits for patients’ health and
quality of life and are best captured through standardised
questionnaires. Some of these instruments (such as CGI-
I, SF36) are generic and not limited to a specific neuro-
muscular condition, which makes them valuable tools to
compare outcomes across many if not all, patients and
diseases. However, more granular and targeted outcomes
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are often required to ascertain the specific health benefits
of treatments for specific conditions, so disease-specific
outcome measures may also be required to capture treat-
ment-related KPIs for the ERN, which may differ widely
when considering a disease such as myasthenia gravis in
comparison with a disease such as inclusion body myosi-
tis. Together with patient partners in the network, we are
currently in the process of identifying a complete list of
PROMs to be captured by the EURO-NMD registry. They
should ideally be (a) considered relevant by the patient
partners themselves, (b) validated for the specific disease
and age group, (c) available in multiple European lan-
guages, (d) not incur license fees and (e) easy to apply in
the waiting room or via the internet from home.

The EURO-NMD registry hub GDPR-compatible
interoperable platform based on FAIR data

FAIR data principles encourage robust management of
data and metadata (i.e. data about data) for efficient use
and reuse by humans and computers. They are intended
to support querying and analysing data stored in differ-
ent resources to answer specific questions by various
stakeholders, such as: “What is the time difference from
onset to first HCP visit across Europe?” Querying the
EURO-NMD registry will be facilitated by the Virtual
Platform developed by the European Joint Programme
on Rare Diseases (EJP-RD). The Virtual Platform will
offer a graphical user interface (GUI) for humans and an
Application Programming Interface (API) for computers
to query data across existing registries and the registry
hub. However, this can only be possible when the data
exposed by various registries are FAIR, where data stay
at the source but can be queryable at a distance from an
EJP-RD query point (see Fig. 1 for the schematic repre-
sentation of a privacy-preserving federation over multi-
ple registries).

The FAIR-by-design EURO-NMD registry has built-
in interoperability founded on using accepted ontolo-
gies and classifications that promote data integration.
At the same time, the FAIRification of the datasets is
destined to sustain inter-registry interoperability. This
was successfully demonstrated in a proof-of-concept for
the EU-CDEs, where data from the EURO-NMD reg-
istry is now interoperable with four existing pilot reg-
istries: Duchenne Data Platform, CRAMP, DM-SCope
and SMArtCARE (see Fig. 1). These are examples of
one patient-driven, one national, and two clinical regis-
tries, respectively. Conducting queries related to neuro-
muscular diseases is possible without exposing sensitive
patient details. The solution is based on technology that
connects Web addresses to database queries, thus limit-
ing database exploration to only pre-approved questions
(e.g. patient count). The prototype depends on a publicly
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available database of queries manually curated and fil-
tered by experts in FAIR and neuromuscular diseases.
FAIR makes it possible for the same query to be executed
over independent resources; thus, sharing those queries
leads to convergence between registries.

Queries are executed, on demand, over FAIR datasets
through a query interface. All of this is protected by a
“proxy”, which further insulates the other components,
and ensures only encrypted communication over the
Web. Accessing the proxy retrieves, for example, only
a count of patients with a given rare disease that can be
aggregated in a graphical analytics environment.

Registry management, stakeholder engagement,
sustainability and future-proofing

The EURO-NMD Registry is an essential vector within
the European Reference Networks' activities required
by the European Commission, which funds and oversees
the different network activities. For the Commission,
the registry’s essential feature is monitoring the net-
work’s clinical activity to guarantee homogeneous care
delivery across the European space, thus demonstrat-
ing the added value of the ERNs approach for Rare Dis-
eases management. Furthermore, the registry supports
research, regulatory activities and the demand for thera-
pies for rare neuromuscular diseases. Critical mass gen-
eration through the registry datasets and identification of
cohorts that ensure rare diseases trial-readiness are evi-
dent benefits of the platform. Aspects of natural history
and long-term monitoring of conditions and treatments
concomitantly serve regulatory and policy decisions.

The guiding principles of the registry guarantee that its
usefulness matches its legal and ethical high standards.
We have adopted previously published eight principles
[25]:

Transparency.

Accountability.

Follow the rule of law.

Integrity.

Participation and inclusiveness.

Impartiality and independence.

Effectiveness, efficiency and responsiveness.
Reflexivity and continuous quality improvement.

®© NG W

The first five points are sufficiently documented in this
paper. The guarantee of impartiality and independence
calls for an external body to evaluate our procedures, and
it is currently performed by the European Commission
and the monitoring mechanisms it has put in place. The
need for a future body in the form of an External Audi-
tor Body is a discussion still being processed. We have
simultaneously put in place Key Performance Indicators
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for clinical outcomes and processual ones that will help
comply with requirements of effectiveness, efficiency and
responsiveness. As we currently start using the registry,
our primary focus is on reflexivity and continuous qual-
ity improvement, and we trust our members to play an
active role in these tasks. We intend to designate a reg-
istry champion per HCP, to liaise locally and incentivise
the registry use. Despite our limited budget, we need to
work on variables of staffing and funding. We intend to
reward the best performing centres and actively support
the ones with the most difficulties.

The registry aims to protect the privacy and safety
of patients while allowing the correct use of the col-
lected data. An all-stakeholders Data Access Commit-
tee will care for the transparency and legitimacy of data
use through a strict role-based access system. The Data
Access Committee comprises the Registry Coordina-
tor, Scientific Project coordinator, FAIR data expert, IT
specialist, Project facilitator and two patient representa-
tives. The DAC members serve for 3-year terms with an
option of extension. The DAC receives and evaluates the
requests for data access, except for the public data counts
on the website.

The responsibilities of the DAC are:

+ Treat all data requests confidentially.

+ Aim to respond promptly to all data requests and
provide adequate feedback.

+ Check that the proposed work complies with the
terms and conditions of the ethics approval provided
to the EURO-NMD registry.

+ Look for evidence that the third-party requesting
data is appropriately qualified for the use of the data.

+ Advise on project overlaps or improvements that will
optimise data use/reuse.

+ Be aware of their conflicts of interest.

+ Ensure that the effort of all those involved is appro-
priately acknowledged.

There will be discovery data publicly available on the
website consisting of counts centred on the Common
Data Elements, which will have some delay to the live
database. The access to data varies according to the stake-
holders involved, and some access levels are only allowed
after the Data Access Committee review.

The data access roles we have defined include:

+ Contributing researcher

+ Non-contributing researcher

« National Health Authority

+ Regulatory Authority or Health Technology Assess-
ment (HTA) entity

» Insurance Companies/Payers
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+ Non-Governmental Organisation (NGO)
+ Patient Organisation
» Individual Patient

Individual patients will have permanent access to
their data immediately after collection, and patient
organisations will have differentiated access to data
according to the involvement or not of the DAC.

Other roles have limitations regarding access to data;
some of it is available for discovery, but most of the
data is governed by the Data Access Committee (from
counts to pseudonymised data, CDEs-only to all data)
according to defined criteria by the Registry Steering
Committee.

Finally, the EURO-NMD Registry Hub will connect the
EURO-NMD Registry with other data sources in an inno-
vative IT platform solution that will significantly ben-
efit patients, their families and patient organisations by
developing a linked system that will enable anonymised
health data to be accessed and interlinked through mul-
tiple existing data sources across different EU countries.
The EURO-NMD Registry Hub is expected to be linked
to patient community websites and promote the publica-
tion of relevant information to the patient organisations
and patients. The sustainability of the EURO-NMD Reg-
istry Hub is connected with the engagement of the dif-
ferent project partners (Academia, Care Centres, and
Patient Organisations) through communication and dis-
semination activities and participation of the Registry
Hub in EU funding programmes, as well as feasibility and
research studies promoted by the industry or academics.

The EURO-NMD registry and EURO-NMD registry
hub bring innovation, as we wanted to avoid building
another clinicians-only-based registry that would not
serve also the unmet needs of patients. Another char-
acteristic we underline is that patients are positioned as
the managers and have full access to their data to assist
with their care or consent to participation in research.
The data in our platform never exits its original loca-
tion, as the federated queries run on distributed agents
containing just enough aggregated or anonymised data
to answer the questions. In circumstances that the Data
Access Committee deems adequate, the re-identification
of patient cohorts can be done through the pseudo-
anonymisation mechanism for the purposes consented
to by the patients. Patients’ participation in the platform’s
governance is transversal and guarantees patient over-
sight of all mechanisms involved. We aim to develop a
fully functioning Patient Portal that will guide all inter-
actions with the patient registry and to create a Patient
Locker where the patient safely keeps all his disease-
related information and decides with whom the data
needs to be shared. The latter will be an essential tool
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for patient empowerment by returning control over their
data to patients clearly and quickly.

The Registry Hub for Neuromuscular Diseases projects
itself as a multi-stakeholder tool essential for diagnostic
innovation and treatment discovery. It is evolving from
an EU-funded project to a multi-national-based health-
care and research tool able to monetize deliveries for
commercial purposes while providing resources for tasks
such as HTA, integral for regulatory and policy purposes
allocated to existing financial streams. We envision this
mixed model as the source of the platform’s sustainability
and are committed to the continuity and improvement
of its architecture and workflows in the long term. With
that in mind, we work on an API and a sharing agreement
to enable other institutions starting a registry to use the
same codebook as our platform and optimise the interop-
erability and reuse of data collected via the new register.

Discussion

This paper presents an innovative solution for building a
Registry platform for the European Reference Network
for Rare Neuromuscular Diseases. Since hundreds of reg-
istries for neuromuscular diseases already exist, the con-
cept of the EURO-NMD Registry Hub is to reuse existing
data instead of duplicating existing data sources with yet
another siloed data collection. One strong argument in
favor of this sharing model is that data participating in
the Hub never exits its original location, as the federated
queries run on distributed agents containing just enough
aggregated or anonymised data to answer the questions.

Our tested interoperability with four existing registries
(the Duchenne Data Platform, CRAMP, DM-Scope and
SMArtCare) is a significant milestone. It is now possible
to conduct the same queries related to neuromuscular
diseases in multiple independent registries simultane-
ously without exposing sensitive patient details. When-
ever possible, and to reinforce alignment of efforts and
sustainability, we will work on creating FAIR Data Points
for any platform. By sharing the same ontologies and
classifications, we can return results for any query origi-
nating within the ecosystem.

There has been some preliminary work on defining the
semantic terms for describing the informed consent pro-
cesses and contents for data access to and secondary use
of patient health data [26]. Machine-readable data use
conditions still need to be implemented in the EURO-
NMD registry.

We have been working on an API and a sharing agree-
ment to enable other institutions starting a registry to
use the same codebook as our platform and optimise the
interoperability and reuse of data collected via the new
register.

Page 11 of 15

We have invited patients and patient organisations
to participate from the inception of the EURO-NMD
registry and EURO-NMD registry hub, as we wanted
to avoid building another clinicians-only-based regis-
try that would not cater to the unmet needs of patients.
Another characteristic that we underline is that patients
are positioned as the managers of their data and have
full access to their data, either to assist with their care
or to allow research to profit from the participation of
their data in scientific queries. Patients’ participation in
the platform’s governance is transversal and guarantees
patient oversight of all mechanisms involved. We aim
to develop a fully functioning Patient Portal that will
guide all interactions with the patient registry and to
create a Patient Locker where the patient safely keeps
all his disease-related information and decides with
whom the data needs to be shared.

This will be an essential tool for patient empower-
ment by returning control over their data to patients
clearly and quickly.

Conclusions

The EURO-NMD Registry Hub is built to collect and/
or connect data from rare neuromuscular patients
across different platforms linked through FAIR Data
Points, overcoming the siloed data issue that prevents
patients from fully benefiting when they contribute
their data for care and research. The patient contribu-
tion is exceptionally high in domains of governance and
data entry of PROs, and also regarding patient access to
data and dynamic consent management tools. This cre-
ates an information environment that exceeds the usual
limits of the registries already in place and empow-
ers patients, while enriching the meaningfulness and
validity of the long-term data collected. In conclusion,
the FAIR-by-design and strong patient engagement in
design and implementation are two innovative pillars
of our registry platform. As a result, the registry ena-
bles bringing together clinician-entered data, patient
reported outcomes and quality of life input.

Appendix 1: Key process indicators list

KPI KPI's CDEs
% Cases by age (adult/pediatric) EU-CDEs
% Cases by sex EU-CDEs
% Patients according to patient status EU-CDEs
Life expectancy EU-CDEs
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KPI KPI's CDEs KPI KPI's CDEs
Time from onset to first HCP visit EU-CDEs % Patients on specific treatment designated in 21.2 strati- NMD-CDEs
9% Patients diagnosed in the first year after first contact EU-CDEs fied by dosage
with HCP Treatment response stratification NMD-CDEs
Time from onset (first symptoms) to specific diagnosis EU-CDEs 9% Patients having received a specific diagnosis NMD-CDEs
% Clinically diagnosed cases EU-CDEs after 12 months
% Genetically diagnosed cases EU-CDEs jAa Pavt)ients receiving "Mitococktail” or food supplements (yes DS-DEs
no?
% Undiagnosed cases (without clinical/genetics diagnosis) ~ EU-CDEs . . . L
) ) % Patients with partial / complete remission (CIDP) DS-DEs
% Patients consenting to be contact for research purposes ~ EU-CDEs o
) ) ) o Change of ambulation in the last 12 months DS-DEs
% Patients consenting reuse of their data (by list item) EU-CDEs ) o
) o ) Time to full remission DS-DEs
% Patients with biological samples EU-CDEs . . o
. o ) ) ) Time to partial remission DS-DEs
% Patients with biological samples in a biobank EU-CDEs )
. ) o Time from symptom onset to thymectomy DS-DEs
Stratification by WHODAS disability profile/score EU-CDEs . . O
) ) ) % Patients with complete remission (CIDP) DS-DEs
% Patients with delayed milestones NMD-CDEs . . . o
) ) . % Patients with partial remission (CIDP) DS-DEs
% Patients with first degree affected relatives NMD-CDEs ) ) ) ) ) )
) ) ; ) ) % Patients with dysimmune neuropathies with anti-nerve DS-DEs
% Patients having received genetic counseling NMD-CDEs antibodies
% Patients by ambulation status NMD-CDEs  syratification by antibodies of patients with dysimmune DS-DEs
% Patients that lost ambulation in the last 12 months NMD-CDEs neuropathies
% Patients with independent feeding capacity NMD-CDEs Stratification by antibodies titer DS-DEs
Body height (cm)—percentile NMD-CDEs % Patients with complete remission after 12 months DS-DEs
Body weight (kg)—percentile NMD-CDEs Scale of activities (of daily living) for specified diseases DS-DEs
% Patients with cardiac disease NMD-CDEs % Patients with partial remission after 12 months DS-DEs
% Patients with feeding difficulties NMD-CDEs % Patients screened for malignancies DS-DEs
% Patients with breathing difficulties NMD-CDEs % Patients with access to speech therapy per year DS-DEs
% Patients with cognitive impairment NMD-CDEs 9% Patients with access to dietary advice per year DS-DEs
% Patients with scoliosis NMD-CDEs Maximum walking distance estimate DS-DEs
% Patients with acquired cogntive impairment (dementia) ~ NMD-CDEs % Patients QOL (quality of life) DS-DEs
% Patients with development delay NMD-CDEs 9% Patients discussed in multidisciplinary teams (MDT) / DS-DEs
% Respiratory insufficiency NMD-CDEs CPMS /boards
% Patients with symptoms of hypoventilation NMD-CDEs 9% Patients with mito-associated epilepsy per year DS-DEs
9% Patients on assisted ventilation NMD-CDEs ;/:122222;5 \Aéi{i} epilepsy treatment following existing guide- DS-DEs
%NIV, %night-only NIV, %exacerbation only NIV NMD-CDEs ) 4 e -
) ) ) o 9% Patients receiving "Mitoocktail" or food supplements DS-DEs
% Patients on invasive ventilation NMD-CDEs L ) .
) ) ) Stratifcation by mitochondrial phenotype DS-DEs
% Patients with swallowing dificulties NMD-CDEs o
] . Stratifiation by score (NMDAS/NMPDS/IPMDS) DS-DEs
9% Gastrostomy, weight variation in one year before gastros-  NMD-CDEs ) )
tomy Number of days ventilated per patient per year DS-DEs
Number of days per year with nasogastric tube feeding NMD-CDEs SMN2 copy number DS-DEs
% Patients with cardiac diagnosis/by strata NMD-CDEs % Patients with definitive ALS diagnosis DS-DEs
% Patients with pacemaker (PM) NMD-CDEs Stratificaion by ALS presentation form DS-DEs
% Patients with Implantable Cardio Defibrillator (ICD) NMD-CDEs Stratificaion by other ALS presentation symptoms or signs DS-DEs
% Patients with Cardiac Resynchronization Therapy (CRT) NMD-CDEs  Otratification by ALS-FRS-R score DS-DEs
% Patients with Heart Transplantation (HT) NMD-CDEs CNgjr:qné)fr:;fSp?;ems evaluated with disease-specific out- DS-DEs
u
% Patients according to medication / medication groups NMD-CDEs
% Patients with scoliosis surgery NMD-CDEs
Number of unplanned hospitalization per year NMD-CDEs  Abbreviations
T -~ CDEs Common data elements
Num?er of dfays ofunplanned4hosp|taI|zat|on per year NMD-CDEs DPIA Data protection impact assessment
% Patients with access to physical therapy per year NMD-CDEs DS-CDEs Disease-specific date elements, only disease or dis-
9% Patients with access to occupational therapy per year NMD-CDEs ease-group specific data elements
) - o . - EC European Commission
tT}l}r:rea from first HCP visit to initiation of specific/targeted NMD-CDEs EJPRD European Joint Programme on Rare Diseases
Py ERDRI European Rare Disease Registry Infrastructure
% Patients in other registries NMD-CDEs ERNs European Reference Networks
9% Patients in clinical trials NMD-CDEs EU European Union
EU-CDEs Joint Research Centre of the European Commission

set of common data elements applying to all rare
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disease registries

FAIRification Application of the FAIR data principles of data stew-
ardship to one or more data elements

GDPR General data protection regulation

HTTPS Hypertext transfer protocol secure (HTTPS) is a

protocol for data transmission widely used in the
Internet, that uses encryption for secure communi-
cation over a computer network
KPIs Key performance indicators
HCPs Healthcare providers, that is hospitals or centres of
expertise forming the nodes of the ERN
HPO Human phenotype ontology
NMD Neuromuscular disorder
NMD-CDEs Neuromuscular common data elements, consist
of all data elements shared by all neuromuscular
diseases
According to GDPR, it is “the processing of personal
data in such a way that the data can no longer be
attributed to a specific data subject without the use
of additional information, as long as such additional
information is kept separately and subject to tech-
nical and organisational measures to ensure non-
attribution to an identified or identifiable individual”

Pseudonymization

RD Rare disease(s)
RDF Resource description framework
Triple A semantic triple, RDF triple or simply triple, is

the atomic data entity in the resource descrip-
tion framework (RDF) data model. A triple is a set
of three entities that codifies a statement about
semantic data in the form of subject—predicate—
object expressions (e.g., "Jack is tall")

Purpose-built database for the storage and retrieval
of triples through semantic queries [4]

Triplestore or RDF store

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/513023-024-03059-3.

Additional file 1: List of Registry Key Process Indicators (KPIs).

Additional file 2: List of database technical Key Process Indicators KPIs.

Acknowledgements

We want to recognize the work of the Working Groups'leaders in identifying
neuromuscular disease Key Performance Indicators and the corresponding
required data elements to capture. Working Group: Rare Muscle Diseases—
Acquired and genetic skeletal muscle diseases, Marianne de Visser and Kristl G.
Claeys; Rare Peripheral Nerve Diseases—Acquired and Inherited Neuropathies,
Davide Pareyson; Neuromuscular Junction Disorders—Congenital Myasthenic
Syndromes, Myasthenia Gravis, Other autoimmune NMJ defects (Lambert-
Eaton myasthenic syndrome), Hanns Lochmuller; Ulrike Schara-Schmidt.
Motor Neuron Diseases—Amyotrophic Lateral Sclerosis (ALS) and related
diseases, Spinal Muscular Atrophy (SMA) and related diseases, Vincenzo Silani
and Jan Kirschner; Mitochondrial Diseases—Mitochondrial encephalomyopa-
thies caused by mtDNA, Nuclear gene defects (MERRF, NARP, etc.) or causing
mitochondrial the single mtDNA encephalomyopathy, Cornelia Kornblum and
Michelagelo Mancuso. Cross-Cutting speciality groups: Neuromuscular Genet-
ics Group—Alessandra Ferlini; Neuromuscular Imaging Group—Pierre Carlier;
Neuromuscular Pathology Group—Montse Olivé; Neuromuscular Neurophysi-
ology Group—Peter Van Den Bergh and Camiel Verhamme.

Author contributions

AT (Adrian Tassoni): Registry concept, FAIR design, Registry implementation,
Drafting, Revision. AA: Registry concept, Registry implementation, Literature
search, Analysis, Drafting, Revision. AT (Antonio Toscano): Revision. CD: Registry
concept, Literature search, Revision. CP: Revision. CE: Registry implementation,
Revision. CK: Revision. DW: Registry concept, FAIR design, Registry implemen-
tation, Literature search, Analysis, Drafting, Revision. DH: Revision. DP: Revision.
DA: Registry concept, Registry implementation, Drafting, Revision. EV: Registry

Page 13 of 15

concept, Revision. EB: Revision. ER: Revision. FL: Registry concept, Drafting,
Revision. GP: Revision. GB: Registry implementation, Revision. HD: Registry
implementation, Revision. HL: Registry concept, Registry implementation,
Literature search, Drafting, Revision. JH: Revision. JK: Registry implementation,
Revision. JGJH: Revision. J-PP: Registry concept, Registry implementation, Revi-
sion. KGC: Revision. LB: Registry concept, Revision. MDV: Registry implementa-
tion, Revision. MDW: Registry concept, FAIR design, Registry implementation,
Revision. MJ: Revision. MG: Literature search, Revision. MM: Revision. NVDB:
Literature search, Revision. NL: Registry concept, FAIR design, Registry imple-
mentation, Literature search, Drafting, Revision. PS: Drafting, Revision. P-BTH:
Registry concept, FAIR design, Registry implementation, Drafting, Revision. RT:
Registry concept, Registry implementation, Drafting, Revision. RH: Revision.
S-AB: Drafting, Revision. VS: Revision. TE: Registry concept, Registry implemen-
tation, Analysis, Revision.

Funding

This project was co-funded by the European Union's 3rd EU Health Pro-
gramme; Grant Agreement: 947598; EURO-NMD Registry—HP-PJ-2019.
Total EU funding: 200,000€. Total Patients Organisations in kind contribution:
274,641.20€.

Availability of data and materials

Access to data in the registry itself, as well as to the REDCap Codebook listing
all data elements captured, is available to authorised users under conditions
governed by the registry data access policy as described in this publica-

tion and set out on the registry website at https://registry.ern-euro-nmd.

eu. The registry KPIs are publicly available as an Annex to this publication.
Owing to intellectual property restrictions, the full registry codebook is not
publicly available at this time but is available from the corresponding author
on reasonable request, subject to certain conditions restricting commercial
reuse. The authors highly encourage interested stakeholders to contact the
corresponding author for any potential new application of the registry data
elements that would support the "reuse" principle of the FAIR data principles.

Declarations

Ethics approval and consent to participate

There is no patient data at this stage. The ethical and legal advisory team, rep-
resented in this paper by Laura Blacas and Carla D’Angelo, dealt with ethical
and legal issues of the Registry. Recruitment will start after all the require-
ments have been met.

Consent for publication
All authors reviewed the manuscript and consented to its publication.

Competing interests

Adrian Tassoni, Antonio Atalaia, Carla D’Angelo, Catherine Eng, Dagmar
Wandrei, Dalil Hamroun, Dimitrios Athanasiou, Elizabeth Vroom, Esther Brusse,
Evy Reviers, Frangois Lamy, Georgios Paliouras, Hadrien Delattre, Jean-Philippe
Plancon, Laura Blacas, Maxime Jacoupy, Michelangelo Mancuso, Nawel Lalout,
Paraskevi Sakellariou, Peter-Bram 't Hoen, Rachel Thompson, Rita Horvath,
Suzie-Ann Baker, Teresinha Evangelista declared no conflicts of interest. Anto-
nio Toscano: Reimbursements for participation to scientific boards and for
educational activities from Sanofi Genzyme, Amicus, Astellas, Bayer, Aro and
Spark. Carmen Paradas: Advisory Board honoraria from UCB, Alexion, Sanofi-
Genzyme. Cornelia Kornblum: Travel funding and/or speaker honoraria from
Chiesi, Amicus Therapeutics, Fulcrum Therapeutics, Novartis, Sanofi Genzyme,
Santhera and acknowledges financial support as advisory board member
and/or primary investigator for Amicus Therapeutics, Fulcrum Therapeutics,
Hormosan, Reneo Pharmaceuticals, Roche Pharma AG, Sanofi Genzyme,
Stealth BioTherapeutics. Davide Pareyson: Financial support from Alnylam and
Kedrion for participation in international meetings, participation in Advisory
Boards of Inflectis, Alnylam, Akcea, Arvinas, Augustine Tx, DTx, speaker hono-
rarium from Alnylam. Guillaume Bassez: Research funding from AFM-Telethon
and compensation for consulting services and/or speaking activities from
Biogen, Dyne therapeutics, Lupin Pharmaceutical. Hanns Lochmuller: Support
from the Canadian Institutes of Health Research (Foundation Grant FDN-
167281), the Canadian Institutes of Health Research and Muscular Dystrophy
Canada (Network Catalyst Grant for NMDA4C), the Canada Foundation for Inno-
vation (CFI-JELF 38412), and the Canada Research Chairs program (Canada


https://doi.org/10.1186/s13023-024-03059-3
https://doi.org/10.1186/s13023-024-03059-3
https://registry.ern-euro-nmd.eu
https://registry.ern-euro-nmd.eu

Atalaia et al. Orphanet Journal of Rare Diseases (2024) 19:66

Research Chair in Neuromuscular Genomics and Health, 950-232279).

Jana Haberlova: Honoraria as a advisory board members or speaker for

Roche Novartis, Biogen, PTC. Janbernd Kirschner: Consultancy and/or speaker
honoraria from Biogen, Novartis, Pfizer and Roche and research grants from
Biogen, Novartis, Roche. Janneke G. J. Hoeijmakers: Grants from the Prinses
Beatrix Spierfonds (W.OK17-09 and W.TR22-01). Kristl G. Claeys: Speaker/
Advisory board honoraria from Alexion, Alnylam, Amicus, ArgenX, Biogen, CSL
Behring, Ipsen, Janssen Pharmaceutics, Lupin, Pfizer, Roche, Sanofi-Genzyme,
UCB; and Research funding from CSL Behring (Chair), Alnylam, Biogen, Pfizer,
Roche, Sanofi-Genzyme. Marianne de Visser: Consultancy honoraria from
Novartis and Argenx. Mark D Wilkinson: Co-Founder of FAIR Data Systems S.L,,
Madrid, who were contracted to do some portions of the work with several
of the registries described in this paper. Melinda Gyenge: Research funding
from AFM-Telethon. Nadine van der Beek: Advisory boards of Sanofi, and
Amicus Therapeutics. She received speaker honoraria Sanofi. Vincenzo Silani:
Compensation for consulting services and/or speaking activities from AveXis,
Cytokinetics, Italfarmaco, Liquidweb Str.l, Novartis Pharma AG and Zambon.
He receives or has received research supports form the Italian Ministry of
Health, AriSLA, and E-Rare Joint Transnational Call. He is in the Editorial Board
of Amyotrophic Lateral Sclerosis and Frontotemporal Degeneration, European
Neurology, American Journal of Neurodegenerative Diseases, Frontiers in
Neurology, and Exploration of Neuroprotective Therapy.

Author details

'Inserm Center of Research in Myology, Neuro-Myology Service G.H.
Pitié-Salpétriere, Sorbonne Université, Paris, France. *Clinical Trials Unit,
Medical Center — University of Freiburg, Faculty of Medicine, University

of Freiburg, Freiburg, Germany. *Medical BioSciences Department, Radboud
University Medical Center, Nijmegen, Netherlands. “Duchenne Parent Project,
Veenendaal, The Netherlands. *Children’s Hospital of Eastern Ontario Research
Institute, Ottawa, Canada. ®World Duchenne Organisation, Veenendaal, The
Netherlands. ’Duchenne Data Foundation, Bergen Op Zoom, The Netherlands.
8European Reference Network for Rare Neuromuscular Diseases EURO-NMD,
Institute of Myology, University Hospital Pitie-Salpetriere-APHP, Paris, France.
Department of Clinical Neurosciences, University of Cambridge, Cambridge,
UK. '°Department of Clinical and Experimental Medicine, Neurological
Institute, University of Pisa, Pisa, Italy. '' Department of Neurology/Center

for Lysosomal and Metabolic Diseases, Erasmus MC University Medical Center,
Rotterdam, The Netherlands. '2Department of Neurology, Neuromuscular
Diseases Section, University Hospital Bonn, Bonn, Germany. '>Department

of Neuropediatrics and Muscle Disorders, Faculty of Medicine, Medical

Center — University of Freiburg, Freiburg, Germany. "Unit of Rare Neurological
Diseases. Department of Clinical Neurosciences, Fondazione IRCCS Istituto
Neurologico Carlo Besta, Milan, Italy. *Neuromuscular Diseases Reference
Center, Pitié-Salpétriere University Hospital, APHP Paris, Paris, France. 1°Associa-
tion Institute of Myology, Hépital Pitié-Salpétriere, Paris, France. ' Association
Francaise Contre Les Myopathies, AFM-Téléthon, Evry, France. '®European
Patient Organisation for Dysimmune and Inflammatory Neuropathies, Paris,
France. "’Neuromuscular Center, University Hospital Motol, Prague, Czech
Republic. *’Department of Neurology, Maastricht University Medical Center+,
and MHeNS, School for Mental Health and Neuroscience, Maastricht Univer-
sity, Maastricht, The Netherlands. 2' Department of Neurology, Amsterdam
University Medical Center, Location Academic Medical Center, Amsterdam,
The Netherlands. 2Department of Neurology, University Hospitals Leuven,
and Laboratory for Muscle Diseases and Neuropathies, Department of Neu-
rosciences, KU Leuven, and Leuven Brain Institute (LBI), Louvain, Belgium.
ZHospital Universitario Virgen del Rocio/IBiS, Avda Manuel Siurot S/N,

41013 Seville, Andalucfa, Spain. 2*Department of Clinical and Experimental
Medicine, AOU G. Martino Di Messina, University of Messina, Messina, Italy.
ZDepartment of Neurology and Laboratory of Neuroscience, IRCCS Istituto
Auxologico ltaliano, Milan, Italy. 2ALS Liga Belgium, Louvain, Belgium. 2’ CHRU
de Montpellier, Direction de la Recherche et de LInnovation, Hopital La
Colombiére, Montpellier, France. Departamento de Biotecnologia-Biologfa
Vegetal, Escuela Técnica Superior de Ingenieria Agrondémica, Alimentaria y

de Biosistemas, Centro de Biotecnologfa y Gendmica de Plantas UPM-INIA,
Universidad Politécnica de Madrid (UPM), Instituto Nacional de Investigacion
y Tecnologia Agraria y Alimentaria (INIA/CSIC), 28223 Madrid, ES, Spain.
2’Neuromuscular Pathology Functional Unit; Neuropathology Service, Institute
of Myology, University Hospital Pitié-Salpétriere-APHP, Paris, France.

Page 14 of 15

Received: 12 June 2023 Accepted: 3 February 2024
Published online: 14 February 2024

References

1. Deenen JCW, Horlings CGC, Verschuuren JJGM, Verbeek ALM, Van Enge-
len BGM. The Epidemiology of Neuromuscular Disorders: A Comprehen-
sive Overview of the Literature. J Neuromuscul Dis. 2015;2:73-85.

2. Parliament E. Directive 2011/24/EU of the European Parliament and of the
Council of 9 March 2011 on the application of patients'rights in cross-
border healthcare, 2011. CELEX: EC. Available: https://eur-lex.europa.eu/
legal-content/EN/TXT/PDF/?uri=CELEX:32011L0024&from=EN [Accessed
19/04/2022 2022].

3. Boycott KM, Lau LP, Cutillo CM, Austin CP. International collaborative
actions and transparency to understand, diagnose, and develop thera-
pies for rare diseases. EMBO Mol Med. 2019

4. Austin CP, Cutillo CM, Lau LPL, Jonker AH, Rath A, Julkowska D, Thomson
D, Terry S. F, de Montleau B, Ardigo D, Hivert V, Boycott KM, Baynam G,
Kaufmann P, Taruscio D, Lochmuller H, Suematsu M, Incerti C, Draghia-Akli
R, Norstedt |, Wang L, Dawkins HJS, International Rare Diseases Research
C, Future of rare diseases research 2017-2027: an IRDIRC perspective. Clin
Transl Sci. 2018;, 11:21-27

5. Heon-Klin V. European reference networks for rare diseases: what is the
conceptual framework? Orphanet J Rare Dis. 2017;12:137.

6. Bellgard MI, Snelling T, Mcgree JM. RD-RAP: beyond rare disease patient
registries, devising a comprehensive data and analytic framework.
Orphanet J Rare Dis. 2019;14:176.

7. Halfpenny NJ, Quigley JM, Thompson JC, Scott DA. Value and usability
of unpublished data sources for systematic reviews and network meta-
analyses. Evid Based Med. 2016;21:208-13.

8. Orphanet. Rare disease registries in Europe, 2021. Orphanet. Available:
https://www.orpha.net/orphacom/cahiers/docs/GB/Registries.pdf
[Accessed 21/04/2022 2022]

9. EvangelistaT, van Engelen B, Bushby K. 200th ENMC International Work-
shop “European reference networks: recommendations and criteria in the
neuromuscular field’, 18-20 October 2013, Naarden, The Netherlands.
Neuromuscul Disord. 2014;24:537-45.

10. Harris PA, Taylor R, Minor BL, Elliott V, Fernandez M, O'neal L, Mcleod L,
Delacqua G, Delacqua F, Kirby J, Duda SN, Consortium RE. The REDCap
consortium: Building an international community of software platform
partners. J Biomed Inform. 2019; 95, 103208

11. Harris PA, Taylor R, Thielke R, Payne J, Gonzalez N, Conde JG. Research
electronic data capture (REDCap)-a metadata-driven methodology and
workflow process for providing translational research informatics sup-
port. J Biomed Inform. 2009;42:377-81.

12. Thompson R, Robertson A, Lochmuller H. Natural history, trial readiness
and gene discovery: advances in patient registries for neuromuscular
disease. Adv Exp Med Biol. 2017;1031:97-124.

13. Bladen CL, Rafferty K, Straub V, Monges S, Moresco A, Dawkins H, Roy A,
Chamova T, Guergueltcheva V, Korngut L, Campbell C, Dai Y, Barisi¢ N, Kos
T, Brabec P, Rahbek J, Lahdetie J, Tuffery-Giraud S, Claustres M, Leturcq F,
Ben Yaou R, Walter MC, Schreiber O, Karcagi V, Herczegfalvi A, Viswana-
thanV, Bayat F, de la Caridad Guerrero Sarmiento |, Ambrosini A, Ceradini
F, Kimura E, van den Bergen JC, Rodrigues M, Roxburgh R, Lusakowska A,
Oliveira J, Santos R, Neagu E, Butoianu N, Artemieva S, Rasic VM, Posada
M, Palau F, Lindvall B, Bloetzer C, Karaduman A, Topaloglu H, Inal S, Oflazer
P, Stringer A, Shatillo AV, Martin AS, Peay H, Flanigan KM, Salgado D, von
Rekowski B, Lynn S, Heslop E, Gainotti S, Taruscio D, Kirschner J, Verschu-
uren J, Bushby K, Béroud C, Lochmdiller H. The TREAT-NMD duchenne
muscular dystrophy registries: conception, design, and utilization by
industry and academia. Hum Mutat. 2013;34:1449-57.

14. Koeks Z, Bladen CL, Salgado D, Van Zwet E, Pogoryelova O, McMacken
G, Monges S, Foncuberta ME, Kekou K, Kosma K, Dawkins H, Lamont
L, Bellgard MI, Roy AJ, Chamova T, Guergueltcheva V, Chan S, Korngut
L, Campbell C, Dai Y, Wang J, Barisic N, Brabec P, Lahdetie J, Walter MC,
Schreiber-Katz O, KarcagiV, Garami M, Herczegfalvi A, Viswanathan V,
Bayat F, Buccella F, Ferlini A, Kimura E, Van Den Bergen JC, Rodrigues M,
Roxburgh R, Lusakowska A, Kostera-Pruszczyk A, Santos R, Neagu E, Arte-
mieva S, Rasic VM, Vojinovic D, Posada M, Bloetzer C, Klein A, Diaz-Manera


https://eur-lex.europa.eu/legal-content/EN/TXT/PDF/?uri=CELEX:32011L0024&from=EN
https://eur-lex.europa.eu/legal-content/EN/TXT/PDF/?uri=CELEX:32011L0024&from=EN
https://www.orpha.net/orphacom/cahiers/docs/GB/Registries.pdf

Atalaia et al. Orphanet Journal of Rare Diseases

20.

21

22.

23.

24.

25.

26.

(2024) 19:66

J, Gallardo E, Karaduman AA, Oznur T, Topaloglu H, El Sherif R, Stringer A,
Shatillo AV, Martin AS, Peay HL, Kirschner J, Flanigan KM, Straub V, Bushby
K, Beroud C, Verschuuren JJ, Lochmuller H. Clinical outcomes in duch-
enne muscular dystrophy: a study of 5345 patients from the TREAT-NMD
DMD global database. J Neuromuscul Dis. 2017;4:293-306.

Kohler S, Carmody L, Vasilevsky N, Jacobsen JOB, Danis D, Gourdine JP,
Gargano M, Harris NL, Matentzoglu N, McMurry JA, Osumi-Sutherland

D, CiprianiV, Balhoff JP, Conlin T, Blau H, Baynam G, Palmer R, Gratian

D, Dawkins H, Segal M, Jansen AC, Muaz A, Chang WH, Bergerson J,
Laulederkind SJF, Yuksel Z, Beltran S, Freeman AF, Sergouniotis PI, Durkin
D, Storm AL, Hanauer M, Brudno M, Bello SM, Sincan M, Rageth K,
Wheeler MT, Oegema R, Lourghi H, Della Rocca MG, Thompson R, Castel-
lanos F, Priest J, Cunningham-Rundles C, Hegde A, Lovering RC, Hajek C,
Olry A, Notarangelo L, Similuk M, Zhang XA, Gomez-Andres D, Lochmul-
ler H, Dollfus H, Rosenzweig S, Marwaha S, Rath A, Sullivan K, Smith C,
Milner JD, Leroux D, Boerkoel CF, Klion A, Carter MC, Groza T, Smedley D,
Haendel MA, Mungall C, Robinson PN. Expansion of the human pheno-
type ontology (HPO) knowledge base and resources. Nucleic Acids Res.
2019;47:D1018-27.

Thompson R, Papakonstantinou Ntalis A, Beltran S, Topf A, De Paula
Estephan E, Polavarapu K, ‘t Hoen PAC, Missier P, Lochmuller H. Increasing
phenotypic annotation improves the diagnostic rate of exome sequenc-
ing in a rare neuromuscular disorder. Hum Mutat. 2019;40:1797-812.
Pechmann A, Konig K, Bernert G, Schachtrup K, Schara U, Schorling D,
Schwersenz |, Stein S, Tassoni A, Vogt S, Walter MC, Lochmuller H, Kirsch-
ner J. SMArtCARE: a platform to collect real-life outcome data of patients
with spinal muscular atrophy. Orphanet J Rare Dis. 2019;14:18.

Slayter J, Hodgkinson V, Lounsberry J, Brais B, Chapman K, Genge A,
Izenberg A, Johnston W, Lochmuller H, O'Ferrall E, Pfeffer G, Plamondon S,
Rodrigue X, Schellenberg K, Shoesmith C, Stables C, Taillon M, Warman-
Chardon J, Korngut L, O'Connell C. A Canadian adult spinal muscular
atrophy outcome measures toolkit: results of a national consensus using
a modified delphi method. J Neuromuscul Dis. 2021;8:579-88.
EURORDIS. Survey of the delay in diagnosis for 8 rare diseases in Europe
(‘EURORDISCARE 2) 2007. Available: https://www.eurordis.org/sites/defau
It/files/publications/Fact_Sheet_Eurordiscare2.pdf [Accessed 24/04/2019
2019].

EC. The building blocks to make rare disease treatments more common
2022. Available: https://ec.europa.eu/research-and-innovation/en/horiz
on-magazine/building-blocks-make-rare-disease-treatments-more-com-
mon [Accessed 10/02/2023 2023].

Wilkinson MD, Dumontier M, Aalbersberg IJ, Appleton G, Axton M, Baak
A, Blomberg N, Boiten JW, Da Silva Santos LB, Bourne PE, Bouwman J,
Brookes AJ, Clark T, Crosas M, Dillo |, Dumon O, Edmunds S, Evelo CT, Fink-
ers R, Gonzalez-Beltran A, Gray AJ, Groth P, Goble C, Grethe JS, Heringa
J,'t Hoen PA, Hooft R, Kuhn T, Kok R, Kok J, Lusher SJ, Martone ME, Mons
A, Packer AL, Persson B, Rocca-Serra P, Roos M, Van Schaik R, Sansone

SA, Schultes E, Sengstag T, Slater T, Strawn G, Swertz MA, Thompson M,
van der Lei J, Van Mulligen E, Velterop J, Waagmeester A, Wittenburg P,
Wolstencroft K, Zhao J, Mons B. The FAIR guiding principles for scientific
data management and stewardship. Sci Data. 2016;3:160018.

Courbier S, Dimond R, Bros-Facer V. Share and protect our health data: an
evidence based approach to rare disease patients' perspectives on data
sharing and data protection - quantitative survey and recommendations.
Orphanet J Rare Dis. 2019;14:175.

JRC. Set of common data elements 2021. Available: https://eu-rd-platf
ormjrc.ec.europa.eu/set-of-common-data-elements_en [Accessed
08/02/2023 2021].

Hoehndorf R, Schofield PN, Gkoutos GV. The role of ontologies in biologi-
cal and biomedical research: a functional perspective. Brief Bioinform.
2015;16:1069-80.

Willison DJ, Trowbridge J, Greiver M, Keshavjee K, Mumford D, Sullivan F.
Participatory governance over research in an academic research network:
the case of diabetes action Canada. BMJ Open. 2019,9:e026828.

Lawson J, Cabili MN, Kerry G, Boughtwood T, Thorogood A, Alper P, Bow-
ers SR, Boyles RR, Brookes AJ, Brush M, Burdett T, Clissold H, Donnelly S,
Dyke SOM, Freeberg MA, Haendel MA, Hata C, Holub P, Jeanson F, Jene A,
Kawashima M, Kawashima S, Konopko M, Kyomugisha |, Li H, Linden M,
Rodriguez LL, Morita M, Mulder N, Muller J, Nagaie S, Nasir J, Ogishima S,
OtaWang V, Paglione LD, Pandya RN, Parkinson H, Philippakis AA, Prasser
F, Rambla J, Reinold K, Rushton GA, Saltzman A, Saunders G, Sofia HJ,

Page 15 of 15

Spalding JD, Swertz MA, Tulchinsky I, Van Enckevort EJ, Varma S, Voisin C,
Yamamoto N, Yamasaki C, Zass L, Guidry Auvil JM, Nyronen TH, Courtot
M. The Data Use Ontology to streamline responsible access to human
biomedical datasets. Cell Genom. 2021; 1.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


https://www.eurordis.org/sites/default/files/publications/Fact_Sheet_Eurordiscare2.pdf
https://www.eurordis.org/sites/default/files/publications/Fact_Sheet_Eurordiscare2.pdf
https://ec.europa.eu/research-and-innovation/en/horizon-magazine/building-blocks-make-rare-disease-treatments-more-common
https://ec.europa.eu/research-and-innovation/en/horizon-magazine/building-blocks-make-rare-disease-treatments-more-common
https://ec.europa.eu/research-and-innovation/en/horizon-magazine/building-blocks-make-rare-disease-treatments-more-common
https://eu-rd-platform.jrc.ec.europa.eu/set-of-common-data-elements_en
https://eu-rd-platform.jrc.ec.europa.eu/set-of-common-data-elements_en

	EURO-NMD registry: federated FAIR infrastructure, innovative technologies and concepts of a patient-centred registry for rare neuromuscular disorders
	Abstract 
	Background 
	Results 
	Conclusions 

	Background
	Main Text
	The EURO-NMD registry hub
	EURO-NMD registry hub responds to clinicians’ and patients’ unmet needs
	Importance of patient involvement and in-kind contribution

	EURO-NMD registry
	Registry ethics, privacy and security
	Patients’ role in governance and data access
	Registry IT architecture
	Registry site operations
	Registry datasets
	FAIR-by-design
	Registry key performance indicators
	Patient-reported outcomes

	The EURO-NMD registry hub GDPR-compatible interoperable platform based on FAIR data
	Registry management, stakeholder engagement, sustainability and future-proofing

	Discussion
	Conclusions
	Appendix 1: Key process indicators list
	Acknowledgements
	References


