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Summary: In recent years, we have witnessed substantial progress in the use of clinical informatics
systems to support clinicians during episodes of care, manage specialised domain knowledge,
perform complex clinical data analysis and improve the management of health organisations'
resources. However, the vision of fully integrated health information eco-systems, which provide
relevant information and useful knowledge at the point-of-care, remains elusive. This journal Focus
Theme reviews some of the enduring challenges of interoperability and complexity in clinical
informatics systems. Furthermore, a range of approaches are proposed in order to address, harness
and resolve some of the many remaining issues towards a greater integration of health information
systems and extraction of useful or new knowledge from heterogeneous electronic data
repositories.

1. Introduction
The seeds for this issue with a Focus Theme on 'Managing Interoperability & Complexity in Health
Systems' (MIXHS) were sown a few years ago in a 'meeting of minds' at the 9th International Semantic
Web Conference (ISWC 2010)1 in Shanghai [1,2]. Our main motivation behind the organisation of a
series of workshops dedicated specifically to the topics of interoperability and complexity in clinical
informatics was the lack of dedicated forums focussing on these issues in international computer
science conferences, with the exception perhaps of the (now bi-annual) International Medical
Informatics Association (IMIA) World Congress on Medical and Health Informatics (Medinfo)2.
Since 2010, we have organised two very successful MIXHS workshops in conjunction with the ACM
Conference on Information and Knowledge Management (CIKM) in Glasgow (Scotland) in 2011 and
Maui (U.S.A.) in 2012 [3,4]. Both events turned out to be inspiring forums to share expertise and
experience on a variety of topics: from the challenges involved in implementing truly interoperable
electronic health 'ecosystems' in practice to the range of methods which can be used in order to
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extract knowledge and manage information from complex biomedical data sets. The main motivation
of MIXHS is to build bridges across the disciplines of computer science, clinical informatics, healthcare and health services research so that a multi-disciplinary approach can instruct the design,
development and implementation of current and future clinical informatics system.
This Focus Theme includes original research contributions both from participants of the MIXHS
workshops as well as from the wider research community.

2. Background & State-of-the Art
2.1 Interoperability
As others have highlighted in the past, the term 'interoperability' has many definitions and - in practice
- is often characterised by its absence. In other words: one only really becomes aware of the concept
of interoperability when it is lacking: i.e. when 'systems just won't work together'.
The Health Level Seven (HL7) Electronic Health Record (EHR) Interoperability Working Group
recognised the challenge involved in providing a single definition for the term interoperability and
identified 3 distinct types of interoperability challenges [5]:
(i)
(ii)
(iii)

Technical Interoperability (i.e. the exchange of data between 2 systems),
Semantic Interoperability (i.e. the shared meaning of data across systems), and
Process Interoperability (i.e. the integration of systems within work processes)

Despite the increasing recognition of the importance and potential benefits of interoperability for
patients and health systems alike, implementing truly interoperable Health IT 'ecosystems' remains a
considerable challenge for a number of reasons. Benson suggested that obstacles to interoperability
include: heterogeneous data formats across systems, clinical information complexity, knowledge
specific to certain medical specialties, clinical context, over-complexity of standards, the lack of
shared-meaning and misunderstandings between system suppliers and end-users [6].
In the U.K., the lack of interoperability between electronic health systems has been identified as a key
barrier to the creation of a mass-market in consumer health and well-being technologies. Hence,
achieving interoperability across the three levels of data, semantics and processes has been set as one
of the strategic priorities of the Technology Strategy Board Delivering Assisted Living Lifestyles at Scale
(Dallas) implementation programme [7].
In the U.S.A, the U.S. Department of Health and Human Services (HHS) and the Office of the National
Coordinator for Health Information Technology (ONC) have also recognised the critical need to
advance the connectivity and interoperability of electronic health information technology and health
data [8].

In the U.K., eHealth systems interoperability is becoming all the more important as the adoption of
patient electronic medical records within primary care is now wide-spread. This situation now
provides opportunities to transfer and share patient electronic information across organisation within

the National Health Service (NHS) that were previously unimaginable with paper-based records [9-13].
The next integration challenges will thus consist in enabling secure and efficient information sharing
with other health organisations (e.g. secondary care), across specialties within organisations and
increasingly with the patients themselves [14]. However, several studies have highlighted that the
implementation of enterprise electronic medical records systems in secondary care across the NHS
has been much more challenging than had been initially anticipated [15]. This perhaps in turn suggests
that policymakers and technical providers have previously underestimated the complexity of the tasks
and the efforts required to deploy organisation-wide electronic health records systems at scale [16,
17]. What these studies suggest is that the implementation of large scale integrated and interoperable
eHealth systems is often difficult in practice, and often particularly so at the organisational or processinteroperability level. Yet, studies have also demonstrated that such implementations are indeed
possible when a number of converging factors are in place; for example: policy support and incentives
(e.g. performance targets), a thorough understanding of the environment in which the systems will
operate (i.e. clinical pathways), adequate time and resources to allow for the development of
technologically fit-for-purpose systems as well as the necessary service-redesign once new systems
are operationalized, contextualised implementations ─ and last but not least ─ a sustained
engagement with stakeholders throughout the iterative phases of systems design, development,
testing and roll-out [18].

2.2 Complexity
Medicine is intrinsically a highly specialised, complex and evolving discipline and the inherent
challenges involved in developing adequate clinical informatics systems fit-for-purpose at the pointof-care are often further compounded by the wide variations that exist across health services and
organisations [19-21]. This means that, in practice, systems that can be effective within certain clinical
specialties or organisational contexts can also be difficult to successfully transpose into other clinical
settings.
Furthermore, health data typically reside within disparate data repositories and departmental systems
(i.e. data silos), under different (and often weak) information models, in different syntaxes, semantics,
or formats. Data are often captured in inconsistent or incompatible formats. The mechanisms to
'harvest' data for specific purposes are not formalised or readily available. EHR data are often of
variable quality and contains large amount of human language narratives, which present considerable
challenges for automatic processing [22]. Making sense of heterogeneous health data to produce
relevant information and actionable knowledge often requires complex data operations and
transformations, such as error-checking, standardisation, normalisation, alignment, and enrichment
in order to produce information suitable for large-scale integration, analysis and/or inferencing. Mayo
Clinic's Enterprise Data Trust is one example of a heterogeneous data integration approach that spans
a complex healthcare organisation [23]. It was designed to support Mayo Clinic's analytic and decisionmaking processes: it enables the combination of patient, genomic, research and administrative data
to support information access and retrieval and business intelligence.

3. Focus Theme Overview
The articles included in this Focus Theme address a range of the aforementioned fundamental
challenges.

De Backere et al. present a platform for switching between multiple devices in the Intensive Care Unit
(ICU) [24: Journal Ref: De Backere et al.]. They anticipate that the platform could be used to switch
between a range of electronic devices (e.g. smart-phones, tablets, desktop computers) to provide
relevant information and decision support functionalities to the clinicians in the ICU. The platform was
evaluated in terms of workload and performance and the authors found that the platform could
support up to 20 devices without degradation in performance. As always, the real challenges in this
type of implementations are to integrate the platform with the hospital information systems, to
provide relevant and meaningful information to support clinician decision making and to embed
systems within routine workflows in the context of the challenging environment of the ICU [25-26].
We therefore look forward to the authors' future work in this sphere.
In developed countries, most of the clinical encounters take place in a primary care settings and hence
family doctors are often the gate-keepers to data-rich, longitudinal patient records containing a
wealth of information about patients' conditions and their evolution over-time [11]. Ethier et al.
present an interoperability framework called the Clinical Data Integration Model using an ontology to
support data integration of heterogeneous primary care electronic repositories in order to support
research activities (i.e. queries) of primary care data [27: Journal Ref: Ethier et al.].
Declerck et al. present an interoperability platform and toolkit aiming to enable secondary use of EHR
data for drug-related, adverse-events surveillance [28: Journal Ref: Declerck et al.]. Terminology
mapping and reasoning services are used for the automatic conversion of EHR terminologies (ICD-9CM, ICD-10, LOINC or SNOMED-CT) to the target adverse-event terminology. Their approach hence
allows for the partial automation of the adverse-event reporting process to improve
pharmacovigilance.
Liang et al. present a framework for the semi-automated integration and linkage of heterogeneous
data sets (stroke register, London air pollution and clinical practice research data link) by generating
OWL (Web Ontology Language) representations of these datasets [29: Journal Ref: Liang et al.]. The
OWL representation of the linked data sets can hence be used for querying and reasoning. This type
of data transformation into OWL has also been used elsewhere for generating knowledge-bases from
legacy health information systems in order to provide clinical decision support functionalities [1, 30].
Bache et al. present a clinician-readable computational notation, integrating temporal semantics, in
order to query heterogeneous data sources to check whether patients meet eligibility criteria for
clinical trials [31: Journal Ref: Bache et al.].
Berges et al. present results for comparing the performance of term-binding algorithms for SNOMEDCT terms and Archetype elements [32: Journal Ref: Berges et al.]. They suggest that string
comparison-based methods can be useful to provide reduced set of candidate-terms in order to
support and facilitate manual term-alignment.
Anguita et al. propose an approach to enhance RDF-based schema alignment techniques, by providing
a coherent method to represent elements with context-dependent semantics, thus enabling users to
perform more expressive alignment in RDF-based biomedical data [33: Journal Ref: Anguita et al.]

Quesada-Martínez et al. present an approach to identify lexical patterns for semi-automatic ontology
enrichment [34: Journal Ref: Quesada-Martínez.] Ontology developers can use these patterns to
improve the axiomatisation of their ontologies.
Jiang et al. discuss their research on integrating clinical information models and clinical research data
management system through the harmonization of the Intermountain Healthcare Clinical Element
Models (CEMs) with the Clinical Data Interchange Standards Consortium (CDISC) data standards [35:
Journal Ref: Jiang et al.]
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