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Abstract

In the healthcare domain, particularly within the rare disease community, there
1s a notable increase in the volume and variety of clinical information. Recent
activities and efforts coming from the European Joint Programme on Rare
Diseases (EJP-RD) aim to address this challenge by the use of Linked Data and
Semantic Web technologies that enable descriptions of data in a machine-
interpretable manner. Adhering to the FAIR data principles (Findable, Accessible,
Interoperable, and Reusable), the objective of this thesis is to use this large-scale
ongoing initiative to test the validity of the claim that FAIR data and semantic

technologies lead to increased interoperability and machine-actionability.

In an attempt to harmonize the data landscape among the EJP-RD partners, a
process of data modelling was undertaken, starting from a defined set of common
data elements enumerated by the European Platform on Rare Disease (EU RD)
Platform, and expanding that model with more data elements identified in
European Rare Disease patient registries. This effort led to the creation of the
Common Data Elements Semantic Model (CDE-SM) along with a set of Semantic
Web services for data pre-evaluation and transformation, utilizing YARRRML and
CSV templates.

Preliminary studies and experiments concerning data interoperability were done
by integrating the CDE-SM with other standardized data models present in the
healthcare community, such as Biolink Model and C-PATH. By leveraging the
Biolink model to bridge between CDE-SM and the C-PATH data models, common
SPARQL queries were formulated to identify and query shared structures across
both models, increasing schema harmonization at the data querying level to a

limited extent.

The semantic data model was extended to cover a wider range of data types, and
was renamed to the Clinical and Registry Entries Semantic Model (CARE-SM).
Consistency between data elements’ representations allowed several
implementation improvements, including simplified data transformation,
improved data discoverability, and deployment of a Beacon API service, enabling
anonymous, federated querying and aggregation of patient data. Additionally,

these improvements facilitated the conversion of data represented using the
CARE-SM model to data compliant with the OMOP-CDM through the creation of
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a schema mapping between these data models and the implementation of an
Extract, Transform, Load (ETL) workflow.

This thesis demonstrates the successful interoperability by implementing CARE-
SM through the deployment of the Beacon API. This success is attributed to the
use of a common structure and shared vocabularies, facilitating interoperability.
However, our experiments revealed that the creation of a FAIR data model did not
significantly enhance interoperability with other standards. The primary
advantages of CDE-SM and CARE-SM lie in their structural consistency, showing

how FAIR data is necessary but not sufficient for achieving interoperability.
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Resumen

En el ambito de la salud, particularmente dentro de la comunidad de enfermedades
raras, hay un notable aumento en el volumen y la variedad de informacién clinica.
Las actividades y esfuerzos recientes provenientes del European Joint Programme
on Rare Diseases (EJP-RD) tienen como objetivo abordar este desafio mediante el
uso de Datos Enlazados y tecnologias de la Web Semantica que permiten la
descripcién de datos de manera interpretable por maquinas. Adhiriéndose a los
principios de datos FAIR (Findable, Accessible, Interoperable, and Reusable), el
objetivo de esta tesis es utilizar esta iniciativa en curso a gran escala para probar
la validez de la afirmacion de que los datos FAIR y las tecnologias semanticas
conducen a una mayor interoperabilidad y capacidad de acciéon por parte de las
maquinas.

En un intento por armonizar el panorama de datos entre los socios del EJP-RD, se
llevé a cabo un proceso de modelado de datos, comenzando con un conjunto de
elementos de datos comunes enumerados por la Plataforma KEuropea sobre
Enfermedades Raras (EU RD Platform) y ampliando ese modelo con més
elementos de datos, identificados en los registros de pacientes con enfermedades
raras de Europa. Este esfuerzo llevé a la creaciéon del Modelo Semantico de
Elementos de Datos Comunes (CDE-SM, por sus siglas en inglés), junto con un
conjunto de servicios de la Web Semantica para la pre-evaluacion y transformacion
de datos, utilizando plantillas YARRRML y CSV.

Se realizaron estudios y experimentos preliminares sobre la interoperabilidad de
datos integrando el CDE-SM con otros modelos de datos estandarizados presentes
en la comunidad de salud, como el Modelo Biolink y C-PATH. Al aprovechar el
modelo Biolink para crear un puente entre CDE-SM y el modelo de datos C-PATH,
se formularon consultas SPARQL comunes para identificar y consultar estructuras
compartidas entre ambos modelos, aumentando la armonizacién del esquema a
nivel de consulta de datos en cierta medida.

El modelo de datos semanticos se extendié para cubrir una gama mas amplia de
tipos de datos y se renombré como Modelo Semantico de Entradas de Registros
Clinicos (CARE-SM, por sus siglas en inglés). La consistencia entre las
representaciones de los elementos de datos permitié varias mejoras en la
implementacion, incluyendo la simplificacion de la transformacién de datos, la
mejora del descubrimiento de datos y el despliegue de un servicio API Beacon, que

permite la consulta federada anénima y la agregacion de datos de pacientes.
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Ademas, estas mejoras facilitaron la conversion de datos representados utilizando
el modelo CARE-SM a datos compatibles con OMOP-CDM mediante la creacion de
un mapeo de esquemas entre estos modelos de datos y la implementacién de un
flujo de trabajo de Extraccién, Transformacién y Carga (ETL).

Esta tesis demuestra la interoperabilidad exitosa mediante la implementaciéon de
CARE-SM a través del despliegue de la API Beacon. Este éxito se atribuye al uso
de wuna estructura comun y vocabularios compartidos, facilitando Ila
interoperabilidad. Sin embargo, nuestros experimentos revelaron que la creacién
de un modelo de datos FAIR no mejoré significativamente la interoperabilidad con
otros estandares. Las principales ventajas de CDE-SM y CARE-SM radican en su
consistencia estructural, demostrando como los datos FAIR son necesarios, pero no

suficientes para lograr la interoperabilidad.
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1. Introduction

In the era of big data, the volume and variety of data generated in the healthcare
domain has increased rapidly. Historically captured in legacy formats such as
paper-based documents, data practices in healthcare have evolved to become
digitized; however, this has not been accompanied by an enhancement of
reusability. Healthcare data is most often structured in table-based formats that
don't contain enough context for machine agents to interpret their meaning, thus
data sharing and integration can only be achieved manually. Traditional
approaches to data sharing often struggle with the scale and complexity of modern
data ecosystems, leading to inefficiencies, siloed datasets, and barriers to data

reuse.

The advent of machine-readable information in the past 20 years holds the promise
of better data management, traffic and interpretation. In 2016, (Wilkinson et al.,
2016), laid-out a set of patterns for data and metadata publication aimed at
creating “an internet of FAIR data and services”. These guidelines were named the
FAIR principles. These principles primarily focus on and emphasize the

importance of data discovery, access, and reuse by machines.

One of the most challenging of the FAIR principles are these related to “I” -
Interoperability - and particularly with respect to the reuse of data by machines.
Achieving interoperability requires more than just technical standards or
infrastructure; it demands that the computational agent “understand” the data it
has discovered to a sufficient degree that it can correctly reuse it. It requires data
to be not only machine readable, but machine interpretable. Semantic Web
technologies and Linked data practices play a critical role, providing frameworks
and standards for both human and machine data interpretability, and are at the
core of the FAIR initiative.

There has been a notable increase in the number of highly specialized patient
registries during the last decades as diagnostic tools have become capable of
differentiating many distinct but similar disorders. This has worsened the
integration problem by fragmenting and distributing the data even more, with

each site usually having its own non-machine-readable data model. This lack of


https://www.zotero.org/google-docs/?broken=2bkzft
https://www.zotero.org/google-docs/?broken=2bkzft

data interoperability is causing researchers to invest valuable time - up to 80% of
their total data-focused investment - finding, preparing, filtering, and combining
datasets (European Commission. Directorate General for Research and
Innovation. & PwC EU Services., 2018).

One of the domains of knowledge that have suffered from these difficulties in
particular is the Rare disease (RD) community. Rare diseases affect a small
percentage of the population compared with high-incidence diseases like diabetes
or cancer. Although a single rare disease may not be prevalent globally, the
collective impact of all rare diseases affects millions of people. Up to 36 million
people are affected by a rare disease in the EU, which is approximately 8% of the
total EU population (Damme et al., 2023). Patient rare disease data is
geographically fragmented and scarce. Their information is spread over many
“boutique” repositories, often curated under site-specific protocols or standards
and often lacking sufficiently descriptive controlled vocabularies or ontologies due

to the rarity of the disorder and its phenotypic effects.

The EU, in its attempt to deal with this fragmented and scarce data distribution,
has set up European Reference Networks (ERN). These ERNs gather several of
these data silos dedicated to a particular domain of healthcare data into a network
for exchanging knowledge and information among health care providers. These
networks aim to improve access to common and precise clinical observations for

the rare disease community in Europe.
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Figure 1: Overview of the planned functionality of the EJP-RD Virtual Platform.

Along with the established ERNs, the Horizon 2020 initiative funded the creation

of The European Joint Programme on Rare Diseases (EJP-RD), a project aimed to

address the challenges faced by the rare disease community, including:

e Integrating diverse stakeholders from various countries, including

researchers, healthcare providers, and patient organizations

as

collaborators, to work towards encouraging innovation in rare disease

research

e Ensuring data sharing and interoperability from different institutions and

countries. Making sure this data is compatible and can be shared effectively,

maintaining privacy and security.

e Securing sufficient and sustainable funding to support research, clinical

trials, and other activities essential for progress in rare disease research.

In order to achieve data sharing and interoperability, EJP-RD has as an objective

the creation and deployment of a Virtual platform (Figure 1) capable of performing

federated discovery and analysis of heterogeneous rare disease data. The Virtual



Platform would leverage Semantic Web technologies to achieve this goal. FAIR
data principles form the basis of this objective, defining a guideline for machines

to interpret the conceptual representation of this complex domain of knowledge.

EC RD Platform defined a set of minimal data entries present in most of the
patient data registries throughout Europe, with this list being referred-to as the
Common Data Elements (CDE). This list includes the permitted vocabularies for
its annotation, data types and the relationship between some of this element,
grouped under a common logic. These CDEs became the first target for creating a

semantic data model capable of representing patient data registries.

As it's addressed above, one of the main goals of the EJP-RD project is to ensure
data sharing and interoperability. The different standards present at all these
institutions is a challenge for achieving our goal in data integration. Some of these
institutions have already adopted healthcare standards for data modelling and
management in a semantic manner. Data interoperability activities are being
coordinated, offering a significant opportunity to explore new approaches from
different perspectives and methodologies. This Thesis explores several of these
methodologies.



2.

Objectives and research questions

The main objective of this Thesis is to explore the degree to which adding “deep

semantics” to clinical research data, and closely following the FAIR principles,

would lead to interoperability between clinical information systems. We will ask

(and answer) the question of whether adherence to the Principles is sufficient to

provide the machine-reusability and interoperability that were promised in the

seminal FAIR publication. This thesis had the following specific research

questions:

Is it possible to create a generalized semantic data model within the domain
of rare diseases, using the Common Data Elements for Rare disease
registration as an initial target?
Is this generalized model scalable for future expansion beyond the CDEs?

Can we perform federated data exploration using our semantic data model?

Does the semantic model facilitate interoperability with other common

clinical data frameworks?

Background

3.1. Bioinformatics (Biological Informatics)

The precise definition of bioinformatics is a matter of some debate, but the
history of this evolving field begins in the 1970s, defined as “the study of
informatic processes in biotic systems" (Hogeweg, 2011). Through time,
bioinformatics has evolved to become a heterogenous field that covers
multiple disciplines, from computational modelling to structural biology and
genomics (Bayat, 2002; Luscombe et al., 2018) . Exponential expansion in
the quantity of molecular data, especially with the rise of high-throughput
technologies dedicated to DNA and protein sequencing (Altman et al., 1999;
BergerBonnie et al., 2016), has driven bioinformatics into the “omics” era,

with sub-fields such as genomics, proteomics or transcriptomics. By the use
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of computational tools and frameworks, bioinformatics organizes, analyzes
and interprets big data, offering insights into complex biological pathways,
phenotypes, genotypes and disease mechanisms (Gémez-Lépez et al., 2019).
The incorporation of bioinformatics into the healthcare domain has resulted
in new domains of exploration such as personalized medicine (Sunil
Krishnan et al., 2021).

3.2. The World Wide Web (WWW)

The World Wide Web, also called the Web or W3, is a set of standards for
information publishing allowing accessibility and sharing of content over the
Internet. These standards were invented by Sir Tim Berners-Lee in 1989 and since
then have revolutionized the way both humans and machines communicate and

consume information (Raffl et al., 2008).
The Web relies on several core components:

e The Hypertext Transfer Protocol (HTTP) defines the structure of the request
(client-side) and response (server-side) messages that facilitate the sharing
of HTML (and other) documents.

e URL (Uniform Resource Locator) or URI (Uniform Resource Identifier) are
global unique identifiers that a client uses to access Web components. Both
URL and URI are formally referred to as Universal Document Identifiers.
The thing identified by a URL/URI is commonly referred to as a “Resource”,
and this term will be used throughout this thesis.

e The Hypertext Markup Language (HTML) is the standard syntax used for
publishing documents on the Web. It structures Web content and facilitates
the creation of Web pages. HTML enables linking documents one to another
by using “hyperlinks”. These hyperlinks facilitate navigation across the

internet.

The World Wide Web Consortium (W3C) was also founded by Tim Berners-Lee in
1994 (Jacobs, 2023.). The W3C is in charge of defining and standardizing new
technologies intended to be used by Web applications.
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3.3. The Semantic Web (Web 3.0)

The Semantic Web is an extension of the World Wide Web, capable not only of
interlinking data within the Web, but also assisting machines in understanding
and interpreting this information. The core technology used to build the Semantic
Web - Linked Data - was proposed by Tim Berners-Lee in the late 1990s and
(informally) published in 2001

Resource Description Framework (RDF) - a W3C recommended standard since
2004 - 1s a flexible framework used for data and metadata exchange, and is what

allows the creation of Linked data.

Predicate
Subject >

Figure 2: Visual representation of an RDF-Triple.

RDF provides a framework for describing and interlinking structured data,
facilitating the sharing and reuse of this information. RDF structures the
information as a collection of “triples” (Figure 2), each consisting of three
components referred-to as the “subject”, “predicate”, and” object”, where the
predicate indicates the nature of the relationship between the subject and the
object. In more recent iterations of the RDF specification! a fourth element can be
included called the “context” or "named graph" and provides a way to group RDF
triples. The resulting structure, called an RDF-Quad, allows for more complex data
modeling and the possibility to specify additional information such as provenance

or the scope of a set of triples.

RDF is capable of representing a wide range of data and metadata information,
including Web resources and structured databases. RDF uses URIs to uniquely
identify the Web resources and the relationships that are part of the RDF
structure, enabling interlinking resources within the Web, even if these resources

are not located in the same Web document. These capabilities facilitate data

L https://www.w3.org/TR/rdf12-n-quads/



integration at the protocol level, but do not in themselves contribute to
interoperability - 1.e., a computational agent engaged in integrating data via these
linkages does not have a way to know that it is doing so correctly or in any

meaningful way.

A second W3C standard that addresses this problem is the Web Ontology
Language (OWL) (McGuinness & Van Harmelen, 2004). OWL is a Description
Logic (DL) that evolved as a combination of two previous Description Logics -
DAML and OIL (Horrocks, 2002). This DL is used in the formal descriptions and
restrictions of concepts in a particular domain, and the relationship(s) between
them. OWL includes the concept of a sub-class, allowing concepts and relationships
to be hierarchically defined, with child concepts inheriting the logical descriptions

of their parent concepts.

OWL is essential for the definition of ontologies that contain logical and
hierarchical definitions. Ontologies provide a shared and common vocabulary for
describing concepts and their relationships in a specific domain. Ontologies
empower data integration and interoperability by assisting machines’

interpretation of data represented in Linked Data.

For exploration of Linked Data, the SPARQL Protocol and RDF Query Language
(SPARQL) allows queries to be represented and exchanged. This language provides
a standardized syntax for creating queries over RDF data in the form of graph
patterns. SPARQL servers that host RDF data (called “triplestores”) will identify
any graph in the triplestore that matches the incoming query pattern and return
any bound variables in the query request. SPARQL also defines the request and
response messages that can be passed between client and server (Hommeaux &
Seaborne, 2008; Pérez et al., 2009).

Despite the Semantic Web's numerous advantages, adoption has been slow,
lacking a critical mass of Web content that has been semantically annotated and
difficulty of adding metadata and structured data to existing Web content (Beno et
al., 2019; Manuja & Garg, 2011). However, as more and more organizations adopt
semantic technologies, and as more data is made available in structured form, the

Semantic Web is likely to become more widely adopted in the years to come.
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3.4. 5-star Linked Data

The 5 Star Linked Data model? , proposed by Tim Berners-Lee, suggested a 5-star
evaluation system for Linked Data. This system i1s accumulative, and each
additional star expected the previous star is already achieved. This 5-stars criteria

enumerated here:

1. Data is available on the Web, in whatever format.

2. Available as machine-readable structured data, (i.e., not a scanned image).

3. Available in a non-proprietary format, (i.e, CSV, not Microsoft Excel).

4. Published using open standards from the W3C (RDF and SPARQL).

5. All of the above and links to other Linked Open Data.
Linked data is a set of practices for connecting structured data on the Web (Bizer
et al., 2009). The use of Linked data is defined by four guidelines that describes
the Linked data paradigms:

e Use URIs to identify resources. By using a unique URI for assigning every

Web document, ensure that every resource in the Web of data is findable by

machines.

e Use HTTP URIs so that people can look up those resources via standard
Web protocols

e When someone looks up a URI, provide useful information, using standards
like RDF and SPARQL. This facilitates the sharing of common vocabulary

and its relationship.

2 https://www.w3.0rg/2011/gld/wiki/5_Star_Linked_Data
3 https://www.w3.org/Designlssues/LinkedData.html
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e Include links to other URIs so that they can discover more resources,

creating a network of interlinked information.

These key rules highlight the importance of using Semantic Web technologies to
enhance machine data interpretability and accessibility. By adhering to this
philosophy, the Web of data can become a rich, interconnected network space for

data sharing.

3.5. SemanticScience Integrated Ontology (SIO)

The SemanticScience Integrated Ontology (SIO) is an ontology for representing
and annotating data that emerges from biomedical research (Dumontier et al.,
2014).
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Figure 4: Key sub-components and relations in SIO.

Figure 4 shows a summary of the class and object-property hierarchies where
‘entity’ i1s the top-level class and ‘is related to’ is the top-level object property.
Classes in SI0, inherited from entity, are structured as objects, processes and their
attributes (qualities, capabilities, roles, measurement values):

e Objects, an entity that occupies space and is fully identifiable by its
characteristics at any moment in time in which it exists. “Information
content entity” is a child concept of Object. The value of this information
entity is represented as literal, using the “has value” data property. (Figure
4.C)

e Process, being an entity that “unfolds in time and has temporal parts”. Any
attribute, such as the “role” exists at some time in the process that bears it,
but it “is realized in” a process (Figure 4.A)

e Attribute, that gathers the concepts of ‘quality’ (intrinsic attribute),

‘capability’ (action specification) or ‘role’ (behavior, right and obligation).

Also, SIO offers a number of mereotopological relations that can be used to describe

one or more entities in terms of their spatial organization, shown in Figure 4.B

3.6. OBO Foundry

The OBO Foundry is a collaborative effort aimed at developing a set of
interoperable and reusable ontologies in the biomedical domain. The principles of
the OBO Foundry emphasize openness, collaboration, and adherence to
community standards. The National Cancer Institute Thesaurus (NCIT) is one of
the ontologies included in the OBO catalog. NCIT provides a comprehensive
vocabulary for describing both cancer and non-cancer-related concepts, including

diseases, treatments, and biological processes, and is extensively used in this
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thesis work. It serves as a valuable resource for biomedical research, facilitating
data integration and interoperability in the field of oncology and general

healthcare domain.
3.7. The FAIR Principles.

In January 2014 a group of hand-selected interested parties were invited to join
Dr. Barend Mons - a biomedical informatics researcher in Leiden, NL - at a
workshop aimed at tackling one of the “Grand Challenges of E-Science”: the
appropriate discovery and reuse of data by mechanized agents. From the workshop
emerged the “FAIR Guiding Principles” - a set of practices and design patterns for
publishing data that is Findable, Accessible, Interoperable and Reusable by both

machines and humans (Wilkinson et al., 2017).

The FAIR Principles can be summarized as follows (quoted from Wilkinson et al.,
2017)

Findable—data should be identified using globally unique, resolvable, and
persistent identifiers, and should include machine-actionable contextual
Information that can be indexed to support human and machine discovery
of that data.

Accessible—identified data should be accessible, optimally by both humans
and machines, using a clearly-defined protocol and, if necessary, with
clearly-defined rules for authorization/authentication.

Interoperable—data becomes interoperable when it 1s machine-actionable,
using shared vocabularies and/or ontologies, inside of a syntactically and

semantically machine-accessible format.

Reusable—Reusable data will first be compliant with the F, A, and 1
principles, but further, will be sufficiently well-described with, for example,
contextual information, so it can be accurately linked or integrated, like-
with-like, with other data sources. Moreover, there should be sufficiently

rich provenance information so reused data can be properly cited.
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The concepts behind the FAIR Principles are not, in fact, novel. They are a
consolidation and summarization of decades-old and well-established best
practices in information science, library science, and computer science. The
subsequent popularity of the FAIR Principles - now with nearly 14,000 citations
and becoming core recommendations from journals and funding agencies
worldwide - 1s at least in part due to the “friendly” acronym, and also in part due
to the approachable summarization of these otherwise complex, deeply-studied,
and interdisciplinary data sharing practices. Conversely, this simplification of
complex ideas has led to broad re-/mis-interpretation of the intentions of the
authors (Mons et al., 2017) and thus a wide range of organizations have claimed to
“already be FAIR” as a result of flexible interpretations of what the Principles

require of data publishers.

In this thesis we follow a strict interpretation of the FAIR Principles, as envisioned
by the lead author. All technologies and solutions discussed in this work are
compliant with the requirements of the Principles. As such, this thesis represents
a challenge to the FAIR Principles.

3.8. Ontology mapping

Ontology mapping, also called as ontology matching or ontological alignment,
establishes connections between similar concepts described in different ontologies,
enabling data integration and interoperability between datasets that are
annotated using different vocabularies. Ontology mapping is central to providing
semantic access across aggregated data used in knowledge-based products and
services consumed by life science companies, academic institutions, and
universities (Harrow, 2019). There several techniques for creating mappings

between ontologies:

e Manual mapping: Experts in the field manually create a mapping between
at least two different concept representations, ensuring accuracy by
analyzing the similarity between each concept representation in common

between the ontologies.

e Automatic or Semi-automatic mapping: The use of algorithms to identify the

potentially shared concepts between different ontologies This methodology

13
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often utilizes machine learning and statistical methods to identify potential
matches (Li et al., 2019; Zhou et al., 2020). An example of this mapping
would be semantic similarity methodologies for quantifying how alike two
concepts are based on their meaning. This method combines structural

aspects of the graph with the lexical information content of the concepts
(Zhu, 2017).

The Simple Knowledge Organization System? (SKOS), developed by W3C, is a
standard vocabulary for mapping ontologies. The SKOS terminology includes
concepts such a “broader than”, “narrower than”, and “exact match” that can be
used to describe the similarity between two concepts across ontologies (Bueno-de-

la-Fuente, 2008).

Ontology mapping faces several challenges. The heterogeneity of concept
terminologies and the different granularities in concept definitions between
ontologies make mapping both challenging, and often of limited utility due to low
accuracy. Improving the reliability of mapping generally requires a post-validation
technique, such as community feedback and crowdsourcing (Harrow, 2019; Li et
al., 2019).

3.9. The Biolink Model

The Biolink Model is an open-source schema and data model designed by Chris
Mungall et al. Biolink standardizes entity-relationships from the biomedical and
molecular biology domains of knowledge, such as genes, diseases, chemical

substances, organisms, genomics, phenotypes, and more (Unni et al., 2022).

The Biolink Model is designed with an object-oriented classification and graph-
oriented features, and was developed collaboratively by researchers in the
biomedical informatics field, ensuring that it complies with the needs of
researchers and aligns with ongoing scientific projects and ecosystems. Similar to
ontologies, it includes class hierarchies, allowing the inheritance of properties and
relationships. Biolink 1s used by large-scale informatics projects such as the
Monarch Initiative providing a structured representation of biological entities and
their relationships (Putman et al., 2024).

4 https://www.w3.org/TR/skos-primer/
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3.10. OMOP-CDM

The Observational Medical Outcomes Partnership Common Data Model5 (OMOP-
CDM) is a healthcare data model developed by the Observational Health Data
Sciences and Informatics (OHDSI) community. OMOP-CDM facilitates
standardization by defining a common tabular structure for healthcare data. Each
table describes a specific domain of clinical observations, such as patient
demographics, condition occurrences, drug exposure or clinical measurements (I et
al., 2021). OMOP-CDM uses a Web-based lookup service from a standard

vocabulary, called ATHENA, as its source of annotations.

Key features of the OMOP-CDM include its integration with a plethora of
analytical tools developed by OHDSI community, enabling the common

environment for users to perform reproducible analysis.
3.11. Shape Expressions (ShEx)

Shape Expressionsé (ShEx) is a Web standard for describing and validating RDF
graph structures. ShEx allows the definition of properties, cardinality constraints,
data types, and value ranges that are expected to appear for a specific class of data
represented in an RDF graph. ShEx validation assists in achieving data
consistency, making it easier to integrate across datasets. The ShEx validation tool

used in this thesis is RDFShape?, though the selection of this tool was arbitrary.
3.12. RDF Mapping Language and YARRRML

RDF Mapping Languages (RML), is a language for directing the transformation of
heterogeneous and diverse data sources, like relational data, into RDF graphs.
This technology is based on R2RML? (RDB to RDF Mapping Language), a W3C
standard designed for mapping relational data to RDF graphs. RML extends the
capabilities of R2RML by supporting a wider range of input data formats, including
XML, JSON, or CSV. RML mappings specify how to extract data from these

5 https://ohdsi.github.io/CommonDataModel/
6 http://shex.io/

7 https://rdfshape.weso.es/

8 https://rml.io/specs/rml/

9 https://www.w3.org/TR/r2rml/
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sources and transform it into RDF triples. RML mappings are defined using a
declarative syntax, however, RML documents themselves are not intended to be

human-readable, and are therefore difficult to maintain.

YARRRML1 is a declarative language for creating Linked Data mapping rules.
This language can be used for authoring RML rules in a more human-friendly
manner. YARRRML is expressed in YAML syntax, which is more readable than
the RDF syntax used by RML.

3.13. REST APIs

An Application Programming Interface (API) is a set of rules, protocols, and tools
that allows different software applications to communicate with each other. APIs
define the methods and data formats that applications can use to request and

exchange information.

REST, or Representational State Transfer, is an architectural style for designing
networked applications. REST architectures are distinguished by having few
operations, but myriad uniquely-identified resources. In the context of the Web,
HTTP methods define the operations, and these operate on data objects identified
by URLs. Further, the resource identified by the URL may have multiple

representations, for instance, JSON or XML.

REST APIs on the Web use the HTTP protocol to pass messages between a client
and a server. The HTTP methods used by REST APIs in the bioinformatics space
are generally limited to the core five: GET, PUT, POST, HEAD, DELETE. REST
tightly defines what the behavior of each of these methods should be, as follows:

GET: Retrieve a resource.

POST: Create a new resource that is a subordinate of an existing resource
PUT: Create a new resource, or entirely an existing resource.

HEAD: Retrieve metadata about a resource.

DELETE: Remove a resource

A

10 https://rml.io/yarrrml/spec/
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Resources can be represented in various formats (the “Representational” part of
the REST acronym), for instance: JSON, XML, or RDF. The client can use “content
negotiation” via HTTP headers to indicate to the server its preferred

representation for a given resource.

4. Materials

In this section, the tools, vocabularies, ontologies, and documentation provided by
third-parties and used during my thesis are described. The tools I created during
this research project are described in the subsequent chapter of Methods and
Results.

4.1. EC RD Platform Common Data Elements

The European Platform on Rare Disease (EU RD Platform) Registration has
defined a set of 16 Common Data Elements!! (CDEs) for RD registration, and their

allowed values. These are detailed in Table 1.

Element
ID Name Accepted value
| 1.1 | Pseudonym | String
I2.1 'Date of birth Idd/mm/yyyy
| | IFemale, Male Undeterminated, Foetus
2.2 Sex (Unknown)
' ‘ IAlive, Dead, Lost in Follow-up, Opted-
3.1 Patient status out
3.2 Date of death dd/mm/yyyy
| IFirst contact with |
4.1 specialized centre dd/mm/yyyy
‘ IAntenatal, At Birth, Date
5.1 Age of onset (dd/mm/yyyy), Undeterminated
| | IAntenatal, At Birth, Date
5.2 Age at diagnosis (dd/mm/yyyy), Undeterminated

1 https://eu-rd-platform.jrc.ec.europa.eu/sites/default/files/ CDS/EU_RD_Platform_CDS_Final.pdf
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Diagnosis of the rare ORPHA Code, Alpha Code, ICD9/10
6.1 disease Code, ICD9-CM Code

IHuman Genome Variant Sequence

(HGVS), HUGO Gene Nomenclature

Committee (HGNC), Online Mendelian
6.2 Genetic diagnosis Inheritance in Man (OMIM) Codes

Human Phenotype Ontology code
and/or HGVS Code related to the

6.3 Undiagnosed case inability to diagnose.

Agreement to be

contracted for research

7.1 purposes Yes/No
|7 2 IConsent to reuse data IYes/No
'7 .3 IBiological sample IYes/No

7.4 ‘Biobank identifier "URL/No

Disability Classification
via International
Classification of
Functioning and
8.1 Disability (ICF) Score

Table 1. Common Data Elements, grouped by domain of knowledge, including the

permitted value of each.

4.2. SDM-RDFizer and RML Mapper

Both SDM-RDFizer (Iglesias et al., 2020) and RML Mapper!2 belong to a group of

tools called RDFizers. RDFizers transform various data formats, such as CSV or
JSON into RDF using RML mappings to define how the data source should be

transformed into triples or quads.

4.21. SDM-RDFizer

SDM-RDFizer is a RDFizer written in Python capable of transforming CSV, JSON,
XML and relational databases into RDF. SDM-RDFizer is designed for high

performance transformation making it suitable for processing datasets quickly.

12 https://github.com/RMLio/rmlmapper-java

18


https://www.zotero.org/google-docs/?broken=VyIY0c

4.2.2. RML Mapper

RML Mapper is an RDFizer written in Java, capable of transforming several data
sources like CSV, JSON and XML formats into RDF triples and quads. RML
Mapper i1s capable of defining custom functions for conditional operations,
expanding the variety of ways to create RML mapping. RML Mapper is part of a
larger open-source ecosystem from a team of researchers at Ghent University,
including tools such as the YARRRML Matey!? parser, an efficient YARRRML to
RML parser.

4.3. GraphDB

Developed by Ontotext, GraphDB14 is a high-performance triplestore designed for
storing and querying RDF data. Triplestores are database-like repositories that,
unlike common relational databases, do not organize data into tables. GraphDB
provides robust support for RDF data management and querying. It supports
OWL and some limited logical inference, various RDF syntaxes (N-quads, Turtle,
N-Triples) and the SPARQL query language. GraphDB provides a free version,
supported by developers, and this is the version used in this thesis, via its public

docker image.

4.4. Docker and Docker compose

Docker is a platform for distributing and running applications that do not require
the user to install the native application software on their system. Docker allows
developers to package an application and all its required dependencies (language
interpreters, modules, packages, databases) into a standardized unit called an
“image”, facilitating consistent behavior across any machine that executes that

image. The most significant components of the Docker infrastructure include:

e Docker images: Immutable snapshots of an application and its
dependencies. Images are built from a set of instructions defined in a
Dockerfile, and ensure that all users receive the correct versions of all

dependencies.

13 https://rml.io/yarrrml/matey/
14 https://graphdb.ontotext.com/
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e Docker containers: Portable and isolated environments created by “running”

Docker images, shown in Figure 5.

e Docker volumes: Persistent storage for containers, allowing data to be stored

and shared independently of the container lifecycle.
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Figure 5: Overall Docker architecture.

Docker uses a script with a set of instructions for building Docker images.
Executing this script causes Docker images to be packaged in a repeatable and
consistent manner. Running this image results in the creation of a Docker
Container, that is the actionable component of the Docker ecosystem. Containers
may persist, holding their state between sessions, or they may be deleted between

sessions, thus reverting to their base state.
Docker Compose is a tool designed to manage one or multiple Docker containers

that are intended to work together. This orchestration is controlled by a YAML file,

used to configure the Containers, inter-Container networks, and shared Volumes.
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4.5. FAIR Data Point (FDP)

A FAIR Data Point (FDP) is a FAIR-compliant set of publishing standards for
metadata about catalogs and datasets, compliant with existing standards, such as
the Data Catalog Vocabulary!5 (DCAT) and the Linked Data Platform16 (LDP).

The FDP specification also defines a REST API for creating/updating DCAT
records. The reference implementation of the FDP specification includes an FDP
Client that allows the creation and editing of metadata. The FDP Reference
Implementation uses the Shapes Constraint Language!” (SHACL) for defining

Web interfaces and for data type validation.
4.6. FAIR-in-a-box (FiaB)

FAIR-in-a-box!® is a bash script that acts as an installer and configuration
bootstrapper for a set of Docker images that can be combined, via docker-compose,
into a complete RDF-based ETL workflow. The components that are installed by
FiaB include:

e Tools for RDF serialization, including RDFizer and YARRRML parser.
e GraphDB interface for data storage
e FAIR Data Point (FDP) Client and Server.

4.7. OHDSI interfaces

OHDSI is an international collaborative effort that aims to create a comprehensive
and open science network in the health sciences. To do so, OHDSI designs and
implements advanced data analytics and an extensive set of tools and resources to
support data standardization (Hripcsak et al., 2015; I et al., 2021) . The cornerstone
of these goals is the creation of OMOP-CDM, which allows harmonization across
distinct healthcare data sources into a common format. Some of the key

componentes OHDSI interface includes and are used in this thesis are:

15 https://'www.w3.org/TR/vocab-dcat-2/
16 https://www.w3.org/TR/1dp/

17 https://www.w3.org/TR/shacl/

18 https://github.com/ejp-rd-vp/FiaB
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4.71. ATHENA

ATHENA is a comprehensive Web-based lookup service developed by the OHDSI
community. ATHENA was introduced in 2015, serving as a Web lookup service for
exploring standardized vocabularies (Reich et al., 2024). This vocabulary includes
healthcare ontologies and medical terminologies such as ICD-9, ICD-10,
SNOMED, LOINC, and RxNorm. ATHENA facilitates and supports the
integration of the diverse healthcare data sources into the Observational Medical
Outcomes Partnership (OMOP) Common Data Model (CDM).

4.7.2. Data Quality Dashboard

The Data Quality Dashboard!® (DQD) is an interface developed by the OHDSI
community to expose and evaluate observational data quality within the OMOP-
CDM. The DQD evaluates various data quality dimensions such as completeness,
conformance, consistency, and plausibility, across a given dataset, creating a
resulting report of the data compatibility with OMOP-CDM.

19 https://ohdsi.github.io/DataQualityDashboard/
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5. Methods and Results

5.1. Isit possible to create a FAIR-compliant data model

for the domain of rare diseases?

5.1.1. Specifying the necessary components of the

model

In the following paragraphs, bold face is used to indicate a specific type of entity

or process that will need to be represented as an RDF resource.

Typically, each datum in a clinical research repository is derived from an
assessment process, where the subject, typically a patient, comes to a specialized
center where a clinician or other designated specialist observes and/or measures
the condition and personal attributes this patient manifests. Both the patient and

the qualified specialist therefore participate in this clinical assessment process.

The exact clinical process is dependent on the type of observation or measurement
that occurs during that process. For example, the diagnostic process for a condition
differs from that of assessing body mass index or blood pressure, even if these

procedures occur during the same clinical encounter.

Every clinical assessment has a measurement output. In the case of quantitative
observations, this measurement output will generally consist of a value and its
unit of measurement. For instance, the blood pressure measurement process has
an output blood pressure measurement value, further defined by the unit of
millimeters of mercury (mmHg). Moreover, each of these measurement outputs
represent an attribute of the patient at the time the measurement was made. For
example, during a body measurement assessment process, the measurement value
1s associated with a personal attribute such as height. For qualitative observations,
the output is generally a judgement (formally called an “information content
entity”) with a meaning that can often be captured using a controlled vocabulary

or ontology term.

The subject, particularly the patient, is identified by a patient identifier in

research registries. We find, however, that this is an imprecise way to envision the
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role of an identifier; rather than identifying a person, they identify a patient - that
is, the role of “patient” that the person plays during a healthcare activity. Thus, a
person may have multiple identifiers, each denoting a distinct role that person
plays in various activities. The same person will be associated with, for example, a
driver's license identifier, which is meaningful in the context of their driving.
Therefore, the Role entity serves as a connection between the identifier and the
process within which the role is realized, such as the patient role in this case. This
patient identifier is generally an alphanumeric patient unique identifier with a
local context, meaning that it generally will have no meaning outside of the context

of that data registry.

Through exploration of the context associated with numerous clinical observations
captured by the EJP-RD registries, we noted that every observation consisted of

this same set of concept/relations that describe the clinical encounter:

e Subject
e Role
e Process

e Attribute

e Process Type
e Identifier

e Measurement
e Value/Unit

While these concepts were seldom explicitly noted in the source clinical data, they
can be inferred to exist. Moreover, besides the measurement itself, these concepts
are related to how the datum was measured, and what entities were involved in

the measurement - in this regard, they are a form of provenance metadata.

From this starting point, an informal map of the entities and entity-relations was
derived that appeared capable of representing all of the concrete observations
within the clinical registry datasets.

5.1.2. Selecting upper ontologies for the model

To formalize the crude concept map described above, ontological modeling

activities were undertaken by a core group of experts from the EJP-RD project, to
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achieve agreement on the ontologies used and the design pattern for this semantic
data model.

There are multiple ontologies, called “upper ontologies” that define basic features
of reality - time, space, and qualities - and how they relate to one another.
Ontologies like Basic Formal Ontology (BFO) (Otte et al., 2022) and
Semanticscience Integrated Ontology (SIO) present a broad selection of ontological
terms for conceptually representing this upper-domain of lifescience knowledge.
Most of these ontologies contain broad relationships between these entities, each
one with a similar lexical definition and hierarchy under their schema. Moreover,
anticipating likely future expansion for more data elements, the model should be

designed in a forward-looking manner.

SIO was selected as the upper ontologies for our semantic model due to its
comprehensive biomedical description, facilitating life science knowledge discovery
and interoperability. Moreover, SIO is capable of describing not only the
provenance of the clinical processes, but also the essential healthcare concepts and
relationships, and how they can be interpreted for scholarly inquiry. SIO has a
well-documented set of design patterns20 that assist in the creation of logically

consistent data models.

5.1.3. Selecting domain-specific ontologies for the data

model

Beyond the upper ontologies that define core concepts and their relationships, we
also endeavoured to identify domain-specific concepts in life science-oriented
ontologies. The purpose of this identification was to find a suitable ontology or
ontologies that could represent the biomedical concepts required by the clinical
data elements we have selected for semantic transformation. National Center for
Biomedical Thesaurus (NCIT) (Ceusters et al.,, 2018; Fragoso et al., 2004) ,
Provenance ontology (PROV-0) (Lebo et al., 2013) and Systematized Nomenclature
of Medicine — Clinical Terms (SNOMED CT) (El-Sappagh et al., 2018) are some

domain-specific examples of these ontologies.

20 https://github.com/MaastrichtU-IDS/semanticscience/wiki/Design-Patterns
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Global guidelines that constrained the selection of domain-specific ontologies were
discussed. First, the use of the least number of ontologies possible was one the
criteria for the creation of this semantic model. Another important consideration
is the absence of restrictive licenses that could create constraints in certain
countries. For instance, SNOMED CT is a well-established ontology in the
healthcare community; however, the SNOMED CT license is restrictive in certain
countries outside the EU, limiting its inclusion in the semantic data models of rare
disease patient data that should be used within international collaborations.

The PROV-O aims at supporting process representation that generates or
manipulates these clinical entities. PROV-0 is designed to capture the provenance
of a process - that is, the participants, the process itself, and its inputs and outputs.
Thus, while it could capture information related to the act of collecting a clinical
observation, it is not capable of representing the quantitative or qualitative details
of that observation, nor how they relate to the actors involved in the data gathering

process.

Alternatively, OBO Foundry ontologies, especially NCIT, provide a nearly
complete representation of the biomedical concepts required by the clinical data
elements. OBO Foundry ontologies were chosen for describing the domain-specific
aspects of the core structure for given instances of the model - i.e., what kind of
role? What kind of attribute?

Other annotation vocabularies for biomedicine and molecular biology were
identified and selected for precisely specifying the clinical diagnosis and

pathogenic genotype-phenotype annotations.

e Human Phenotype Ontology (HPO) for phenotypic abnormalities in human
diseases (Kohler et al., 2021).

e Orphanet Rare Disease Ontology (ORDO) for rare diseases derived from the
Orphanet database (Vasant et al., 2014).

e Human Genome Variation Society (HGVS) (Dunnen et al., 2016) and Online
Mendelian Inheritance in Man (OMIM) (Hamosh et al., 2000) for describing
DNA, RNA, and protein sequence variants. Public Databases for genotype
information, such as ClinVar, uses HGVS and OMIM as an standardized

annotation for representing gene variations.

26


https://www.zotero.org/google-docs/?broken=rJl6kI
https://www.zotero.org/google-docs/?broken=uXHQYH
https://www.zotero.org/google-docs/?broken=N4PYC7
https://www.zotero.org/google-docs/?broken=b4mQW6

5.1.4. Data modelling with SIO and OBO

SIO design patterns include relationships that we can use to, for example, describe
how a patient identifier denotes a patient role, and how a person takes-on that role
as a result of their participation in a particular clinical process. From this clinical
process, how an output is generated, holding the measurement or observation
value related to an attribute of the person playing the patient role. Tables 2 and 3
specify the entities and relationships defined in SIO that were selected to be used

1n our core data model.

SIO annotation code Label Definition

SI0_000498 person A person is an object that has certain capacities or

attributes constituting personhood.

ISIO_000115 Iidentifier 'An identifier i1s a label that specifically refers tol
(identifies) an entity (instance/type).

'SIO0_000016 role A role is a realizable entity that describes behaviours,
rights and obligations of an entity in some particular
circumstance.

SIO_000006 process A process is an entity that is identifiable only through

the unfolding of time, has temporal parts, and unless
otherwise specified/predicted, cannot be identified from

any instant of time in which it exists.

ISIO_000015 Iinformation An object that requires some background knowledge orl

content entity procedure to correctly interpret.

SI0_000614 attribute An attribute is a characteristic of some entity.

Table 2: core SIO classes for common data elements definition. The SIO annotation code

column uses only the unique portion of the concept URI.

SIO annotation code Label Definition
ISIO_000671 ‘'has identifier a relation between an entity and an identifier.
ISIO_000228 ‘has role is a relation between an entity and a role that it bears.
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S10_000020

denotes

is a relation between an entity and what it is a sign or

indication of, or what specifically means.

'SIO_000356

is realized in

No label included in the ontology.

'SIO_000229

has output

entity is present at the end of the process.

1s a relation between a process and an entity, where the

'SIO_000628

refers to

makes reference to.

is a relation between one entity and the entity that it

'SIO_000008

has attribute

is a relation that associates a entity with an attribute

where an attribute is an intrinsic characteristic such as

either directly or indirectly through generalization of

of the

disposition, function,

entities

attribute determined from some descriptor

same type.a quality,

capability,

or is an externally derived

'SIO_000300

has value

A relation between an informational entity and its

actual value (numeric,

date, text, etc).

Table 3: core SIO properties for common data elements definition. The SIO annotation

code column uses only the unique portion of the concept URI.
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Figure 6. SIO-based core metadata structure of the CDE-SM Model.
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These combined ontological types result in the model shown in Figure 6, named
the Common Data Element Semantic Model (CDE-SM) (Kaliyaperumal et al.,
2022). Following the creation of the CDE-SM, we then designed a specific model
for each of the 16 CDEs in the RD Platform, shown in Table 1. We noted that the
CDEs are not uniformly independent from one another, and thus we sometimes
merged CDEs in our CDE-SM models. For example, the Patient Status CDE-SM
model includes a patient status of being “dead”, which is associated with a date of
death; however, these two CDEs are defined independently in the RD Registration
Elements (3.1 and 3.2 in Table 1). Similarly, the CDE-SM consent model can be
reused for diverse types of consent (e.g., consent for contact, consent for data
reuse), which are separate in the RD Registration Elements. Finally, the
Pseudonym data element is a part of every other model. The resulting list of CDE-
SM models, mirroring the RD Registration CDEs, is shown in Table 4, and its

figure in Annexes A.

Data element Purpose

name

Disease A “container” node to group together all other CDEs that refer to the
Progression same diagnosis. For example, the “age of diagnosis” CDE is related to

a specific rare disease via traversal into the “disease progression”
container, and then traversal into the “diagnosis” CDE that is also

connected to “disease progression”

Care Pathway Captures the date of first contact with the specialist healthcare

system; is connected to “disease progression”

Diagnosis Captures the final disease diagnosis using ORPHA codes; is

connected to “disease progression”

Disease History = Captures age at first symptoms and age at diagnosis; is connected to

“disease progression”

Genetic Diagnosis Captures the sequence variant(s) found in this patient, using a
variety of different coding systems; is connected to “disease

progression”

Patient Consent Captures the consent of the patient over several axes (e.g., consent
for contact, consent for data reuse). Provides a reference to the signed
consent form, as well as an input reference to the (blank) consent

template.
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Patent Status

Captures the current status of the patient, and their date of death if

the patient is deceased

Personal

Information

Captures (superficial) personal information such as birth date and

sex (there are ongoing debates in the EJP modelling group as to
whether this should be converted to an age, or an age-range, for

improved privacy)

Phenotyping

Captures the phenotypes of the patient, using Human Phenotype

Ontology terms

Disability

Captures the score for a disability test. The specific test administered

is indicated as one of the child nodes of obo:NCIT_C20993 (Clinical
or Research Assessment Tool), and thus this CDE model is broadly

useful for many disorders.

IUndiagnosed

Captures the case where a patient has phenotypic anomalies, and an

identified sequence variant, but for some reason has not been

definitively diagnosed.

Table 4: Models created to represent the common data elements.
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Figure 7: Exemplar representation of patient status information as an instance of the
CDE-SM models participation status and date of death.
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Figure 8: ShEx representation of death date information.

In Figure 7, the representation of one of these data elements is visualized. Each
type of semantic structure is represented by a different color and shape; orange
diamonds represent instances; green rectangles are classes and blue rectangles
represent literal data values. All these entities are interlinked by properties,

represented as arrows.

Every data element model was mirrored by the creation of a ShEx file that can be
used for data validation. These ShEx files describe both the classes contained by
each instance, and their valid class-relationships. In case of data elements in which
all value options are defined by a controlled vocabulary, this is indicated in the
ShEx file, for instance, by providing every option for “Sex” (Female, Male,

Unknown or Undetermined) according to its ontological URI. Figure 8 presents the
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visual representation of the ShEx corresponding to the death date data element.
All such data elements were visually represented by the use of RDFShape, a Web
tool for several implementations related with RDF-based artifacts, such as RDF,
XML and RDF valuation like ShEx and SHACL.

5.2. Can we define a workflow, and its associated
tooling, that enables non-FAIR experts to transform

their data into these models?

5.2.1. The use of CSV and YARRRML for semantic data

serialization.

With the large number of registries that participate in the EJP-RD, it is not
possible to create a novel FAIRification solution for each participant. Moreover,
the data is in many cases sufficiently sensitive that the project’s FAIR experts were
not allowed to manipulate it (or even see it), so it was not going to be plausible for
the FAIR experts to work with the data themselves. As such, it was clear that a
near-fully automated system was needed that could be shared and implemented at

all participating sites.

Comma-Separated Value (CSV) is a data format that, while quite limited in
expressivity, can be generated from most starting formats/technologies (e.g.
RDBMS, Excel, JSON, etc.), thus it could be generated easily by all participants.
CSV, then, was adopted as the lingua franca for the EJP FAIRification efforts, and
we subsequently focused on tools and technologies capable of transforming CSV
into RDF. YARRRML, as a declarative syntax for RML rules, was adopted as a
templating language that would be easier to maintain and debug versus the more
complex RML documents it represents, and thus YARRRML was selected as the
primary means of sharing the CDE-SM templates, with the YARRRML to RML
conversion happening at the time of transformation. RML supports CSV as a data

source for its mapping functionality.
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5.2.2. YARRRML builder for creating templates

Although YARRRML is a more human-friendly language/syntax compared to
RML, the creation and maintenance of YARRRML templates nevertheless make
scalability a challenge. To mitigate this time-consuming issue, we created a
Python-based YARRRML builder that uses Python objects to represent triple-
fragment templates, making it straightforward to write YARRRML templates in
code.The use of this YARRRML builder benefits through:

1. The creation of a more human-friendly syntax than YARRRML, where the
code presents only a Python List Object, making it easier to explore and

validate.

2. Custom functions for managing the data source path and base IRI prefix

used.

3. YARRRML builder reuses the same Python object to create both schema and
query representations, such as ShEx or SPARQL, allowing it to easily keep

all of these representations synchronized over the entire project.

These 3 aspects reduce the manual curation of the templates, increase

automatization, and enhance reusability.
5.2.3. Definition of CSV templates

Each CSV column header is a reference into the YARRRML/RML template. Thus,
these headers must be pre-defined for any CSV file that will be passed through our
ETL pipeline. It is also necessary to consider what values will be allowed in each

CSV template column.

For globally unique identifiers, or references to formal vocabularies or ontologies
URLs must be provided. YARRRML/RML facilitates the definition of prefixes, so

ontological references can be added in their abbreviated form using a namespace.

Each data value must adhere to a specific datatype. YARRRML/RML allow
defining XML Schema Definition (XSD) datatypes in the template, so each value
can be explicitly typed (e.g., xsd:integer, xsd:float, xsd:date).
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For ensuring date information to be consistently formatted, the use of ISO-8601,
an international standard for date and datetime notation (Briney, 2018) - and the
standard for RDF — is enforced.

Based on these considerations, documentation?! for creating CSV templates was
written to guide data sources in properly constructing these intermediate data

representations, and limiting the possible values.

52.4. How to automatically build RDF data entities that

don't “collide”

In RDF, every entity is identified by a URI. It is a feature of RDF that, when the
same URI is encountered, it is (by definition) referring to the same entity. Thus,
during an automated RDF transformation, the construction of unique URIs for
every entity is a critical requirement (and conversely, the reuse of an entity’s URI
every time it is referenced is also a requirement). We refer to the reuse of a URI
for distinct entities to be a “collision”, and it irreparably corrupts the data. Blank
nodes (G.e. RDF nodes that do not have a defined URI, but where the URI is
automatically generated by the software that is consuming it) are commonly used
for this purpose; however, this does not result in URIs that can be externally
referenced, and eliminates the possibility of reusing the same URI for the same

entity.

Generating unique URIs in our transformation was achieved by the use of a unique
timestamp. These timestamps are added in the templated URI structure in the
YARRRML file, thus ensuring that all URIs in the output RDF data are unique
when they should be unique, and are shared when they should be shared.

We built a custom script for this timestamp generation. This script is executed
before the RDF serialization, creating a column in the CSV template containing a

unique identifier for each observation.

21https://github.com/ejp-rd-vp/CDE-semantic-model-
implementations/tree/master/CDE_version_1.0.0/docs
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5.2.5. RDF serialization via CSV and YARRRML templates

The use of a YARRRML/RML template, and an appropriate data source (CSV for
this case) are the inputs to RDF transforming software commonly called
“RDFizers”. Several RDFizers were tested to identify their computational

efficiency and speed.

RML-Mapper and SDM-RDFizer were selected as suitable solutions. Although
RML-Mapper allows custom functions and a rich set of features, including
conditions driven by logical operations, SDM-RDFizer is computationally faster,

and thus was the selected RDFizing technology for this phase of the project.

SDM-RDFizer was “wrapped” as a RESTful Web Service, and a Docker image of
this service was built to facilitate placing it into a larger ETL workflow. Association
between the request for data transformation received by the Docker container, and
the correct YARRRML model/CSV file, was regulated by a “tag” passed as an
argument into the request call; all CSV and YARRRML files therefore had strict

naming conventions taking advantage of this tag.
5.2.6. RDF validation and storage

After RDF generation of each data element, it was tested to ensure the resulting
data adhered to the expected model. Each of the CDE-SM models has an associated
ShEx file that is used for this validation.

To perform the evaluation, the RDFShape Web tool was selected. This interface,
also used to generate the visual representation of the ShEx files (as it's shown in
Figure 8), performs RDF data validation against ShEx and other languages such
as SHACL. Validation requires both ShEx and RDF files, along with a ShapeMap
definition. ShapeMap describes a union node between the RDF sample and the
ShEx file.

Conformant RDF data was then stored in GraphDB through an automated upload
process using the GraphDB REST API, and a “daemon” component of the FiaB

pipeline.
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53. Is CDE-SM flexible enough to represent data
elements beyond the CDEs?

5.3.1. Mock data synthesis

ERKreg (Bassanese et al., 2021), a participant registry in EJP-RD, contains
clinical information of vascular rare disease patients from several countries in
Europe. ERKreg allowed us to use a subset of anonymous patient data from their
registries for open testing purposes and benchmarking. We have used this subset
of patient data entries to mechanically generate a larger synthetic yet
representative patient sample for mapping and testing the capabilities of CDE-SM
to be FAIR-transformed and represented by RDF. This initial subset contained 20
patients, described with multiple data entries dedicated to multiple domains of

clinical knowledge:

e Personal information, such as patient sex, participation status.

e 12 different vascular rare disease diagnosis codes, annotated by Orphanet.

e Molecular analysis, both genetic and laboratory measurement.

e Symptoms, in the form of abnormal phenotypes (e.g.: Vasculitis).

e Treatment related descriptions and medications, annotated by Anatomical
Therapeutic Chemical (ATC)

e Policy for patient consensual agreement

Temporal information was included in the patient data from ERKreg, keeping
patient information fully anonymous. Temporal information was created by GPT-
like technologies, creating a table that contained several dates that corresponded
with the human timeline, sorted from first to last. Then, ERKreg data elements

were injected with the synthetic temporal information to ensure that:

e The data included a realistic timeline of events where some patient data
description occurred before others, for instance: date of birth before
symptoms, or molecular analysis before diagnosis.

e We avoided exposing patient data (anonymous or not) via a GPT prompt.

For data elements in the EC RD Platform CDE list that were not present in this

subset, such as Biobank availability and disability assessment, this information
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was synthetically added by manual curation so that every required data element

was present. In total, 100 synthetic patients were created.

In order to simulate real patient registry entries, not every data element was
described in all the subjects. Even so, all CDEs were described in the patient data
sample synthesized. This, therefore, can now be used as a reference dataset for

future model validation by both EJP-RD and other clinically-oriented projects.

5.3.2. Identifying limitations and inconsistencies

Limitations of CDE-SM Proposed solutions

I 1 |
Inconsistency in aggregated data elements Individually representation of every data

element

| | 1
Inconsistency in ontological terms Standardization of the ontological classes

| ] |
Lack of proper longitudinal data definition Semantic metadata layer for encounters

and temporal description

I 1 |
No place to capture important provenance Expansion of core set of data elements

information such as protocols/workflows

Table 5: Summary of limitations and proposed solutions for the semantic data model.

Through several years of use, the CDE-SM model revealed itself to be lacking in
several important ways (shown in Table 5) that made it increasingly difficult to
expand into new data types, and to map into other clinical data standards. In
addition, there was a need to specify inputs into processes, and to better capture
provenance information by attaching protocols to the processes. As such, we began

exploring a new model that addressed these limitations.

5.3.3. Limitations and inconsistencies resulting from CDE

aggregation

CDE-SM adopted the high-level data elements defined by the RD Platform, but
often needed to aggregate these to achieve semantic consistency. As a consequence,
registries did not always have all of the individual subcomponents to fulfill a given
CDE-SM model, leading to incomplete FAIR-transformed data or data loss.
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Moreover, temporal information was sometimes included in the model, and
sometimes not, depending on the model representation and the ability of data
registries to provide it.

Furthermore, not every data element used the entire core structure defined by SIO,

not facilitating the creation of a common SPARQL for every data element.

Each CSV files was associated with a distinct YARRRML template, causing
concerns about the maintenance and sustainability of the existing templates, and
making the modelling of new data elements quite tedious, despite the availability
of the YARRRML Builder tool, and especially as the number of data templates was

growing.

To address these problems, we undertook the following steps, which will be

described in more detail in subsequent paragraphs:

1. Spliting previously aggregated data elements into distinct representations.
Each of these highly granular data elements were then documented and
represented by a single model mitigating incomplete model filling during

transformation.

2. Unifying the YARRRML into a single template that represents all data
elements - both CDEs and the expanded set.

3. Concomitant unification of the CSV template, which is documented with the
mstructions for which CSV columns are required to be populated for each

data type, and other details such as how to format dates.

Unification of the YARRRML templates necessitated a new feature not required
by the CDE-SM templates - that is, conditional functions that determine if an
element is going to be used in the transformation. This need arises in cases where
not all components in the core semantic model are needed to achieve a complete
representation of the data, and thus these model components can (and should) be
ignored during transformation. SDM-RDFizer is not capable of managing
functions of any kind, and so a new YARRRML parser and RDFizer were needed.
SDM-RDFizer was therefore replaced with RMLMapper, another of the options
identified as a suitable RDFizer in the earlier phase of the project. Importantly,
we had also discovered that the efficiency of SDM-RDFizer was achieved by
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holding all data in memory, and this resulted in “silent” data loss when large
datasets were transformed under a single execution. Thus, this component had to

be replaced for data quality reasons, despite any loss in efficiency.
5.3.4. Limitations and inconsistencies with ontological terms

In CDE-SM, the number of ontological terms used to define every model node was
arbitrary, and had no grounded rationale or justification. In some cases, ontological
terms were redundant, for example, having two or more terms from the same
ontology, one of them being a parent concept. Moreover, some of these cases were
not parent-child concepts but disjointed concepts from the same ontology, leading

to semantic inconsistency.

This redundancy required a global revision in the number and ontologies used for
defining the new models. The new requirements were that every sub-component of
the data model should be typed through a single SIO upper-level ontological class,
and a single domain-specific one from OBO Foundry (mostly described by NCIT).
As an alternative to OBO, any of the ontologies used for diagnosis or genotype-

phenotype annotations, such as Orphanet or OMIM, were allowed when necessary.

5.3.5. Limitations and inconsistencies with longitudinal data

element representation

Patient clinical records are complex - even more so when considered longitudinally.
A single patient may have multiple encounters with the healthcare system, for
multiple reasons, for distinct disorders. The separation between these is not
necessarily distinct in time or space, and thus you may have overlapping symptoms
that are associated with distinct diagnoses happening at the same time. The CDE-
SM model considered every clinical observation as an atomic unit, unrelated to any
other observation. Thus, symptoms couldn’t be related to diagnoses, and
treatments could not be related to symptoms (or the resolution of symptoms).

Together, this makes the dataset unsuitable for research purposes.

While the EC RD Registry CDEs had a “Disease progression” data element, it was
entirely insufficient to capture these inter-relations in the patient's clinical record.
Though the CDE-SM model for this element was intended to allow the creation of

a progression of patient observations, our implementation was not capable of
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interlinking models that were created in previous serializations, since every data

element was made unique by the inclusion of a timestamp.
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Figure 9: Overview of the addition of a contextual and temporal description layer to the

model.

In order to solve these limitations, a metadata layer was created that imparts
context on each data element. Semantically, the contextual metadata layer groups
all components of an observation into a “named graph” which, itself, may have
additional metadata facets. In RDF, context is modeled using RDF-Quads. This
context URI can then be used as the subject for additional triples in order to, for
example, add temporal or administrative information about that data element, or

to group sets of triples into other higher-level structures.

An example of the use of named graphs is shown in Figure 9. The red boxes refer
to a single data element that has been “encapsulated” in a common contextual
named graph. In this example, the purpose of the named graph is to allow for the
addition of temporal information in the form of time points or time intervals. As
additional annotations on the named graph, this red box is part of a patient
timeline description and an event encounter description. The use of an encounter
identifier can be added to the model to further relate several of these data elements

under the same clinical episode or event, for example, a treatment regimine.
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Through the “context” node of RDF-Quads, arbitrary data elements can be linked,
for example, the multiple data elements that arise from a single patient encounter
with the healthcare system. Few resources seem to be taking advantage (in the
rare disease space) of this RDF-Quad technology, despite it being a well-
documented and official W3 standard for RDF representation for about a decade.
Unfortunately, we had limited opportunity to study the benefits, since this
addition came late in the project, and rich annotation of named graphs is not part
of the FiaB ETL workflow.

5.3.6. Building a new core model
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Figure 10: New core structure for the semantic data model.



In collaboration with Dr. Michel Dumontier (author of the SIO ontology) we
undertook to rebuild the core data model for EJP-RD such that it could accurately
represent all of the novel data requirements described above and address each

limitation.

Of particular relevance were the following additions to the core model, as shown
in Figure 10. The process - for instance, a clinical procedure - is now related to
several additional entities beyond the process output, including inputs, agents,

protocols and targets.

Input, agent and target are new sub-components added in the form of information
content entity in the assessment process. Has input, has agent and has target are
properties in SIO used for representing relationships between a process and this

information content entity.

Protocol, typed as a “specification”, is described by the use of other information

content entities that are parts of this specification. These entities describe:

e Action specification such as activity or route of administration
e Frequency that the protocol defines, for instance, Medication drug frequency
e Chemical substance, defined as function specification

e Concentration, followed by its unit of measurement

User-feedback also suggested the requirement for additional types of processes.
For some measurement representations, such as genetic testing or laboratory
analyses, the specific type of test must be indicated in order to properly interpret
the output. As with previous modelling attempts, the general process type (from
SIO) is retained for the purpose of general queries, and a second more specific

process type 1s added to the same node to support more specific queries.

Not all of the components added to the new model are required for every data
element. Distinct data elements will use different combinations of these new
components depending on the element being modeled. All the new individual data

data element representations are in Annexes B.
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5.3.7. EJP-RD Project Phase 2

These changes to the core model were then applied in response to feedback from
the European Resource Networks (ERNs), who needed to describe a wider range of
clinical measurements and observations. These new clinical element types

included:

e Patient body measurements

e Laboratory molecular analyses

e Medical imaging techniques

e Drug medication prescriptions

e Surgical Medications

e Questionnaire information, formatted as Patient Reported Outcomes
(PROs) (Weldring & Smith, 2013).

We will now describe these new models in some detail, where we use boldface to

indicate classes, and italics to indicate relations.
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Figure 11: Body measurements data element.

Figure 11 describes a process of estimation of a corporal measurement. This
process has output a measurement value, represented as an information content
entity, along with its unit of measurement. This output refers to a patient
attribute, which is the quality the corporal measurement is describing, in this
particular case, weight. The definition of weight, or any other possible corporal

attribute (for instance, height or Body Mass Index) is represented with the NCIT

child term of Patient Attribute.
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Figure 12: Laboratory molecular analysis data element.

Figure 12 describes a laboratory measurement process. In this process, it has
output a measurement value, represented as an information content entity, along
with its unit of measurement. Other participants are described at this assessment,
it has input another information content entity, representing the anatomical
structure where this sample is obtained. Moreover, it has target another
information content entity, describing the molecular substance, which is a sample

analyte.

Legend:

siorhas-value 0 ¢ Class
individual ID e wtype
I sioidentiier I siozperson

rdftype ¢
OBLpatient role i
siovis-realized-in

Child of NCIT:Imaging Technique
«—dfiype maging_specific_process io:overlaps-vi
example: NCITX-Ray Imaging

dftype

il

|

imaging_
assessment_
process

fd”yp=

dfs:comment

sioihas-output

rdftype
NCITImaging Technique o e arget
URL source - i i
rdfype siosinformation content entity
Imaging_target_ e
rdi:type
tinf i itent enti
e NCIT:mage Identifier
)

Child of NCIT Anatomic Structure,
System, or Substance

example: NCIT:Head

Figure 13: Medical imaging data element.
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Figure 13 describes a medical technique process. In this process, it has output a
measurement value, represented as an information content entity, describing the
medical image identifier. Another participant is described at this assessment, it
has input another information content entity, representing the anatomical

structure where this medical image was taken.
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Figure 14: Medication data element.

Figure 14 describes a Drug administration procedure, represented by the process
node. The process is specified by an administration protocol, defined as
specification This specification contains several descriptions included, for instance:
the consumed drug identifier, frequency and route of the drug administration,

concentration, followed by its concentration units.
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Figure 15: Intervention data element.

Figure 15 describes a Surgical procedure, along with its intervention procedure,
for example, a Tumor resection, represented by the process node. The process is

specified by an intervention specification (representing the protocol that was
followed).
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Figure 16: Questionnaire data element.

Figure 16 describes a process where a clinical research question is asked,
represented by the process node. The process is specified by a questionnaire

protocol, defined as specification. This protocol is, for example, a Patient Reported

Outcome, defined as an action specification for this particular clinical question.

With the expansion of the scope of this core model, and the extension of the model
into a wide range of novel clinical data types beyond the RD Platform CDEs, this
model is no longer limited to common data elements. A new model name was
chosen - Clinical And Registry Entries Semantic Model22 (CARE-SM) - to reflect

the new scope of healthcare data that can be

represented by this model.

22 https://github.com/CARE-SM/CARE-Semantic-Model
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5.3.8. Creating a toolkit for CARE-SM implementation and

data pre-evaluation

Laboratory measurement:

. . model: Lab_measurement
. . pid: individual identifier, in the form of a patient identifier.
. . value: resulting value from this analysis.

. value_datatype: XSD datatype that defines value column type, e.g. xsd:float of xsd:integer for numerical values. In case of
none, xsd:float will be added by default.

. Mvaerr:

. activity: Specific method in form of an ontological class that describe the process, e.g. NCIT:Creatinine Clearance Adjusted for BSA:
http://purl.obolibrary.org/obo/NCIT_C147324

. unit: child of UO:unit http://purl.obolibrary.org/obo/UC_0000000

. input: material input represented as Child of Anatomic, Structure, System, or Substance hitp:/purl.obolibrary.org/obo/NCIT_C12219
(2.g: obo:Uring)

. . target: compound being measured in the sample. Child of Drug, Food, Chemical or Biomedical Material
hitp://purl.obolibrary.org/obo/NCIT_C1908 (e.g. obo:Creatinine hitp://purl.obolibrary.org/obo/NCIT_C399)

. protocol_id: URL reference to a protocol, e.g. hitps://protocols.io deposit or any identifier that describes the specific properties of this
clinical procedure. E.g. hitps:/fwww.protocols.ioiview/hplc-sample-prep-4r3125ew4lly/vl

- frequency_type:
.l frequency_value:

. .agent:

. startdate: 150 8601 formatted start date of observation

. enddate: ISO 8601 formatted enddate of observation in case it is different from startdate .

. age: patient age when this observation was taken, this age information can be both an addition or an alternative for

startdate / enddate information. Its units are fractional years, so it accepts any decimal figure for age. E.g. 33.75 years.
. comments: human readable comments of any kind related to this procedure.

. event_id: contextual identifier (formatted as integer ) used for relating several of these data elements under the same visit
occUrrence event.

Figure 17: Exemplar CSV template documentation for defining which columns to
provide. This documentation corresponds to the Laboratory measurement description. As
a legend. Blue boxes describe columns that are mandatory, orange boxes those that are

optional and grey boxes, unused columns for this representation.

The CARE-SM model is more internally consistent, but its complexity has been
increased. This required us to adapt the model implementation for both YARRRML
and CSV templates to keep the execution of the ETL workflow sufficiently
straightforward for our user community. Changes in the YARRRML have been
described in the previous section, now we will focus on describing the adaptations
of the CSV data source files. The following adaptations are managed by a new
component of the ETL pipeline called the CARE-SM Toolkit23, which has as input
a minimal CSV file created by the user, and as output a much richer CSV
containing additional columns required to properly fill the models. The Toolkit

functionalities include:

23 https://github.com/CARE-SM/CARE-SM-Toolkit
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1.

3.

The independent YARRRML templates used for CDE-SM transformation
were adapted and consolidated. In the resulting unified YARRRML
template, different datatypes are managed by the CARE-SM Toolkit, via
manipulating the input CSV in a datatype-specific manner. Thus, unlike the
CDE-SM transformations, the CSV created by the end-user is not the raw
input to the ETL pipeline, rather it is the modified CSV that has been
automatically enhanced by the Toolkit.

The CARE-SM Toolkit populates the CSV template with all the OBO classes
that are not included in the YARRRML template, thus the user does not
need to select appropriate ontological terms when the term has been pre-
defined. The addition of the appropriate ontological concepts is controlled by
a “tagname” - in one of the CSV columns - that specifies which data element
that row is intended to represent. The Toolkit is thus able to add the
appropriate terminology in its output CSV.

Although the core structure is unified and all data elements are modeled
individually, data derived from the source registry is positioned in different
sub-components depending on which model is being instantiated. For
instance, height is a measurement value, whereas diagnosis is defined as a
condition (Personal Attribute). The CARE-SM Toolkit recognizes (via the
tagname) the data element modeled and locates the data information into
the proper sub-component reference in the template. Thus, the same “value”
column in the template can be reused for multiple models, simplifying the

template.

Quality control over the completed CSV, checking for unacceptable columns
that arise through mis-interpretation of the documentation or typographical
errors. Additionally, quality control is conducted on time interval-related
columns, such as startdate and enddate ensuring they adhere to the ISO-
8601 notation standard. Also, if the enddate is not provided by the user, the
information in the startdate column is copied by the Toolkit into the enddate

column to complete the time interval, simulating a time point.
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5. The elimination of any data representation that lacks the minimum
requirement for its serialization, avoiding the generation of incomplete
RDF. A glossary of all data elements is documented in Github, describing
mandatory and optional CSV columns to populate for every case, shown in
Figure 17. CARE-SM Toolkit will erase every row that doesn't pass the
specific requirements of each data element. A final report to the user

detailing the removed rows is generated after this data quality control step.

6. The inclusion of a script for generating unique timestamps. These
timestamps are used for creating unique identifiers (URLs) for every
Iinstance in the model, ensuring that the RDF instances are guaranteed to
be distinct.

5.4. Canwe perform federated data exploration using our

semantic data model?

54.1. Implementation and automated deployment of the

Beacon-2 API for data discovery

By internal agreement in EJP-RD, the Beacon version 2 specification (Rambla et
al., 2022) has been adopted for resource discovery with regard to data catalogs,
registry datasets, and biosamples. Beacon is a REST API defining the content of
HTTP-based request/responses that fosters homogenization of data exploration
over diverse types of clinical databases. It uses a JSON syntax to define all request
parameters including a filter that enables the message to define query constraints.
The response, also formatted in JSON, is the count of the number of entities that
match against the filtered query. In this way, it is privacy-preserving as it does not

expose any personal information, rather it provides only aggregate counts.
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CARE-SM Ontological Beacon-2 1D Ope Permitted
concept Term Filter Type rato values
r
| T T T T T
Sex ncit:C28421 Alphanumeri ncit:C28421 = Any array of
c the following
terms:
ncit:C16576
ncit:C20197
ncit:C124294
ncit:C17998
| T T T T T
Disease or ncit:C2991 Ontology A single valueor an NA NA
Disorder array of orphanet
terms. e.g.
ordo:Orphanet_558
or
[ordo:Orphanet_558
ordo:Orphanet_773]
| Phenotype | s10:SI0_010 I Ontology I A single value or an I NA | NA
056 array of HPO
terms. e.g.
hp:0001251 or
[hp:0001251,
hp:0012250]
I 1 I I I I
Causative edam:data_ Alphanumeri edam:data_2295 = any HGNC
Gene 2295 c gene symbol or
array of
HGNC
symbols
I I ] I I ]
Year at ncit:C83164 Numerical ncit:C83164 =, Any integer
birth >=,
>7
<=,
<
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Symptom ncit:C12435 Numerical ncit:C124353 = Any integer
Onset 3 >=

| T T T T T
Age at ncit:C15642 Numerical ncit:C156420 =, Any integer

diagnosis 0 >=

Table 6: Alignment of the CARE-SM data elements, their associated Beacon-2 filters,

and their potential filter values.

The Beacon team, in collaboration with EJP-RD, defined a set of filters for privacy-
preserving queries over patient information. In combination with CARE-SM, this
set of filters can be used for discovery of resources that contain records consistent
with the filters. These filters take three facets: value, operator, and the list of

permitted values, shown in Table 6.

Beacon Request | Convertto SPARQL Beacon Response

{
"meta™:{
"apiVersion": "v2.0",
"retumnedSchemas”: []
{
) “meta™ {

q“":ﬁ’l‘t’e;:"' [ PREFIX aba: =http:ipurl.obalibrary.orgiobor “apiVersion™: "v2.0",
: FREFIX sla: .arg "beaconld™: "beacon D",
PREFIX x54: ZIHp: wa " o, "
"type™ "obo:NCIT_C124353", PREFIX arda: <htp:iwess.crpha.netioRDo= 1 retumedGranularity™: "record
1, o . et s
g E.ra?mu‘r"' g FRERote: snitps “responseSummary”: {
op! - SELECT {count[DISTINCT Pindividusl ki) as Pcount) “exists": true,
WHERE [ ... } "numTotalResults”: 22
"type™ "oba:NCIT C28421", }}
"id": "obo:NCIT_C16576",
"operator”; "="
h
{
"type™: "sio:SIO_010056",
"id": "obo:HP_0003131",
. s Using predefined blocks of SPARQL
] compatible with CARE-SM

}
1

Figure 18: Beacon-2 API for CARE-SM workflow.
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Because CARE-SM is a uniform data model, it was possible to automate the
implementation of Beacon for querying CARE-SM formatted data; thus CARE-SM
adopters do not need to create their own implementation of the Beacon-2 API,
regardless of the structure of their native data store. To fulfill this objective, we
convert the filters in the incoming Beacon JSON request into constraint clauses in
a SPARQL query, and because of the predictability of the CARE-SM models these
queries can be templated. The set of constraint blocks are joined into a final
SPARQL “count” query which is passed to the Triplestore. The resulting count
number is placed into the Beacon JSON response, as shown in Figure 18 in the red
box. No sensitive patient information is exposed. The whole implementation is

documented in Guthub?24.

Apart from data query, other portions of the Beacon-2 API were implemented, such
as the call to retrieve the available filters supported by the server. Finally, we
implemented a metadata description of the Beacon-2 API using the OpenAPI
metadata standard for describing Web services. The API was Dockerized and

added to the FiaB installer for easy deployment.

5.4.2. Testing our Beacon-2 API implementation with CARE-
SM patient data

The Beacon-2 API for CARE-SM was tested by the use of 100 patients from the
synthetic ERKreg dataset, transformed into CARE-SM data elements. A set of
these data elements aligned with the Beacon-2 list of filters from Table 6 was

selected. This selection includes:

e Patient birthdate information

e Patient sex

e Methylmalonic acidemia with homocystinuria diagnosis, annotated by
Orpha code: 79282

e C(Cystinuria phenotype, annotated by Human Phenotype Ontology: 0003131

e Age of the Methylmalonic acidemia with homocystinuria diagnosis onset

e Age of Cystinuria symptom onset

24 https://github.com/CARE-SM/beaconAPI4ACARESM
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e Gene variant associated with Gene SLC3A1 for Cystinuria, code using
ClinVar. HGVS: NM_000341.3(SLC3A1):c.-82T>G

This above patient information was serialized into RDF and stored in a triplestore,
using it as the SPARQL endpoint. Beacon-2 API calls were sent to test the fidelity
of the response over this “gold standard” dataset, where the correct result of every

query was known.

Data element filtered Beacon-2 API JSON filter

Female sex {
"type": "obo:NCIT_C28421",
"id": "obo:NCIT_C16576",
"operator": "="
}
| T |
Methylmalonic {
acidemia with "type": "obo:NCIT_C2991",
homocystinuria "id": "ordo:Orphanet_79282",
diagnosis after 15 years "operator": "="
old 5,4
"type": "obo:NCIT_C156420",
"id": "15",
"operator": ">"
H
| | |
Cystinuria detected {
after 9 years old "type": "s10:SIO0_010056",
"id": "obo:HP_0003131",
"operator": "="
i
"type": "obo:NCIT _C124353",
"id": "9,
"operator": ">"
}
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Genetic examination of  {

NM_000341.3(SLC3A1): "type": "edam:data_2295",
c.-82T>G variant "id""https://www.ncbi.nlm.nih.gov/clinvar/variation/
897001/",
"operator": "="
H

Table 7: Beacon-2 API filter tested using mock patient data.

Oa O C

Figure: 19 Venn diagram for the resulting outcome of the combination of multiple

Beacon-2 filters. (A) refers to being diagnosed of Methylmalonic acidemia with
homocystinuria after 15 years old, (B) refers to Female sex and (C) refers to

Cystinuria phenotype.
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o @ o
Figure: 20 Venn diagram for the resulting outcome of the combination of multiple
Beacon-2 filters. (A) refers to NM_000341.3(SLC3A1):c.-82T>G variant , (B) refers

to Female sex and (C) refers to symptom onset on Cystinuria after 7 years old.

All the filters from Table 7 were tested both individually and as permutations with
other filters to test the fidelity of the automatically-generated SPARQL queries. In
Figure 19 and 20, Venn diagrams describe all the combinations of filters performed

against the mock patient data registry. Each of the combinations successfully
retrieved the expected count.
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5.5. Do the CDE-SM/CARE-SM models facilitate
interoperability with other common clinical data

frameworks?

5.5.1. Interoperability between CDE-SM and the C-Path

Institute data model.

A collaborative experiment in data interoperability was defined between the EJP-
RD project and Critical Path (C-Path) Institute located in Tucson, Texas. This
experiment explored the value gained by FAIRification, and the necessity for
schema harmonization between different data models given their mutual
commitment to FAIR representations. Both EJP-RD and C-Path organizations
provided complementary patient datasets with the purpose of exploring data
Iinteroperability between their respective data models, both using Linked data and
Semantic Web technologies. C-Path created their own semantic data model, while
our experiments were executing using the CDE-SM models. This experiment

involved three primary activities:

e Selection of datatypes to be modeled, and discussion about the “nature” of
those selected data types, v.v. what needed to be modelled for the
experiment.

e Identifying Biolink classes that match the concepts in both the EJP and C-
PATH data models, such that each class could be “anchored” into a common
conceptual layer.

e Querying both data models under a common SPARQL query that uses

Biolink classes across both data models.

5.5.1.1. EJP-RD and C-Path datasets

The C-Path dataset contains aggregated data sourced from multiple studies
gathered by the Polycystic Kidney Disease (PKD) Outcomes Consortium. C-Path
data was used for developing CDISC data standards for PKD and have supported
the qualifications of Total Kidney Volume as an imaging biomarker for drug

development tools by regulatory agencies such as the Food and Drug

59



Administration (FDA) and the European Medicines Agency (EMA). The dataset,

already anonymized, was further protected for this study through the synthesis of

values for laboratory test results using the “synthpop” R package. From the EJP-
RD side, this experiment reused the synthetic ERKreg-based dataset described

previously.

Domain C-Path EJP-RD

Birthdate/Age patient Age as an integer ISO 8601 compliant date
information. string

Sex patient information.

Sex label as a string (F, M)
mapped to NCIT terms for
Female and Male)

NCIT (National Cancer
Institute Thesaurus) term
for Sex (Female, Male,
Undetermined or Unknown)

and Sex label as a string.

Laboratory data

measurements.

e Laboratory test name
(e.g., Leukocytes),
category (e.g.,
hematology), and
specimen type (e.g.,
blood).

e Numerical result and
standard ranges in
both original and
standard units.

e Study day of lab test.

e Associated subject
visit.

e Associated specimen

collection procedure.

e Procedure defined as
Quantitation or
Estimation.

e Materials tested
input

e Target molecular or
compound measured.

e Output measurement
value and its unit.

e [SO 8601 compliant
date of measurement

procedure.

Table 8: Selected clinical information types present in both datasets.

After an exploration of the common variables defined in both datasets, 3 significant

data domains related to PKD were selected as initial targets for testing federated

data exploration, described in Table 8.
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5.5.1.2.

models

Identifying common Biolink classes for the data

Biolink model entities

C-Path SDTM mapping

EJP-RD

Case

https://w3id.org/biolink/voca
b/Case

Subject
https://w3id.org/c-path/
biolink sdtm owl/SUBJECT

Person
http://semanticscience.org/
resource/SIO 000498

Procedure

https://w3id.org/biolink/voca
b/Procedure

Laboratory Test
https://w3id.org/c-path/
biolink sdtm owl/LBTEST
and Urinary System Test
https://w3id.org/c-path/
biolink sdtm owl/URTEST

Process
http://semanticscience.org/re
source/SIO 000006

Information Content Entity

https://w3id.org/biolink/voca
b/InformationContentEntity

Information Content Entity

https://w3id.org/biolink/voca
b/InformationContentEntity

Information Content Entity
http://semanticscience.org/re
source/SIO 000015

Attribute

https://w3id.org/biolink/voca
b/Attribute

Does not exist in the PKD

dataset. We reuse

https://w3id.org/biolink/voca
b/Attribute

Attribute
http://semanticscience.org/re
source/SIO 000614

Biological Sex

https://w3id.org/biolink/voca
b/BiologicalSex

Sex https://w3id.org/c-path/
biolink sdtm owl/SEX

Sex
http://purl.obolibrary.org/obo
INCIT C28421

Table 9: Mapping of similar conceptual entities between Biolink, C-Path, and EJP-RD.

Table 9 shows the final mapping between Biolink concepts, and approximately

matching concepts from each of the participating datasets, with the goal of using.

Biolink as a “bridge vocabulary” between data models.
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https://w3id.org/biolink/vocab/Case
https://w3id.org/biolink/vocab/Case
https://w3id.org/c-path/biolink_sdtm_owl/SUBJECT
https://w3id.org/c-path/biolink_sdtm_owl/SUBJECT
http://semanticscience.org/%20resource/SIO_000498
http://semanticscience.org/%20resource/SIO_000498
https://w3id.org/biolink/vocab/Procedure
https://w3id.org/biolink/vocab/Procedure
https://w3id.org/c-path/%20biolink_sdtm_owl/CLINSTUDY
https://w3id.org/c-path/%20biolink_sdtm_owl/CLINSTUDY
https://w3id.org/c-path/%20biolink_sdtm_owl/CLINSTUDY
https://w3id.org/c-path/%20biolink_sdtm_owl/CLINSTUDY
http://semanticscience.org/resource/SIO_000006
http://semanticscience.org/resource/SIO_000006
https://w3id.org/biolink/vocab/InformationContentEntity
https://w3id.org/biolink/vocab/InformationContentEntity
https://w3id.org/biolink/vocab/InformationContentEntity
https://w3id.org/biolink/vocab/InformationContentEntity
http://semanticscience.org/resource/SIO_000015
http://semanticscience.org/resource/SIO_000015
https://w3id.org/biolink/vocab/Attribute
https://w3id.org/biolink/vocab/Attribute
https://w3id.org/biolink/vocab/Attribute
https://w3id.org/biolink/vocab/Attribute
http://semanticscience.org/resource/SIO_000614
http://semanticscience.org/resource/SIO_000614
https://w3id.org/biolink/vocab/BiologicalSex
https://w3id.org/biolink/vocab/BiologicalSex
https://w3id.org/c-path/%20biolink_sdtm_owl/SEX
https://w3id.org/c-path/%20biolink_sdtm_owl/SEX
http://purl.obolibrary.org/obo/NCIT_C28421
http://purl.obolibrary.org/obo/NCIT_C28421
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Figure 21: C-Path Patient information with the addition of Biolink (bl:) classifications.
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Figure 22: C-Path Leukocyte count measurement with the addition of Biolink (bl:)

classifications.

62



rdf:typ rdf:type sio:has role sio:has role sio:denotes / 5$

sio:person bl:Case siotidentifier

—Hole: Patient for gender assessment—

o v e

rdf:type

sioiis realized in rdf:type rdf:type siotis realized in

-"v- obo:patient role sio:role

siothas output rdf:type rdftype rdf:type’ rdf:type siochas output

<_Dutput type: Age bl:Procedure sio:process <_Dutput type: Femalg

A

siochas value rdf:type rdf:type siochas value
<_Attribute type: Age =Attribute type: Female siniinformation content entity bl:informationContentEntity @
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Figure 23: CDE-SM Patient information with the addition of Biolink (bl:) classifications.
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Figure 24: Leukocyte count measurement CDE-SM with the addition of Biolink (bl:)

classifications.
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The C-Path data model is designed by the combination of CDISC Study Data
Tabulation Model (SDTM) (Wood & Guinter, 2008) and the Biolink Model. SDTM
is a data model meant for collection, management, analysis and reporting clinical
trial data. Figures 21 and 22 show how the C-Path data model describes the
selected domains for this experiment, including the shared Biolink classes. Figures
23 and 24 show the representation of CDE-SM - including equivalent Biolink

classes - of the same domain.
Data from each participant were serialized to RDF using YARRRML templates
representing the semantic models of each site. After RDF generation, linked data

was hosted in independent triplestores.

5.5.1.3. Federated queries over both data models

Query 1 PREFIX ncit: <http://purl.obolibrary.org/obo/>
PREFIX biol: <http://purl.org/NET/biol/ns#>
PREFIX xsd: <http://www.w3.0rg/2001/XMLSchema#>
PREFIX sio: <http://semanticscience.org/resource/>
PREFIX rdf: <http://www.w3.0rg/1999/02/22-rdf-syntax-ns#>
PREFIX rdfs: <http://www.w3.0rg/2000/01/rdf-schema#>
PREFIX biolink: <https://w3id.org/biolink/vocab/>
PREFIX bl: <https://w3id.org/biolink/>
PREFIX blowl: <https://w3id.org/c-path/biolink_sdtm_owl/>

SELECT DISTINCT ?test ?value WHERE {

GRAPH <http://w3id.org/FAIR_Training LDP/DAV/home/LDP/cpath/cpath_full> {
?test a biolink:Procedure, ncit:NCIT_C51948 .

?test ?has_output ?output .

?output a biolink:InformationContentEntity .

?output bl:has_attribute ?att .

?att bl:has_quantitative_value | bl:has_qualitative_value ?valnode .

?valnode bl:has_numeric_value ?value

}
}

514 Results
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Query 2 PREFIX ncit: <http://purl.obolibrary.org/obo/>
PREFIX biol: <http://purl.org/NET/biol/ns#>
PREFIX xsd: <http://www.w3.0org/2001/XMLSchema#>
PREFIX sio: <http://semanticscience.org/resource/>
PREFIX rdf: <http://www.w3.0rg/1999/02/22-rdf-syntax-ns#>
PREFIX rdfs: <http://www.w3.0rg/2000/01/rdf-schema#>
PREFIX biolink: <https://w3id.org/biolink/vocab/>
PREFIX bl: <https://w3id.org/biolink/>
PREFIX blowl: <https://w3id.org/c-path/biolink_sdtm_owl/>

SELECT ?value ?unit WHERE {

GRAPH <http://w3id.org/FAIR_Training LDP/DAV/home/LDP/cpath/cbgp_leuk> {
?test a biolink:Procedure, ncit:NCIT_C51948 .

?test ?has_output ?output .

?output a biolink:InformationContentEntity .

?output sio:SIO_000300 ?value .

?output s10:SI0_000221 ?unitnode .

?unitnode rdfs:label ?unit

H

H

3554 Results
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Query 3 PREFIX rdfs: <http://www.w3.0rg/2000/01/rdf-schema#>
PREFIX biolink: <https://w3id.org/biolink/vocab/>
PREFIX bl: <https://w3id.org/biolink/>

SELECT DISTINCT ?test ?value ?unit WHERE {

{SERVICE <http:/fairdata.systems:8890/sparql>{

{SELECT ?test ?value where {

GRAPH <http://w3id.org/FAIR_Training LDP/DAV/home/LDP/cpath/cpath_full> {
?test a biolink:Procedure, ncit:NCIT_C51948 .

?test ?has_output ?output .

?output a biolink:InformationContentEntity .

?output bl:has_attribute ?att .

?att bl:has_quantitative_value | bl:has_qualitative_value ?valnode .

?valnode bl'has_numeric_value ?value

}

H

H

h

§

UNION

{SERVICE <http://fairdata.systems:8890/sparql>{
{SELECT ?test ?value ?unit where {

GRAPH <http://w3id.org/FAIR_Training LDP/DAV/home/LDP/cpath/cbgp_leuk> {
?test a biolink:Procedure, ncit:NCIT_C51948 .
?test ?has_output ?output .

?output a biolink:InformationContentEntity .
?output sio:SIO_000300 ?value .

?output s10:SI0_000221 ?unitnode .

?unitnode rdfs:label ?unit

[ N

4068 Results

Table 10: SPARQL queries for the 3 different experiments. Query 1: Leukocyte Counts
from C-Path dataset. Query 2: Leukocyte counts from EJP-RD. Query 3 Leukocyte

counts from both datasets.
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To test interoperability between both data models, SPARQL queries - shown in
Table 10- were defined. While the SPARQL query contains SERVICE clauses to
simulate two distinct endpoints for federated query, the same objective is achieved
(in this case) by holding the C-Path and CDE-SM data in separate named graphs,
and then executing the federation by joins over those two graphs. By querying both
repositories using the common Biolink classes as a “bridge” between the two
models, it became possible to construct query clauses that extracted the data from
each. All expected data records of leukocyte count analysis are retrieved by the
Query 3. While successfully demonstrating federated query, it should be noted that
the queries over the two models had to be individually constructed to align with
each data model, and there was no clear way to automate this task. This is a
significant limitation that will be addressed further in the Discussion section. This

work is described in more detail in the following publication (Alarcon et al., 2023).

5.5.2. Interoperability between CARE-SM and
OMOP-CDM

5.5.2.1. Propose and planification of this experiment

EJP-RD, in its attempt to ensure data sharing and interoperability with different
standards, have dedicated an effort to create multiple interoperability across
different data model. In this experiment we are going to describe one of these
activities in the form of schema mapping between CARE-SM and one the
healthcare data model standard, OMOP-CDM version 5. 3..

A workgroup was organized by the EJP-RD project, to explore interoperability
between OMOP CDM and CARE-SM. Bi-weekly meetings were held to identify a
roadmap through the mapping activities. These meetings were coordinated by a
group of experts in several fields such as schema interoperability and data
integration, clinical data and metadata modelers and FAIR data stewardship. This

workgroup was focused on the following objectives:

1. The creation of a mapping table that contains the concept lists of each data

model, and the closest match between them.

2. The creation of an Extract, Transform, Load (ETL) workflow capable of
transforming data represented using CARE-SM into OMOP-CDM.

67


https://www.zotero.org/google-docs/?broken=o2WFTV

Hackathon activities were scheduled on a yearly basis where the group gathered
to plan, implement, and evaluate solutions to this mapping exercise and to then

define and codify a data transformation workflow.

5.5.2.2. Concept representation in both data models

Although both OMOP-CDM and CARE-SM implement Semantic Web technologies
in their respective data models, both their schema and ontologies differ, resulting
In a situation similar to the one we faced with CDE-SM and C-Path. Thus, we
followed a similar approach in this study. A comparison of the choice of ontological
annotations for similar concepts is required for devising first if there is any “/ingua
franca" between schemas, and if not, we must then define the similarity of the

chosen concepts.

Data Ontological Ontological OMOP OMOP column Label Termi Mapping

element termsin CARE- termsin data nology type
SM OMOP-CDM table
ISex INCITlsex INot IPerson | | ISNOMI
Applicable ED
ISex INCITIfemale |8532 IPerson Igender_concept‘Female ISNOMlskosiclosel
_id, ED Match

(gender_source
_concept_id),

(gender_source

_value)
I Sex l NCIT:male I 8507 I Person I gender_concept ' Male I SNOM l skos:close I
_id, ED Match

(gender_source
_concept_id),

(gender_source

_value)
ISex INCITZUndeterm |4086451 IPerson Igender_concept‘Patient ISNOMlskosinarr |
ined _id, sex ED owMatch

(gender_source unknown
_concept_id),
(gender_source

_value)
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Sex NCIT:unknown 4086451 Person gender_concept Patient =~ SNOM skos:narr
_id, sex ED owMatch
(gender_source unknown
_concept_id),

(gender_source

_value)

IPatient lNCITZSubiect |4163894 IObserV I ‘Lost to ISNOM lskosirelat I
status lost to follow up ation follow up ED edMatch
IPatient lNCITiRefusal to |1314399 lObserV I 'Patient lHCPC lskosirelat I
status participate ation refused to S edMatch

participat

e
IBody INCITIBodV |4245997 IMeasu Imeasurement_ ‘Body ISNOMlskoslrelatl
measure Mass Index rement source_concept Mass ED edMatch
ment _id/measureme Index

nt_concept_id

IBody INCITIHeight |903133 IMeasulmeasurement‘Height IPPI Iskosirelal

measure remen _source_conce tedMatc

ment t pt_id/measur h

ement_concep

t_id
‘Body  NCIT:Weight 903121 ‘Measu measurement_ Weight PPI  skosirelat
measure rement source_concept edMatch
ment _id/measureme

nt_concept_id

Table 11: Mapping table for patient sex information, participation status and body

measurement.

To do so, a mapping table was populated by every relevant conceptual entity
present in the CARE-SM. Every entity type and allowed data value were defined
by ontological terms, for instance, the Sex (NCIT:C28421) entity type and Female
(NCIT:C16576) data value. Each ontological term in this table was then mapped
to a conceptual entity present in the ATHENA vocabulary. Table 11 shows a
fraction of this mapping table created, describing some of the mapped data

elements.

The misalignment between similar concepts across different ontologies is one of

the most complex, but also common, problems when attempting federated
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exploration or data model transformation. Ontological matching has been achieved
through a variety of approaches in the Semantic Web community. Some of the
matching methods used are semantic similarity (an objective - automated - metric)
or manual curation (a subjective metric). In this experiment we used manual
curation and described the similarity between similar ontological terms using
Simple Knowledge Organization System Reference (SKOS). This mapping table
was reviewed by a team of healthcare semantics experts during several meetings
and workshops, and the data representation and semantic similarity between

concepts were unanimously approved.

Despite this concept identification table, some of the CARE-SM data elements are
not found in the standardized ontologies contained within ATHENA. Although it
was possible to manually map the upper-level concepts (from SIO) in CARE-SM to
ATHENA, the number of domain-specific classes used by CARE-SM for specific
clinical processes, anatomical structures or diagnosis was too high for manual

curation.

5.5.2.3. The ETL process for converting from CARE-SM
data into OMOP-CDM.

The same patient dataset generated from ERKreg during the C-PATH data model
experiment was used for this study of the conversion between CARE-SM and
OMOP-CDM.

o

Gl‘aphDB - i‘;‘.-l;i'r_'-l:)_ B >

RDF data Triplestore PostgresQL database

FAIR CARE-SM-based OMOP-based
endpoint

SPARQL I . 1 saL
exiraction u injection

SPARQL

Unrefined
Curated CARE-fo-
CARE-to-OMOP curation script OMOP data tables

data tables

Figure 25: CARE-SM to OMOP-CDM ETL workflow.
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PREFIX obo: <http://purl.obolibrary.org/obo/>

PREFIX sio: <http://semanticscience.org/resource/>
PREFIX xsd: <http://www.w3.0rg/2001/XMLSchema#>
PREFIX ordo: <http://www.orpha.net/ORDO/>

PREFIX rdfs: <http://www.w3.0rg/2000/01/rdf-schema#>

SELECT distinct ?person_id ?gender_concept_id ?year_of birth ?month_of birth ?day_of birth
?birth_datetime  ?race_concept_id  ?ethnicity_concept_id  ?location_id  ?provider_id ?care_site_id
?7person_source_value

?gender_source_value ?gender_source_concept_id ?race_source_value ?race_source_concept_id

?ethnicity_source_value ?ethnicity_source_concept_id

WHERE {

GRAPH ?dob_g {

?dob_role si0:SI0_000356 ?dob_process ; a s10:SIO_000016 .

?dob_process a s10:SIO_000006; si0:SIO_000229 ?dob_output .

?dob_output si0:SIO_000628 ?dob_attribute; a sio:SIO_000015.

?dob_attribute a s10:SIO_000614, obo:NCIT_C68615.

?dob_output s10:SIO_000300 ?birth_datetime.

}

?dob_g a obo:NCIT_C62143 ; si0:SIO_000068 ?dob_timeline, ?dob_event .
?dob_timeline a obo:NCIT_C54576, si0:SIO_000417; sio:SIO_000332 ?dob_individual .
?dob_individual a si0:SIO_000498 ; sio:SIO_000671 ?dob_individual_identifier .
?dob_individual_identifier a sio:SIO_000115 ; sio:SIO_000300 ?person_id .

GRAPH ?sex_g {

?sex_role s10:SI0O_000356 ?sex_process ; a si0:SI0_000016 .

?sex_process a s10:SI0_000006; sio:SI0_000229 ?sex_output.

?sex_output si0:SIO_000628 ?sex_attribute; a s10:SIO_000015, obo:NCIT_C160908.
?sex_attribute a si0:SIO_000614,?gender_source_value .

FILTER (?gender_source_value != sio:SIO_000614)

}

?sex_g a obo:NCIT_C62143 ; si0:SI0_000068 ?sex_timeline, ?sex_event.
?sex_timeline a obo:NCIT_C54576, s10:SI0_000417; si0:SIO_000332 ?sex_individual .
?sex_individual a si0:SIO_000498 ; s10:SI0_000671 ?sex_individual_identifier .
?sex_individual_identifier a si0:SIO_000115 ; s10:SIO_000300 ?person_id, ?person_source_value .

}

Figure 26: Exemplar SPARQL query for retrieving patient information for populating
OMOP-CDM personal data table.
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As it's shown in Figure 25, data extraction is performed via SPARQL querying the

CARE-SM data, selecting relevant information into a resulting table partially
compatible with OMOP-CDM tables. Distinct SPARQL queries (Figure 26) were
created for retrieving patient data, and then populating the different OMOP-CDM
data tables, according to its table documentation. Source patient information
coming from CARE-SM - annotated by the use of NCIT, Orphanet, HP - is added
i OMOP-CDM data table associated with the columns of “_source_concept_id”.

For instance, in table 12, Sex information using NCIT is populated inside the

“gender_source_concept_id” column field.

primary care.

CDM Field User Guide Datatype Required
person_id It is assumed that every person with a different unique identifier is integer Yes
in fact a different person and should be treated independently.
gender_concept This field is meant to capture the biological sex at birth of the integer Yes
_id Person. This field should not be used to study gender identity
issues.
Iyear_of_birth ICompute age using year_of_birth. Iinteger IYes
'month_of_birth I 'integer 'No
day_of birth integer No
birth_datetime datetime  No
race_concept_id This field captures the race or ethnic background of the person. integer Yes
Iethnicity_conce IThis field captures Ethnicity as defined by the Office of Iinteger IYes
pt_id Management and Budget (OMB) of the US Government: it
distinguishes only between “Hispanic”’ and “Not Hispanic”. Races
and ethnic backgrounds are not stored here.
location_id The location refers to the physical address of the person. This field integer No
should capture the last known location of the person.
provider_id The Provider refers to the last known primary care provider integer No
(General Practitioner).
care_site_id The Care Site refers to where the Provider typically provides the integer No

person_source_

value

IUse this field to link back to persons in the source data. This is

typically used for error checking of ETL logic.

'Varchar(E)O) 'No

gender_source_

value

IThis field is used to store the biological sex of the person from the

source data. It is not intended for use in standard analytics but for

reference only.

Ivarchar(50) | No
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gender_source_ Due to the small number of options, this tends to be zero. integer No

e_concept_id

concept_id
race_source_val This field is used to store the race of the person from the source varchar(50) No
ue data. It is not intended for use in standard analytics but for

reference only.
race_source_con Due to the small number of options, this tends to be zero. integer No
cept_id
ethnicity_sourc This field is used to store the ethnicity of the person from the varchar(50) No
e_value source data. It is not intended for use in standard analytics but for

reference only.
ethnicity_sourc Due to the small number of options, this tends to be zero. integer No

Table 12: OMOP-CDM data table documentation for personal patient information.

After extraction, curation procedures were performed on the output tabular results

in order to derive a spreadsheet compatible with OMOP-CDM’s import process.

The curatorial changes are as follows:

1.

Temporal data notation differs between the CARE-SM and OMOP-CDM
data architectures. To ensure data consistency the curatorial change adapts
values to the ISO-8601-formatted date (i.e. date only) to datetime notation.
Additionally, from the patient birth date information table, this date is
parsed to individual years, months, and days columns, as is shown in Table
12.

Several pieces of conceptual information that are mandatory for OMOP-
CDM are not directly represented in CARE-SM. Curation allows the
inclusion of novel data facets such as the type of clinical visit, or
Inpatient/outpatient status, as required by OMOP-CDM.

During curation, the OMOP-CDM standardized vocabulary is used
whenever possible. By using the mapping table between CARE-SM and
OMOP-CDM, all relevant terms identified in this table are added into
OMOP-CDM data tables in the “_concept_id” column field. For example,
SNOMED-CT code for “Female” from NCIT, 1s added in the

“gender_concept_id, as it's shown in Table 12.

Once the CARE-SM-to-OMOP data tables have been curated and post-processed,
they are ready for injection via SQL into the PostgreSQL relational databases.
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During this step, ATC annotation, which is a non-standard terminology for OMOP-

CDM was converted to the standard vocabulary of RxNorm.

In collaboration with Rodwy De Groot, PhD student and OMOP-CDM expert from
Amsterdam UMC, this data was tested by the OHDSI interface called Data Quality
Dashboard (DQD). DQD is deployed by a OHDSI R package -called
DataQualityDashboard?5.

After curating and post-processing CARE-SM-to-OMOP data tables, these
datatables were injected into the PostgreSQL DQD relational database. DQD -
controlled by another OHDSI R package named DatabaseConnector2é - sets up
database connections (server address and authorization) and data extraction from
PostgreSQL to the DQD interface. By invoking patient data from the database in
DQD, the compatibility with OMOP-CDM is evaluated, generating a report in a

multidimensional description as an outcome.

EJPRD CARE-SM TO OMOP (DM

DataQualityDashboard Version: 2.6.0
Results generated at 2024-05-08 16:51:47 in 2 mins

Verification Total

Plausibility 239 32 271 88% 0] 0 0 - 239 32 271 88%
Conformance 725 3 728 100% 106 0 106 100% 831 3 834 100%
Completeness 390 6 396 98% 17 0 17 100% 407 6 413 99%
0

jjel} 1354 41 1395 97% 123 123 100% 1477 41 1518 97%

644 out of 1477 passed checks are Not Applicable, due to empty tables or fields.
3 out of 41 failed checks are SQL errors.
Corrected pass percentage for NA and Errors: 96% (833/871).

Figure 27: Report from Data Quality Dashboard.

DQD parameter DQD parameter description DQD explanation feedback for
name CARE-to-OMOP information
| T I |
Plausibility Checks that data within its Some observation dates occurred
expected ranges. after the patient date of death.
| T | |
Conformance Ensures data follows the CDM No feedback, all information

25 https://ohdsi.github.io/DataQualityDashboard/articles/DataQualityDashboard.html
26 https://cran.r-project.org/web/packages/DatabaseConnector/index.html
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conventions. For instance: field  passed this parameter.

length and data types.

I I ]
Completeness Verifies that there are no Standardized OMOP-CDM

missing or NULL values vocabulary is missing

Table 13: Summary of DQD evaluation parameters.

DQD evaluation shows (Figure 27) a high percentage of compatible observations
that passed the DQD threshold. Negative feedback retrieved from the quality
assessment reported low date-related description plausibility (inconsistency in
timeline of events) and the lack of standardized vocabulary for some of the
observations evaluated. A summary of this DQD report is described in Table 13

and Figure 27. The whole DQD report description is in Annexes D.
6. Discussion

6.1. Improvement of CARE-SM over CDE-SM

In comparison with CDE-SM, the consistency of CARE-SM sub-components and
tools required for data implementation is higher. Having a single CSV template
means the data provider does not have to create a distinct export routine for each
data element. Moreover, this allowed the consolidation of the numerous CDE-SM
YARRRML templates into a single template, enabling easier maintenance and

evolution.

Some of the advantages of CARE-SM related to the representation of longitudinal
patient data were not tested due to the infrastructure limitations. Most of the ETL
implementation process was deployed by the use of Fiab. This interface is
snapshot-focused, unabling real-time serialization of RDF patient data. Fiab
overwrites the entire FAIR data transformation for every execution, avoiding
performing incremental updates. CARE-SM, by defining the timeline of event
description and an event identifier for interrelating data elements, can be used for
describing not only patient registry data elements, but clinical encounters for

medical centers and real-timing FAIR data serialization.
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The data model consistency achieved by reusing a single design pattern simplifies
query, where the primary difference between data elements are the ontological
classes that define the various sub-elements of a data type. Thus, through minor
adjustments to an overall SPARQL query template, any of the CARE-SM data
elements can be explored in the same way. An example of this unified SPARQL

query is in Annexes C.

This improvement is demonstrated through our implementation of Beacon-2 API
for CARE-SM. SPARQL queries are built by a combination of SPARQL “fragments”
or “blocks”. Most of these SPARQL fragments are reused in every data element
filter. This is an advantage for dynamically creating complex filters in a single
Beacon request. CDE-SM aggregated representation possibilities the inclusion of
partially filled RDF data representation, making confidence impossible for Beacon

responses.

6.2. Demonstration of Interoperability between sites that
implement CARE-SM

The automated deployment of the Beacon-2 API over the numerous participants in
EJP-RD is a clear demonstration of the achievement of interoperability through
the use of CARE-SM. In that respect, this study was successful. However, this
success 1s not unexpected - it is generally true that sites that use the same
structure and the same vocabularies will be interoperable, whether they use
FAIR/semantic technologies or not. Nevertheless, it is rare for non-coordinating
sites to adopt the same models and terminologies, so by simplifying the
achievement of a common framework via shared templates and the
straightforward creation of CSV files, it is demonstrably plausible to pursue large-
scale interoperability using this approach. The limitations are discussed further in

a subsequent section.
6.3. Interoperability with other standards

We have explored the question of whether the semantic agents we have developed
are capable of effectively handling schema integration, or if the future of the

Semantic Web is destined to rely on non-automated processes and human
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perception. If the semantics required for interoperability cannot be derived from

the schema, the question of where else they can originate, arises.

Interoperability - the “I” in FAIR - is highlighted as one of the greatest challenges
in data science. Historically, schema mapping cannot be automated for several
reasons: the available information, in the form of metadata and entity-relationship
representations from schemas is, in almost all cases, insufficient for current agents
to automate data mappings between non-coordinating schemas. Moreover, the lack
of consensus in the concept representation across ontologies limits automated

mapping across different vocabularies.

A large and well-funded international consortium - EJP-RD - has made efforts to
address this challenge, and embarked on several schema mapping investigations,
two of which are described in this thesis. However, it took a considerable amount
of time and resources. While we have made notable progress towards
interoperability within the consortium by creating a stable semantic model for rare
diseases (e.g. Beacon-2 over CARE-SM), the problem of insufficient automation of
query between EJP and third-party data remains prevalent beyond the end of the
EJP-RD project. Mapping activities alone have not achieved full interoperability
between (even) semantic-based models, and in fact, this thesis contributes

additional information about why these attempts so frequently fail.

Mapping independent datasets from two distinct data models to an upper-level
schema, such as Biolink, offered only a potential starting point for interoperability.
These shared concepts could be used as “anchor points” between the distinct
representations, such that queries could use these to interrogate the same data

from both models, as shown in Table 10.

Nevertheless, those queries also reveal the significant limitations of this approach
to interoperability. Several actions taken during this study would not be feasible
In a real scenario, or at-scale. For instance, adding additional new ontological
classes into any pre-existing data would not be possible unless you were the owner
of that data. It might be possible to create an independent dataset containing the
mapping information (i.e. the information in table 9) that is then accessed
dynamically at the time of query; however, this is far from trivial, and requires
extensive manual intervention. It is not how we would envision “interoperability”

to be achieved in any meaningful way.
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Another consideration arises from adding Biolink classes directly into the data:
Biolink is a schema, not an ontology. The logical meanings of “type” in a schema
are distinct from the rigorous definition of “type” in an OWL Ontology. The C-Path
data model is based on an OWL representation of Biolink, so adding this mapping
directly into their data will do little harm. However, generally adding schema
concepts as classes in the data models will break the logic of an OWL-based model,
making them unusable for the purpose of logical reasoning. Other limitations are

similarly difficult to resolve. For example:

Disparate treatment of time information, such as age versus birth date,
cannot be resolved in an automated way, even with schema mapping, since
this can only be mitigated via a calculation based on some prior knowledge
about the datasets.

Inconsistent use of units across datasets results in data that cannot be
immediately integrated. If the measurement unit is captured in the dataset,
it has been shown that data integration can be automated (Samadian et al.,
2014), however this is not always the case, and requires dedicated

infrastructure that 1s independent of typical federated query tools.

There continues to be a lack of standardized vocabularies for many domains
of clinical data, and thus there may be no way to achieve a formal mapping

via an external “anchor” terminology.

Another effort from EJP-RD to achieve data interoperability across healthcare
standards was mapping CDE-SM/CARE-SM to OMOP-CDM. Although ETL
workflow showed the feasibility of creating OMOP-CDM compatible data tables,

the success was limited.

None of the source annotations from the CARE-SM are accepted by ATHENA. This
experiment was limited by the lack of third-parties mapping across the most
frequent ontologies utilized in CARE-SM (NCIT, HP, Orphanet) and SNOMED-
CT, LOINC or RxNorm. Only manual curation for well-known permitted values -

such as patient sex or participant status - and third-party ATC to RxNorm were
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possible. Only a small fraction of NCIT codes is represented in the ATHENA

vocabulary, however none of them were applicable to our case.

By these limited mappings across ontologies, a low number of data elements are
successfully described with standardized vocabulary of ATHENA. Without this
standardized vocabulary, OHDSI interfaces cannot facilitate data discoverability
or analyses to the user, limiting any capability of most of the OHDSI frameworks
available.

Lack of a standardized vocabulary is not the only limitation identified during this
data model conversion. Although the data is described by a standardized
vocabulary, it falls short of a sufficient semantic layer of metadata. Much of their
model documentation is based on narrative descriptions that are not interoperable.
Lexical descriptions, as the only way to interpret OMOP-CDM, is not sufficient in
some cases to distinguish the destination of the data element across all the
different data tables this model defines.

Overall, it seems clear that the achievement of interoperability between our
semantic model and third-party semantic models was limited, at best, and far from

automatable.

6.4. FAIR is necessary but not sufficient

None of the accomplishments in our creation of a FAIR data model enhanced
significantly the data interoperability with other studied standards. Most of the
advantages with CDE-SM, and the subsequent CARE-SM are at a structural or
ease-of-deployment level.

FAIR data representation alone, therefore, seems not to be sufficient for achieving
data interoperability across non-coordinating resources. Interoperability is
achieved only through a combination of FAIR, bringing unique identifiers and
semantics into the data to ensure consistency in interpretation, and shared models,
allowing the same exploratory tools to be reused over all participating sites. This
is important information for those embarking on their own FAIRification
initiatives - it should temper expectations, and should encourage the exploration

of shared models within the community in which you wish to achieve federation.
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6.5. Future directions

While CARE-SM was designed for representing patient clinical data, the overall
model is grounded in the upper-level SIO ontology, which is a general model for
entity-relations in all domains of science. As such, we believe that CARE-SM could
be adapted for other purposes such as biobanking, by reusing nodes such as
identifier, process, output, and attribute or quality. The specification node, in this
case, would represent the sampling protocol. This reusability is currently being
tested by other projects, for example, a project focused on seed-banks, where the

core CARE-SM model is being applied to the collection of samples in field studies.

Another future direction, not addressed in the scope of this thesis, is the use of
Description Logic (DL) (Rudolph, 2011) reasoners to interpret data. Significant
effort was dedicated to avoiding logical inconsistencies in the CARE-SM model,
such that model-compliant data could be explored and automatically classified by
a reasoner. By ensuring the logical consistency of the model itself, it should be
possible to then leverage the logical features of the third-party ontologies used by
the model. For example, we should be able to automatically identify all data that
falls within the subClass hierarchy of a phenotypic characteristic from the HPO.
Given that projects such as the EJP-RD are requiring data to be represented using
CARE-SM, this kind of automated query expansion and logical classification

should be a high priority for future studies.
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Conclusions

CARE-SM represents rare disease patient data registries in a FAIR manner
that scales to represent not only the set of common data elements
enumerated by the European Commission but a much wider range of

healthcare data types.

The consistency in CARE-SM representation of diverse data types enables
a high degree of federated data exploration between sites that have adopted
this model, even when the underlying data is from distinct sub-domains of

clinical investigation.

FAIR-compliance is not sufficient for achieving data interoperability. A

shared model is also required.

FAIR-compliance is not sufficient to enhance interoperability with third-
party standards. Manual mapping continues to be the only approach for

reliable data integration.
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9. Annexes

Annexes A: CDEs representations

@
)\

rdf t_l.-'pe siochas ua]ue sio: denﬂtes sio: has role  rdf:type
sioidentifier uml 000008 Sio:person
rdi-type

obo:patient role

Figure A1: CDE-SM Pseudonym information.
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sio:has-output

—PT0Cess: age Measuring process—

=Dutput Type: Birth Date

siohas-value siorefers-to

ole: Patient for age assessm

rdf:type rdf:type
rdf:type rdf:type

-

rdf-type rdf:type sio:has-output
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—Hple: Patient For Gender Assessmeii—

obo:patient role sinrole =—P[0Cess: Sex measuring process—
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sio:has-role rdf:type

sio:person

siotis-realized-in

sio:has-attribute

/ sio:has-attribute

sin:process

<=

rdf:type siochas-value  sioirefers-to

N

@ =Attribute Type: Birth Date siozinformation-content-entity @ = Aftribute Type: Female

rdf:type rdf:type r/-‘/rdf:)
obo:Birth Date siozattribute obo:Female

rdf:type rdf:type

obo:Sex

Figure A2: CDE-SM Personal information.
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rdf-type siochas-value  siodenotes sio:has-role rdf:type

™

siozidentifier uid_000007 ~—Role: First Contact Patigni = sio:person
rdf:type. rdf:type sioiis-realized-in

siorole obo:patient role =—PTocess: first contact with specialized cenfer—

_— N

?in:has-iyrdf:tﬂ:e rdf:type rdf type sio:has-stari-time
=_End Date: 1991-02-1== obo:First Confirmed Visit sio:process obo:Healthcare Activity =_Start Date: 1991-02-12 =
rdf.type sio-has-value siohas-value rdf-type

siocend-date @ sio:start-date

Figure A3: CDE-SM Care pathway information.

siohasvalue  rdftype  siodenotes siohasTole  rdtype \

ueoo0eor

raktype rdfiype siois realized in

oborpatient role Diocess: Medical diagnos]

rariype raftype: siohas start time  sio:has end time sio:has output

— —

sio:medical diagnosis ‘ ‘ sioprocess ‘ < Siartdate: 1996-02-17=> <Enddate: 1996-02-17 >

<<Fgle: Diagnosis patiert sioiperson

siorhas_attribute:
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:

<utput Type: DiagnosE

— e .

siohas value rdtype drtyie sioitefers to

sio:has value

Attribute Type:

Richards-Rundle syndrome is an
extremely rare neurodegenerative
disorder characterized by progressive
spinocerebellar ataxia

Richards-Rundle syndrome s an

extremely rare neurodegenerative
disorder by
spinocerebellar ataxia

1996.02-12 /

rdf-type rdftype.

s e

sio:start date siocend date

sio:information content entity ‘

siodiagnostic opinion ‘

Figure A4: CDE-SM Diagnosis information
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rdftype siothas value  sio:denotes siocdenotes sio:has role siohas role rdf type

1000008

sio:is realized in io:has_attribute

-3

Dle: Symptom onset patisf= <Hole: Diagnosis date patiefi=

rdi:type rdf-type

sioiis realized in rdf:type rdf:type
‘ obo:patient role ‘ sioirole ess: Data collection - diagnosis date recording process—
sio:has_atiribute
siohas output rdf:type [ ryp:><rdf ryp'e/rm type siochas output
<—Qutput Type: Date of onsef—== ‘ sio:process sio:data collection ‘ =—Tutput Type: Age at diagnosi
rdf-type
siothas value rdf-type rdt:type sio-has value siorrefers to

1982-04-06 ‘ siozinformation content entity ‘

obo:Date ‘

1992-04-06 —zfffibute: Stage or date of onSer= —fifibute Type: Stage or date of diagna

/ldﬂypeldl%ﬁf type rdf:type

‘ obo:Onset siocattribute obo:Age at Diagnosis

Figure A5: CDE-SM Disease history information.

Figure A6: CDE-SM Genetic diagnosis information
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siohas-attribute:
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obo:patient role
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<—Start Date: 1992-08-17=> nd Date: 1992-08-17=>
di-iype
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Figure A8: CDE-SM Undiagnosis information.
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000010 ) < Patent for st 1o

rdype wiype siois realized in
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rﬂ,w//////”/)/ / \\\

rdttype siohas-outpt sio-has-input siohas-startme _|
siozhas-end-dime

—CIfput Type: Patient Consent Rezom= —PoEEsS Input: information content entity - Type: consent doCImEmR=— 71d Date: 1996-08-08=
/ sioas.val \ \ \ \

\ rdf:type. siohas-value  siohas-value rdf:type
‘ siosinformation-content-entity | ‘ oboinformed consent form ‘ http://example.orglmy_consent_document_type2

siohas-attribute

<Start Date: 10960808 S

‘ sio:pracess ‘ obo‘informed consent process ‘

Sio refers-to

~<afiibue Type: disease specific reseamiT= 1996-08-08

o type itype

pE e —

Figure A9: CDE-SM Consent information.

disease specific research

siodenotes rdf:type siohas role rdf-type

siochas role siochas value \. ‘).g

sio:hasvalue  rditype sio:denotes

uid_000008 =—Halient for biobank sample collecign— biobanklD_000008 =—Ejobank for sample storage sio:person ‘ obo:biobank organization ‘
sigtis realized in rdf:type rdftype rdf:type sio:is realized in rdf:type

ample storage proces:

<—Sample collection proce: ‘ oba:patient role ‘ ‘ sio:role

rdi-type sio:has output rdf-type siochas output rdftype rdf:type

‘ obo:specimen collection process ‘ ‘ sio:process ‘ ‘ obo:storage ‘

rdf:type rdf:type

l

‘ sig:information content entity ‘

obarservice provider role

obo:specimen ‘

Figure A10: CDE-SM Biobank information.
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siois uauzemn m type, T

re:type i wne sicchas.end tme Sigshas-input siohas-startime.

Quiput Type: disabiliy SCOrS ‘ siorprocess ‘ ‘ obo:Edmonton Symptom Assessment System ‘ abo:Research or Clinical Assessment Tool < n\!Dam 20101057 —PITGESS Input: information content entity - Type: QuesHORRAIE= <Siarn Date: 20191117
M R )
\ \ e o s vate
siorhas-value

siohas-value ot type ttipe
siocend-date ‘ sio:start-date

é I—

‘ sioinformation-cantent-entity ‘

Figure A11: CDE-SM Patient disability information

Annexes B: CARE-SM representations

Legend:

siochas-value
individual ID ”df type rdf:type

sio.denotes sio:has-role

mer property

rdftype
OBl:patient role dftype
m siois-realized-in

’d”“‘e

rdf:type

NCITData Capture / rdis:comment

Birthyear

_ Birthyear_attribute
assessment_ rihyear_s -

rilf:type—m NCIT:Birth Year

sioirefers-to
sio:has-output

Birthyear_output_

sio:has-value

rdfitype

rdf:type

NCIT:Observation Result

sio:information content entity

Figure B.1: CARE-SM Birthyear information.
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Legend:

siohasvaloe
ndividual ID "ﬂ ype rdf:type

| sioridentifier I

property—3
rdf-type
Birthdate_attribute_ diitype—» NCIT:Birthdate
sio:process rdf:typ
rdftype
NCIT:Data Caplure / rdis:comment sirefers-to
si:has-output
Birthdate_output_
siozhas-value
I1SO 8601 formatted date
ref:
rdftype we\‘
NCIT:Observation Result
sio:information content entity
Figure B.2: CARE-SM Birthdate information.
Legend:
individual ID m”ype .
I I civiengies sohaae
I sioiidentifier I property. >

rdf-type
atient rols
ditype
m sicis-realized-in

rdf:ype

One of the following:

NCIT:Female
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T ) - ™ Tonteterm

NCIT:Undetermined

NCIT:Unknown
rdttype
NCIT:Data Capture / rdis:comment sirefers-to
siochas-output
rdf:type—m NCIT:Sex Code
rdftype

sio:information content entity

Figure B.3: CARE-SM Sex information.
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| sioridentifier I

rdfitype

siohas-value
dividual D "’”""e
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siodenotes.

rdf:type
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m siois-realized-in

rdfitype

NCIT.Data Capture

rdfs:;comment

sio-refers-to

sio:has-output
rdfitype—m

rdf ty'pe

sioiinformation content entity

Legend:

Instance

Data value

i

property——»

Status_attribute_

One of the following:

sio:alive
sio:dead
NCIT:Lost To Follow-Up
MNCIT:Refusal to Participate

NCIT:Status Code

Figure B.4: CARE-SM Participation status information.

"1'

| siozidentifier I

sio.denotes

rdftype’
OBl:patient role dftype
m siovis-realized-in

rdfitype

NCIT:Data Capture /

comments

Figure B.5: CARE-SM Deathdate information.
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) rdlitype !
i

sio-has-valu
I individual ID I

sio:denates

I sioidentifier I
rdf:type’
OBl:patient role dhtype

m siois-realized-in

"’“’“ -

7

rdfitype

NCIT:Data Capture

rdfs.comment

comments

siohas-value
I individual ID I

First_visit_
assessment_
process_

rifitype

siochas-role

sio:has-output

rdf:type

rdtitype

sio-refers-to

siozinformation content entity

sin:person

First_visit_attribute_

siohas-value

Legend:

Instance

property—

relf:type—

NCIT:First Confirmed Visit

NCIT:Observation Result

Figure B.6: CARE-SM Care pathway information.

rdf:type
pd

sio.denotes

I ntifier I

NCIT:Data Capture

sio:has-role

siotis-realized-in

rdfs:comment
sio:has-target

mptoms_onset_
target_

assessment
process_

Onset

sio:has-output

Onset_output

siorefers-to

Legend:

property——»

sio:attribute

NCIT:Symp

tom Onset

I1SO 8601 formatted date
OR

Age of onset

obo:Observation Result

rdftype
. rdftype
sioinformation content entity rdttype rdf:type
HP code for symptom/phenotype - " "
observation sio:information content entity

Figure B.7: CARE-SM Symptom onset information.
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siohas-value
I ndividual ID I "ﬁ e

siodenotes.

| sioridentifier I

rdftype
_ gty
m sigcis-realized-in

rdf *

rdfitype

NCIT:Diagnostic Procedure

7

rdfs:;comment

siozhas-value
I individual ID I Mf e

Diagnosis_
assessment_
process_

siochas-role

sio-refers-to

sio:has-output

Diagnosis_output_

rdf:type

sioiinformation content entity

Diagnosis_attribute_

Legend:

Instance

Data value

i

property——»

URI for diagnosis
example: ORDO annotation code
OR
NCIT:Undiagnosed

NCIT:Diagnosis Code

Figure B.8: CARE-SM Diagnosis information.

sindenotes.

| siotidentifier I

rdfitype
_ rdftype
slodis-realized-in

‘OBlInformed consent process | #——rdf:type

rdfs:comment

comments

rdf-type

Consent,

a sessmenl)?ooeﬁ

siochas-role

sio:has-output

Consent_output_

siotinformation content entity

rdftye

sio-has-value
Lexical response

DUI:Data Use Permission

OBIB:willingness to be contacted

Figure B.9: CARE-SM Consent information.
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Legend:

Instance
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property—
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process,
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«—rdftype— Biobanking_input Biobanking_output_
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sio:information content entity
rdf:type
sio:information content entity

OBIB:biobank

Figure B.10: CARE-SM Biobank information

Annexes C: CARE-SM unified SPARQL query

PREFIX obo: <http://purl.obolibrary.org/obo/>

PREFIX sio: <http://semanticscience.org/resource/>
PREFIX xsd: <http://www.w3.0org/2001/XMLSchema#>
PREFIX ordo: <http://www.orpha.net/ORDO/>

PREFIX rdfs: <http://www.w3.0rg/2000/01/rdf-schema#>

SELECT distinct ?individual_id ?value_startdate ?process_label ?value ?attribute_type
?target_type ?event_id #?activity_type ?substance ?concentration_value ?frequency_value

WHERE {
GRAPH ?g {

?role s10:SI0_000356 ?process ; a s10:SIO_000016 .

?process a si0:SIO_000006, ?process_type; rdfs:label ?process_label; s10:SI0_000229
?output; si0:SIO_000291 ?target; sio:SIO_000230 ?input; sio:SIO_000139 ?agent;
510:SI10_000339 ?protocol . FILTER(?process_type != sio:SIO_000006) .

?output s10:SIO_000628 ?attribute; a s10:SIO_000015; rdfs:label ?output_label.

?attribute a s10:SI0_000614.

OPTIONAL{?output a ?outpute_type. FILTER(?attribute_type != sio:SIO_000015)}

OPTIONAL{?attribute a ?attribute_type. FILTER(?attribute_type !=
si0:SI0_000614)}

OPTIONAL{?input a ?input_type. FILTER(?input_type != sio:SIO_000015)}

OPTIONAL{?target a ?target_type. FILTER(?target_type != sio:SIO_000015)}
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OPTIONAL#?agent a ?agent_type. FILTER(?agent != sio:SIO_000015)}

OPTIONAL{?frequency a ?frequency_type, sio:SIO_001367 .FILTER
(?frequency_type != si0:SIO_001367)}

OPTIONAL{?substance a ?substance_type, sio:SIO_000315 .FILTER
(?substance_type != sio:SIO_000315)}

OPTIONAL{?concentration a ?concentration_type, sio:SIO_001088 .FILTER
(?concentration_type != sio:SIO_001088)}

OPTIONAL{?activity a ?activity_type, sio:SIO_000091 .FILTER (?activity_type !=
s10:S10_000091)}

OPTIONAL{?process rdfs:comments ?comments;.
OPTIONAL{?output sio:SIO_000300 ?value}.
OPTIONAL#?substance sio:SIO_000300 ?substance_value}.
OPTIONAL®?frequency sio:SIO_000300 ?frequency_value}.
H
?g a obo:NCIT_C62143 ; s10:SIO_000068 ?timeline, ?event ;
s10:SI0_000680 ?startdate;
s10:SI0_000681 ?enddate;
$10:SI0_000687 ?age;
$10:SI0_000300 ?uniqid .

?age a s10:S10_001013, obo:NCIT_C25150 .

?startdate a si0:SIO_000031, obo:NCIT_C68616 .
?enddate a s10:SI0_000032, obo:NCIT_C68617 .

?event a obo:NCIT_C25499 ; si0:SIO_000300 ?event_id.

OPTIONAL{?age sio:SIO_000300 ?age_value .}
OPTIONAL{?startdate sio:SIO_000300 ?value_startdate .}
OPTIONAL{?enddate sio:SIO_000300 ?value_enddate .}

?timeline a obo:NCIT_C54576, s10:SIO_000417; s10:SI0_000332 ?individual .

?1ndividual a s10:SI0_000498, obo:NCIT_C25190 ; s10:SI0_000671
?individual_identifier .

?individual_identifier a sio:SIO_000115, obo:NCIT _C164337 ; sio:SIO_000300
?individual_id .

}

Annexes D: DQD complete report
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STATUS

TABLE

CATEGORY

SUBCATEGORY LEVEL NOTES DESCRIPTION

[FAIL ~|

\ vl

\ ~

\ ~

L~ [+

% RECORDS

v

FAIL

FAIL

FAIL

FAIL

FAIL

VISIT_OCCURRENCE

CONDITION_ERA

CONDITION_OCCURRENCE

OBSERVATION

PROCEDURE_OCCURRENCE

Conformance

Completeness

Completeness

Completeness

Completeness

Relational

Nene

Nene

Nene

Nene

FIELD None The number and percent of
records that have a value in the
VISIT_CONCEPT_ID field in the
VISIT_OCCURRENCE table that
does not exist in the CONCEPT
table. (Threshold=0%).

FIELD None The number and percent of
records with a value of 0in the
standard concept field
CONDITION_CONCEPT_ID in the
CONDITION_ERA table.
(Threshold=090).

FIELD None The number and percent of
records with a value of 0in the
standard concept field
CONDITION_CONCEPT_ID in the
CONDITION_OCCURRENCE table.
(Threshold=5%0).

FIELD None The number and percent of
records with a value of 0in the
standard concept field
OBSERVATION_CONCEPT_ID in
the OBSERVATION table.
(Threshold=5%0).

FIELD None The number and percent of
records with a value of 0in the
standard concept field
PROCEDURE_CONCEPT_ID in the
PROCEDURE_OCCURRENCE
table. (Threshold=5%).

100.00%

100.00%

100.00%

100.00%

100.00%

Showing 1 to 5 of 38 entries (filtered from 1,518 total entries)
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Figure D1: DQD complete report, part 1/7.

TABLE

CATEGORY

SUBCATEGORY LEVEL NOTES DESCRIPTION

[ FaIL ~|

| ~|

~|

| ~|

L~ [+

8

Next

% RECORDS

v

FAIL

FAIL

FAIL

FAIL

FAIL

DRUG_EXPOSURE

DRUG_ERA

DRUG_ERA

DRUG_EXPOSURE

DRUG_EXPOSURE

Plausibility

Plausibility

Plausibility

Plausibility

Plausibility

Temporal

Temporal

Temporal

Temporal

Temporal

FIELD None If yes, the number and percent of
records with a date value in the
DRUG_EXPOSURE_END_DATETIME
field of the DRUG_EXPOSURE table
that occurs after death.
{Threshold=19%).

FIELD None The number and percent of records
with a date value in the
DRUG_ERA_START_DATE field of the
DRUG_ERA table that occurs after
death. (Threshold=1%).

FIELD None The number and percent of records
with a date value in the
DRUG_ERA_END_DATE field of the
DRUG_ERA table that occurs after
death. (Threshold=1%).

FIELD None The number and percent of records
with o date value in the
DRUG_EXPOSURE_START_DATE field
of the DRUG_EXPOSURE table that
occurs after death. (Threshold=1%).

FIELD None The number and percent of records
with o date value in the
DRUG_EXPOSURE_START_DATETIME
field of the DRUG_EXPOSURE table
that occurs ofter death.
({Threshold=194).

10.00%

10.00%

10.00%

10.00%

10.00%

Showing 11 to 15 of 38 entries (filtered from 1,518 total entries)
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Figure D2: DQD complete report, part 2/7.
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STATUS

TABLE

CATEGORY

SUBCATEGORY LEVEL

NOTES

[FaIL

| ~|

~|

R I I

~

DESCRIPTION

% RECORDS

v

FAIL

FAIL

FAIL

FAIL

FAIL

DRUG_EXPOSURE

DRUG_EXPOSURE

CONDITION_OCCURRENCE

CONDITION_OCCURRENCE

CONDITION_OCCURRENCE

Plausibility

Plausibility

Plausibility

Plausibility

Plausibility

Temporal FIELD

Temporal FIELD

FIELD

Temporal

Tempeoral FIELD

Tempeoral FIELD

None

None

None

Neone

Neone

The number and percent of records
with a date value in the
DRUG_EXPOSURE_END_DATE field
of the DRUG_EXPOSURE table that
occurs after death. (Threshold=19).

The number and percent of records
with a date value in the
DRUG_EXPOSURE_END_DATETIME
field of the DRUG_EXPOSURE table
that occurs after death.
[Threshold=1%).

If yes, the number and percent of
records with a date value in the
CONDITION_START_DATE field of
the CONDITION_OCCURRENCE
table that occurs after death.
(Threshold=1%).

If yes, the number and percent of
records with a date value in the
CONDITION_START_DATETIME
field of the
CONDITION_OCCURRENCE table
that occurs after death.
[Threshold=1%).

If yes, the number and percent of
records with a date value in the
CONDITION_END_DATE field of the
CONDITION_OCCURRENCE table
that occurs after death.
(Threshold=1%).

10.00%

10.00%

4.35%

4.35%

4.35%

Showing 16 to 20 of 38 entries (filtered from 1,518 total entries)

STATUS
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1

Figure D3: DQD complete report, part 3/7.

TABLE

CATEGORY

SUBCATEGORY LEVEL

NOTES

[FALL

~]

\ ~]

~]

| R I

L~

DESCRIPTION

8 Next

% RECORDS

v

FAIL

FAIL

FAIL

FAIL

FAIL

CONDITION_OCCURRENCE

CONDITION_OCCURRENCE

CONDITION_OCCURRENCE

CONDITION_OCCURRENCE

CONDITION_OCCURRENCE

Plausibility

Plausibility

Plausibility

Plausibility

Plausibility

Temporal FIELD

FIELD

Temporal

Temporal FIELD

Temporal FIELD

Temporal FIELD

None

None

None

None

None

If yes, the number and percent of
records with a date value in the
CONDITION_END_DATETIME field
of the CONDITION_CCCURRENCE
‘table that occurs after death.
(Threshold=1%%).

The number and percent of
records with a date value in the
CONDITION_START_DATE field of
the CONDITION_OCCURRENCE
‘table that occurs after death.
(Threshold=1%%).

The number and percent of
records with a date value in the
CONDITION_START_DATETIME
field of the
CONDITION_OCCURRENCE table
that occurs after death.
(Threshold=19%4).

The number and percent of
records with a date value in the
CONDITION_END_DATE field of
the CONDITION_OCCURRENCE
table that occurs after death.
(Threshold=19%4).

The number and percent of
records with a date value in the
CONDITION_END_DATETIME field
of the CONDITION_OCCURRENCE
table that occurs after death.
(Threshold=19%4).

4.35%

4.35%

4.35%

4.35%

4.35%

Showing 21 to 25 of 38 entries (filtered from 1,518 total entries)
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Figure D4: DQD complete report, part 4/7.

TABLE

CATEGORY

SUBCATEGORY LEVEL

NOTES

[FaIL ~|

~

v

~

~|

vl

DESCRIPTION

% RECORDS

v

FAIL

FAIL

FAIL

FAIL

FAIL

CONDITION_ERA

CONDITION_ERA

CONDITION_ERA

VISIT_OCCURRENCE

VISIT_OCCURRENCE

Plausibility

Plausibility

Plausibility

Plausibility

Plausibility

Temporal

Temporal

Temporal

Temporal

Temporal

FIELD

FIELD

FIELD

FIELD

FIELD

None

None

None

None

None

[f yes, the number and percent of
records with a date value in the
CONDITION_ERA_START_DATE
field of the CONDITION_ERA table
that occurs after death.
(Threshold=19%).

The number and percent of
records with a date value in the
CONDITION_ERA_START_DATE
field of the CONDITION_ERA table
that occurs after death.
(Threshold=19%).

The number and percent of
records with a date value in the
CONDITION_ERA_END_DATE
field of the CONDITION_ERA table
that occurs after death.
(Threshold=19%).

If yes, the number and percent of
records with a dote value in the
VISIT_START_DATE field of the
VISIT_OCCURRENCE table that
occurs after death.
(Threshold=19t).

If ves, the number and percent of
records with a date value in the
VISIT_START_DATETIME field of
the VISIT_OCCURRENCE table
that occurs after death.
(Threshold=19%).

3.51%

3.51%

3.51%

2.21%

221%

Showing 26 to 30 of 38 entries (filtered from 1,518 total entries)
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Figure D5: DQD complete report, part 5/7.
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TABLE

CATEGORY

SUBCATEGORY LEVEL

NOTES

[FAIL

v
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DESCRIPTION

% RECORDS

v

FAIL

FAIL

FAIL

FAIL

FAIL

VISIT_OCCURRENCE

VISIT_OCCURRENCE

VISIT_OCCURRENCE

VISIT_ OCCURRENCE

VISIT_OCCURRENCE

Plausibility

Plausibility

Plausibility

Plausibility

Plausibility

Temporal FIELD

FIELD

Temporal

FIELD

Temporal

FIELD

Tempeoral

Temporal FIELD

None

None

None

Neone

None

If yes, the number and percent of
records with a date value in the
VISIT_END_DATE field of the
VISIT_OCCURRENCE table that
occurs after death.
(Threshold=1%).

If yes, the number and percent of
records with a date value in the
WISIT_END_DATETIME field of the
WISIT_OCCURRENCE table that
occurs after death.
(Threshold=1%).

The number and percent of
records with a date value in the
WISIT_START_DATE field of the
WISIT_OCCURRENCE table that
occurs after death.
[Threshold=196)

The number and percent of
records with a date value in the
WISIT_START_DATETIME field of
the VISIT_OCCURRENCE table
that occurs after death.
[Threshold=196)

The number and percent of
records with a date value in the
WISIT_END_DATE field of the
WISIT_OCCURRENCE table that
occurs after death
(Threshold=19%).

2.21%

221%

221%

2.21%

2.21%

Showing 31 to 35 of 38 entries (filtered from 1,518 total entries)
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Figure D6: DQD complete report, part 6/7.
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SUBCATEGORY LEVEL

NOTES
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Next

% RECORDS
v

FAIL

FAIL

FAIL

VISIT_OCCURRENCE

MEASUREMENT

MEASUREMENT

Plausibility

Plausibility

Plausibility

Temporal FIELD

Temporal FIELD

Temporal FIELD

None

None

None

The number and percent of
records with a date value in the
VISIT_END_DATETIME field of the
VISIT_OCCURRENCE table that
occurs after death.
[Threshold=1%).

The number and percent of
records with a date value in the
MEASUREMENT_DATE field of the
MEASUREMENT table that occurs
after death. (Threshold=195)

The number and percent of
records with a date value in the
MEASUREMENT_DATETIME field
of the MEASUREMENT table that
occurs after death.
[Threshold=1%).

221%

1.75%

1.75%

Showing 36 to 38 of 38 entries (filtered from 1,518 total entries)
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Abstract

Background: The European Platform on Rare Disease Registration (EU RD Platform) aims to address the
fragmentation of European rare disease (RD) patient data, scattered among hundreds of independent and non-
coordinating registries, by establishing standards for integration and interoperability. The first practical output of this
effort was a set of 16 Common Data Elements (CDEs) that should be implemented by all RD registries.
Interoperability, however, requires decisions beyond data elements - including data models, formats, and semantics.
Within the European Joint Programme on Rare Diseases (EJP RD), we aim to further the goals of the EU RD
Platform by generating reusable RD semantic model templates that follow the FAIR Data Principles.

Results: Through a team-based iterative approach, we created semantically grounded models to represent each of
the CDEs, using the SemanticScience Integrated Ontology as the core framework for representing the entities and
their relationships. Within that framework, we mapped the concepts represented in the CDEs, and their possible
values, into domain ontologies such as the Orphanet Rare Disease Ontology, Human Phenotype Ontology and
National Cancer Institute Thesaurus. Finally, we created an exemplar, reusable ETL pipeline that we will be
deploying over these non-coordinating data repositories to assist them in creating model-compliant FAIR data
without requiring site-specific coding nor expertise in Linked Data or FAIR.
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that were already familiar to them.

Common data elements, Disease registries

Conclusions: Within the EJP RD project, we determined that creating reusable, expert-designed templates reduced
or eliminated the requirement for our participating biomedical domain experts and rare disease data hosts to
understand OWL semantics. This enabled them to publish highly expressive FAIR data using tools and approaches

Keywords: FAIR data, Rare disease, Interoperability, Linked data, Data transformation, Semantic web, Ontologies,

Background

The FAIR Principles [1] aim to provide guidance that
will lead to an internet of data and services that is highly
descriptive and machine-accessible, resulting in more ex-
tensive data discovery and reuse. FAIR (Findable, Ac-
cessible, Interoperable, and Reusable) data requires
unambiguously identified entities to be richly described
by unambiguously defined and identified concepts from
thesauri and ontologies that are widely shared within a
community and machine readable. When this is
achieved, it will become much more straightforward to
discover task-relevant data over distributed sites, accur-
ately integrate those data, or analyse them by ‘data
visiting’.

A significant barrier to Rare Disease (RD) research is
that RD data is (a) extremely scarce, and (b) spread over
many “boutique” repositories, often single-disease-
specific and often curated by biomedically-oriented ex-
perts, who may not have access to experts in data or
knowledge representation, capture or archival. In an ini-
tial step to address this, the EU RD Platform has begun
to establish standards for integration and interoperabil-
ity. The first practical output of this effort was a set of
16 Common Data Elements that should be implemented
by all RD registries [2]. These include facets such as
“sex”, “date of birth”, “age of onset”, and “diagnosis”,
often together with a constraint on the allowed values of
each of these data elements (for example, the possible
values of ‘age at onset’ are ‘Antenatal’, ‘At birth’, ‘Date
(dd/mm/yyyy)’, or ‘Undetermined’). Achieving uniform-
ity of these 16 data facets, over all RD registries and bio-
banks, would be an excellent first-step towards
enhanced discovery and reuse of these precious data.
Web-scale — which implies “mechanized” — interoper-
ability, however, requires decisions beyond just a list of
data elements, including data models, formats, and
semantics.

The European Joint Programme on Rare Diseases (EJP
RD) is an expansive European (with foreign partners)
project aiming to reduce the suffering of rare disease pa-
tients and their families, through technical, clinical, so-
cial, economic, and health-services mechanisms. EJP RD
spans 35 countries with 87 beneficiaries and 52 linked
parties, and spans all 24 European Rare Disease Refer-
ence Networks (ERNs), totalling approximately 1200

people. Each ERN focuses on a particular class of rare
diseases (for example, neuromuscular or vascular), and
thus each ERN will have multiple registries and/or bio-
banks, which will vary in their level of systematic and
schematic coordination even within a single ERN. To
improve the utility of this massive ecosystem of data col-
lection and curation, EJP RD aims to further the goals of
the EU RD Platform by generating a “Virtual Platform”
for interoperability between RD data assets throughout
Europe and beyond. Speaking only of the technology
layer, the Virtual Platform will provide common, harmo-
nized access to discovery of task-relevant data resources,
supported by a rich layer of metadata describing the
content and context of each participating ERN reposi-
tory. In part, this is being pursued by generating meta-
data that follows the FAIR Data Principles [3, 4], and
global metadata standards are well-established (e.g.,
Dublin Core [5] and Data Catalog — DCAT [6]). This
cannot be said for data, however. The diversity of data,
and the wide range of mechanisms, tools, and devices
for generating it often thwart generic approaches to cre-
ation of data schema. Nevertheless, historically, within
the RD community, there have been efforts to train indi-
vidual data custodians to create FAIR data at-source.
These have taken the form of annually recurring “Bring
Your Own Data” [7] workshops (BYODs) where data
custodians meet FAIR experts and get hands-on experi-
ence in making their resources FAIR.

Because of their open-ended, exploratory structure,
these BYOD events did not converge on a unified model
for RD data, nor even the elements that should be in-
cluded in those models. As such, the workshops primar-
ily succeeded in raising awareness of FAIR, and the
utility and benefits of following the FAIR Principles;
however, the degree of inter-repository harmonization
achieved by these workshops was extremely limited.
Nevertheless, some preliminary data models [8] were
created at BYOD workshops, including the early version
(V0.1.0) of CDE semantic model that is the focus of this
manuscript, which was developed during the FAIRifica-
tion of a registry for vascular anomalies [9-11]..

In the case of the EJP RD project, it was immediately
clear that training individual participants in FAIR data
modelling themselves would be challenging for many
reasons - RD registries are limited by funding, FAIR
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expertise, and time. All three of those barriers make it
infeasible for the initial FAIRification pathway for EJP
RD to involve significant decision-making by the re-
source custodian. Rather, we decided to centralize many
of the decisions, ensuring that they were made by a
small group of FAIR experts, and then disseminated out-
ward to the individual participating registries and bio-
banks via a layer of registry “liaisons” who would
communicate the needs, in both directions, between the
data modellers and the registry custodians.

The final problem was how to enact the FAIRification
itself - that is, how to do the “extract” and “transform”
portions of the traditional Extract/Transform/Load
(ETL) pipeline over resources that had no coordinating
structure, and potentially no ability to code data trans-
formation software themselves. Thus, we needed to
identify an ETL pipeline that could be deployed any-
where, over any native data structure, in highly secure
privacy-sensitive environments, and execute a successful
transformation using only the expertise that could be ex-
pected of most repository curators.

Here we describe the process of data modelling within
the EJP RD, as applied to the set of CDEs defined by the
EU RD Platform. We describe the semantic basis of
those models, and how they have already been applied
to distinctly different data types, showing that they have
not been overly “fitted” to the data elements defined by
the CDEs. Finally, we describe our current attempts to
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build an ETL pipeline that can fill these models, using a
simple, structured Comma-Separated Value (CSV) ex-
port of source data from the originating registry hosts.
To help orient a broad range of readers, we attempt to
split the discussion into three groupings: “FAIR Expert
Activities”, where technical details and decisions are de-
scribed; “Data Custodian Activities”, where less technical
deployment decisions and activities are discussed; and
where relevant, “Data Steward Activities” where the role
of the “liaisons” between the FAIR experts and the data
custodians are highlighted.

Methods

FAIR expert activities - modelling

Modelling activities were undertaken via weekly meet-
ings of a core group of EJP RD researchers with exten-
sive experience in ontologies, knowledge representation,
Linked Data modelling, and FAIR data. Meetings were
carried out via Microsoft Teams, where the model under
discussion was presented via screen sharing.

As noted above, the European Platform on Rare Dis-
ease Registration has determined a set of 16 CDEs for
RD registration. These are detailed in Table 1.

Using these elements as a guide, together with add-
itional documentation detailing how these elements
should be filled, a first pass modelling phase [9] was
undertaken where Linked Data representations for each
CDE were constructed, using existing ontological terms

Table 1 The European Platform for Rare Disease Registration set of Common Data Elements that should be made available by all

rare disease registries

Element Name Values

ID

1.1 Pseudonym String

2.1 Date of birth dd/mm/syyyy

22 Sex Female, Male, Undetermined, Foetus (Unknown)

3.1 Patient Status Alive, Dead, Lost in Follow-up, Opted-out

32 Date of Death dd/mm/syyyy

4.1 First contact with specialized centre dd/mm/syyyy

5.1 Age at onset Antenatal, At Birth, Date (dd/mm/yyyy), Undetermined.

52 Age at diagnosis Antenatal, At Birth, Date, Undetermined

6.1 Diagnosis of the rare disease ORPHA Code, Alpha Code, ICD9/10 Code, ICD9-CM Code

6.2 Genetic Diagnosis Human Genome Variant Sequence (HGVS), HUGO Gene Nomenclature Committee
(HGNC), Online Medelian Inheritance in Man (OMIIM) Codes

6.3 Undiagnosed case Human Phenotype Ontology code and/or HGVS Code related to the inability to
diagnose.

7.1 Agreement to be contacted for research purposes  Yes/No

7.2 Consent to reuse data Yes/No

73 Biological Sample? Yes/No

74 Biobank? URL/No

8.1 Disability Classification via International Score

Classification of Functioning and Disability (ICF)
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or other shared Globally Unique Identifiers (GUID)
wherever possible to model, for example, genotypes
(OMIM Codes [12]) and phenotypes (Human Phenotype
Ontology Codes [13]).

These first-pass models were then used to frame a
more conceptual modelling process, looking at (for ex-
ample) the inter-dependencies between the CDEs, the
“nature” of the data — for example, is it obtained by
questionnaire or by physical examination? — and what
additional annotation would be useful to contextualize
the CDE for correct interpretation (e.g., the dates of
various phenotype onsets could be used to build a longi-
tudinal record of the patient’s response to treatment).
There were several over-arching guidelines that con-
strained this modelling process:

1) We should use the minimum number of ontologies
possible.

2) We must strictly adhere to the ontological defin-
ition of a concept.

3) The ontologies/vocabularies used must not have a
restrictive license.

4) The model should be designed in a forward-looking
manner, anticipating other likely data elements, to
minimize the need for future disruptive changes.

Examination of the EU RD CDEs revealed that there
were, in fact, many inter-dependencies between them —
meaning that one CDE could not reliably be understood
or contextualized without one or more of the others. For
example, CDE 1.1 - the patient pseudonym — must be a
part of every CDE, since all CDEs are related to an indi-
vidual patient. For example, 4.1 ‘First contact with a spe-
cialized centre’ cannot be interpreted without a
reference to the patient that made contact with the
centre (via their pseudonym). Similarly, since individ-
uals may have multiple diseases, each with its own
diagnosis (CDE 6.1), the “age at diagnosis” (CDE 5.2)
must somehow relate to the disease which was diag-
nosed at that age. In addition, we noted that most
CDEs focused on data that would result from a for-
mal interaction in a clinical setting, but those data
gathering processes might be undertaken at different
locations and times. For example, obtaining a bio-
logical specimen (CDE 7.3) would often be a surgical
process, which would be undertaken in entirely differ-
ent circumstances than the administration of a ques-
tionnaire to generate a disability score (CDE 8.1).
Although the CDE requirements from the EU RD
Platform do not require that this metadata be repre-
sented, it is nevertheless true that these details likely
are being captured in many cases, thus it is useful to
plan a model that can carry this contextual metadata,
now or in the future. This minimizes the degree to
which EJP RD participants would have to change
their workflows to adapt to future changes.
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We examined two ontologies that are commonly
used in the life sciences to model processes, work-
flows, and their participants. The Provenance ontol-
ogy (PROV-O) [14] aims to capture information
about the sequence of events that leads to an output,
such as who executed which version of which algo-
rithm at what time, using what input data, and where
is the output data stored. The Semantic Science Inte-
grated Ontology (SIO) [15] is also capable of model-
ling entities, processes, and their qualities/attributes,
but includes additional entity-to-entity or entity-to-
process relationships that enable rigorous and highly
explicit machine-readable patterns associating these to
one another. SIO also has domain extensions, includ-
ing biology and bioinformatics, that can help ensure
that many clinical or biological concepts are being
used in a logically sound manner. For example, SIO
includes CDE-relevant concepts such as “medical
diagnosis”, which allows us to use SIO-defined prop-
erties and entities for the majority of the CDEs. Fi-
nally, SIO has the capacity to represent data content
— that is, while PROV-O has the concept of an En-
tity, which could represent the output of a process, it
does not have the ability to describe what that entity
is, or its value, or its measurement units. Finally,
PROV-O has no way of representing the attributes or
qualities of an individual. Given that almost all of the
CDEs are measurements of some attribute of the pa-
tient who participated in a clinical process, the inabil-
ity to associate the output of a process (like a
phenotype) as an attribute of the participating patient
would make a PROV-O model highly unintuitive for
our target end-users. As such, while PROV-O might
be useful at a later date to describe, for example, the
precise details of a Phenotyping or Genetic Diagnosis
workflow, our needs in this modelling exercise are
distinct, and are better represented by SIO concepts.

Following the documented design patterns for SIO
[16] we derived the core model shown in Fig. 1. Some of
the rationale for this model are as follows: All CDE ob-
servations are, in some way “about” an individual pa-
tient. As such, it is necessary to connect patients to
these observations. In some cases, the CDEs pertain to a
direct attribute of the patient (e.g., their birth date). In
other cases, the CDE is not an attribute of the patient
per se, but rather the connection between a patient and
the CDE is via an action or activity that the patient en-
gaged in; for example, the first interaction of a patient
with a rare disease expert centre. Certainly, for all CDEs
there is at least the process of recording the information,
and as such, we decided that a “process” was a concept
shared by all CDEs. Early discussions also raised the
issue of an individual having multiple roles in the health-
care system, for example, being both a patient and a
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rdc-meta:Pseudonym patient ID
gov:driversLicense
study:participantlD

registration:healthcareWorkerlD

type
P identifier

sio:denotes

obo:patient_role
xxx:physician_role

type

ABCD1234

sio:has-value

type

Human

xxx:donor_role

sio:is-realized-in

e.g. diagnosticTest_process
e.g. BloodPressureMeasurement_process
e.g. genotyping_process
questionnaire_process
resection/donation process
Registration process

type

sio:has-output

sio:information content entity type
sio:diagnostic opinion

obo:original result or findings

types that might be associated with each element

Slo’has-role

sio:has-attribute

Fig. 1 Conceptual diagram of the overall SIO model to be applied to the CDEs. It is centred around five primary elements - identifiers, entities
(physical and information-content), roles, processes, and attributes. In the diagram, we provide hypothetical examples of the specific ontological

Model organism
Medical Device

entity

BASE_TYPE: sio:quality
Cystolic Blood Pressure
Genotype
Creatinine Serum Level
Date of Birth
Date of Death
ncit:wheelchair used
ncit: ability to walk

sio:refers-to

physician. As such, it was necessary to connect a par-
ticipant to the process indirectly, by declaring the role
they play in the process. An individual may have
many roles, and we determined that in every case,
there was a distinct identifier that was assigned to
that role — for example, a driver's license ID is
assigned to one’s role as a driver, and a student ID is
assigned to one’s role as a student, yet both identi-
fiers may apply to the same individual. As such, we
associated identifiers with individuals via their role,
rather than directly. Finally, processes have outputs,
where those outputs (often) refer to some measure-
ment of an attribute of the patient. The attribute, and
its measurement, are distinct — for example, all pa-
tients share the attribute of “sex” but for some pa-
tients this attribute has the value “male” and for
others it has the value “female”.

Combining these considerations leads to the core
model shown in Fig. 1, where there are 5 “kinds” of

things: entities (individuals, and measurements),
roles, processes, attributes, and identifiers. While
there are additional relationships between these

concepts, we removed all but the relations required
to connect the model. This will simplify the creation
of query systems, by limiting the possible ways the
model can be explored, better enabling the construc-
tion of reusable query templates (an activity that is
also being undertaken within the Virtual Platform, to
ensure that end-users do not need to learn a formal
query language for these data).

Using this high-level model as a guide, the EJP RD
semantic modelling group then reiterated the process
of examining each CDE and, through Teams meetings
and dedicated “designathons” we reached agreement
on which portions of the high-level model were ap-
propriate for each CDE, and what the ontological type
constraints (square boxes in Fig. 1) should be for the
elements of that specific CDE model. As part of the
modelling process, we selected a “base type” for each
of the model elements, for example, the process node
is always ontologically typed as a “sio:process”. In this
way, if there is not a more specific type assigned to
the model node, we still maintain the best practice of
having all nodes in our model ontologically typed.



Kaliyaperumal et al. Journal of Biomedical Semantics (2022) 13:9

These “base types” are built into our transformation
templates (described below) and require no knowledge
by the end-user. Finally, where appropriate, we se-
lected ontological concepts that would be allowed as
values or attributes for various CDEs. For example, in
the personal information CDE we selected the Na-
tional Cancer Institute Thesaurus’ [17] terms for
“male” and “female”, and we selected the Human
Phenotype Ontology [13] as the set of possible values
for the phenotypic diagnosis CDE.

FAIR expert activities — design a “lingua franca” for data
extraction

Registries participating in the EJP RD have a wide range
of underlying infrastructures and data management and
curation expertise, ranging from well-established com-
mercial enterprises such as Castor [18], to smaller,
parent-run organizations even using spreadsheets to cap-
ture data. They are also largely not coordinating with
one another and are therefore making independent deci-
sions about database structures and the formats of the
captured data. It was therefore clear that, as an initial
step to harmonization, we needed to find a “lowest com-
mon denominator” for an intermediate data representa-
tion format — something more predictable than the
various source data structures, but not yet FAIR. It
needed to be a format that can be generated by data cus-
todians at any level of expertise, from any starting for-
mat, hopefully using only tools with which they are
already familiar. Moreover, a primary objective of EJP
RD is to encourage FAIRness beyond the EJP RD itself,
thus the selected format should be applicable to a wide
variety of expert domains and situations.

Through discussions with EJP RD partners, it became
clear that there was a preference for very straightforward
data structures such as CSV, since this is an exchange
format that can be derived easily from any of the more
complex formats. As such, CSV was selected as the “lin-
gua franca” that would be used by all participants as an
export format, as a step towards harmonization and
FAIRness. The rules given to the data custodians
explaining how to generate these CSV files is described
in the section “Data Custodian Activities — Generating
template-compliant CSV”.

FAIR expert activities — CSV to RDF mapping

Having selected CSV as a starting format, we then chose
a mapping framework that could transform CSV data
into RDF. RDF Mapping Language (RML) was the se-
lected technology, as it is capable of modelling reusable
templates that support not only CSV to RDF transfor-
mations, but also transformations from other formats,
allowing us the opportunity to increase in complexity in
the future without dramatically changing our pipeline.
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RML templates specify individual triple patterns that
should be created during a transformation. The subject
Uniform Resource Identifier (URI), predicate URI and
object URI are represented as strings that may contain
variables, where the variables are references to locations
within the source document (e.g., the appropriate col-
umn header within a CSV file). During a transformation,
every variable in an RML template is replaced by the
value of that location within a single source record (e.g.,
a single row of a CSV file) and then the source is iter-
ated over all records to complete the transformation.
RML templates themselves are represented in RDF and
are therefore not always easily human-readable. With
the aim of simplifying the RML syntax, such that our
EJP RD FAlRification stewards, or potentially the regis-
try data custodians themselves, could edit the template if
required, we identified a second, related technology —
YARRRML [19] — which is a more human-readable way
to declare RML transformation rules, using YAML as
the syntax. YARRRML documents can be converted into
RML templates, which can then be automatically applied
to CSV files to achieve their transformation. Having se-
lected these tools, the FAIRification experts then tran-
scribed each of the CDE models into a set of YARRRML
rules that were then executed to generate RML mapping
documents. The YARRRML documents are stored in the
“YARRRML_Transform_Templates” folder of the CDE
Project GitHub [20] for others to explore and reuse. The
final step of modelling was to create documentation and
example data to provide to the registry custodians, to
guide them in the requirements for the CSV files.

Data custodian activities - generating template-compliant
csv

The process for creation of the CSV files for each CDE
will likely differ for each registry, as their individual situ-
ations will be diverse. Based on the documentation and
examples provided by the FAIR Expert team, consider-
ations for the registry custodians include:

e Ensuring date formatting is correct (ISO 8601)

e Ensuring that any abbreviated ontology terms have
been converted into their equivalent full URIs (e.g.,
Human Phenotype Ontology terms must be
represented by their URI in the CSV file)

e Ensuring any data elements have been modified to
match the documented constraints (e.g., conversion
of textual descriptors into ontology term URIs)

e Ensuring that every row is uniquely identified (for
this purpose, we have established a web service that
can be called from MS Excel or a custom script that
generates a unique identifier based on a timestamp,
since MS Excel has no inherent capability to
generate GUIDs without custom coding)
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Data steward activities — assisting data custodians

In anticipation of the data custodians having questions
about how to generate template-compliant CSV and the
rationale behind certain decisions, every participant was
assigned a FAIR Data Steward to provide them with as-
sistance and advice. For example, we could anticipate
data custodians being concerned about why one ontol-
ogy was chosen over another or needing advice on a tool
that can cleanse or edit CSV files. In addition, the FAIR
Stewards would bring back suggestions from the Custo-
dians to the FAIR Expert meetings, providing a useful
feedback mechanism where the Steward had personally
engaged with the data, and understood the concern, as
well as being a FAIR expert themselves who could relay
the concern accurately to the FAIR Expert team.

FAIR expert activities — building a transformation pipeline
“RDFizing” is the process of transforming a non-RDF
data format into RDF. We tried two RDFizers that exe-
cute such transformations using RML as the mapping
language — RMLMapper [21], and SDM-RDFizer [22].
RMLMapper has a rich set of features, including the
ability to encode transformation rules that can trigger
execution of algorithms over a CSV cell prior to the
RDF transformation. SDM-RDFizer conversely, lacks
these powerful extensions, but is significantly faster in
our (informal) head-to-head tests. Since YARRRML cur-
rently cannot encode rules, we do not benefit from the
additional power provided by RMLMapper, and thus se-
lected SDM-RDFizer for this modelling initiative. Never-
theless, the choice of RDFizing technology can be
revisited at a later date, without affecting any of our
other decisions.

For storage of the resulting Linked Data, we have se-
lected GraphDB [23], due to its ongoing support by the
developers, the availability of a free (though not open
source) version, and the availability of a fairly compre-
hensive API for mechanization of data loading, mainten-
ance, and querying. GraphDB also supports access
control methods which provide options for securing ac-
cess to the FAIRified dataset. A “bootstrapping” Docker
image for GraphDB was created to ensure that GraphDB
is installed and configured correctly, thus eliminating
the need for the registry host to have this expertise.

Deployment of the ETL pipeline is achieved via
docker-compose, where every component has been
“dockerized” and uses a Docker [24] network to facilitate
communication between the components. This ensures
that there are no unnecessary ports or APIs exposed on
the registry server, helping maintain the security of their
internal space. The three components mentioned above
- RMLMapper, SDM-RDFizer, and GraphDB - are coor-
dinated via a fourth Docker container, representing an
orchestration tool. The orchestrator is triggered by a
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Web call to its interface. Once initiated, it automatically
refreshes the current database of YARRRML templates
from the CDE Project GitHub, and then examines the
content of a folder shared with the host. This shared
folder contains the host’s CSV files that will be subject
to RDF transformation. Using filename-matching, the
system matches each CSV with an appropriate
YARRRML template and executes the transformation.
After all transformations have completed, a connection
is opened to GraphDB, all previous data is deleted, and
the refreshed data is uploaded.

The suite of docker images are referred-to as the
“CDE-in-a-Box”, and the instructions for running the
bootstrapping process, as well as how to interact with
CDE-in-a-Box, are available on a dedicated Git [25].

FAIR expert activities — testing

Speed tests were run by calling RMLMapper and SDM-
RDFizer images via docker-compose on a Linux PC. A
variety of exemplar 10.000 row CSV files and YARRRML
templates were used for the measurement and execution
process. The average speed of RDF triple generation was
12,500 triples per second. The tests were run on an
AMD Ryzen 73800XT 3.9 GHz CPU workstation, with
32 Gb 3200Mhz RAM memory, RTX 2070 Super 8 Gb
GPU and M.2. NVMe SSD memory. Quality-control
tests will, largely, be registry-specific, though we are con-
sidering possible mechanisms for generalizing this prob-
lem through the use of Shape Expressions (ShEx)
validation (described in “Future Work” in the Discus-
sion section).

Results

The models

The models created to capture the 16 CDEs are de-
scribed in Table 2, and are available in the CDE Project
GitHub .

To help data custodians understand the models, they
are generated and published in a variety of formats.
Most importantly, an exemplar “runnable” CSV file,
which is documented on a Web page — one page per
CDE - containing a description of the CDE Model, its
intended use, the CSV column headers, the constraints
on the content of each column, and any usage notes that
will assist the data custodians in their understanding of
how to generate compatible CSV. A screenshot of the
documentation is provided in Fig. 2.

To assist both data custodians and data consumers, a
variety of other representations are also generated.
When the exemplar CSV is run through the transform-
ation pipeline, the resulting RDF file is then converted
into a model image via a semi-automated mechanism
[37]. A ShEx model is also created to allow data custo-
dians (and users) to validate these transformations. The
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Table 2 Models created to represent the CDEs. Models are created in YARRRML and made available on the CDE Project GitHub,
accompanied by markdown documentation explaining the structure of an appropriate CSV file. Note that not all EU RD CDEs appear
1-to-1 with a CDE model. This is because, for example, the consent CDE can be reused for diverse types of consent (e.g., consent for
contact, consent for data reuse), and the Pseudonym CDE is a part of every other model, and therefore has not been modelled as

an independent element

CDE Model Name  Purpose

Disease Progression
[26]
CDE that is also connected to “disease progression”

Care Pathway [27]
Diagnosis [28]
Disease History [29]

Genetic Diagnosis
(30]

Patient Consent [31]

progression”

A “container” node to group together all other CDEs that refer to the same diagnosis. For example, the “age of diagnosis” CDE
is related to a specific rare disease via traversal into the “disease progression” container, and then traversal into the “diagnosis”

Captures the date of first contact with the specialist healthcare system; is connected to “disease progression”
Captures the final disease diagnosis using ORPHA codes; is connected to “disease progression”
Captures age at first symptoms and age at diagnosis; is connected to “disease progression”

Captures the sequence variant(s) found in this patient, using a variety of different coding systems; is connected to “disease

Captures the consent of the patient over several axes (e.g., consent for contact, consent for data reuse). Provides a reference

to the signed consent form, as well as an input reference to the (blank) consent template.

Patient Status [32]

Personal Information
[33]

Phenotyping [34]
Disability [35]

Captures the current status of the patient, and their date of death if the patient is deceased

Captures (superficial) personal information such as birth date and sex (there are ongoing debates in the EJP modelling group
as to whether this should be converted to an age, or an age-range, for improved privacy)

Captures the phenotypes of the patient, using Human Phenotype Ontology terms

Captures the score for a disability test. The specific test administered is indicated as one of the child nodes of obo: NCIT_

20993 (Clinical or Research Assessment Tool), and thus this CDE model is broadly useful for many disorders.

Undiagnosed [36]
been definitively diagnosed.

Captures the case where a patient has phenotypic anomalies, and an identified sequence variant, but for some reason has not

ShEx models are manually created according to the
Shape Expressions 2.1 Primer specification [38], and the
resulting ShEx file is converted into an image via the
RDFShape tool [39]. An exemplar RDF visualization for
CDE #3 “Patient Status” is diagrammed in Fig. 3, and a
diagram of the ShEx validator for that model is shown in
Fig. 4.

Model filling - “CDE in a Box”
As described in the Methods section, the CDE-in-a-Box
is deployed via docker-compose and is triggered by a
simple Web call to a local address. Transformed data is
automatically loaded into a CDE-specific data store on
GraphDB, ensuring that the security constraints on this
data can be managed independently of other datasets
provided by the software.

The relationship of all of the components to one an-
other, and the responsibilities of each participant, is dia-
grammed in Fig. 5.

Discussion

When undertaking any modelling activity, there is al-
ways the potential to “over-fit” the model. To this end,
we have been attempting to apply the model to data-
types other than those covered in the CDE list. Specific-
ally, we have looked at three very distinct datatypes:
physical body measurements, laboratory tests, and
Patient-Reported Outcome Measurements (PROMs),
which are a questionnaire-style metric. In all cases, we

were able to generate the Linked Data record with few
or no changes to the core model. In particular, the Phys-
ical Body measurements required only an additional link
to a measurement protocol; for PROMs we added an In-
put to the Process node representing the PROM ques-
tion; and for Laboratory Tests we extended this further
where an Input is included - constrained to being a body
tissue - a “target” is included - constrained to being the
compound being measured - and link is added to the
measurement protocol document (see Fig. 6). Hence, we
believe that this core model is capable of representing
the majority of data entities we will encounter in the
biomedical/clinical space with only minor modifications.
With respect to generalizability and scalability of this
approach, a comprehensive survey of the European Ref-
erence Networks (ERNs) participating in EJP RD re-
vealed 13 categories of data from 16 ERN data
dictionaries; for example, “laboratory tests” and “per-
sonal information” are two such categories. Every cat-
egory requires a YARRRML template to be constructed,
following the core pattern but changing, for example,
the default ontological types of each node, and the col-
umn header names. We have built code libraries that
automatically generate these YARRRML templates via a
simple API, and thus in practice, a new YARRRML
model can be created in approximately one hour, now
that the general pattern has been established.
Documentation of the model, and decisions about the
constraints on the allowed content of each CSV column
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Patient Status CDE

The CDE for patient status

CsV file
Example CSV file
Please find example CSV file here

Columns

pid, uniqid, date, status_uri, status_label, death_date

Notes:
¢ pid - patient unique identifier

e status_uri: one of
o http://semanticscience.org/resource/SIO_010059 (dead)

o http://semanticscience.org/resource/SIO_010058 (alive)

o

dead, leave this field as empty

YARRRML

Please find the YARRRML template for this module here

* uniqid: some row unique identifier, over all sessions (a millisecond timestamp, numerical only, is a good idea)

e date: ISO 8601 formatted date representing the date of the current observation

http://purl.obolibrary.org/obo/NCIT_C70740 (lost to follow-up)
o http://purl.obolibrary.org/obo/NCIT_C124784 (refused to participate)
e status label: a human readable label to match the value of the status URI for that row

o death_date: if the patient is dead, the recorded date of death (may be different from the ‘date’ column of this record). If patient is not

Fig. 2 The Markdown documentation explaining how to prepare a CSV file for the “Patient Status” CDE. Documentation includes, where
appropriate, the restrictions on the possible values in a given column, such as ‘status uri" in this example

takes more consideration and time, though all elements
of a well-documented model can be easily created in less
than a day. This, however, leads to a problem for which
the correct solution is, as yet, not known. Because the
models themselves are generalized, the problem of
selecting the correct specific value for a given column
becomes a task for the data provider. For example, in
the Body Measurement model, we document that the
“attribute being measured” column should contain an
ontology URI that is a child of obo: NCIT_C19332 (per-
sonal attribute). While many of the participating hosts
are familiar with ontologies, “coding” (the act of assign-
ing a controlled vocabulary term to a concept, observa-
tion, or phenomenon) is an activity primarily undertaken
by insurance and governmental organizations, and by
trained disease classifiers, and as such many other par-
ticipants will not have this experience. Thus, we suspect
that this task may be difficult for a subset of our registry

participants. One alternative is that the FAIR Experts
create a specific model for every case (every attribute,
every lab measurement, etc.). This, however, would re-
sult in many highly specific models, and would in turn,
require the data host to generate separate CSV files for
each model. The alternative is to keep the models gen-
eric and find another way to provide advice or support
to the data hosts as they generate the CSV. We are ex-
ploring both solutions to gain a better understanding of
how to address this problem in the future.

The transformation step itself — generating ~ 12,500
RDF statements per second — would appear to be suffi-
ciently fast that it would be possible to generate a new
snapshot of a registry on a nightly basis.

Finally, the models are intended to be reusable, and
the onus of creating a matching CSV is put on the data
custodians/experts. Another approach would have been
to create a comprehensive transformation map of the



Kaliyaperumal et al. Journal of Biomedical Semantics (2022) 13:9

Page 10 of 16

/ rdf: Wpe siozhas-role

sio:person

sip:has-attribute

_—

rdf:type siozis-realized-in

<—Process: status recording proce:

sio:has-attribute

sio:role

=—Role: Patient for status recording—=

ST

R

sio:denotes  sio:has-value

uid_000008

rdf:! lype

sio:identifier

sio:is-realized-in rdf:type

ocess: death information recording pro

N

obo:patient role

sio:has-output rdf:type
. rdf:type
<Output Type: dead™ sio:process

rdf:type
rdf:type sio:has-output
sio:data collection =Qutput Type: patient death informationr—=

rdf:type

\\ siorefers-to  sio:has-value

—

rdf:type

\

sio:refers-to sio:has-value

<Altribute Type: Patient stat

siozinformation-content-entity

<Attribute Type: Date of deathi— 2010-06-08

\. T~

rdf:type rdf:type

\"/

sio:dead siozattribute

Fig. 3 Visualization of an exemplar RDF instance for the “Patient Status” CDE (CDE 3.1 & 3.2)
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entire dataset, for every participating registry using, for
example, R2RML [40]. Since the data custodians are not
anticipated to be FAIR experts, this approach would
have centralized the problem of mapping into the hands
of the few core technologists in the EJP RD, which we
feel is a much less practical solution, and less scalable.
The solution proposed here distributes the effort over
many more participants, and the sharing of a set of core
models ensures that, despite being non-coordinating, the
participating registries will nevertheless generate inter-
operable outputs.

Exemplar use-case

Two registries about vascular rare diseases have en-
tered into a data sharing agreement for a study on
the relationship between identical mutations and
phenotype/disability over many individuals. They se-
lect the Genetic Diagnosis, Phenotyping and Disability

CDE as those that will contain the most relevant data.
One registry executes three SQL queries on their Or-
acle database, which generate three CSV files follow-
ing the CDE Model Templates. They activate CDE-in-
a-Box, which converts those data into FAIR Data
loads it into a database within their own secure space.
The partner has their data in the form of a series of
MS Excel spreadsheets. They export from spreadsheet
into CSV, and similarly activate CDE-in-a-box to gen-
erate FAIR Data. The investigative query is shared by
both sites, and executed within their secure spaces,
where they exchange only the query results. They are
confident that they are extracting and integrating the
full gamut of information from both sites because of
the harmonization of structural and ontological
choices that are enforced by the CDE models, yet
their individual tasks only involved generating the
CSV and executing the query. Thus, the process of
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Generated by rdfshape

querying over both datasets was quite straightforward
for both participants, despite having notably different
underlying data structures.

Peer initiatives

Beyond CDEs, the most widely used health care data ex-
change formats are all exploring FAIR-oriented map-
pings. OMOP CDM [41] and ContSys [42] were recently
compared [43] for their ability to be transformed to one
another, and to have their facet values captured in
(largely) SNOMED CT to enhance their FAIRness. The
HL7’s FHIR4FAIR project began its public facing activ-
ities at a “connectathon” event in early 2021 [44] and ex-
pects to have an early and final normative document in
late 2023 and early 2024, respectively describing (among

other things) how to apply the RDA FAIR Maturity
Model Working Group Maturity Indicators [45] to FHIR
data structures (both manual and automated) and define
a minimal metadata set for health recordsets. The Crit-
ical Path Institute (C-PATH) [46] is working in parallel
with the FAIR data transformation subgroup within the
EJP RD to attempt to achieve a mapping between the
Clinical Data Interchange Standards Consortium (CDIS
C) [47] standards and the EJP RD semantic CDEs, with
their first attempt being to use LinkML/BioLink [48] as
a domain-neutral abstract representation of the clinical
data that might act as a “Rosetta stone”. Finally, the
OpenEHR initiative has adopted design principles [49]
that enables computable semantics in their data models
[50]. Thus, the latter of these peer initiatives resembles
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EJP CDE
YARRRML

Data Custodian Templates

(with guidance of FAIRification
Steward if needed)

I

Custom
Fully automated YARRRML

“CDE-in-a-box"” \Templates

Fig. 5 The components of the workflow annotated with the responsibilities of the parties. The left side of the diagram, outlined in green, are the
responsibilities of the data custodian in collaboration with the Data Steward. This includes export of their registry data into CSV format, and
possibly some additional modification of that exported data to conform to the template. On the right is the fully automated CDE-in-a-Box, which
is constructed by the FAIR Expert team and provided as a docker-compose installation. The arrow labelled “trigger” is the Web page call that the
data custodian makes when they are ready to execute their transformation
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Fig. 6 The model for Laboratory Measurements. Of note are the three new connections on the “Quantitation” (Process) node — one representing
the input (blood), one representing the target molecule (haemoglobin), and the third representing the link to the protocol. The remainder of the
model is (structurally) identical to the core model shown in Fig. 1
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our own attempts to build an overall model based in rich
semantics; however, we differ from most of these peer
initiatives in that we are attempting to map arbitrary
existing formats from non-coordinating registries into a
unified, semantically-grounded (in SIO) FAIR model,
versus taking an existing standard model and attempting
to make it more FAIR.

A notable peer initiative, with highly similar goals to
our own, is found in PennTURBO [51], which also pur-
sues a multi-step transformation process to achieve a
final rich semantic model. PennTURBO’s workflow mir-
rors ours in several ways: first, there is a transformation
from native format into a semantically-impoverished
intermediate representation (in our case, CSV, and in
PennTURBO, a graph). They then similarly use a do-
main specific language to transform the intermediate
representation into the final semantically rich model (in
our case, RML, and in PennTURBO, SPARQL). A key
distinction between the two projects is the point of re-
sponsibility for the generation of the intermediate for-
mat. PennTURBO includes a set of data extraction/
transformation instructions for each data source, thus
the responsibility for the correct interpretation of the
data source, and its export, is held by the PennTURBO
development team. In contrast, the transformation pipe-
line presented here creates only a richly documented
intermediate template, which must then be filled by any
data source that wishes to participate. Thus, the respon-
sibility for correctly filling that template is pushed to the
participant themselves, as is the correct interpretation of
the data holdings. It is an open question whether the
decentralized approach we have taken will be more scal-
able than PennTURBO, or if the same decentralization
will lead to more erroneous template filling, as the re-
sponsibility for accurate data export moves further away
from the FAIR experts. Nevertheless, like PennTURBO,
our mapping extends beyond identifying appropriate
ontology terms for each data facet, and both projects
share a goal of attempting to better model the activities
around the creation of data — creating a “digital twin”
for the data, which as a beneficial consequence, provides
model positions for metadata about every element, in-
cluding the participants, the relationships between them,
and the process’ protocol and other annotations.

Future work

Work is underway to automate the creation of ShEx
models for all CDEs, and use them to add a quality-
checking layer into the transformation pipeline. More-
over, we additionally plan to use ShEx to publish a pub-
lic model of the entire contained dataset, which we
believe can be used both to aid discovery, but more im-
portantly, to facilitate future efforts around federated
queries.
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With the goal of allowing future extension of these
models — for example, by expanding the ontological con-
cepts allowed as possible values, or adding new or
repository-specific metadata we will soon begin to pro-
vide training to those who wish to learn how to build or
edit the YARRRML templates themselves. We are im-
proving the tooling that facilitates construction of these
templates to better enable registry custodians to expand
or diversify the templates without necessarily requesting
help from the EJP RD modelling team. In this way, we
hope that the core data will be interoperable, even if in-
dividual sites add enhanced metadata that is not in-
common with other registries. Moreover, dissemination
of the expertise around template-building provides a
path to self-sustainability of this initiative, beyond the
end of the EJP-RD project.

Extension and revision, however, must be done with a
recognition of why this centralized modelling initiative
was deemed necessary. Interoperability is difficult to
achieve, particularly without agreement on the concepts
being modelled. Moreover, the decision to use a model
backbone with very strict semantics (SIO) makes it ne-
cessary to be extremely careful in the selection of ontol-
ogy terms — ensuring, for example, that there is a
distinction between the concepts of “blood pressure” as
a quality/attribute of a patient, versus “blood pressure”
referring to the output of a measuring process. These
kinds of decisions require expertise and experience in
ontology construction and use. As such, extension of the
models in a distributed manner by end-users introduces
several risks regarding interoperability, including lacking
mappings between ontologies, reduced shared semantics,
and restricted use of ontologies, for example due to li-
censing restrictions. The same issue has been
highlighted in other CDE initiatives, and was addressed
in a recent overview of the problems related to CDE
mapping [52] (using the term in its most general sense,
not specifically the RD CDEs that are discussed in this
manuscript). They noted that the objective of CDEs — to
assist in the harmonization of data between independent
studies — was being thwarted by imprecise definitions of
those CDEs (a problem shared with the CDEs upon
which this study is based). They further noted that
“CDEs can deliver more value when they conform to ac-
cepted data standards, are bound to terminologies and
are used consistently across studies”, and that, for this
reason, CDE-focused initiatives are falling far short of
the objectives of FAIRness.

Conclusions

We undertook a process of constructing a reusable, gen-
eric data model, based on the design principles of the
Semantic Science Integrated Ontology, to represent all
the EU Rare Disease Platform Common Data Elements.
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Emergent mapping technologies such as YARRRML,
RML, and “RDFizing” tools allowed us to create an auto-
mated pipeline for filling these data models starting from
a well-documented CSV template — a format accessible
to all our target end-users. We demonstrated the generic
nature of the model by successfully extending it - while
remaining within the overall architecture of SIO - to
widely disparate non-CDE clinical data within the Rare
Disease space. Feedback from end-users indicates that
they found this solution helpful, and easy to apply. As
FAIR data publishing becomes increasingly an expect-
ation — even a requirement — of funding agencies and
publishers, there is an urgent need for straightforward
tooling to assist data providers to comply with these ex-
pectations. In many cases, those who generate data will
not have expertise in data modelling, and particularly
not in semantically grounded data modelling, as is a re-
quirement of FAIR. The activities and workflows de-
scribed here indicate that the approach of building a
generic, reusable, models, and an automated pipeline to
fill them, will be widely applicable in biomedicine and
beyond.
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Leveraging Biolink as a FAIR “Rosetta Stone”
Between Clinical Semantic Models Provides Emergent
Interoperability

Pablo Alarcén-Moreno’, lan Braun®, Emily Hartley', Daniel Olsonf, Nirupama Benis*,
Ronald Cornett, Mark D. Wilkinson" and Ramona L. Walls’

Interoperability between clinical datasets is challenging due to, in part, the number of data models and
vocabularies in use and the variety of implementations. Here we describe the first steps in an ongoing
effort to achieve interoperability between two clinical datasets currently being constructed within
independent international projects. Both are utilizing the FAIR Principles but have constructed their
data models independently and have selected different ontologies. In this initial exploratory experiment,
we examined the degree to which a mapping of both models into an independent schema, Biolink, can
increase interoperability. Mapping was achieved by categorizing the key nodes in both data models as
“types” of concepts in the Biolink schema. We found that with this very thin mapping in place, and
without changing either model, queries could be constructed that extracted data from both datasets,
demonstrating that at least some degree of interoperability had been achieved. Our results support the
use of FAIR-compliant data representations, which are, by nature, more interoperable than legacy clinical
data representations, even when the models have not been coordinated upfront.

Keywords: Common Data Element (C19984); Interoperability (C142381); Data Integration; FAIR; SDTM

Introduction

The achievement of personalized and precision medicine
demands not only massive multi-modal analysis of medical
records, but also detailed international healthcare data to
build accurate predictive models properly stratified to
different sub-populations. Data integration is particularly
crucial for rare diseases, where data are scarce, extremely
heterogeneous, and disseminated in many repositories
around the globe. In this study, we tested how well the
use of a high-level semantic model, Biolink,' was able
to support integration of data from two independent
sources: Critical Path Institute's (C-Path) Rare Disease
Cures Accelerator Data and Analytics Platform (RDCA-
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DAP) and European Joint Programme on Rare Diseases
(EJP-RD)—when both sources used Findable, Accessible,
Interoperable, and Reusable (FAIR) Data Principles to
represent their data, but each used an independently
developed data model.?

Background

Healthcare data, like most scientific data, is spread over
many formats and repositories. This alone makes them
challenging to integrate, but the data also have features,
such as being highly privacy-sensitive, that dramatically
inhibit integration. Within life and health sciences,
interoperability projects that focused on machine-
actionability began in the late 1990s, and some came
to fruition in the early 2000s. Some approaches pushed
the interoperability problem on to the data owner,
trying to enforce harmonization at-source, such as
caBIO and TAPIR.>~ caBIO created an interface standard
for the cancer genetics/genomics community that all
participating organizations should implement; whereas
TAPIR, for the biodiversity community, pursued a query
language that all sites should respond to. With respect to
more general-purpose approaches, myGrid and BioMoby
were both Web-services-based interoperability projects
that used semantic annotations of Web service interfaces,
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and in the case of BioMoby, an ontology-driven eXtensible
Markup Language (XML) Schema to harmonize data
structures.®® SADI and SSWAP used the Semantic Web
technologies of Resource Description Framework (RDF)
and Web Ontology Language (OWL) to annotate Web
Service interface definitions and required that all data
passed between their participating services be represented
as ontologically grounded RDF.°° Notably, none of the
approaches mentioned thus far have attempted to achieve
integration purely at the level of the data itself. This is
at least in part due to legacy data formats being either
unstructured or structured (for the purpose of sharing) in
the form of XML documents, XML being described as “far
and away the most complex data model ever proposed”
and “seriously flawed"."!

The now more widespread use of Semantic Web
technologies should, in principle, make it easier to
attempt integration at the level of the data itself, rather
than via Web services, tightly defined query interfaces,
or explicit sharing of schemas or models. Nevertheless,
successful examples are still lacking. This manuscript
describes our attempt to achieve interoperability between
two non-coordinating data sources purely through the
introduction of shared semantic mapping.

The FAIR principles are a set of guidelines for publication
of dataand metadata that enhance the ability of datasets to
be discovered and processed by machines. The principles
focus largely on data reuse, which implicitly requires
interoperability.? While the FAIR Principles focus largely
on metadata, the information that describes the content
of data, they also encourage the reformatting of the data
into machine-readable syntaxes, with machine-readable
semantics (most often implemented using RDF/OWL).

FAIR forms the basis of the EJP-RD Virtual Platform,
where several dozen participating rare disease registries
and biobanks are being prepared for integrative queries
via transformation of their contents into FAIR data
formats.”? As an initial target for interoperability between
EJP-RD datasets, 16 Common Data Elements (CDEs)
were selected, as defined by the European Platform on
Rare Disease Registration.” A core FAIR semantic model
based on Semantic Science Integrated Ontology (SIO)
was designed to act as a scaffold for these Common Data
Elements, enabling model reusability and thus simplifying
query.* All CDE data within the EJP-RD are transformed
into RDF that adheres to this core model.

FAIR principles also guide the development of the
RDCA-DAP.">"'7 RDCA-DAP provides a neutral environment
for industry, academia, regulators, and other government
agencies to work together to accelerate and de-risk the
medical product development process in rare diseases.
RDCA-DAP integrates existing datasets from various
sources, including clinical trials, patient registries,
preclinical data, natural history studies, and electronic
health records. Much of the data in RDCA-DAP originates
from clinical trials and is therefore already standardized,
using standards from the Clinical Data Interchange
Standards Consortium (CDISC). CDISC is a standards
development organization that maintains and develops a
suite of data standards that encompass data acquisition
through analysis.” Collected data are represented by the
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CDISC Study Data Tabulation Model (SDTM), a common
data model required for clinical trial data submission to
several regulatoryagencies." The model providesastandard
for the representation of collected data into domains
of similar biomedical concepts, such as demographics,
laboratory tests, or concomitant medications. Because of
its use in regulatory activities, SDTM is strongly aligned
with clinical trial (CT) data. The growing importance of
real-world data has raised interest in integrating SDTM-
formatted CT data with other data types, such as patient
registries and electronic health records.®

To integrate trial data with other data types and support
cross-disease data exploration, an initiative is underway
to build semantically grounded models that represent
RDCA-DAP data in OWL.

Biolink is a high-level biological domain data model
used to represent biomedical entities and the relationship
between them. Entities are annotated with ontological
terms to semantically ground their meaning." Although
Biolink was developed using LinkML (a YAML-based
schema modelling language),* it has been translated
into multiple formats, including an OWL version
available through BioPortal.? Biolink has links to external
ontologies, and it has been used in a variety of health
registries and projects, such as the KG-COVID-19 project.*?

Methods

Coordination was undertaken through weekly meetings
by a group with a range of differing expertise, including
Semantic Web, Linked Data, and HealthCare data
management. The group was formed from representatives
of C-Path and EJP-RD organizations, with the larger goal
of achieving data interoperability via federation between
both organizations’ datasets.

For initial analysis, each organization provided an
existing dataset about patients with polycystic kidney
disease (PKD). The C-Path dataset consists of aggregated
data from multiple studies that was gathered by the
PKD Outcomes Consortium.** These data have been
used to develop CDISC data standards for PKD and to
support the Food and Drug Administration (FDA) and
European Medicines Agency (EMA) qualifications of
Total Kidney Volume as an imaging biomarker for drug
development tools. The already anonymized dataset was
further protected for this study by synthesizing values for
laboratory test results using the synthpop R package.?®
The EJP-RD dataset consists of mock data spanning three
clinical information domains, described in Table 1. These
domains were selected from both datasets as the initial
targets for federation because they contain semantically
similar entities that appear in both the C-Path and
EJP-RD semantic data models and datasets. These entities
were then mapped to the Biolink model (Table 2).
National Cancer Institute Thesaurus (NCIT) terms were
used for specific fields (e.g., sex, laboratory test names),
because study data tabulation model (SDTM) controlled
terminologies are already mapped to NCIT, and EJP-RD
had already chosen the NCIT OBO version as the reference
ontology for several domains.*

To execute the study, the shared Biolink concept URLs
were added into both C-Path and EJP-RD data models to
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Table 1: Selected clinical information types present in both datasets.

Domain C-Path

EJP-RD

Birthdate/Age patient
information

Age as an integer

Sex patient information
for Female and Male

Laboratory data
measurements

original and standard units
- Study day of lab test
- Associated subject visit

- Associated specimen collection procedure

Sex label as a string (F, M) mapped to NCIT terms

- Laboratory test name (e.g., Leukocytes), category
(e.g., hematology), and specimen type (e.g., blood)
- Numerical result and standard ranges in both

ISO 8601 compliant date string

NCIT term for Sex (Female, Male, Undetermined,
or Unknown) and Sex label as a string

- Procedure defined as Quantitation or
Estimation

- Materials tested input

- Target molecular or compound measured

- Output measurement value and its unit

- ISO 8601 compliant date of measurement
procedure

Table 2: Mapping of similar conceptual entities between Biolink, C-Path, and EJP-RD.

Biolink model entities C-Path SDTM mapping EJP-RD

Case Subject Person
https://w3id.org/biolink/vocab/ https://w3id.org/c-path/biolink_sdtm_owl/ http://semanticscience.org/resource/
Case SUBJECT SI0_000498

Procedure Laboratory Test Process
https://w3id.org/biolink/vocab/ https://w3id.org/c-path/biolink_sdtm_owl/LBTEST http://semanticscience.org/resource/
Procedure and Urinary System Test S10_000006

https://w3id.org/c-path/biolink_sdtm_owl/URTEST

Information Content Entity
https://w3id.org/biolink/vocab/

This concept does not exist in the PKD dataset.
We reuse https://w3id.org/biolink/vocab/

Information Content Entity
http://semanticscience.org/resource/

InformationContentEntity InformationContentEntity SI0_000015

Attribute This concept does not exist in the PKD dataset. We  Attribute
https://w3id.org/biolink/vocab/ reuse https://w3id.org/biolink/vocab/Attribute http://semanticscience.org/resource/
Attribute SIO_000614

Biological Sex Sex Sex

https://w3id.org/biolink/vocab/ https://w3id.org/c-path/biolink_sdtm_owl/SEX http://purl.obolibrary.org/obo/
BiologicalSex NCIT_C28421

harmonize the type of each shared concept, but otherwise
the source models were left unchanged. Models for
Personal Information and Leukocyte Count are shown for
both the EJP-RD (Figures 1 and 2) and C-Path (Figures 3
and 4). Each project generated RDF data using YARRRML.*
C-Path ontology, source data, and RDF conversion code
are available on GitHub.?® Both C-Path and EJP-RD data
are available on a server.

RDF data from each project were loaded into separate
named graphs, such that they could be queried
independently. The SPARQL query language was selected
as the tool used to explore interoperability between the
two datasets. Data can be queried at our SPARQL endpoint
by copying or modifying the queries in Table 3.° A critical
feature of SPARQL is that all aspects of a data schema,
both entities and relationships, can be represented as
variables. This is relevant because the EJP-RD models
utilize SIO to describe concept-to-concept relationships,
while C-Path uses a customized extension of the Biolink
model. Therefore, by leveraging this feature of SPARQL,
we attempted to construct near-identical queries over
both data models by leaving, as variables, all aspects of
the model that are not shared—that is, the queries use
only the shared Biolink-typed nodes, leaving all disparate
aspects of the underlying models as query variables.

Results

To demonstrate that we have achieved interoperability,
SPARQL queries were constructed, with exemplar queries
shown in Table 3. Query 1 extracts leukocyte count from
the C-Path dataset. Query 2 extracts leukocyte count from
the EJP-RD dataset. Query 3 uses the SPARQL SERVICE
clause to show how a federated query would be constructed
over multiple registries; however, in this case, the data is
hosted in two separate graphs on the same server.

Discussion

Our results demonstrate that independent mapping
of datasets from two distinct data models to an upper-
level schema, such as Biolink, offers a starting point of
interoperability. In principle, the components of the
shared model, such as subjects or patients (e.g., the Case
class in Biolink) and their attributes (e.g., the Attribute
class in Biolink), provided a detailed-enough structure
that independent mapping to these elements provided
the means of constructing queries that retrieved records
from both datasets using only the shared set of Uniform
Resource Identifiers (URI). This is exemplified by the
bolded features in Queries 1 and 2 in Table 3, showing
that we can at least partially anchor the query around
the shared typed components while leaving the sub-
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http://purl.obolibrary.org/obo/NCIT_C28421
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Figure 2: Leukocyte Count Measurement model from the EJP-RD Dataset.

structure of the disparate data models as a query variable.
The further extension of this interoperability will require
additional collaboration to harmonize how more general
shared concepts, such as procedures and activities, relate
to the underlying literal values in each dataset.

This early-stage investigation had some limitations. Several
actions were taken that, in a realistic scenario, would not be
possible. For example, adding an additional type node into
the EJP-RD data model was only possible because we are
the custodians of that data and, thus, were able to create a
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Figure 3: Demographics model for the C-Path SDTM dataset.
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Figure 4: Leukocyte Count Laboratory Test model for the C-Path SDTM dataset.

separate dataset that carried this additional information. This
was done to set a baseline for how much interoperability we
might expect from this mapping effort. Nevertheless, this
direct manipulation of the data is not strictly necessary to
achieve the goals pursued here. For example, the mapping
in Table 2 could be captured in RDF and published
independently. This would enable a query to be constructed
that utilized the mapping data as a third SPARQL SERVICE
(i.e,, extending Query 3 to make a third SERVICE call to the
mapping dataset). This alternative approach would also solve
another, more subtle, problem that arises by adding Biolink
types directly into the data. That is, Biolink is a schema, not
an ontology. In RDF, the type property has a strict semantic
meaning and should only be used to categorize a concept
based on an ontology term. Thus, by adding Biolink types
into the EJP-RD dataset, we render it unusable for the
purpose of logical reasoning. Because the C-Path model was
built using the OWL version of Biolink, this exception does
not apply to the C-Path data, but the limited semantics of
Biolink do limit the reasoning that is possible.

Other identified limitations, however, cannot be so easily
resolved. One example is the use of age in the personal
information from one dataset versus date of birth in the
personal information of the other (not shown). While it
would be possible to extract both data types using SPARQL
(e.g., by simply creating a query that gathers all personal
information), it is not possible to harmonize the data
within the query itself, thus requiring some degree of post-
processing of the results. This, however, is not atypical in
clinical research or meta-analyses, and thus we still consider
the gain in query power of FAIR data to be useful. Other
limitations were observed that we will not detail here, such
as inconsistent use of units across datasets, data cleaning
and reformatting that must be done before conversion
to RDF, and the lack of standardized vocabularies for
many domains of clinical data. Some can be overcome by
enhancing the semantic content within both datasets.

FAIR representations of legacy data require additional
curation work, but in our experience, they are generally
not more time-consuming than mapping data to less



Art. 2, page6 of 8

Alarcon-Moreno et al: Leveraging Biolink as a FAIR “Rosetta Stone” Between Clinical Semantic
Models Provides Emergent Interoperability

Table 3: SPARQL Queries demonstrating interoperability (number of records returned in bold beneath each query).

Query 1
Leukocyte Counts from
C-Path dataset

Query 2
Leukocyte counts from
EJP-RD

Query 3
Leukocyte counts from
both datasets

PREFIX ncit: <http://purl.obolibrary.org/obo/>

PREFIX biol: <http://purl.org/NET/biol/ns#>

PREFIX xsd: <http://www.w3.0rg/2001/XMLSchema#>
PREFIX sio: <http://semanticscience.org/resource/>

PREFIX rdf: <http://www.w3.0rg/1999/02/22-rdf-syntax-ns#>
PREFIX rdfs: <http://www.w3.0rg/2000/01/rdf-schema#>
PREFIX biolink: <https://w3id.org/biolink/vocab/>

PREFIX bl: <https://w3id.org/biolink/>

PREFIX blowl: <https://w3id.org/c-path/biolink_sdtm_owl/>

SELECT DISTINCT ?test ?value WHERE {
GRAPH <http://w3id.org/FAIR_Training_LDP/DAV/home/LDP/cpath/cpath_full> {

?7test a biolink:Procedure, ncit:NCIT_C51948 .
7test ?has_output ?output .
?output a biolink:InformationContentEntity .
?output bl:has_attribute ?att .
7att bl:has_quantitative_value|bl:has_qualitative_value ?valnode .
?valnode bl:has_numeric_value ?value

}
}

514 Records returned from query

PREFIX ncit: <http://purl.obolibrary.org/obo/>

PREFIX biol: <http://purl.org/NET/biol/ns#>

PREFIX xsd: <http://www.w3.0rg/2001/XMLSchema#>
PREFIX sio: <http://semanticscience.org/resource/>

PREFIX rdf: <http://www.w3.0rg/1999/02/22-rdf-syntax-ns#>
PREFIX rdfs: <http://www.w3.0rg/2000/01/rdf-schema#>
PREFIX biolink: <https://w3id.org/biolink/vocab/>

PREFIX bl: <https://w3id.org/biolink/>

PREFIX blowl: <https://w3id.org/c-path/biolink_sdtm_owl/>

SELECT ?value ?unit WHERE {
GRAPH <http://w3id.org/FAIR_Training_LDP/DAV/home/LDP/cpath/cbgp_leuk> {

?test a biolink:Procedure, ncit:NCIT_C51948 .
?test ?has_output ?output .
7output a biolink:InformationContentEntity .
?output sio:SI0_000300 ?value .
?output sio:SI0_000221 7unitnode .
?unitnode rdfs:label ?unit

}
}

3554 Records returned from query

PREFIX ncit: <http://purl.obolibrary.org/obo/>

PREFIX obo: <http://purl.obolibrary.org/obo/>

PREFIX xsd: <http://www.w3.0rg/2001/XMLSchema#>
PREFIX sio: <http://semanticscience.org/resource/>

PREFIX rdf: <http://www.w3.0rg/1999/02/22-rdf-syntax-ns#>
PREFIX rdfs: <http://www.w3.0rg/2000/01/rdf-schema#>
PREFIX biolink: <https://w3id.org/biolink/vocab/>

PREFIX bl: <https://w3id.org/biolink/>

SELECT DISTINCT ?test ?value unit WHERE {
{SERVICE <http://fairdata.systems:8890/sparql> {
{SELECT 7?test ?value where {
GRAPH <http://w3id.org/FAIR_Training_LDP/DAV/home/LDP/cpath/cpath_full> {
?test a biolink:Procedure, ncit:NCIT_C51948 .
test ?has_output ?output .
?output a biolink:InformationContentEntity .
?output bl:has_attribute ?att .
7att bl:has_quantitative_value|bl:has_qualitative_value ?valnode .
?valnode bl:has_numeric_value ?value
}
}
}
}
}

(Contd.)


http://purl.obolibrary.org/obo/
http://purl.org/NET/biol/ns#
http://www.w3.org/2001/XMLSchema#
http://semanticscience.org/resource/
http://www.w3.org/1999/02/22-rdf-syntax-ns#
http://www.w3.org/2000/01/rdf-schema#
https://w3id.org/biolink/vocab/
https://w3id.org/biolink/
https://w3id.org/c-path/biolink_sdtm_owl/
http://w3id.org/FAIR_Training_LDP/DAV/home/LDP/cpath/cpath_full
http://purl.obolibrary.org/obo/
http://purl.org/NET/biol/ns#
http://www.w3.org/2001/XMLSchema#
http://semanticscience.org/resource/
http://www.w3.org/1999/02/22-rdf-syntax-ns#
http://www.w3.org/2000/01/rdf-schema#
https://w3id.org/biolink/vocab/
https://w3id.org/biolink/
https://w3id.org/c-path/biolink_sdtm_owl/
http://w3id.org/FAIR_Training_LDP/DAV/home/LDP/cpath/cbgp_leuk
http://purl.obolibrary.org/obo/
http://purl.obolibrary.org/obo/
http://www.w3.org/2001/XMLSchema#
http://semanticscience.org/resource/
http://www.w3.org/1999/02/22-rdf-syntax-ns#
http://www.w3.org/2000/01/rdf-schema#
https://w3id.org/biolink/vocab/
https://w3id.org/biolink/
http://fairdata.systems:8890/sparql
http://w3id.org/FAIR_Training_LDP/DAV/home/LDP/cpath/cpath_full
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{SERVICE <http://fairdata.systems:8890/sparql>{

{SELECT ?test ?value ?unit where {

GRAPH <http://w3id.org/FAIR_Training_LDP/DAV/home/LDP/cpath/cbgp_leuk> {
7test a biolink:Procedure, ncit:NCIT_C51948 .

?test 7has_output Zoutput .

?output a biolink:InformationContentEntity .

?output sio:SI0_000300 ?value .
?output si0:SI0_000221 ?unitnode .
?unitnode rdfs:label ?unit

4068 Records returned from query

FAIR standards (e.g., that do not use standardized
vocabularies or include URLs for their terminology). It is
difficult to estimate the total person hours required for
us to carry out this project, which took place over about
three months, because the most time-consuming parts—
building the semantic models and (for C-Path) mapping
data to SDTM—were already done. During the three-month
project period, our teams met online weekly to make sure
we understood each other's models and our mappings to
Biolink, because all the models are new and not yet well-
known. However, an end goal is to allow independent
mappings for improved interoperability.

Conclusions and Future Directions

This is an early report of an initiative to enable
interoperability between two large international clinical
data sharing initiatives: C-Path and EJP-RD. Biolink was
chosen as the enabling technology to establish FAIR
Data, and in the limited exploratory datasets created
for this study, it was found to enable some degree of
cross-compatible federated query over the two datasets.
A CDISC contribution that would speed up this and
similar work would be the creation of globally unique,
permanent, resolvable identifiers for SDTM terms (both
standard variables and value terminologies). Such IDs
would allow direct reuse of SDTM in knowledge graphs,
without having to create duplicate terms in an ontology.
The mapping of NCIT terms to CDISC terminology is a step
in this direction that allowed us to reuse NCIT for some,
and work undertaken in the CDISC 360 initiative is highly
relevant in this context.’’ We are examining alternative
mechanisms to enhance interoperability while reducing
the degree to which any participating dataset must modify
its contents, such as publishing an external mapping
between the two models (mentioned in the discussion)
and better semantic encoding within each dataset
(e.g., replacing the sex values in C-Path data with NCIT
concepts). We will continue to provide access to semantic
models and analysis and data transformation code via
public repositories. Data will continue to be available
through C-Path’s RDCA-DAP and will be delivered via the
EJP-RD Virtual Platform when it goes live.
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ABSTRACT

Objective: This paper reports on the development of a dynamic data management
planning questionnaire to guide data stewards of the European Reference Network
(ERN) rare disease patient registries to make their data findable, accessible,
interoperable, and reusable (FAIR). As part of this work, the questionnaire was validated
through expert review and aligned with existing resources on rare diseases and FAIR
data management.

Materials and Methods: The questionnaire was developed for the Data Stewardship
Wizard, a tool for data management planning. Knowledge sources on FAIR data,
ERN patient registries, and data management were used to compose questions. Ten
domain experts validated the questionnaire. The topics in the questionnaire were
aligned with existing knowledge bases.

Results: A total of 57 questions were included in the questionnaire. Twenty-three
references to the FAIR Cookbook and Research Data Management toolkit for Life
Sciences were added. Expert validation provided a total of 166 comments on content,
structure, and software-related issues. A public instance of the Data Stewardship
Wizard was deployed for use by data stewards of ERN patient registries.

Discussion: The questionnaire addresses issues that ERNs encounter when making
their registries FAIR and follows the implementation choices made by the European
rare disease community. A challenging task for future research is to extend the
questionnaire to other types of registries and to validate with users.

Conclusion: This smart questionnaire is the first model created for the Data Stewardship
Wizard that helps ERN patient registries with making their data FAIR. It will assist data
stewards in aligning their efforts and providing guidance on FAIR data.
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INTRODUCTION

Up to 36 million people are affected by a rare disease in the European Union (EU), which is
around 8% of the total EU population at the time of writing (European Commission 2022b).
Like rare disease patients, data about rare diseases are often geographically fragmented. To
organize the highly specialized care that patients with a rare disease need, the EU has set up
European Reference Networks (ERNs) (European Commission 2017). By exchanging knowledge
and information among health care providers, these networks aim to improve access to
accurate diagnosis, timely treatment, and appropriate care for people living with rare diseases
in Europe.

Members of an ERN share expertise on a specific group of diseases (e.g., rare bone or rare kidney
diseases). According to the European Medicines Agency, patient registries collect uniform data
over time about a population defined by a particular disease, condition, or exposure (European
Medicines Agency 2022). A key task of ERNs is setting up and managing patient registries,
which are valuable for research, treatment and outcomes monitoring, drug development,
and improving quality of care (Boulanger et al. 2020). Standardizing data management
practices to allow for data linking and reuse has been known to increase the benefits of rare
disease patient registries (Boulanger et al. 2020; Fink et al. 2017; Kodra et al. 2018). As a
result, improving the alignment between ERNs is one of the objectives of the European Joint
Programme on Rare Diseases (EJP RD), a project with over 130 institutions from 35 countries,
including representatives of all 24 ERNs, designed to establish a self-sustaining infrastructure
for rare disease research and care (Inserm 2022). The EJP RD has been supporting patient
registries, managed by ERNs, in making informed choices about their data management and
in harmonizing choices among registries (Dos Santos Vieira, Bernabe, and Zhang et al. 2022).

Wilkinson et al. (2016) introduced the findable, accessible, interoperable, and reusable (FAIR)
principles, a set of high-level guidelines for research data management, stating that data
should be FAIR for humans and computers. Dos Santos Vieira et al. (2022) provided insight
into common challenges ERNs encountered when making their patient registry data FAIR and
put forward a list of solutions that may help solve those challenges. To obtain these insights,
a team of data stewards specialized in FAIR data have been working closely with ERN patient
registries.

Hudson-Vitale and Moulaison-Sandy (2019) reviewed research on data management plans
(DMPs) and reported that DMPs support data sharing and reuse; however, DMPs were often
found to be static documents, making them less effective. Williams, Bagwell, and Zozus
(2017) presented a framework for DMPs that covers topics such as personnel planning, data
elements, data models, software, privacy, and data sharing practices. Since their introduction,
the FAIR principles have been a staple for leveraging DMPs that should produce FAIR data. A
tool for assembling DMPs is the Data Stewardship Wizard (DSW) (Pergl et al. 2019). The DSW
uses dynamic questionnaires that provide context-dependent guidance, can generate DMPs
from prebuilt templates, and provide metrics for compliance with the FAIR principles. Moreover,
the DSW includes an expertcurated knowledge model, which represents a questionnaire, for
creating DMPs for life sciences projects. In addition, Mons (2018) published a book titled Data
Stewardship for Open Science that encourages readers to create their own DMPs using the DSW.

While the default knowledge models of the DSW are successful in helping data stewards create
DMPs for projects in the life sciences domain, they fail to cover the domain-specific requirements
of ERN rare disease patient registries. In addition, the European rare disease community,
represented by the EJP RD, has made implementation choices for the FAIR principles specific
to their domain (Dos Santos Vieira, Bernabé & Zhang et al. 2022). These choices should be
reflected in DMPs of rare disease patient registries. Furthermore, sustaining human support
for ERNs is challenging, as requirements evolve over time. Hence, there is a strong need for a
maintainable data management planning tool tailored to ERN rare disease patient registries.

This paper reports on the results obtained from (1) the creation and validation of a data
management planning questionnaire to guide ERN patient registries in making their data
FAIR and (2) its integration with existing infrastructures around rare diseases and (FAIR) data
management.
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MATERIALS AND METHODS

We developed a smart questionnaire for the DSW, that is, a questionnaire with mostly closed-
ended questions that adapts follow-up questions based on previously given answers. This
questionnaire—to guide data stewards of ERN patient registries to make their registry data
FAIR—was built in four stages: (1) collect and analyze relevant knowledge sources; (2) construct
a hierarchical mind map from which a DSW knowledge model was built; (3) acquire feedback
from domain experts on the different topics in the questionnaire and DMP and align the content
with existing tools for FAIR data management planning; and (4) set up a public instance of the
DSW with the questionnaire preloaded. Figure 1 summarizes these stages.

Materials Create Validate Content Publish
/ Generic Workflow to Make \ / \
Dataj FAIbR Retrolspzig'gvely T 7:::_ :::: N Inventory of BN Expert
facobseniets ) 1 . Workflow Steps i Feedback
Workflow for a Rare Disease i E i
Registry (FAIR by Design) e ! H
(Groenen and Jacobsen et al., 2021) 1 H
| ! & DSW
Workflow to make ERN : Mind Map of i Final DSW Smart
Registries more FAIR el naeele b Questions, Solutions, : Knowledge ik el Questionn_air? for
(EJP RD, 2022d) ! and Advice i Model ERN Registries
Challenges and solutions to E |
FAIR Data, from ERNs I ;
(Vieira, Bemabe and Zhangetal., H
ol Preliminary DSW L All:_ig'n thh
Life Sciences DSW i Knowledge Model xisting
Knowledge Model Rty i Resources
K (Hooft, 2019) / K J K / \ /

MATERIALS

First, we gathered relevant sources that provide information or knowledge on making ERN
patient registries FAIR. These sources guided our subsequent decisions on the topics and
questions to be included in the questionnaire.

*  Generic workflow (Jacobsen, Kaliyaperumal et al. 2020): a step-by-step workflow to make
data that has already been collected FAIR

* Rare disease registry workflow (Groenen and Jacobsen et al. 2021): a workflow designed
to make the data of a rare disease patient registry on vascular anomalies FAIR from the
moment it is collected

* Workflow to make ERN registries FAIR (EJP RD 2022c): a workflow designed to help ERN
patient registries with making their data FAIR

»  Challenges and solutions from ERN patient registries (Dos Santos Vieira, Bernabé, and
Zhang et al. 2022): an extensive list of 41 challenges and proposed solutions that ERN
patient registries encountered when making their data FAIR

* DSW knowledge model for the life sciences domain (Hooft 2019): a knowledge model
that includes expert content on data management planning for the life sciences,
structured around the research data life cycle

CREATE

We created a preliminary knowledge model in three steps. First, we made an inventory of the
steps and implementation choices within the three workflows mentioned under ‘Materials’.
Second, we built a mind map based on these workflows and ERN challenges. And third, we
converted the mind map into a DSW knowledge model. The DSW can export a DMP from a
filled-in questionnaire. Questionnaires are generated from knowledge models, which are
ordered collections of linked items. A knowledge model contains all the information necessary
for generating a questionnaire, such as chapters, questions, descriptions, answer options, and
advice bound to answers.

Mind map

We used the workflows for making data FAIR as the basis for a hierarchical mind map. A mind
map was considered an appropriate intermediate step before building a knowledge model
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Figure 1 Overview of the
stages performed to develop
a smart questionnaire

for the Data Stewardship
Wizard (DSW): gathering
relevant knowledge sources,
developing a DSW knowledge
model (questionnaire),
validating the questionnaire,
aligning with the Research
Data Management toolkit
for Life Sciences (RDMkit)
(ELIXIR-CONVERGE 2022)
and FAIR Cookbook (FAIRplus
2022), and publishing the
questionnaire in a DSW
instance.

Abbreviations: Data
Stewardship Wizard (DSW);
European Reference Networks
(ERNs); findable, accessible,
interoperable, and reusable
(FAIR).

Legend: input (yellow), output
(blue).



because they provide a similar hierarchical structure. This mind map laid the groundwork for
what would later become the smart questionnaire. We collaboratively populated the mind
map with questions, answer options, and solutions. Solutions were written advice, software
tools, standards, references to internal (i.e., EJP RD) and external resources, or other technical
solutions for making data of ERN registries FAIR. Questions and solutions were derived from the
work of Dos Santos Vieira et al. (2022). We used MindMeister (MeisterLabs 2022), a cloud-based
online mind mapping tool.

Knowledge model

After completing the mind map, we converted it to a DSW knowledge model. This step is
composed of transferring elements from the mind map and adding additional information
(such as answer types, descriptions, and titles) using the DSW’s built-in knowledge model editor.
In addition, to further enrich our model, we reused all seven chapter names and some relevant
questions from the life sciences knowledge model of Hooft (2019). These chapters, based on
the research data life cycle (Pergl et al. 2019), were found to be a good fit for structuring the
content of our mind map. Hence, our knowledge model was built upon the following chapters:
administrative information, reusing data, creating and collecting data, processing data,
interpreting data, describing data, and giving access to data. Chapters represent sections of a
knowledge model. We restructured questions from the mind map to match the chapters when
necessary. Additionally, we added tags to questions that addressed a technical implementation
choice for findability, accessibility, interoperability, or reusability. Tags are a feature of the DSW
that can be used to organize questions, such as to select questionnaire subsets.

VALIDATE CONTENT

To validate the correctness of the content of the questionnaire, we approached 10 domain
experts and asked for their feedback. Among the invited experts were data scientists, project
managers, senior researchers, and software engineers. All experts were affiliated with or
involved in the EJP RD. Experts had expertise on authentication and authorization, biobanks,
data querying, ERNs, FAIR data, patient consent, privacy legislation, project management,
rare diseases, rare disease patient registries, record linkage, semantic models, and software
architecture. Experts were asked to only appraise content relevant to their expertise. For
example, an expert on patient consent would be asked to review all questions related to consent.
Experts reviewed individual questions, the structure of the knowledge model, and additional
information presented along with the questions and answers. Feedback was collected through
a spreadsheet form, via video call, or both. We curated the received expert reviews to remove
duplicate comments and to clarify what changes should be made to the knowledge model. We
divided the curated feedback into three categories: textual change (question, answer (option),
or description), structural change (e.g., change the question order), or software issue. We then
updated the knowledge model according to the feedback.

Finally, we aligned the questionnaire with two existing resources that offer a plenitude of
knowledge on how to make data FAIR. That is, the Research Data Management toolkit for Life
Sciences (RDMkit) and the FAIR Cookbook (ELIXIR-CONVERGE 2022; FAIRplus 2022). We added
references to pages from the RDMkit or recipes from the FAIR Cookbook to any description or
advice in the questionnaire that mentioned a topic also covered by one or both resources.

PUBLISH

Publishing involved hosting a public instance of the DSW with our knowledge model preloaded.
We hosted this instance on the servers of ELIXIR’s Czech Republic node, which also manages
support and operation of the DSW (Czech National Infrastructure for Biological Data 2022).
Existing privacy policies apply to this instance. The knowledge model source files were made
available on a public repository (see ‘Data Availability’ section).

RESULTS

The inventory of workflow steps to make data FAIR and implementation choices suggested
by the EJP RD comprises nine steps, 19 topics related to those steps, and 12 implementation
choices (e.g., a certain tool or standard). Table 1 shows an overview of this inventory.
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WORKFLOW STEP RELATED TOPICS IMPLEMENTATION

1. Identify FAIR objectives
and expertise

a. Defining objectives

b. Giving training

c. Hiring of personnel

2. Define data elements to a. Common data elements

be collected

CDE core elements (European
Commission 2019)

b. Data dictionary

c. Central metadata repository
registration

ERDRLmdr (European
Commission 2022a)

3. Define metadata elements  a. Machine interpretable metadata EJP RD metadata model (EJP RD
to be collected 2022d)

b. Metadata store FAIR data point (Bonino da Silva

Santos et al. 2023)

4. Create a semantic data a. Reuse of existing model(s) CDE semantic model

model (Kaliyaperumal et al. 2022)
CDISC ODM (CDISC 2022)
HL7 FHIR (HL7 2022)
OMOP CDM (OHDSI 2022)

5. Obtain consent a. Standardized informed consent form  ERN ICF (EJP RD 2022b)

6. Enter (FAIR) data a. Electronic data capture systems

7. Standardize metadata a. Metadata model(s) EJP RD metadata model (EJP RD

2022d)

b. Standard terminology CDE semantic model terminology

(EJPRD 2022¢)

8. Transform (meta)data a. Data transformation CDE in a box (EJP RD 2022a)

to RDF

b. Terminology mappings

9. Manage authentication a. Authorization roles
and authorization

b. Access conditions

c. Data pseudonymization

d.Querying

Steps, topics, and implementations were translated into questions, answers, and advice.
For example, the topic ‘defining objectives’ was rephrased as ‘Have you defined objectives?’
Eventually, the mind mapping process resulted in 22 out of 41 ERN challenges identified by Dos
Santos Vieira et al. (2022) being included as a question, answer, advice, or a combination of the
three. Challenges that were categorized under ‘community,’ that is, alignment between ERNs,
were not included as questions but were indirectly addressed by using the DSW. That is to say,
enabling ERN data stewards to use the DSW with our questionnaire untangles those challenges
in part. For example, ERNs found that they were unaware of choices other ERNs made, which
they can now share through the DSW. Similarly, one challenge categorized under ‘training’ was
also indirectly addressed (need for more information on activities of the EJP RD).

Table 2 shows the number of challenges included in the questionnaire and the motivation for
why some were not. The full list of challenges and can be found in the original publication (Dos
Santos Vieira, Bernabé, and Zhang et al. 2022).

The mind map was converted into a preliminary DSW knowledge model. That is, questions,
answers, and advice were added to the knowledge model based on the mind map. We reused
one question from the life sciences knowledge model of Hooft (2019): ‘Who is a contributor
to the DMP?’ Once this preliminary version of the questionnaire was available in the DSW, we
started the validation process.

Validating the correctness of the content of the questionnaire resulted in an updated version
of our knowledge model. A total of 10 experts reviewed the content of the questionnaire. We
received a total of 166 comments. Each chapter was assigned at least seven experts. All experts
reviewed the questions in ‘Processing data’ and ‘Interpreting data.” Table 3 shows an overview
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Table 1 Overview of the
workflow steps and inventory
of topics and implementations.

Abbreviations: common data
elements on rare disease
registration (CDE); European
Platform on Rare Disease
Registration metadata
repository (ERDRL.mdr);
European Reference Network
(ERN); Health Level 7 Fast
Healthcare Interoperability
Resources (HL7 FHIR); Clinical
Data Interchange Standards
Consortium Operational
Data Model (CDISC ODM);
Observational Medical
Outcomes Partnership
Common Data Model (OMOP
CDM); findable, accessible,
interoperable, and reusable
(FAIR); informed consent form
(ICF); Resource Description
Framework (RDF).



CATEGORY DIRECTLY INDIRECTLY  MOTIVATION
INCLUDED INCLUDED

Community 0 out of 7 7 out of 7 All challenges addressed a lack of alignment between
registries. The DSW questionnaire solves this issue.

Implementation 7 out of 9 Ooutof9 Two not-included challenges were irrelevant at the time
of developing the questionnaire.

Legal 3outof5 O out of 5 Two not-included challenges addressed a tool that was
not relevant for developing the questionnaire.

Modeling 3outof5 Ooutof 5 Two not-included challenges addressed issues that were
too specific.
Five not-included challenges addressed irrelevant tools.

Training 9 out of 15 1 out of 15 One indirectly covered challenge was not mentioned
specifically in the questionnaire but could be deducted
from the information.

All categories 22 outof 41  8outof4l

CHAPTER TEXTUAL CHANGES STRUCTURAL CHANGES SOFTWARE ISSUES
Administrative information 18 5 3
Reusing data 13 2 0
Creating and collecting data 3 2 2
Processing data 19 3 0
Interpreting data 47 8 0
Describing data 10 1 0
Giving access to data 27 3 0
All chapters 137 24 5

of the comments per chapter and category. Duplicate comments often regarded textual issues
on flow or clarity. Experts also provided references to additional resources, such as web pages
with more information on a certain topic. Structural changes asked for moving a question up
or down the hierarchy or to another chapter. Software issues were related to issues with using
the DSW interface, such as a nonfunctional button or a page that would not load. These issues
were solved by updating to the latest version of the DSW.

After processing the feedback and updating the knowledge model, the questionnaire has
57 questions. A total of 6 questions are open-ended, and 51 questions are closed-ended. In
total, 10 references were added to recipes in the FAIR Cookbook and 13 references to pages
of the RDMkit. Three questions were tagged as an implementation choice for findability, 6 to
accessibility, 14 to interoperability, and 21 to reusability. Thirteen questions were not tagged
because they did not cover implementation choices but rather aspects like training, objectives,
or administrative topics. Table 4 shows the number of questions and external references per
chapter.

CHAPTER TOP-LEVEL TOTAL REFERENCES TO REFERENCES
QUESTIONS QUESTIONS FAIR COOKBOOK TO RDMKIT
Administrative information 6 15 1 4
Reusing data 2 9 3 3
Creating and collecting data 2 5 1 1
Processing data 1 5 0 2
Interpreting data 2 12 4 1
Describing data 2 4 0 0
Giving access to data 4 7 1 2

All chapters 19 57 10 13
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Table 2 Challenges and
categories from Dos Santos
Vieira et al. (2022) that were
included in the questionnaire
during the mind mapping
phase. Challenges marked
as indirectly covered are not
specifically mentioned in the
questionnaire but were solved
solely by the use of the Data
Stewardship Wizard (DSW)
and the questionnaire.

Table 3 Quantification of the
received feedback per chapter.
Feedback is categorized as
textual change, structural
change, or software issue.

Table 4 Questions and
external references per
chapter. Top-level questions
are questions that precede
all other questions and are
always presented to a user.

Abbreviations: findable,
accessible, interoperable, and
reusable (FAIR); Research

Data Management toolkit

for Life Sciences (RDMkit)
(ELIXIR-CONVERGE 2022); FAIR
Cookbook (FAIRplus 2022).



Figure 2 depicts a simplified view of our knowledge model and includes all topics covered by
the questionnaire. This is the final model that was constructed after expert validation. The
questionnaire covers a broad range of topics: building and training a team of professionals,
defining data management objectives, (meta)data modeling, data elements, using common
standards, using common terminology, data pseudonymization, electronic data capture,
querying, metadata exposure, authentication and authorization, and informed consent.
Figure 3 provides a screenshot of the chapters and top-level questions. Figure 4 provides a
screenshot of how the questionnaire is presented to a user.

Training

/\

Team
Hiring

Timeline

A

Administrative information Objectives

Budget

Registration on ERDRI

Machine interpretable Data elements follow CDE

N

Pre-existing data Machine actionable

Re-using data

Semantic model EJP RD metadata model

Pre-existing metadata

A

License

Collect Common Data
Elements

Creating and collecting data FAIR data agreement

Industry standard
Existing or custom built
% Custom
Pseudonymization tool £JP RD CDE model
é OMOP CDM
Standard data model CDISC ODM
HL7 FHIR

EDC system

Processing data Personal data

AL A

Semantic
data model
Data dictionary ——— Terminology mappings
Interpreting data
REST APl ————— SPARQL endpoint
Queryable registry <
Other

Metadata store FAIR Data Point

Describing data Relational

Data store

)

Non-relational

Informed consent form

Giving access to data Authorization roles

ANAANTAA AN

Access conditions

v £ Smart Questionnaire Knowledge Model
+ [ Administrative information
» O Contributors
» O Does your institution currently have the necessary specialist expertise?
» O Have you defined your FAIRification objectives?
» O What is your anticipated timeline for FAIRification?
» O Have you allocated a budget for FAIRification?
» O Have you registered your registry on the European Rare Disease Registry Infrastructure (ERDRI) platform?
~ [ Re-using data
» O Is there any pre-existing data that is ready to be made FAIR?
» O Is there any pre-existing metadata that is ready to be made FAIR?
v [ Creating and collecting data
» O Do you collect the Common Data Elements (CDEs)?
» O Do you have an Electronic Data Capture (EDC) system to collect your data?
~ [ Processing data
» O Do you have data that can identify individuals?
v [ Interpreting data
» O Do you implement a semantic data model?
» O Do you allow your registry data to be queried?
v [ Describing data
» (O Have you exposed your metadata on a FAIR Data Point (FDP)?
» O What database technology do you use to store your (FAIR) data?
v [ Giving access to data
» O What kind of informed consent form (ICF) are you using to collect patient data in your registry?
» O Did you specify categories of people that are authorised to access different types of data?
» O For what purpose does your informed consent process enable the use of registry data?
» O What kind of standards/tools facilitate access to your registry data?
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Figure 2 Simplified view of the
knowledge model.

Abbreviations: common data
elements (CDE); electronic
data capture (EDC); European
Joint Programme on Rare
Diseases (EJP RD); European
Platform on Rare Disease
Registration (ERDRI); findable,
accessible, interoperable,
and reusable (FAIR); Health
Level 7 Fast Healthcare
Interoperability Resources
(HL7 FHIR); Clinical Data
Interchange Standards
Consortium Operational

Data Model (CDISC ODM);
Observational Medical
Outcomes Partnership
Common Data Model (OMOP
CDM); REpresentational

State Transfer Application
Programming Interface (REST
API); SPARQL Protocol and RDF
Query Language (SPARQL).

Figure 3 Screenshot of
the knowledge model
with top-level questions
(Data Stewardship Wizard
knowledge model editor
module).



VI. Describing data

This chapter deals with the information needed to properly describe your data, so users can reuse it. It covers the use of FAIR Data Points and database technologies to store data.

n Have you exposed your metadata on a FAIR Data Point (FDP)? + = !

[iccessioe ] i ] rousae

Make sure that your Data Access Policy (DAP) allows you to share metadata (data about the data) of your registry. Fair Data Point (FDP) is mostly used to address F of FAIR. Fair Data Point actually
describes your resource and the way to access it but FDP won't expose any sensitive information.

FAIR Data Point specification
Introduction to FDP video
Note: the CDE-in-a-box toolkit automatically deploys an FDP for you, which you can then populate with your metadata

Also, be aware that an FDP needs to be self-hosted, it does not include any hosting service
@® a.Yes
O b.No =
O c. Don't know

© d. Planned in the future

*D Clear answer

Please make sure that your FDP is indexed on https://home.fairdatapoint.org/. If you are using the FDP Reference Implementation (documentation), you can read here how you can enable this.

DISCUSSION

The purpose of this work was to develop a smart questionnaire that guides data stewards
working to make data of ERN rare disease patient registries FAIR. Data stewards of patient
registries will increasingly have to manage data in ways that comply with implementation
choices of the FAIR principles as recommended by their community. Standardizing data
management practices of patient registries enables virtual pooling of otherwise sparse and
geographically scattered rare disease data, increasing their usefulness for effective research
and care. However, standardization for each of the FAIR principles in this domain is complex.
ERNs face the challenge of registering data of thousands of diseases from many different
sources and making that data as usable as possible within a global health data ecosystem. Our
questionnaire addresses those challenges ERNs were known to commonly face and provides
guidance according to the FAIR infrastructure set up by the EJP RD. The questionnaire acts as
a checklist for making rare disease registries FAIR: data stewards can make sure that all boxes
are checked.

Our questionnaire covers the process of making data in patient registries FAIR. Although the
questions and advice are made for ERN patient registries, the questionnaire content was based
on prior knowledge of FAIR data and experiences in the European rare disease community.
For instance, annual Bring Your Own Data workshops have brought together FAIR data experts
and rare disease data managers since 2014 (Roos et al. 2014). Workshops such as these have
provided a valuable source of challenges regarding the FAIR guiding principles and proposed
implementations thereof (e.g., Jacobsen, de Miranda Azevedo et al. 2020a). Furthermore, they
affirmed our motivation for designing a smart questionnaire that enables data stewards to
begin their FAIR journey from a variety of starting points. As a result of tailoring each topic and
question to the unique needs of ERN patient registries, we have filled the gap in having a data
management tool that is suitable for rare disease registries in Europe. Since this work is part
of ongoing efforts of the EJP RD, integration of the DSW and questionnaire with the European
infrastructure for rare disease research will be a natural next step.

Previous studies focused on DMP requirements (Williams, Bagwell & Zozus 2017) and DMPs for
the life sciences domain (Pergl et al. 2019; Hooft 2019). Williams, Bagwell, and Zozus (2017)
concluded that while most DMPs included components describing data reuse and sharing, few
DMPs described data collection and processing practices. These last two are particularly hard
to fix, as the quality of poorly collected data can most likely not be improved in retrospect. We
were able to address all four topics in our questionnaire. Creating DMPs for projects in the life
sciences was addressed by the original authors of the DSW. We found that by reusing parts
of their knowledge model, we were able to structure our questionnaire according to a well-
established model. Moreover, Jones et al. (2020) concluded that DMPs are essential for FAIR
data stewardship. By adopting the DSW as a tool for making ERN patient registries FAIR, we
believe our work aligns with that conclusion.

van Damme et al.
Data Science Journal
DOI: 10.5334/dsj-2023-012

Figure & Screenshot of
the first question of the
‘Describing data’ chapter
(Data Stewardship Wizard
questionnaire module).



Our work has some limitations. We validated the content of the questionnaire for correctness
through expert feedback, but we did not validate the impact of the questionnaire on its
intended users. Therefore, further research is needed to determine whether ERN registry data
stewards benefit from our tool. Furthermore, the questions and advice are specific to the
situation of ERN patient registries and cannot be extrapolated to other registries or projects
without modifications. Our work mainly focused on guiding ERN patient registries in making
their data FAIR; nevertheless, there is clear value in aligning more types of registries as well.
Registry types outside of rare diseases, as well as non-European rare disease patient registries,
could fall into this category.

Our work also has several strengths. First, navigating through FAIR implementation choices
via questions and answers is a different experience from filling out DMP checklists. It is
anticipated that this will lead to an increase in the quality of DMPs. Second, through the DSW,
data stewards can learn from the implementation choices of others. Thus, it complements
in-person training and contributes to community convergence. Third, we created a single
place where ERN data stewards can go for guidance on making their registry FAIR. This makes
maintaining and updating the knowledge in the questionnaire easier compared to having
various sources in different locations. The knowledge model can be improved by learning from
users who will fill out questionnaires on the DSW platform. Moreover, the DSW software is being
actively maintained, and hosting our instance on the ELIXIR infrastructure means that it can be
sustained beyond the lifetime of the EJP RD.

The knowledge model we developed is publicly available (see ‘Data Availability’ section) and
can be used by others to build upon or to reuse parts from. For exporting the DMP, we use a
default DSW template, which we intend to customize in the near future. It may be possible
to improve the guidance offered to ERN data stewards through further customization of this
template. Additional research is needed to quantify the impact of our questionnaire on the
(process leading to) ‘FAIRness’ of ERN patient registries. Another challenging task for further
research is to extend the questionnaire to other types of resources by collaborating with
resource owners and users.

CONCLUSIONS

The developed smart questionnaire for the DSW is a promising method for guiding data
stewards in making their registry data FAIR. It is the first model created for the DSW that helps
to standardize data management practices among ERN patient registries. Future research
should focus on user validation and extending the questionnaire beyond the realm of ERNS.
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