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ABSTRACT

Enabling full interoperability within and between population-based patient-registry domains would open up
access to a rich and unique source of health data for secondary data usage. Previous attempts to tackle patient-
registry interoperability have met with varying degrees of success, but a unifying solution remains elusive. The
purpose of this paper is to show by practical example how a solution is attainable via the implementation of an
existing framework based of the concept of federated, semantic metadata registries. One important feature
motivating the use of this framework is that it can be implemented gradually and independently within each
patient-registry domain. By employing linked open data principles, the framework extends the ISO/IEC 11179
standard to provide both syntactic and semantic interoperability of data elements with the means of specifying
automated extraction scripts for retrieval of data from different registry content models. The examples provided
address the domain of European population-based cancer registries to demonstrate the feasibility of the ap-
proach. One of the examples shows how quick gains are derivable by allowing retrieval of aggregated core data
sets. The other examples show how aggregated full sets of data and record-level data might also be retrieved
from each local registry. An infrastructure of patient-registry domains adhering to the principles of the frame-
work would provide the semantic contexts and inter-linkage of data necessary for automated search and retrieval
of registry data. It would thereby also lay the foundation for making registry data serviceable to artificial in-
telligence (AI) applications.

1. Introduction

PBPRs attempt to capture all cases related to a specific illness/
condition within a defined population, which is important for removing

Whereas no consistent definition exists for the term patient registry
— possibly underlying the many different purposes for which they are
used [1-3] - an important qualifier is attached to the definition of
population-based registries [4].

Within the domain of cancer, the principal aim of population-based
cancer registries is to record all new cancer cases arising in a defined
population with emphasis on epidemiology and public health practice
[5]. Population-based cancer registries provide information on the
cancer burden for healthcare planning and evaluation purposes, and
also provide valuable data for studies on prevention, early detection/
screening, and cancer-related healthcare. As an example, it is of general
public interest to know the risk (and its evolution over time) of de-
veloping or dying from a particular cancer. Such information is ob-
tained by epidemiologists and used by public health planners to effect
changes in healthcare practice [6].

The concepts of population-based cancer registries are
equally applicable to other disease paradigms and we therefore in-
troduce the encompassing term: Population-Based Patient Registries
(PBPR).
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sources of selection bias from epidemiological studies. PBPRs are
therefore instrumental in the planning and evaluation of disease control
programmes as well as in the effectiveness of patient healthcare mea-
sures.

Data collection in a PBPR is a time-consuming and labour-intensive
undertaking requiring access to a number of different data sources that
include hospital discharge records, clinical records, pathology reports,
and death certificates, all of which may use different encoding schemes
for disease. Painstaking commitment is required to ensure the quality of
the registry’s data. Data quality can be compromised through such
things as undiagnosed cases, uncertainty of diagnosis, under-reporting
of cases, and inaccurate application of codes [7]. PBPRs are different
from clinical registries, where the focus is on clinical care and hospital
administration. PBPRs collect fewer variables and the variables they do
collect are at less granular detail for purposes of comparison at popu-
lation levels. Consequently PBPRs and clinical registries are used for
quite different purposes, which serves to explain the conflicts that can
arise between clinical demands for prognostic precision and epide-
miological demands for comparability and completeness [8].

Received 18 February 2020; Received in revised form 29 April 2020; Accepted 14 May 2020

Available online 13 June 2020

2590-177X/ © 2020 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/BY/4.0/).


http://www.sciencedirect.com/science/journal/2590177X
https://www.journals.elsevier.com/journal-of-biomedical-informatics-x
https://doi.org/10.1016/j.yjbinx.2020.100074
https://doi.org/10.1016/j.yjbinx.2020.100074
mailto:nicholas.nicholson@ec.europa.eu
https://doi.org/10.1016/j.yjbinx.2020.100074
http://crossmark.crossref.org/dialog/?doi=10.1016/j.yjbinx.2020.100074&domain=pdf

N. Nicholson and A. Perego

Journal of Biomedical Informatics: X 6-7 (2020) 100074

Abbreviation

BBMRI-ERIC Biobanking and Biomolecular Resources European
Research Infrastructure

CCD Continuity of Care Document — A document exchange
standard for sharing patient summary information be-
tween computer applications

C-CDA  Consolidated CDA — A structured data format for standar-
dising content and structure for clinical care summaries

CDA Clinical Document Architecture — XML-based, electronic
standard used for clinical document exchange

CDE Common Data Element — A standard format for data ele-
ments

COEUS A semantic web application framework

CR Cancer Registry

CS Classification Schemes — Part of the classification meta-

model of ISO/IEC11179 intended to permit the classifi-
cation of arbitrary objects into hierarchies
CSI Classification Scheme Item - a metadata item that might be
classified in a classification scheme
Clinical Terminology Version 3 — later version of READ
codes version 2. Used in the UK’s National Health Service
DEC Data Element Concept — Used in ISO/IEC 11179 to denote
the association of Object Class and Property
Digital Imaging and Communications in Medicine -
International standard to transmit, store, process, and
display medical imaging information
ECIS European Cancer Information System
ECFSPR European Cystic Fibrosis Society Patient Registry
EHR Electronic Health Record

CTV-3

DICOM

ENCR  European Network of Cancer Registries
EU European Union
EUBIROD European best information through regional outcomes in dia-

betes

EUROCISS European Cardiovascular Indicators Surveillance Set

FAIR Findable, Accessible, Interoperable, Reusable — Guiding
principles for making data available

FHIR Fast Healthcare Interoperability Resources — Next-generation
standard of HL7 for electronic exchange of healthcare in-
formation

GDPR General Data Protection Regulation of the European Union

HITSP  Health Information Technology Standards Panel

HITSP C32 The HITSP Summary Documents Using HL7 Continuity
of Care Document (CCD)

HL7 Health Level Seven — A not-for-profit standards-developing

organisation in the field of electronic health information

Hypertext Transfer Protocol — application-layer protocol for

transmitting hypermedia documents

ICD International Classification of Diseases

ICD-10  ICD 10th revision

ICD-O-3 International Classification of Diseases for Oncology, 3rd
edition — classification system of tumours according tu-
mour topography, morphology, behaviour, and grade

THE Integrating the Healthcare Enterprise

IHE DEX Data Element Exchange — an integration profile in the [HE

QRPH domain

IT Infrastructure — one of IHE’s technical framework do-

mains

IHE PCC Patient Care Coordination — one of IHE’s technical frame-
work domains

THE QRPH Quality, Research, and Public Health — one of IHE’s tech-
nical framework domains

IHE RFD Retrieve Form for Data Capture — an integration profile in
the IHE ITI domain

IHE XDS Cross-Enterprise Document Sharing — an integration profile

HTTP

IHE ITI

in the IHE ITI domain

ISO/IEC International Organization for Standardisation/International
Electrotechnical Commission

ISO/IEC 11179 ISO/IEC Metadata Registry Standard

LOD Linked Open Data — Structured open data that are linked to
other data in machine-readable ways

MDR Metadata Registry — A registry containing metadata rather
than actual data

METeOR Metadata Online Registry — Australia’s Metadata Online
Repository for national metadata standards for the health,
aged care, community services, early childhood and
housing and homelessness sectors

MIABIS  Minimum Information About Blobank data Sharing

0oC Object Class — One of the component parts of a CDE as
defined by ISO/IEC 11179, which together with the
Property component constitutes a DEC

OWL Web Ontology Language — family of computer languages
with different degrees of description logic expressivity for
creating web-based ontologies/knowledge bases

P Property — One of the component parts of a CDE as defined
by ISO/IEC 11179, which together with the Object Class
component constitutes a DEC

PARENT Cross Border PAtient REgistries iNiTiative

PBPR Population-Based Patient Registry — A registry that collects a
set of patient-related data from a defined population base

RD-Connect Integrated platform connecting databases, registries,
biobanks, and clinical bioinformatics for rare disease re-
search

RDF Resource Description Framework — A standard model for
data interchange on the Web

READ codes Clinical terminology system used in the United

Kingdom’s National Health Service until superseded by

SNOMED CT

Representational State Transfer — Architectural style that

builds on HTTP for developing web services

RESTful Conforming to the REST architectural style

RoR Registry of Registries — A registry that holds information on

registries

SNOMED CT Identifier

Simple Knowledge Organization System — A specification for

supporting knowledge organisation systems on the web

such as thesauri, taxonomies, and classification schemes

SNOMED Systematized Nomenclature of Medicine — A comprehensive,
multilingual clinical healthcare terminology with an on-
tological foundation based on OWL

SNOMED CT SNOMED Clinical Terms

SNOMED RT SNOMED Reference Terminology — Precursor to

SNOMED CT, which was merged with CTV-3 to form

SNOMED CT

Systematized Nomenclature of Pathology - Precursor to

SNOMED

SPARQL Recursive acronym for SPARQL Protocol and RDF Query
Language — A computer language used for querying and
manipulating data stored in RDF format

SQL Structured Query Language — A computer language used for
querying and editing databases

TNM Tumour, Nodes, Metastasis — Globally recognised standard
for classification of malignant tumours

REST

SCTID
SKOS

SNOP

Turtle  Terse RDF Triple Language — One of the syntax and file
formats for expressing data in RDF

UMLS Unified Medical Language System — A unified vocabulary for
mapping concepts in multiple vocabularies

URI Uniform Resource Identifier — A unique string-type identifier
of a web-based resource

VD Value Domain — One of the component parts of a CDE as
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defined by ISO/IEC 11179. A DEC can associate with any
number of VDs depending on the representation of the
data type

WHO World Health Organization

XML Extensible Markup Language
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XPath XML Path Language — A language for navigating through
and searching XML documents
XSD XML Schema Definition — Defines the elements and attri-

butes in an XML document

1.1. Objective

Encouraging secondary data usage of PBPRs would further the
symbiosis between data usefulness and data quality. It has been ob-
served that using population-based registry data not only reduces the
time and costs otherwise spent on epidemiological studies but leads to
increased validity of results [9]. Moreover, linkage of registry data with
other types of data, such as environmental, socioeconomic or dietary/
lifestyle data covering the same populations can stimulate more specific
and targeted research to test the validity of any observed correlations.

In this paper we present a means based on an existing metadata
framework by which this linkage could be achieved at a technical level
both for aggregated data sets and individual record level data. Most of
the examples are with reference to the chronic diseases domain but
PBPRs are vital also for the infectious diseases domain as has so clearly
been underlined by the recent Covid-19 coronavirus pandemic.

2. Standards for healthcare data interoperability

Attempts to link health data are soon frustrated by the need to align
different systems used for the various operations of collecting, re-
cording, describing, and classifying information. Nowhere is this more
apparent than in the area of electronic health records (EHR).

Considerable effort has been expended over many years in the drive
towards data standards that allow interoperability between disparate
EHR systems. Data standards are needed at many different levels, in-
cluding address protocols, message formats, document architecture,
management of document sharing processes, and healthcare termi-
nology [10].

2.1. Message format standards

Two examples of widely used message format standards include
Digital Imaging and Communications in Medicine (DICOM) and Health
Level Seven version 2 (HL7 v2). As well as facilitating interoperability
by ensuring common encoding specifications, they also provide trans-
port-packaging mechanisms for documents conforming to document
architecture standards, such as HL7 Clinical Document Architecture
(CDA).

2.2. Document architecture standards

Integrating the Healthcare Enterprise (IHE) is an initiative between
healthcare professionals and industry to improve healthcare informa-
tion sharing. Part of this work involves defining integration profiles that
provide precise definitions of how standards can be implemented to
meet specific clinical needs [11]. The profiles are categorised under
domains specific to their clinical and operational scope. Examples of
these domains are Patient Care Coordination (IHE PCC), IT Infra-
structure (IHE ITI), and Quality, Research, and Public Health (IHE
QRPH).

The clinical document architecture standard HL7 CDA provides a
hierarchical set of specifications for the structure of clinical documents
(essentially electronic versions of physical documents). The
Consolidated CDA (C-CDA) implementation guide [12] contains a li-
brary of CDA templates, incorporating and harmonizing previous ef-
forts from Health Level Seven (HL7), IHE, and Health Information
Technology Standards Panel (HITSP). It represents harmonization of

the HL7 Health Story guides, HITSP C32, related components of IHE
PCC, and Continuity of Care Document (CCD).

Fast Healthcare Interoperability Resources (FHIR) is a recent, next-
generation standard framework created by HL7. FHIR broadly fits into
both the categories described under Sections 2.1 and 2.2. It is based on
modular components or resources that can be combined to provide
customisable solutions for providing clinical and administrative in-
formation. It also describes an application programming interface. FIHR
combines elements of HL7 v2, HL7 v3 and CDA; FHIR resources provide
direct implementation of functionality from other standards [13] in-
cluding DICOM and IHE. One advantage of FHIR concerns the fact that
resources can easily be assembled into working systems at a fraction of
the price of existing alternatives and is suitable for use in a wide variety
of contexts. Included in these contexts are mobile phone apps, cloud
communications, EHR-based data sharing, and server communication
in large institutional healthcare providers [14].

2.3. Document sharing specifications

IHE Cross-Enterprise Document Sharing (XDS) is a standards-based
specification under the IHE ITI domain for managing the sharing of
documents between healthcare enterprises using federated document
repositories and a document registry (for indexing and storage docu-
ment metadata). Since XDS is document content neutral, it supports any
type of clinical information without regard to content and representa-
tion (e.g. HL7 CDA, DICOM, etc.). Enterprises however need to belong
to an XDS Affinity Domain and to agree a common set of policies [15].

Concerning interoperability between EHRs and registries, the IHE
profile Retrieve Form for Data Capture (RFD) allows a generic way for
systems to interact. Once an EHR is RFD-enabled, it can be used for
multiple use-cases by allowing information exchanges for different
purposes [1].

2.4. Terminology standards

Examples of terminology standards include the International
Statistical Classification of Diseases (in various revisions: ICD-10, ICD-
11) and Systematized Nomenclature of Medicine (SNOMED). ICD is a
medical classification list maintained by the World Health Organisation
(WHO) and defines the universe of diseases, disorders, injuries, and
other related health conditions in a comprehensive, hierarchical fashion
[16]. SNOMED evolved from the Systematized Nomenclature of Pa-
thology (SNOP) for describing morphology and anatomy. A logic-based
version on SNOMED (SNOMED RT) was combined with Clinical Terms
Version 3 (CTV-3), which itself evolved from the Read codes to create
SNOMED CT [17]. SNOMED CT is designed for a large number of dif-
ferent applications and is especially useful for clinical decision support
whereas ICD is more suited to classification.

The Unified Medical Language System (UMLS) is a unified voca-
bulary that brings together concepts listed in multiple vocabularies. It
integrates and distributes key terminology, classification and coding
standards, and associated resources to promote creation of more ef-
fective and interoperable biomedical information systems and services,
including electronic health records [18]. It provides a useful tool for
mapping between ICD-O-3 codes (International Classification of Dis-
eases for Oncology, 3rd edition) and SNOMED CT terms [19].
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2.5. Healthcare data standards in relation to PBPRs

Most of the focus regarding data-interchange standards has been on
electronic health records and the need to access health data related to a
particular patient or group of patients. While this work is of direct im-
portance to PBPRs in the collection and submission of data to registries,
less attention has been paid to the exchange of aggregated data sets that
are important for epidemiological studies. A survey of European PBPRs
indicated that whereas respondents were most familiar with the HL7
standards, they were not necessarily using them beyond collection of
primary data for the reason that the standards were not appropriate to
their specific data structure and needed information [20].

Epidemiology is not so much concerned with accessing particular
individual cases as it is with selecting complete sets of patient cases
sharing certain commonalities from a known population. In this regard,
aggregation of cases from a PBPR, or several PBPRs, is particularly
pertinent.

3. Examples of European PBPRs and their data sets

PBPRs collect certain information on individual patients in a defined
population who have been diagnosed with a given condition. Apart
from general information such as date of birth, date of diagnosis, sex,
the data variables collected by PBPRs are dependent upon the disease
domain and can vary between registries depending on national or re-
gional health policies as well as the resources available to the registry.
The most important variables in a specific healthcare domain form what
is called the common or core data set. The variables in the core data set
are generally the most harmonised since they are compared across re-
gional and national boundaries.

Examples of core data sets associated with European-based PBPRs in
a selection of healthcare domains are: cystic fibrosis [21], cardiovas-
cular disease [22], congenital anomalies [23], diabetes [24], rare dis-
eases [25], and cancer [26]. As a specific example, the variables in the
European population-based cancer-registry core data set capture in-
formation concerning the tumour such as: topography (tumour loca-
tion); morphology (tumour form/structure); behaviour (whether the
tumour is benign/in situ/malignant/uncertain); grade (the degree of
the abnormality of the tumour cells); basis of diagnosis (how the tu-
mour was diagnosed); and stage (the state of progression of the tumour
at diagnosis). The latter is generally described by the TNM Classifica-
tion of Malignant Tumours globally recognised standard [27].

Whereas PBPRs hold specific information on patients in defined
populations, the focus of their work is not so much at the individual
level. Epidemiology requires individuals’ information in order to iden-
tify the relevant cohorts of patients for a particular study. Once the
cohorts have been identified, the personal identifiers are removed and
results are provided as aggregated data.

Data may be aggregated in a number of ways. One example is by age
group whereby number of cases (incidence, mortality, etc.) is ag-
gregated in predefined age ranges. In case of rare occurrences of a
specific type of disease, where the number of cases is low, data may also
need to be aggregated across wider geographical areas to avoid po-
tential identification of individuals — this is particularly the situation
encountered with rare-disease registries (RDRs).

Indicators (such as incidence, mortality, survival, and prevalence)
derived from the core data set provide the means of comparing the
disease burden between different populations. Considerable effort is
expended in ensuring the accuracy and comparability of the indicators
and underlying data and therefore it is important to allow maximum re-
use where possible.

4. Data interoperability needs of PBPRs

It is oftentimes not a straightforward matter even to find the core
data sets. In addition, the descriptions of the associated variables are
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not necessarily defined in rigorous and unambiguous terms. Just ad-
dressing these two aspects alone would bring an immediate break-
through in the possibility of mapping heterogeneous data sets along
common fields of aggregation.

In order to appreciate more fully the data interoperability needs for
effective secondary use of PBPRs, they can be considered as a number of
distinct use cases:

4.1. Use case #1 — Access to aggregated core data sets

The first use case relates to the need of collecting harmonised data
(corresponding to the core data sets discussed in Section 3) from a
number of PBPRs. This use case is an example of processes already in
operation to gather datasets for comparison at European Union (EU)
level for monitoring the burden of disease in different healthcare do-
mains. Currently this is undertaken via some central entity issuing a call
for data to the participating registries. The call specifies a common data
protocol to which registries are expected to adhere in submitting their
data. The collection entity validates the data against a harmonised data
validation protocol, which may require a number of iterations in the
data submission. Once all the data sets have been validated, the data are
aggregated and made publicly available. The process is not optimal for
three main reasons. Firstly, it introduces significant time delays on top
of those already incurred by the registries themselves in collecting data
from the primary sources; when the aggregated data sets are finally
made available they may be several years out of date. These delays
compromise the value of the data for timely feedback into healthcare
planning processes. Secondly, it is demanding of resources — the itera-
tions are relatively manual and require a significant number of com-
munication workflows. Thirdly, data sets are thereby duplicated,
leading eventually to data integrity and versioning issues.

4.2. Use case #2 — Access to aggregated full data sets

The second use case is an amplification of the first use case but
would allow maximum reuse of the registry data by access to the reg-
istry’s aggregated full data set. Access to the core data set has been
described in Section 4.1, but this forms only a subset of the data stored
by the registry. Whereas variables outside the core data set may not be
standardised or harmonised, if they were described following standard
metadata concepts their meaning would be clearer for data users to
analyse them in an appropriate way with less danger of making false
assumptions. Indeed a rich source of untapped data resides in the
variables of the full data sets. This use case therefore introduces the
notion of a registry’s aggregated full data set.

4.3. Use case #3 — Access to record level data

The third use case concerns the situation in which access is needed
to individual record level data. Such a scenario may be faced in re-
search studies that need to select a set of case records across several
registries and then perform the aggregation. This use case is trickier
regarding the data privacy requirements since registries would in this
case need to release individual record-level data, albeit to another
registry. This use case is primarily needed in the case of rare diseases
where one registry may not have a sufficient number of cases to un-
dertake a particular study or for high-resolution studies in the absence
of solutions for use case #4 described in Section 4.4.

4.4. Use case #4 — Aggregation on demand

The fourth use case concerns a registry service that could be termed
aggregation on demand. As discussed in Section 3, the focus of epide-
miology is not the individual per se, but groups of individuals sharing a
common condition. The normal procedure follows a request to re-
gistries interested in participating in a given research project.
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Depending on data privacy agreements, the study proceeds with in-
dividual case records and the results are published in terms of ag-
gregated data with no reference to specific individuals. If instead a
means were available of aggregating data according to a study-depen-
dent aggregation protocol, there may be no need for registries and
studies to set up data-protection agreements and protocols that add
time delays and costs to projects. This use case would require a standard
way of specifying aggregation protocols that could be simply applied to
registry data.

4.5. Use case #5 — trace-back to primary data sources

The fifth use case also concerns high-resolution studies. Analysis of
aggregated data sets may suggest correlations or patterns, the statistical
validity of which may require investigation in greater detail via high-
resolution studies. These studies generally require more specific data
and it is therefore necessary to identify the individual data subjects of
those constituting the aggregated set of interest. It is not a straight-
forward process to trace back this information to the primary data
sources and the exercise is a costly process both in time and resources.
Having the possibility to trace back automatically the original primary
data source given a (pseudonymised) patient identifier held in the
registry would greatly facilitate these sorts of studies.

4.6. Current limitations regarding secondary data utilisation of PBR data

The current limitations regarding access to patient registry data —
even within a given patient domain - are widely apparent [3,7] and
constitute a first major challenge without regard to the more complex
one of linking data between heterogeneous registries covering different
patient domains.

The difficulty of understanding which PBPR data sources are avail-
able and what sorts of data they hold, coupled with the cost in both time
and resources of making that data available in the format required
greatly compromises the secondary-data usage of PBPRs. Even if the data
were readily available, it is not a straightforward matter for researchers
to know how the associated variables relate to the research study in mind
or even how the data can be used appropriately. The registry is normally
actively involved in the study to ensure the data are used correctly, but
this also serves to limit the number of concurrent studies.

Previous attempts have been made at EU level to address some of the
underlying needs [28], particularly within the field of rare diseases in
which the problem of interoperability is more acute on account of the
widely different types of diseases classified within the same overall pa-
tient domain [29]. These efforts, however, remain largely focused within
each specific patient-registry domain and although the ensuing solutions
may ease access to European-harmonised data on a thematic disease
level, the use of different metadata methodologies coupled with different
data-registration and data-discovery mechanisms will still present a
challenge for the inter-linkage of data between registry domains.

Without any overarching strategy and overall coordination across
patient registry domains, much effort will continue to be duplicated in
terms of reinvention of solutions that have at their basis shared and
common requirements. It would be worthwhile to find some way of
uniting these efforts towards a common and scalable methodology.
With a common framework initiatives would converge more rapidly
towards greater data interoperability with consequently greater scope
for secondary data usage.

4.7. Requirements of a framework to fit the process constraints

In view of the fact that the data sets may stretch back many years, it is
not feasible to require fundamental changes to already existing data re-
presentations or individual registry infrastructures. A more practical so-
lution would be one that encouraged, wherever possible, mapping of
local registry data structures to common metadata constructs and the
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means of retrieving data on the basis of those mappings. Given the
number of entities involved and the autonomy of those entities, any
solution should as far as possible also be standards-agnostic; it would not
be realistic to advocate the use of any one standard and the framework
should ideally be able to work with the different standards in place.

A framework with the potential of meeting many of these require-
ments already exists and its capacity of interfacing with different
healthcare standards in the field of electronic health records has been
demonstrated [30]. The framework consists of a federated architecture
of semantic ISO/IEC 11179 [31] metadata registries (MDRs) and pro-
vides an innovative way for accomplishing mapping of metadata across
systems and semantic contexts using linked open data (LOD) principles.

The semantic MDR framework was initially proposed for enabling
data inter- linkage between different EHR formats with a primary focus
on mapping the individual common data elements (CDEs) to standard
CDE models. The framework has also been successfully applied to sec-
ondary use of EHRs for post-marketing surveillance [32]. Combining the
concepts of metadata description of ISO/IEC 11179 with the capacities of
linked open data and semantic web technologies provides a powerful and
highly adaptable data-interoperability framework. The framework es-
sentially extends the concepts behind the IHE Data Element Exchange
(DEX) profile [33] under the IHE QRPH domain by federating the me-
tadata registry and providing semantic linkage. It thereby scales the DEX
concept across systems of disparate CDE definitions [30].

The versatility of the model would make it amenable to any appli-
cation requiring standardised data exchange and, arguably, the lim-
itation of its applicability is constrained more by implementation-based
decisions within the given domain than by the technological constraints
themselves. This paper presents a proposal for an implementation of the
framework to address the particular data interoperability issues in the
field of PBPRs.

5. ISO/IEC 11179

ISO/IEC 11179 [31] is a general description framework for data of
any kind. It was prompted, amongst other things, by the need for
standardised data-design procedures in order to ensure the emergence
of data elements capable of supporting electronic data interchange.
According to the standard, metadata are viewed as data about data in
some context, where context can be considered as the set of circum-
stances, purposes, or perspectives relating to the data elements. In
terms of the ISO/IEC 11179, a data element has therefore both semantic
and representational components.

ISO/IEC 11179 distinguishes between the concept of a data element
(Data Element Concept — DEC, describing the contextual semantics) and
its representation (describing the permitted values a data element may
use); the set of permitted values is called the Value Domain (VD). The
DEC further comprises two sub-components; the Object Class (OC),
encapsulating the general underlying concept of the DEC; and the
Property (P), a characteristic shared by all members of the OC (in-
dependent of any specific data-type). A data element is created when a
specific DEC and a specific representation are associated together.

The OC, Property, and VD provide searchable interfaces within the
ISO/IEC metadata registry framework. For example, searching on a
given Property would provide references to all DEC classes related to
that Property and, through these, references are returned to all the
associated OCs and VDs. An on-line application of the Australian
Institute of Health and Welfare, METeOR [34], provides a good ex-
ample of the means of searching for metadata elements within an ISO/
IEC 11179 metadata registry.

5.1. Implementation example — METeOR
By way of a specific example, METeOR defines one of its OCs as

“Person with cancer”. Associated with this OC are a number of
Properties, one of which is “Primary site of cancer”. The associated DEC
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is “Person with cancer — primary site of cancer” which encapsulates the
concept of a person with cancer having a primary site of the tumour.

Since there are various coding schemes for the conceptual domain
denoting “tumour type”, the “Person with cancer — primary site of cancer”
DEC is free to associate with any of them (via assignment of different VDs),
with each association providing a separate data element. Thus one data
element is defined as: “Person with cancer — primary site of cancer, code
(ICD-10-AM 7th edn) ANN{.N[N]}” for descriptions of tumours according
to the 7th edition of ICD-10 (International Classification of Diseases, 10th
revision) [35], whereas another data element is defined as: “Person with
cancer — primary site of cancer, code (ICD-O-3) ANN{.N[N1}” for de-
scriptions of tumours according to ICD-O-3 (International Classification of
Diseases for Cancer, 3rd edition) [36]. In METeOR, the fields “ANN{.N
[N]}” refer to the format of the codes (one alphabetical character followed
by two numeric characters with an optional decimal point followed by one
or two numeric characters). The fact that the codes for these two schemes
for classifying cancer-type are expressed in exactly the same format un-
derlines the need to make unambiguous distinction between the VDs, as
supported by the ISO/IEC 11179.

5.2. Classification schemes

A further important principle of ISO/IEC 11179 concerns the use of
classification schemes, which provide the means for developing metadata
with enhanced semantic descriptions. OCs, Properties, VDs, DECs, and Data
Elements are all classifiable components, and this aspect is an integral part
of the philosophy underlying the federated semantic MDR framework.

By way of illustration, Fig. 1 depicts the constituent concepts of the
CDE “Person with cancer — primary site of cancer, code (ICD-O-3) ANN
{.N[N1}".

6. Federated semantic MDR framework

The federated semantic MDR framework enhances the capacity of
the ISO/IEC 11179 metamodel by mapping its various constructs to
associated OWL (Web Ontology Language) [37] classes and properties
within an ontological representation of the metamodel [30]. This
mapping allows the different concepts of an ISO/IEC 1179 data element
to be described in RDF (Resource Description Framework) [38] and
therefore uniquely identifiable and openly accessible through URIs.

6.1. Restful services

As part of the functionality of the framework, semantic MDRs are
expected to open some simple REST (REpresentational State Transfer
[39]) services. REST is an architectural style that builds on HTTP for
developing web services. Web services that conform to the REST ar-
chitectural style are referred to as RESTful web services. REST uses URIs
to identify resources and RESTful web services are able to handle web
resources in a variety of different formats.

The set of RESTful web services provided by a semantic MDR [30] are:
CDE endpoint (for retrieving the RDF description of a CDE or its compo-
nents); CDE search (for performing searches on a CDE or its components;
Semantic links (for retrieving all the semantic links associated with a CDE);
Extraction specification (to retrieve the extraction specification defined for a
CDE); and SPARQL [40] endpoint (to provide native SPARQL support).

Dereferencing a CDE or any of its components via the semantic
MDR’s RESTful services returns the description of the component and
all its context in RDF, including any classification scheme resources.
Classification Schemes (CS) and their sub components Classification
Scheme Items (CSI) are the means in ISO/IEC 11179 for developing
metadata with enhanced semantic descriptions. The semantic MDR uses
these resources to annotate the components of a data element with
hyperlinks to other MDRs or to terminology systems thereby providing
a rich means of searching and linking CDEs or their sub components
across domains through LOD principles.
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CDEs are generally abstract data element definitions but the un-
derlying data that have been described by these CDEs can be retrieved
through the framework. The way in which this achieved is by setting up
an extraction-specification CS with an extraction-specification script
that is executed on a data server. The semantic MDR framework sup-
ports three types of extraction specifications: XPath, SPARQL, and SQL.
The mechanism is described more fully in [30] and examples are pro-
vided in Section 7.

6.2. Semantic linkage with a terminology system

As an example of linkage with a terminology system, Fig. 2 shows
the CDE Property “Primary site of cancer” discussed in Section 5.1 that
is associated with a CS resource described by SNOMED CT, which is
hosted on the BioPortal web site [41]. Contained within this resource is
a CSI resource of type SKOS:exactMatch with value given by the URI to
the SNOMED CT code: 399687005 (primary tumour site). Dereferen-
cing the Property within the semantic MDR framework would provide
the semantic link to the specific match in SNOMED and provide the
means to find all other components in the framework referencing this
same code.

The ingenuity of the framework leads to a number of advantages;
namely, that:

e it can be implemented gradually in a well-staged approach;

e it requires no fundamental change to the local data — the underlying

principle is to map local metadata to standard metadata descriptions

or common dictionaries without enforcing compliance of metadata

to any particular standard;

it is scalable across many different patient-registry domains and can

moreover be implemented in each domain independently of the

other domains;

e not only are CDEs automatically registered and therefore findable,
but they can be reused in an interoperable way via the semantic
mapping descriptions to harmonised metadata standards.

Furthermore, via these mappings and their associated extraction
specifications, local data elements described by otherwise non-standard
CDEs are readily accessible. The semantic MDR framework therefore
intrinsically supports all four of the FAIR (Findable, Accessible,
Interoperable, Reusable) guiding principles for scientific data and
stewardship [42].

| OC! person with cancer

P primary site of cancer

T

L VD) Code 1CD-0-3 ANNL.NINTY

Fig. 1. An example showing the construction of the CDE: “Person with cancer —
primary site of cancer, code (ICD-O-3) ANN{.N[N]}” from its constituent con-
cepts according to ISO/IEC 11179, which include the Object Class (OC):
“Person with cancer”; Property (P): “primary site of cancer”; and Value Domain
(VD): “code (ICD-O-3) ANN{.N[N]}”.
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Fig. 2. An example of linkage of a CDE Property with SNOMED CT. The Property “Primary site of cancer” has a CS resource described by SNOMED CT, hosted on
BioPortal. Contained in the CS, a CSI resource of type SKOS:exactMatch with value given by the URI is linked to the SCTID code: 399687005 (primary tumour site).

In order to illustrate how the semantic metadata framework can be
implemented to address the use cases identified in Section 4, the
practical example of population-based cancer registries will be con-
sidered.

7. Application of the semantic MDR framework to population-
based cancer registries

7.1. Use case #1: Access to aggregated core data sets

The aggregated core data set of the European Network of Cancer
Registries (ENCR) consists of five main variables: indicator type (in-
cidence/mortality), sex at birth, cancer site, historical year, and number
of cases broken down into five-year age ranges. Within a cancer reg-
istry’s (CR) tabularised aggregated data set, these variables equate to
the column names (c.f. Fig. 3).

Currently these data are accessible from the European Cancer
Information System (ECIS) [43], but it requires some effort to extract
them in their entirety. Furthermore, the metadata are described in
different places [26,44], and not in machine-readable terms, nor do the
majority of variables link to more generic metadata terms thereby
rendering cross-linkage of data difficult between different PBPR do-
mains.

7.1.1. Transcription of data into RDF
In order to make the aggregated data set accessible via the semantic
MDR frameworKk, it is first of all transcribed in RDF, and maintained in a

triple store. RDF is used since it provides a convenient means for the
data to be searched and accessed via a SPARQL end point.

A triple store stores data according to triplets corresponding to sub-
ject, predicate, and object. RDF provides a standard model for data in-
terchange on the Web and allows structured and semi-structured data to
be shared across different applications. To transcribe the CR aggregated
data in terms of RDF, the column names translate to the predicates of the
RDF triples, with the row identifier (or primary key) forming the subject
and the data values of the column names forming the objects.

Fig. 3 shows the header and one row of the aggregated data set
corresponding to one CR (information taken from ECIS). It shows,
within that particular CR, the number of incident male lung cancer
cases in the associated age brackets per 100,000 head of male popu-
lation in 2009. Fig. 4 shows how one of the age-bracket elements (age
bracket 55-59) from this row of data would be transcribed in RDF. The
predicates and the objects — apart from the xsd (XML Schema Defini-
tion) prefixes — point to currently fictitious URIs and specific values of
the respective Value Domains’ data-format attributes.

The predicates are essentially the concatenated references to the
metadata concepts of the ISO/IEC 11179 model described in Section 5.
In Fig. 4 for example, the predicate:

encr:personWithCancer TumourPrimarySite_ TumourCode
ECISv1

is the URI associated with the CDE similar to that described earlier
with OC of “Person with cancer” and Property of “primary site of
cancer”. In this CDE however, the VD “TumourCodeECISv1” would

S .
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2 5 £ g T899 eeY ¥ o9 © 9 © 9§ K 9
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= ] O > O L -~ -~ N N O O I < 0 Te] © © ~ N~ © =]
| M Lung 2009 O O O O O O 6 0 3 34 51 120 148 297 367 504 565 598

Fig. 3. Example of one single row of a CR’s aggregated core data set, with column header information.
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ecis:record-1-12 a gb:0Observation ;

gb:dataSet ecis:dataset-1

pbpr:caseRegistration_HistoricalYear_YearYYYY

@prefix ecis: <https://ecis.jrc.ec.europa.eu/resource/>

@prefix ecis-code: <https://ecis.jrc.ec.europa.eu/resource/code/>
@prefix encr: <http://encr.eu/resource/cde#>
@prefix pbpr: <http://pbpr.eu/resource/cde#>
@prefix gb: <http://purl.org/linked-data/cube#>
@prefix rdf: <http://www.w3.0rg/1999/02/22-rdf-syntax-ns#>
@prefix rdfs: <http://www.w3.0rg/2000/01/rdf-schemai#>

@prefix sdmx-code: <http://purl.org/linked-data/sdmx/2009/code#>
@prefix xml: <http://www.w3.org/XML/1998/namespace>
@prefix xsd: <http://www.w3.org/2001/XMLSchema#>

encr:personWithCancer_TumourPrimarySite_TumourCodeECISvl ecis-code:cancer-site-15 ;

pbpr:caseRegistration_Indicator_CodeX pbpr:Incidence ;
pbpr:caseRegistration NumCases_Number "120"""xsd:nonNegativeInteger ;
pbpr:patient_AgeGroupAtDiagnosis_5YrAgeBracketNum pbpr:FiveYrAgeGroupID12 ;

pbpr:person_SexAtBirth_CodeX sdmx-code:sex-M ;

"2009"*"xsd:gYear ;

Fig. 4. Example of a data entry in a CR’s aggregated core data set in RDF, using the Turtle [45] serialisation.

have the list of possible values as defined currently by ECIS [44].
A tentative full RDF definition of the subjects, predicates, and ob-
jects used in this PBPR example is provided in [46].

7.1.2. Definition of CDEs

The remaining five predicates in Fig. 4 refer to the other CDEs
needed for describing the data associated with the ENCR aggregated
core data set, namely:

pbpr:
pbpr:
pbpr:
pbpr:
pbpr:

caseRegitration HistoricalYear YearYYYY
caseRegitration_ Indicator CodeX
caseRegitration_NumCases_Number

patient AgeGroupAtDiagnosis_ 5YrAgeBracketNum
person_SexAtBirth CodeX

where once again each predicate forms a concatenation of OC,
Property, and VD of the CDEs according to the ISO/IEC 11179 model.
Since most of the metadata types are generic to all PBPRs, they would

| PBPR Semantic MDR

i CDE! classifiedBy | CS_ name | ENCR/CDS
: - type | ExtractionSpecification
! _D_E.(E.: containing
! [OCE ENCRreg |~ CSl | tyoe | SPARQL
i value | SPARQLscript
| b .
i I.! AggregatedCoreDataSet cs E name | PBPR
type SKOS

CSI 1 type

skos:broader

[ .
| R e |

URL

it

skos:exactMatch

. value

URL

http://pbpr.eu/resource/cde/AggregatedCoreDataSet

Fig. 5. Semantic links of a CDE and its Property inside the ENCR semantic MDR. The Property (P) is annotated through the SKOS mapping property “exactMatch” to
indicate that the CR core data set is an aggregated core data set of a population-based patient registry. The Object Class (OC) is annotated through the SKOS semantic
relation “broader” to indicate that a PBPR is related to an ENCR registry but is broader in context. The CDE has an “Extraction Specification”, which in this example is

a SPARQL script that is defined in Fig. 6.
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best be defined and maintained within a generic-PBPR semantic MDR
that could then be referenced by different PBPR domains as is illu-
strated in this example.

7.1.3. Composite CDEs and ISO/IEC 11179

ISO/IEC 11179 defines a data element as a “unit of data that is
considered in context to be indivisible”, where context is defined as “the
circumstance, purpose and perspective under which an object is defined
or used” [31]. The standard provides the example of a telephone number
that may be considered indivisible in one context but divisible in another
(where telephone numbers need to be divided into country code, area
code, and local number). To all intents and purposes, the core data set
can be considered indivisible for the purpose of making it searchable and
accessible as a whole. Not only are the core data sets standardised and
harmonised within any given PBPR domain, but an individual field
within the aggregated data set is not meaningful without explicit re-
ference to the values of all the other fields in the same row. The way in
which the core data set will eventually be used forms a higher-level
context outside our immediate concern and since our interest is in al-
lowing access to and retrieval of the core data sets as a whole within each
PBPR domain, we specifically define a CDE to represent a registry’s ag-
gregated core data set. This marks a slight departure from the aim of [30]
where the purpose was to extract the value of specific CDEs associated
with the EHRs of specific patients. The alternatives (none of which are
preclusive to the above) would be: (a) to specify CDEs representing each
individual record within the aggregated core data set, e.g. the number of
incident, male (at birth), lung cancer cases aggregated within the age
range 55-59 years diagnosed in the year 2016. This however would re-
quire a major initial outlay of effort in defining the whole set of CDEs (for
each individual tumour type, age bracket, indicator type, sex, and year)
as well as complicate the task of reconstituting the entire aggregated core
data set for users requiring it; or (b) to provide a user interface for se-
lecting the particular fields of interest within the data set and on the basis
of these choices, to run a script on the data set to return the relevant
result. This option also would require more initial effort, although such
an interface would be useful also in accessing individual record data
(discussed in Section 7.3).

7.1.4. Proposed definition for an ENCR aggregated core data set CDE
Following a similar semantic-MDR schematic representation to that
provided in [30], Fig. 5 illustrates the definition of a proposed CDE for the
ENCR aggregated core data set with semantic links through the LOD cloud.
The CDE is the association of an OC that represents the concept of a
population-based ENCR registry with a Property referring to the feature
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of an aggregated core data set, and a VD that specifies the form of the
data element (in this case RDF-formatted text).

The Object Class of the CDE is annotated with a concept of a po-
pulation-based patient registry (via an association with a classification
scheme item) through the SKOS (Simple Knowledge Organization
System) [47] semantic relation “broader” to indicate that a PBPR is
related to a population-based ENCR registry but broader in context.

The CDE also has an extraction specification specified with a
SPARQL script (described in Fig. 6) that can be used to retrieve ENCR-
conformant aggregated core data sets from local CR MDRs.

Executing the script in Fig. 6 with the URI of a local registry’s ag-
gregated core data set would return all the records on a row-by-row
basis with the individual data fields of each record aligned under the
column names entitled by the predicates of the RDF triples. The latter
are no less than the links to the CDE metadata describing the associated
data fields and may be dereferenced to provide all the associated se-
matic links. Consequently the user has all the information needed to
ascertain in a relatively straightforward manner the full semantic
meaning of each record.

In a more general scenario, a user might be interested in finding all
the available population-based registries having aggregated core data
sets. To do this the user would search through the semantic MDR fra-
mework on the Property “AggregatedCoreDataSet”. The search would
retrieve the URIs to all the aggregated core data sets linked to this
Property for all PBPRs accessible in the framework. Refining the search
on Object Class would then provide the means of classifying the URIs in
terms of their specific domains (e.g. CR domain). Finally, the DEC to-
gether with the Value Domain define the CDE from which the extrac-
tion specification can be found for the specific registry domains. The
user then has all the means by which to extract the data from all the
local registries within each patient-registry domain.

Even achieving this result would in itself constitute a major mile-
stone in the path towards data interoperability between registries and
open up for the first time the means of accessing data from all the
various PBPR networks without a major effort on behalf of the user. As
an example, it would then be possible to look for potential correlations
at population level between indicators relating to pancreatic cancer and
type II diabetes in different geospatial regions and ascertain possible
cohorts for further high-resolution analyses.

7.2. Use case #2: Access to aggregated full data sets

The core data sets, as useful as they are, hold only a fraction of the
data potentially available. Access to the full set of a registry’s data

PREFIX encr: <http://encr.eu/resource/cde#>

PREFIX pbpr: <http://pbpr.eu/resource/cde#>

SELECT *
FROM NAMED <<localRDFfile>>

WHERE {

pbpr:person_SexAtBirth_CodeX ?sex ;

pbpr

?rowld pbpr:caseRegistration_Indicator_CodeX ?indType ;

encr:personWithCancer TumourPrimarySite_ ECISvl ?ca ;
pbpr:paseRegistration_HistoricalYear_YearYYYY ?year ;
pbpr:patient_AgeGroupAtDiagnosis_5YrAgeBracketNum ?ageGroup ;

:caseRegistration.NumCases.Number ?nos

Fig. 6. SPARQL script to retrieve an aggregate core data set from local CRs. The «localRDFfile>> tag is a generic tag that is overwritten by the URI of the RDF graph
containing the local data set. The latter is returned after searching the federated semantic MDR framework for links to the “ENCRreg.AggregatedCoreDataSet.Text”

CDE.
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variables would not only provide users with much richer data sets but
also serve, by wider use of the data, to accelerate the data-harmonisa-
tion process.

Due to the currently limited degree of harmonisation of the full
variable sets for many PBPRs, the CDEs of the non-harmonised vari-
ables and the extraction specifications for the full data sets would need
to be provided and maintained by the local registries until such time as
the variables became harmonised.

Fig. 7 illustrates how the CDE for the full data set could be defined
in the local MDR (CaRegXXX): The CDE of Fig. 7 is associated with
three CS resources, one used by the CDE itself of type Extra-
ctionSpecification for eventual extraction of the data set; and two of
type SKOS - one used by the OC of the CDE, and one used by the
Property component of the CDE. The OC is again used to refer to the
concept of a population-based ENCR registry through the SKOS map-
ping property “exactMatch”. The CSI value field of the OC’s associated
CS resource contains the URI of the corresponding OC in the proposed
ENCR semantic MDR (http://encr.eu/resource/cde/ENCRreg). The
Property refers to the concept of a population-based aggregated full
data set also through the SKOS mapping property “exactMatch”. The
CSI value field of the Property’s associated CS resource contains the URI
of the corresponding Property in the proposed PBPR semantic MDR
(http://pbpr.eu/resource/cde/AggregatedFullDataSet). The VD spe-
cifies the form of the data element (which could be either RDF-for-
matted text or SQL-formatted text), and extraction specification for the
aggregated full data set could accordingly be specified either in terms of
SPARQL or SQL, depending on the local MDR’s decision. To complete
the picture, the OC of the CDE in the ENCR semantic MDR (to which the
OC in the local CR links) is itself linked to the corresponding OC in the
PBPR semantic MDR but this time through the SKOS semantic relation
“broader” to show that a PBPR has a broader scope than a CR.
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By searching on the Property “AggregatedFullDataSet” over the
federated semantic MDR framework, the user would retrieve the URIs
to all the full data sets from any associated population-based patient
registry. The categorisation of patient-registry domain would again be
determined from the OC. The DEC and VD together define the CDE from
which the extraction specification can be found. Running the extraction
specification defined in the CDE of the local registry would retrieve the
aggregated full data set stored in the local MDR.

It is perhaps important to add that whereas the semantic linkages of
the CDEs would provide comprehensive descriptions of the CDEs
themselves as well as their potential relation to standard terminologies
and dictionaries, this may still not be sufficient to provide users with a
full understanding of the data paradigm and the interdependency of the
data variables themselves. For a higher-level view, it may be necessary
to provide a data model and/or ontology describing the data domain.
The description of such models can however be integrated into the
semantic MDR framework using the mechanism of the Classification
Scheme described earlier. As long as the data model/ontology were
accessible via URIs, the DEC (constituting the local registry OC and the
aggregated full data set Property) for the aggregated full data set could
be classified by CSIs that would point to the associated URIs. The
higher-level descriptions would then be accessible along with all the
other semantic links once the URI of the CDE for the aggregated full
data were dereferenced.

7.3. Use cases #3 and #4: Access to record level data and aggregation on
demand

Access to all the data variables at record-level would allow the
greatest use and value of patient-registry data, but requires explicit
patient consent under the EU’s recent general data protection

%l http://encr.eu/resource/cde/ENCRreg |

CaRegXXX/AggFDS |

ENCR Semantic MDR

CDE! classifiedB CS | name
I I
. - :‘ type ExtractionSpecification

el containing
| 1
T — 1+ type SPARQL/SQL
OC! CcaRegXxx S
| > value | SPARQLscript
i SQLscript
i P Aggregated
! FullDataSet cs s name | ENCR
! type | SKOS
| containing
: "VD! | x :
| ---- Text CSI : type | skos:exactMatch

i value | URI

i &ontaining
| CsI s type skos:exactMatch

PBPR Semantic MDR

http://pbpr.eu/resource/cde/AggregatedFullDataSet

Fig. 7. Semantic links of a CDE inside the local CR (CaRegXXX) semantic MDR. The Object Class (OC) is annotated through the SKOS mapping property “exactMatch”
to indicate that the local registry is an ENCR registry—which is itself mapped to the PBPR OC via the SKOS semantic relation “broader” (c.f. Fig. 5). The Property (P)
is also annotated through the SKOS mapping property “exactMatch” to indicate that the CR aggregated full data set is an aggregated European harmonized full data
set. The CDE has an “Extraction Specification” that, dependent on local decisions, could be a SPARQL or SQL script to return the data set in a way similar to that

described for the aggregated core data set.
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regulation (GDPR) [48]. The record-level data are considered sensitive
data even though they are generally pseudonymised through the re-
coding of the patient-identity field.

It should be re-emphasised that the ultimate reason why epide-
miological studies require access to individuals’ data is for the purpose
of selecting the relevant cohorts of patients for testing a particular re-
search hypothesis. Once the cohort is created, the analysis generally
proceeds without further reference to individual patients. With this
concept in mind, there are potentially two ways in which the data-
sensitivity aspect of record-level data might be relaxed and allow data
users more straightforward access to the underlying data:

1. By allowing users to specify the exact criteria for aggregating data. As an
example, a user could ask the registry for the group of patients with
survival less than a certain length of time suffering from a given
cancer- type. As long as the number of corresponding patients were
greater than a pre-defined minimum to prevent possible identifica-
tion, the returned data set would be an aggregated measure and
therefore essentially anonymous. This is essentially the scenario
described in Section 4.4.

2. By providing users pseudonymised individual records with a minimal set
of data fields. Minimising the number of data fields complicates the
task of identifying a particular individual. This could be accom-
plished using a SPARQL/SQL front-end allowing users to specify
search criteria based on a number of specific predicate/column
names up to a permissible maximum number. Notwithstanding,
appropriate measures would have to be in place to avoid successive
calls on the same data being able to reconstruct the complete set of
variables for any given record.

Data-access procedures for both these scenarios could in principle
be automated since the results returned are arguably anonymised data.
Requests of this nature could possibly be constructed via a similar type
of interface to that described in [32] albeit with extra functionality for
handling service negotiation for data retrieval through a firewall.

7.4. Use cases #5: Trace-back to primary data sources

Use case 5 lies somewhat outside the immediate focus of this paper,
but it addresses a topic that could bring significant cost-savings to high-
resolution studies. Particularly relevant is the work of Sinaci and Laleci
Eturkmen [30] in which they developed the semantic MDR framework
for EHRs and consequently demonstrated how it is possible to retrieve
data for a particular patient held in various clinical systems.

IHE-RFD and FHIR could potentially also provide alternative solu-
tions for this task. Work is in progress to address the cost-benefit of
implementing FHIR in the clinical registry world [49]. Whereas FHIR
could greatly facilitate the task, it would require widespread uptake and
even then may not solve the issue of data stretching back many years
held in legacy systems.

The advantage of the semantic MDR framework is that it does not
require adherence to any one single standard. It would however require
effort to establish the mapping to the various clinical sources for each
local registry. Nor could the mappings be easily duplicated in other
registries given the wide variety of differences between the various
regional and national health infrastructures, processes, and data con-
structs.

8. Related work

Within Europe, a number of initiatives in context of the EU cross-
border healthcare directive [50] have been undertaken to improve in-
teroperability of patient registries.

One of the broader initiatives was the PARENT joint action [28],
involving several EU Member States and part-funded by the European
Commission’s health programme 2008-2013. PARENT aimed both to
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rationalise and harmonise the development and governance of re-
gistries for the purpose of facilitating secondary data usage for research
and public health. The action developed a set of methodological
guidelines to help overcome commonly encountered challenges in the
establishment, operation, and maintenance of registries [3].

PARENT also piloted a “registry of registries” (RoR) - essentially
foreseen as a web portal providing reliable and up-to-date information
about European patient registries’ metadata [51].

Within the Biobanking and Biomolecular Resources European
Research In- frastructure (BBMRI-ERIC) [52], the MIABIS (Minimum
Information About Blobank data Sharing) community standards [53]
were developed for supporting biobank data interoperability. MIABIS
provides standardised data elements in XML for describing biobanks and
as well as data on associated sample collections. A non-exhaustive list of
other past and present domain-specific initiatives include: RD-Connect
[54], EU RD Platform [55] (rare-diseases domain); EUBIROD [56] (dia-
betes domain); EUROCISS [57] (cardiovascular domain); EUROCOURSE
[58], ECIS [43] (cancer domain); ECFSPR [59] (cystic-fibrosis domain).
With the exception of RD-Connect, the CDEs developed within the do-
main-specific projects are described in PDF files [21-26] and therefore
cannot easily be queried or processed, nor are their semantic contexts
provided according to the principles of linked open data. RD-Connect
uses the COEUS framework [60] to build and provide the semantic
context for rare-diseases registries. Given the sheer number of registries
and variation in type of data repositories, COEUS facilitates the process
towards semantic-knowledge federation. Whereas COEUS provides some
of the functionality of the federated semantic MDR framework and eases
the transition of traditional data storage mechanisms towards semantic
web technologies, it would be unnecessarily restrictive to force it upon
all registry domains. Furthermore, COEUS derives the predicates of the
RDF triples from the column names of the underlying data sources and
then maps them to the relevant predicates in a given ontology, wherein
can lie potential inconsistencies as discussed in [61]. In contrast, the
federated semantic MDR framework has these mappings already estab-
lished within the local MDRs and linked at the different conceptual levels
of a data element through the classification scheme associations, al-
lowing greater flexibility in semantic searches. However, some of the
shared similarities could potentially be used to provide the semantic
mappings to access data elements between the frameworks. Full align-
ment would be possible by defining the CDEs in terms of ISO/IEC 11179
and then using the semantic MDR framework to link the CDEs to the
associated semantic mappings created using COEUS.

9. Discussion

Overcoming the barriers to secondary data usage of PBPRs is an
important goal. PBPRs provide a rich source of summarised health data
in well defined populations stretching back many years.

Given the complex array of healthcare infrastructures and health
data systems and the need still to interface with legacy systems, it is
unlikely that any single health data standard will solve all the inter-
operability issues.

The intention of this work has been to show at a practical level how
the federated semantic MDR framework might provide an elegant so-
lution for addressing many aspects of the interoperability challenges
facing PBPRs. The framework is able to operate across standards en-
abling data linkage between disparate systems. It can provide semantic
linkage across heterogeneous PBPR domains and is not disruptive. It
would also encourage federation of data and thereby remove the need
for centralised data collection processes.

Its implementation is however not without certain obstacles.

9.1. Drawbacks of the semantic MDR framework

In order to function across PBPR domains, it would be important to
agree some common CDEs at an inter-PBPR domain level. These CDEs
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were discussed in Sections 7.1 and 7.2 for concepts relating to ag-
gregated core data sets, aggregated full data sets, and other commonly
shared terms. The CDEs would also need to be maintained at this level,
which in practice may be difficult to ensure — especially since there is
no entity currently operating at this scale of coordination.

Each metadata and data provider would need to establish a local
semantic MDR and set up the RESTful services discussed in Section 6.1.
For small registries or registries with limited funding, the provision of
such services may be a tall order. Moreover, there is a cost in estab-
lishing and maintaining the semantic mapping between CDEs. In the
most comprehensive scenario, this mapping would have to be per-
formed by the local registry. Leveraging the work already done by ex-
isting terminology and classification systems can serve to attenuate the
costs and maintenance is perhaps less of an issue given that the data
variables recorded by PBPRs do not change that often (records may go
back many tens of years and data must remain compatible for time-
trend analyses).

Mapping also suffers the drawback of potential loss of information —
for example when a data element of broader scope is mapped down to
one of narrower scope. The framework avoids such loss of information
by using SKOS mapping concepts in which the semantics of these
broader or narrower relationships are retained and does not force a one-
to-one mapping between data elements where it does not exist. The
latter is an important aspect since it furnishes data users with a full
picture of the difference between CDEs in different data sets, thereby
providing them the necessary information on which to make an in-
formed decision on how to compare/integrate the data. It does however
put the onus on the data users to perform the higher level mapping to
integrate non-harmonised CDEs from several data sets, which in prac-
tice may be difficult to accomplish. It is likely that a dedicated appli-
cation is needed to help marshal all the data from various sources.

Nevertheless, considering the benefits the framework promises and
the fact that all other endeavours toward interoperability do not scale
across all registry domains, the steps to implement it are meritorious of
the required effort.

9.2. Summary of steps needed to implement a PBPR semantic MDR
framework

The steps to implement the framework in the domain of PBPRs can
be summarised by the following:

1. Within the PBPR generic domain: to create a number of abstract
ISO/IEC 11179 classes (in particular Object classes and Properties)
that can be re-utilised at specific registry domain level. Examples
would include “Population-Based Patient Registry” as an Object
Class, and Properties such as: “Aggregated Core Data Set”,
“Aggregated Full Data Set”, “Indicator Type”, “Sex At Birth”, “Year”,
“Geolocation Code”, etc. These would provide the hooks for finding
all the associated CDEs across different PBPR domains

2. Within the specific patient-registry domain:

(a) to create the required set of CDE definitions according to ISO/
IEC 11179. One example for the CR domain would be the CDE
definition for “Cancer Type”, as discussed earlier. Metadata at
this level will already exist — at least for describing the variables
used within the core data sets — but may not be available in
machine-readable ways. In order to reduce the effort, the initial
focus could be limited to the definition of the core data vari-
ables;
to set up the semantic links (via the Classification Scheme Item
of ISO/IEC 11179) in the manner described by the semantic
MDR framework to any relevant standard terminology systems
(providing data dictionaries, classification schemata, ontologies,
etc.) to which the CDEs are related. Extraction specifications
will also need to be provided for the aggregated core and full
data sets in the manner described in this paper. The extraction

(b

=
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specifications are used to extract the associated aggregated data
sets from the local patient registries;

3. Within the local registry/central registry domain: to provide the
aggregated core data sets in RDF format;

4. For all MDRs: to establish a RESTful interface enabling the services
foreseen by the semantic MDR framework (namely, SPARQL end-
point, CDE endpoint, CDE search, Semantic links, and Extraction
specification).

As an initial approach, if the central coordinating entities of the
patient- registry domains store the aggregated core data sets as a type of
proxy for the local registries, then the central semantic MDR of the
different PBPR domains could service all the requests to retrieve the
individual core data sets. However, to unlock the full power of the
registry data, each individual local registry would also need to set up
their own semantic MDR and RESTful interface in order to handle the
requests on the local registry. As a result, all data sets would reside on
the servers of the local patient registries without the need for any
central-level repository; furthermore, automatic access to non-sensitive
aggregated full variable-set data would then be possible.

In view of the fact that the implementation of these steps will share
many commonalities between registries and also for ease of rolling out
such a framework encompassing all population-based registries, it
would be worthwhile to prototype the whole concept on one patient-
registry domain and, in so doing, create an implementation manual for
other domains to follow.

9.3. Cancer registry domain as a suitable prototype

The CR domain would serve as a good starting point. The CR do-
main is well established and comprises over 200 individual registries.
Currently the core data sets are collected centrally and thereafter
cleaned and aggregated prior to being made available on the ECIS
website [43]. The aim is eventually to eliminate the central data-col-
lection process altogether, thereby avoiding extra overheads and delays
as well as the need for retaining copies of data sets with all the con-
sequent maintenance and data-integrity issues. One of the hurdles to
overcome before this becomes a reality however concerns the data-
validation operation. Data validation is necessary at the central level to
ensure all the data sets conform to a similar degree of data quality such
that they can more accurately be compared. Work is in progress to
provide open-source data-validation software tools based on a standard
ENCR data model using an ontological approach, which would allow a
federated approach also to the data-validation process. One acid test
will be to ascertain if these tools in conjunction with the framework
itself provide the necessary robustness to devolve the current pre-
requisite central processes to the local level. In any case, self-regulation
strongly motivates conformance to standard procedures and such a
process could well be encouraged via the allocation of data-quality
stamps to distinguish between different degrees of quality of data sets.
Where data are seen to be essential, more effort will be given to en-
suring compliance to standard practices.

10. Results and conclusions

In view of overcoming the issues facing PBPRs regarding secondary
usage of data and data-linkage across heterogeneous patient registries,
the federated semantic MDR framework provides a powerful, versatile,
and — more importantly — non-disruptive solution. The framework maps
local metadata to standard metadata descriptions and linking their
components semantically via knowledge organisation system ontologies
and terminology systems without enforcing compliance to any one
common data model. In a world where data have long been collected
and managed with local contexts in mind, this is a critical aspect to-
wards allowing secondary data usage without requiring fundamental
changes to existing data sets or local data-collection practices.
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A major advantage of the framework lies in the fact that it is not a
disruptive technology but rather provides the means, via the integration
of a number of powerful tools and standards, to link data that would
otherwise remain fragmented.

Whereas the implementation is not cost-neutral — a number of ele-
ments need to be established and thereafter maintained — and registries
already contending with limited resources would undoubtedly require
support, the following points must be borne in mind:

e Population-based patient registries contain valuable and important
data stretching over many years. The value of the data may be
gauged from all the previous initiatives and endeavours to make
them interoperable. If a registry is established, it makes inherent
sense to ensure the data it collects are interoperable with those of
other registries to provide extra value;

e Not agreeing a common framework only postpones the problem of
data inter-linkage to some future date — data inter-linkage will al-
ways depend on semantic description of the data and where this has
not been considered at an early stage, it will have to be done later on
and at potentially greater cost;

e Many on-going efforts focused on bringing interoperability across
registries purely within a specific-patient domain are not resource-
neutral and require considerable effort at all stages of the work.
These resources could be re-directed;

e Agreeing a common approach brings economies of scale that can
ease the burden on any one registry. Automated tools developed in
the course of implementing the framework in one domain can be
used to facilitate its implementation in other domains. The initial
attention within an individual patient-registry domain need focus
only on the critical aspects of metadata definition and semantic
linkages;

® An infrastructure based on a framework that is designed for inter-
operability of EHRs means that interoperability between patient
registries and EHRs is factored in from the start. The link to a patient
identifier opens up a wealth of possibilities both for clinical pro-
cesses and clinical research. On the one hand, it would ease the task
of patient registries acquiring and validating data and on the other,
any high-resolution study addressing a research question motivated
from registry data would automatically have the link to many other
related health details with which to select the pertinent patient
cohort. The current difficulty in gaining access to this information is
a cause of considerable effort, expense, and delay in such research;

o The framework can be implemented in degrees without breaking
any of the underlying data processes. Metadata are not changed but
rather mapped to standard metadata descriptions. Moreover, fo-
cusing initially on access to core data sets held centrally by each
PBPR domain allows a quick win that can be rolled forward gra-
dually to extend accessibility to other data variables;

e The framework provides a clear model and set of procedures for
guiding the establishment of new patient registries and patient
registry domains in order to make them compliant from the outset
and thereby save future effort in making them interoperable;

® The issues raised within the PARENT guidelines [3] relating to

registry data re-use (e.g. data compatibility and comparability; data

exchange; mapping of classification codes; and data semantics) are
all addressed by the functionality provided by the federated se-
mantic MDR framework. In particular, metadata will be described in

a formal manner, removing ambiguities and duplication of terms.

Furthermore, it will be described in machine-readable terms and

conform to the ISO/IEC 11179 metadata registry standard [31];

Within the federated semantic MDR framework the need for any

overarching registration function (such as PARENT’s concept of an

RoR) would be redundant - all the metadata are already registered

and linked in the framework and therefore can be browsed on a

patient-domain basis using a tool similar to the one described in

[32];
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o The framework would eventually negate the need for any central
collections of data for data-validation and data-cleaning needs,
thereby avoiding further resource-intensive operations;

With such a framework in place, attention and resources can be
directed to developing user-interface tools for facilitating browsing,
searching, marshalling, and fusing data retrieved from multiple data
sources. These tools would serve as a front end to what would
constitute a research infrastructure in its own right. Machine-read-
able metadata with their associated semantic descriptions and SKOS
linkages to other resources would make the whole registry com-
munity amenable to the growing number of Al tools and applica-
tions and add the registry data sets to the growing pool of linked
open-data resources.
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