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Terms and definitions

Term

Working definition in this dissertation

Conceptual
interoperability

Digital health platform
(DHP)

Governance (of
interoperability)

Institutional logics

Interoperability

Interoperability
capability

Knowledge governance

Knowledge-based
interoperability

MO0-M3 abstraction
levels

Macro-meso-micro
levels

Interoperability grounded in shared conceptual models and purposes
that link data meaning to institutional intent and coordinated action.
(See: Section 3.3)

A common digital health information infrastructure (“infostructure”)
on which digital health applications and systems are built. It consists of
common and reusable components, including software, shared
information resources, integration services, data definitions, and
standards-based interfaces, through which applications such as
electronic health records, insurance, supply-chain and
patient-engagement systems can interoperate. In this dissertation, DHP
is used as an analytical descriptor of this platform/infostructure
function within national digital health. (See: [5], Section 1.2)

The institutionalised allocation of roles, responsibilities, decision rights,
and change-control mechanisms through which interoperability is
legitimised, stabilised, and made accountable over time. (See:

Section 5.4, Chapter 6)

Relatively stable patterns of values, norms, and rationales that
structure action and legitimacy across domains such as clinical care,
administration, research, and policy. (See: Section 3.6)

An emergent, multi-level socio-technical coordination capability that
depends on the explicit alignment of technical, semantic, conceptual,
institutional, and governance arrangements. Interoperability is not
treated as a cumulative system property or maturity stage. (See:
Section 1.3, Section 3.7)

The qualitative profile of interoperability across abstraction levels and
institutional domains, used analytically to characterise coordination
conditions rather than to rank systems by maturity or performance.
(See: Section 3.4)

The governance of semantic and knowledge artefacts across their
lifecycle, including stewardship, validation, change management, and
accountability for reuse. (See: Section 3.5, Section 6.4)

A form of interoperability in which domain knowledge, rules,
constraints, and decision logic are explicitly formalised, governed, and
reusable across systems and contexts, enabling decision-relevant reuse
and learning. (See: Section 3.5, Section 5.3)

Meta-modelling levels distinguishing institutional reality (MO0),
formalised knowledge artefacts (M1), modelling and alignment
mechanisms (M2), and paradigmatic coordination principles (M3).
(See: Chapter 3, Chapter 4)

Analytically distinct but interdependent coordination contexts used to
examine how policy intent, institutional arrangements, and operational
practice are aligned or decoupled in national digital health
arrangements. (See: Section 3.1)
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Term

Working definition in this dissertation

National digital health

National EHR / EHIS
(Estonia)

Semantic
interoperability

Nationally coordinated socio-technical arrangements through which
digital services, shared platforms, standards, legal mandates, data
flows, knowledge-use practices and governance routines are organised
for digitally mediated information work across healthcare and related
administrative domains. In this dissertation, this is the primary
analytical object. (See: Section 1.2)

Context-dependent labels for the Estonian empirical infrastructure
through which national digital health interoperability is analysed.
Estonian Health Information System (EHIS) denotes the legal and
institutional umbrella of Estonia’s health information infrastructure.
The national electronic health record (EHR) denotes the central
shared-service arrangement for aggregating, exchanging and providing
access to longitudinal patient information across providers. This use
follows the World Health Organization (WHO) distinction between
facility-level electronic medical records and electronic health records as
shared patient records compiled from local medical and other
health-related records and supported through a central repository or
shared access layer. (See: [5], Section 1.2)

The ability to interpret exchanged data consistently based on shared
terminologies, coding systems, and semantic models. Treated as a
necessary but insufficient condition for knowledge-based
interoperability. (See: Section 5.5)
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1 Introduction

1.1 Background and motivation

Estonia’s national digital health arrangements, comprising a broad portfolio of nationwide digital
services, have long served as a reference point in international comparisons of digital health systems
[6-9]. Inthe European Commission’s Digital Decade indicator on access to electronic health records,
reported through the Digital Economy and Society Index (DESI) visualisation tool under the title “Ac-
cess to e-health records”, Estonia and Belgium are the only European Union (EU) Member States
shown with a composite score of 100 in the 2025 assessment based on 2024 data (Figure 1). The
indicator is based on twelve equally weighted sub-indicators that operationalise citizens’ online ac-
cess to electronic health record data in terms of available data types, data suppliers, access modes,
and access requirements. This positioning makes Estonia a demanding mature access-oriented case
for examining what national digital health arrangements deliver in practice and where their limits
become visible even under high-coverage conditions.

100

Score (0 to 100)

& @ P DS D AP A D &L Y . S >
& & & & & 6@ o5 \e‘\ & &:'(\ & & N (\\é‘ @o"’ G & F S P & & & &
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O
& \«
&

Figure 1: Estonia in the Digital Decade / Digital Economy and Society Index (DESI) 2025 indicator “Access to
e-health records” (data from 2024). The 0-100 composite score reflects the maturity of citizen-oriented online
access to electronic health record data, including portal or mobile access, population coverage, electronic iden-
tification, available data types, data suppliers and accessibility support. The figure positions Estonia as a mature
access-oriented case of national-scale electronic health data access and data availability. (source: European
Commission Digital Decade/DES| visualisation tool and Digital Decade indicator methodology [10]).

Behind these aggregate scores lies a socio-technical arrangement in which national services
build on e-government infrastructure and integrate a heterogeneous landscape of provider sys-
tems, registers, central services and standardised data flows. Early economic expectations around
Estonia’s national-scale exchange and access trajectory were articulated in the 2008-2010 DIGIM-
PACT study, conducted in the context of the national EHR programme. The study estimated that
the direct, indirect and intangible benefits of standardised document exchange and central access
would outweigh their costs by a factor of 4-5, assuming that deeper workflow transformation would
follow once national exchange and access had been implemented [11]. Subsequent empirical work
has complicated this optimistic picture. Studies examining the usability and quality of health data
made available through national exchange and access arrangements in Estonia have repeatedly
identified constraints that limit cross-process use, secondary analysis and decision-oriented reuse
[12-17]. These findings are relevant at the level of national digital health because they expose limits
in how national access and exchange arrangements support reliable interpretation, cross-process
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continuity, decision support and secondary use.

Almost two decades after the national EHR and related exchange and access services became
core components of Estonia’s digital health arrangements, Estonia’s digital health strategy for 2025-
2030 still prioritises person-centricity, multiple use, and process integration [18]. Read against early
expectations that standardisation and central access would enable deeper workflow transforma-
tion, this continuity of ambition is analytically important. It suggests that national-scale access and
exchange can be stabilised earlier than the semantic, organisational and institutional conditions
required for integrated, knowledge-driven and person-centred care.

The author’s direct experience as chief architect of Estonia’s national EHR (2006-2011), followed
by research and advisory work on country-level digital health initiatives elsewhere, shows that dig-
ital health development at this scale is never merely a technical activity. The Estonian EHR project
itself already involved more than building a central repository: it connected provider systems, ex-
isting registers, e-government services, emerging central services and standardised data flows to
make health information available across organisational boundaries. Later work on decision sup-
port, personalised medicine, secondary use and platform development broadened this perspective
to settings where health-sector data needs are addressed by combining multiple systems, registers
and data flows. This shifts attention from the EHR as an artefact - a repository, its services and
the standards that shape its interfaces - to the wider operational and governance context in which
roles, boundaries, meanings and responsibilities are negotiated and stabilised. The resulting ques-
tion is not only about Estonia. It concerns whether the tensions visible in a high-coverage setting
are specific to local implementation history or reflect more general limits of national digital health
arrangements. If they are more general, what must change for coverage and access to translate
into cross-process continuity, decision support and systematic secondary use?

This reading is consistent with prior analyses of the conditions that enabled Estonia’s national-
scale digital exchange and access to health data. These analyses emphasise that successful interop-
erability does not follow from technical integration alone, but from co-evolving technical, organisa-
tional, and institutional arrangements. Scale-up depends on enabling conditions that span mandate
and governance, shared infrastructure and core services, including identity, standards with life-cycle
change control, sustainable financing and capacity building, and trust-, security-, and privacy-related
practices that make inter-organisational exchange dependable in day-to-day operations [19, 20].

This dissertation therefore treats Estonia’s mature access-oriented setting as an empirical entry
point for examining a broader coordination problem in national digital health. The following sec-
tions delimit the terminology, conceptual frame, aim, research questions, and publication corpus
through which this problem is analysed.

1.2 Terminology and analytical scope

This dissertation uses national digital health as the primary analytical object. As defined in the
opening Terms and definitions section, the term refers to nationally coordinated socio-technical ar-
rangements through which digital services, shared platforms, standards, legal mandates, data flows,
knowledge-use practices and governance routines are organised for digitally mediated information
work across healthcare and related administrative domains. This section clarifies how this defini-
tion delimits the analytical scope of the thesis and how related system-level labels are used. The
focus is therefore not on a single information system, database, portal or standard, but on the inter-
operability and governance conditions under which such arrangements support, or fail to support,
integrated, knowledge-driven and person-centred care.

In the Estonian case, the national electronic health record (EHR), the Estonian Health Information
System (EHIS) and the digital health platform (DHP) are related but not synonymous terms. EHIS
refers to the legal and institutional umbrella of Estonia’s health information infrastructure. The
national EHR refers to the central shared-service arrangement for aggregating, exchanging and pro-

16



viding access to longitudinal patient information across providers. This use follows the World Health
Organization (WHO)/International Telecommunication Union (ITU) distinction between facility-level
electronic medical records and electronic health records as shared patient records compiled from
local medical and other health-related records [5].

Following the WHO/ITU DHP handbook, digital health platform (DHP) refers to a common digi-
tal health information infrastructure, or infostructure, on which digital health applications are built
and integrated. Such an infostructure consists of common and reusable components, shared infor-
mation resources, integration services, data definitions and standards-based interfaces that sup-
port interoperability [5]. In this dissertation, DHP is used as an analytical descriptor of this plat-
form/infostructure function within national digital health. It is not used as a separate official Esto-
nian system name or as a component-by-component architecture description.

Here, national denotes a governance and mandate boundary rather than a claim that the find-
ings are specific only to Estonia. Analytically, the thesis addresses large-scale, multi-stakeholder
digital health infrastructures that face comparable coordination problems across jurisdictions. The
included reprints are reproduced in their original form and may use narrower or different labels
for the same arrangements; in the integrative text, these labels are treated as context-dependent
references rather than as distinct systems.

1.3 Conceptual framing of the thesis

The preceding sections establish the empirical puzzle that motivates the thesis: Estonia represents
a mature access-oriented national digital health setting, while the expectations attached to national
digital health extend beyond access itself. This section frames how that puzzle is turned into a re-
searchable problem. The issue is not whether digital services, EHR access or document exchange
exist, but how their relationship to broader healthcare aims can be understood after such arrange-
ments have been implemented and used over time.

The author’s earlier studies provide the starting material for this framing. They examined na-
tional EHR development, digital health requirements, governance questions, data-use opportuni-
ties, decision-support applicability and concrete digital health artefacts from different empirical and
practical entry points. Across these orientations, they were directed towards a shared concern: how
national digital health arrangements can better support health-sector data, knowledge-use and gov-
ernance needs across care, decision support, reuse and policy contexts. In this dissertation, these
works are therefore not treated only as separate publications, but as material for an integrative
reading of national digital health interoperability [1], [21, 22], [IV], [23].

The significance of this material lies partly in its longitudinal character. Estonia’s national digi-
tal health arrangements have moved beyond planning and piloting: they have been operated, ad-
justed and relied on for a long period. This makes it possible to examine what a mature access and
exchange logic can demonstrably support, and where further coordination problems appear after
infrastructure has become operational. The point is not to dismiss the achievements of national-
scale exchange and access arrangements, but to clarify the analytical problem that emerges once
technical operation and data availability are no longer the only central concerns.

The motivation is also not limited to Estonia. The author’s international work with national
digital health initiatives has repeatedly shown that similar questions arise in settings with different
institutional maturity, technical baselines and policy expectations. This gives the thesis a reason
to treat the Estonian experience as analytically informative rather than merely local: it provides
a mature setting in which the relationship between digital health infrastructure and healthcare-
oriented use can be examined in depth.

This framing therefore positions national digital health as an implemented and evolving coordi-
nation arrangement rather than only as a technological infrastructure. The issue is not only whether
systems exchange information, but how the resulting arrangements connect access, interpretation,

17



reuse, responsibility and change over time. At this stage, this concern defines the problem space of
the thesis rather than its contribution or final findings. This relationship is summarised in Figure 2.

WHAT HEALTHCARE NEEDS
Integrated, knowledge-driven, and person-centred care

interpreted through

HOW NATIONAL DIGITAL HEALTH SHOULD WORK

Interoperability, meaning, multiple use, and change

examined against

WHAT MATURE ARRANGEMENTS DELIVER IN PRACTICE

Exchange, data use, decision support, and real-world constraints

Figure 2: Conceptual problem frame of the thesis. The figure links the healthcare expectations placed on na-
tional digital health to the thesis’s analytical view of how national digital health should work, and then to the
empirical question of what mature arrangements deliver in practice. It frames the thesis as an inquiry into the re-
lationship between access-oriented infrastructure and broader expectations of semantic continuity, knowledge-
ready use, governed multiple use, and person-centred care. (source: author).

This frame narrows the thesis from a broad concern with digital health development to a more
specific inquiry into what national digital health interoperability becomes once access and exchange
have been substantially developed. It orients the following aim and research questions by identify-
ing the empirical and conceptual tension that the dissertation addresses.

1.4 Contribution and novelty

This dissertation contributes to the study of national digital health interoperability by reframing it
as a governed coordination capability rather than as a cumulative technical or organisational ma-
turity trajectory. The central argument is that national digital health cannot be understood only
through the expansion of exchange infrastructure, access services, standards adoption, or platform
functionality. These elements are necessary, but they do not by themselves ensure that data be-
come decision-relevant, semantically stable, reusable across contexts, or accountable as part of a
learning health system.

The novelty of the dissertation lies in showing how the gap between technical exchange and
knowledge-ready digital health emerges from weak coupling between architectures, semantic and
conceptual formalisations, institutional responsibilities, and governance of change. The Estonian
case is used as a longitudinal and empirically grounded setting in which high-coverage national
exchange infrastructure has stabilised access to health information and document flows, while de-
cision support, personalised medicine, and secondary use still expose constraints related to data
meaning, temporal coherence, contextual completeness, accountability, and authorised reuse.

The dissertation therefore advances an integrated analytical framework for explaining why tech-
nically mature national digital health arrangements may still fall short of integrative, knowledge-
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based, and person-centred digital health. It brings together institutional logics, macro-meso-micro
coordination, M0-M3 abstraction levels, technological and modelling spaces, interoperability capa-
bility, knowledge-based interoperability, and governance of change and reuse. The contribution is
not a new maturity model, reference architecture, or implementation blueprint. It is an explana-
tory framework for analysing how interoperability capability is realised, constrained, and negotiated
across institutional domains, abstraction levels, and knowledge-use contexts.

In practical terms, the dissertation clarifies that the next stage of national digital health devel-
opment depends less on adding further technical connectivity and more on governing the relation-
ships between data production, semantic stabilisation, knowledge artefacts, reuse purposes, and
institutional accountability. This makes interoperability a continuing coordination problem: one
that requires explicit alignment between shared infrastructures, formalised meanings, modelling
and knowledge artefacts, responsible actors, and authorised mechanisms of change.

1.5 Aim of the thesis

Building on this analytical scope, the thesis examines how infrastructures, standards, data practices,
organisational responsibilities and governance mechanisms shape how health data are exchanged,
interpreted, reused and changed at national scale.

The aim of this thesis is to develop a theoretically grounded and empirically supported argument
for how national digital health can be designed and governed so that technical exchange infrastruc-
ture is coupled with the semantic and conceptual alignment, knowledge readiness, and governance
capability needed for integrated, knowledge-based, and person-centred care.

This argument is developed through a synthesis and reinterpretation of the author’s prior em-
pirical and normative research on national digital health interoperability, decision support, per-
sonalised medicine, secondary and multiple use of health data, and standards-based semantic and
conceptual coordination.

1.6 Research questions

To address this aim, the thesis is guided by four research questions (RQ).

RQ1. Interpreting national interoperability. How can the evolution and functioning of national
digital health interoperability be interpreted as a socio-technical phenomenon beyond the scaling
of access and exchange infrastructure?

RQ2. Knowledge-ready reuse. How do the technical, semantic, and organisational conditions
under which data are produced, exchanged and accessed through national digital health arrange-
ments enable or constrain knowledge-ready reuse for clinical decision support, personalised medi-
cine, and other forms of computable knowledge use?

RQ3. Governed multiple use. How do institutional logics, governance arrangements, and ac-
countability structures shape the trustworthy multiple use of health data across care delivery, man-
agement, research, and policy contexts?

RQA4. Higher-order interoperability. How can standards, semantic alignment, conceptual mod-
elling, and governance of change be brought together to support higher-order interoperability in
national digital health?

Together, these questions move from the interpretation of national interoperability as an evolv-
ing socio-technical phenomenon, through the conditions for knowledge-ready reuse and trustwor-
thy multiple use of health data, towards a higher-order account of how technical, semantic, con-
ceptual, and governance dimensions of interoperability need to be coordinated.

19



1.7 Publication corpus

This dissertation distinguishes between the formal publication basis of the thesis and a broader an-
alytical source set used to support the integrative argument. The formal publication basis consists
of four Scopus-indexed, peer-reviewed publications listed as Publications I, Il, lll, and IV and repro-
duced as appended publications. These publications constitute the official publication basis of the
thesis and demonstrate the doctoral-level quality of central parts of the dissertation’s argument.

The formal publication basis is selective. The four publications were chosen because they con-
tribute directly to the thesis problem: how mature national access and exchange infrastructure
relates to the semantic, organisational, knowledge-use and governance capabilities required for in-
tegrated, knowledge-based and person-centred care. They address national e-health development,
interoperability architecture, clinical decision support, artificial intelligence (Al)-based decision-
support research, and governance of secondary use of health data.

The broader analytical source set consists of selected author-involved publications, technical
reports and documented project materials. These sources are cited through ordinary bibliographic
references and used where they clarify implementation settings, policy development, architec-
tural choices, pilot arrangements, data requirements, terminology work, standards-related devel-
opments or governance constraints relevant to the thesis argument.

Publication I concerns the development and interpretation of Estonia’s national e-health system
[1]. It establishes the mature access and exchange setting from which the thesis problem arises.
Additional case-based and professional publications clarify Estonia’s national digital health devel-
opment, including the national EHR, architectural choices, standardisation efforts and longitudinal
system coordination [21, 22]. These sources help explain why Estonia can be treated as a demand-
ing case for examining what national-scale digital health infrastructure can and cannot deliver after
prolonged operation.

Publications Il and Ill address the move from data availability to knowledge-ready use. Pub-
lication Il empirically tests whether Estonian EHR data can support computable clinical decision-
support rules [II]. Publication Il complements this by showing, through a systematic review, the
wider gap between Al-based decision-support research and operational integration into real-world
health data environments [lIl]. Personalised medicine feasibility and pilot materials are used as con-
textual sources for implementation expectations, data requirements, workflow constraints and in-
stitutional arrangements [24, 25].

Publication IV addresses governance, institutional alignment and secondary use of health data
[IV]. It analyses how institutional logics, responsibility allocation, legal mandates, stewardship and
trust-related barriers shape the reuse of health data in national settings. Additional standards-
oriented and project-based materials, including work on standards-based approaches to health data
reuse, clarify implementation responses to these challenges [23].

Semantic and conceptual alignment is treated as a cross-cutting analytical concern within the
broader source set. Standards-oriented publications on conceptual models, semantic annotation
and terminology quality document practical work aimed at operationalising conceptual interop-
erability in national digital health [26-28]. They show how conceptual interoperability depends
on coordinated work on clinical concepts, information models, terminology resources, semantic
annotation and implementation guidance across clinical, organisational, regulatory and technical
domains.

The included reprints are reproduced in their original form and may therefore use historical or
context-specific labels such as “EHIS platform”, “EHR platform” or related terms. In the integrative
text of this dissertation, such labels are interpreted according to their original publication context
and are not treated as separate systems unless explicitly stated.

The methodology chapter explains how the formal publications and the broader analytical
source set are used in the dissertation’s analytical procedure.
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1.8 Structure of the thesis

This dissertation is structured in six chapters that move from research problem and positioning to
theoretical framing, methodology, empirical synthesis, and discussion. This introduction establishes
the problem, aim, research questions, terminology, conceptual framing, and publication corpus of
the dissertation.

Chapter 2 positions the thesis in relation to scholarship on national digital health interoperabil-
ity, semantic and conceptual interoperability, knowledge readiness, and governance of health-data
use. Its main function is to show that existing approaches explain important parts of national dig-
ital health, but often leave insufficiently connected the relationships between technical exchange,
meaning, knowledge use, responsibility, and governed change.

Chapter 3 develops the integrated analytical framework used in the dissertation. Rather than
treating information technology and healthcare as separate framing domains, the chapter brings
together architectural, semantic, conceptual, institutional, and knowledge-based interoperability
perspectives into one framework for interpreting national digital health interoperability as a gov-
erned capability.

Chapter 4 explains the publication-based and framework-guided research design. It describes
the evidence hierarchy, the selection and role of the publication corpus, the formation of RQ-
oriented empirical clusters, and the analytical procedure through which the empirical material is
re-read abductively using the theoretical framework.

Chapter 5 presents the empirical and analytical findings. The chapter is organised around four
empirical clusters introduced in the methodology chapter: architecture and exchange, decision
support and knowledge readiness, governed multiple use of health data, and standards, seman-
tics, and conceptual interoperability. Across these clusters, the results identify recurring coordina-
tion problems that explain why access and exchange do not automatically translate into integrated,
knowledge-driven, and person-centred care.

Chapter 6 synthesises the findings in relation to the research questions and related work. It clar-
ifies the dissertation’s main contribution: interoperability in national digital health extends beyond
technical and semantic achievement. The chapter also discusses implications for policy, architec-
ture, and research, outlines the limitations of the work, and concludes the dissertation.
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2 Related work
2.1 Scope and approach

This chapter reviews scholarly research that addresses interoperability and governance as
ecosystem-scale problems in national digital health systems. Consistent with the dissertation’s
analytical scope, the unit of analysis is not a single application, database, platform, or repository,
but a national digital health arrangement in which shared EHR-type record and repository capabil-
ities and DHP-type platform functions enable cross-organisational exchange, access, and, where
relevant, governed multiple use.

The review is deliberately selective and narrative rather than systematic. It does not provide
a general review of digital health, nor does it repeat the empirical background of Estonia as a na-
tional case. Instead, it positions the dissertation in relation to four partially overlapping streams of
literature: national systems as evolving arrangements; semantics and knowledge readiness; gov-
ernance of secondary and multiple use; and conceptual integration across architecture, platforms,
capability and infrastructure scholarship. The purpose is to clarify what these streams explain, what
remains insufficiently coupled, and why an integrated analytical framework is needed to examine
how access and exchange contribute to a knowledge-ready, accountable and adaptable national
digital health capability.

2.2 National systems as evolving arrangements

This stream is needed to position national digital health systems as long-running socio-technical pro-
grammes rather than as bounded technical deployments. It explains how rollout, installed bases,
shared services, access coverage, coordination mechanisms and implementation outcomes shape
national exchange-and-access capability. For the dissertation, this literature is especially impor-
tant because it helps position mature access-oriented cases without treating access coverage as
evidence of comprehensive digital health performance.

Recent synthesis work treats national digital health programmes as long-running socio-technical
transformations rather than bounded information technology (IT) deployments. In a scoping review
of 86 articles published between 2000 and 2020, Scheibner et al. synthesise evidence across na-
tional and regional programmes and describe how “national” infrastructures combine shared com-
ponents (identity, exchange services, registries, access control and audit) with heterogeneous local
systems and workflows, producing persistent coordination work even where coverage is high [29].

Related work also frames interoperability as a multi-dimensional coordination capability rather
than a singular technical property. In their systematic review of 36 full-text articles on heteroge-
neous health information systems, Torab-Miandoab et al. emphasise that interface-level connec-
tivity and syntactic agreement do not resolve higher-order interoperability needs (e.g., longitudinal
coordination, decision support, cross-context reuse), and therefore motivate attention to organisa-
tional alignment and semantic constraints [30].

Complementary empirical and conceptual work makes the “evolving arrangement” view more
concrete by analysing coordination mechanisms during infrastructure formation and evolution. Eli-
zondo Solano’s doctoral thesis examines early orchestration of a large-scale regional interoperability
infrastructure in the National Health Service (NHS) in England and develops the notion of orches-
tration spaces to describe how coordination work is organised across institutions [31]. A related
national-programme perspective on the United Kingdom’s NHS is provided by Currie and Guah, who
analyse the National Programme for IT and interpret its trajectory through competing institutional
logics and field-level governance tensions [32].

Stegemann’s doctoral thesis analyses interoperability management in digital health platform
ecosystems and provides a vocabulary for discussing how interoperability depends on ecosystem
governance, boundary resources, and the wider actor configuration, not only on standards selection
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[33]. In Norway, Linstad et al. analyse the development of an “inclusive” national digital health
governance model (2012-2022), offering a longitudinal governance account of how national-scale
coordination is negotiated and stabilised over time [34].

Implementation-oriented synthesis work highlights that ecosystem characteristics often be-
come visible through observed implementation outcomes rather than through architectural
descriptions alone. In a scoping review of 37 studies (2010-2023), Lum et al. examine how
implementation outcomes are reported for health information exchange solutions and related
interoperability technologies, showing why national-scale interoperability remains difficult to
implement and evaluate consistently [35]. Li et al. complement this evidence base by synthesising
12 studies on how electronic health record interoperability affects patient safety and other quality
dimensions in high-income settings, reporting heterogeneous evidence and mixed effects across
outcome categories [36].

Taken together, these works motivate treating national digital health systems as evolving socio-
technical arrangements shaped by the co-development of shared services, heterogeneous installed
bases, institutional mandates, and governance capacity [29, 33]. They also show that technical
“maturity” is compatible with persistent coordination work, supporting an analytical focus on how
change is governed and operationalised over time [35].

The remaining gap is that this literature explains infrastructural consolidation, standardised ex-
change, rollout and implementation difficulty better than it explains why these achievements do not
automatically accumulate into semantic continuity, knowledge readiness, multiple use or person-
centred integration. For this dissertation, exchange and access are therefore positioned as neces-
sary infrastructural capabilities that are insufficient on their own; their higher-order effects depend
on coupling with meaning, knowledge use, responsibility and governed change.

2.3 Semantics and knowledge readiness

This stream is needed because data availability does not equal knowledge readiness. Semantic
interoperability literature explains how terminologies, standards, information models, ontologies,
conceptual models and clinical data quality make data interpretable across organisations and use
contexts. Computable knowledge and decision-support literature extend this question further by
asking whether structured data can support rule-based, algorithmic or personalised knowledge use
in practice.

A stable theme in recent synthesis work is that syntactic interoperability enables scalable trans-
port and structural agreement, but does not by itself yield decision-relevant interoperability for
advanced reuse. In a systematic review of 14 studies, Palojoki et al. review semantic interopera-
bility research and report that reuse for analytics and clinical decision support depends on com-
plementary semantic assets (terminologies, clinical information models, ontologies) and on gover-
nance processes that stabilise meaning across contexts and over time [37]. For this dissertation,
this makes decision support a practical test of whether semantic interoperability has reached the
level of knowledge readiness.

Alongside terminology- and model-centric semantic work, some platform-relevant studies ex-
plicitly mobilise International Organization for Standardization (I1SO) 13940, System of Concepts to
Support Continuity of Care (ContSys) as a cross-domain concept system for continuity of care, us-
ing it to structure meaning across health and social care settings. Pecoraro et al. apply ContSys
to build a shared conceptual model harmonised with social care and assistive domotics concepts
in the design of an interoperable open platform (Health@Home) [38]. RossiMori develops an ex-
tension of ContSys to support continuity of care across health and social care contexts, illustrating
how a continuity-of-care concept system can be adapted to cross-sector coordination needs [39].
Das and Hussey provide a complementary semantic-interoperability pathway by formalising Con-
tSys concepts in an ontology based on Fast Healthcare Interoperability Resources (FHIR), a standard
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developed by Health Level Seven International (HL7), as a way to support continuity-of-care data
interoperability across stakeholders [40].

Related work also provides concrete illustrations of how semantic and technical gaps surface
in mature exchange-and-access arrangements. Van Laere et al. analyse discrepancies between
electronic prescriptions and dispensing in Belgium several years after e-prescribing rollout, using
a mixed-method approach to make end-to-end consistency problems observable across produc-
tion and use settings [41]. While domain-specific, this study is useful as related work because it
demonstrates how exchange-and-access capability can be constrained by alignment problems that
sit between local workflow, semantics, and downstream use contexts.

Patient-facing access studies provide a complementary view by making the practical value of
national exchange-and-access mechanisms visible at scale. Kujala et al. benchmark usability of na-
tional patient portals that provide access to EHR data in Estonia, Finland, Norway, and Sweden and
report how differences in functionality and user experience coexist with shared policy ambitions
of transparency and patient involvement [42]. These findings are relevant here not because portal
usability is itself semantic interoperability, but because they illustrate how exchange-and-access
mechanisms can remain uneven in their practical interpretability and perceived value even in oth-
erwise mature settings.

Taken together, this literature explains why standards, terminologies, information models, con-
ceptual models and structured data are necessary for interpretation, decision support and ad-
vanced reuse. The remaining gap concerns the conditions under which these semantic assets be-
come knowledge-ready: meaning, temporality, clinical intent, validation, versioning and authorised
change must be governed across abstraction levels. This dissertation therefore positions meaning
and knowledge readiness as governed lifecycle capabilities, not as the mere availability of standards,
terminologies, structured fields or algorithms.

2.4 Governance of multiple use

This stream is needed because national digital health infrastructures are expected to support more
than direct care delivery. They are increasingly expected to support multiple forms of data use
across clinical, policy, funding, management, research, innovation and personal health contexts.
Governance literature explains how legitimacy, accountability, decision rights, access pathways and
stewardship arrangements shape whether such reuse becomes trustworthy multiple use.
Governance-focused reviews and frameworks converge on the view that secondary use is con-
strained less by the absence of data flows than by institutional arrangements that allocate decision
rights, responsibilities, and accountability. In a scoping review of 37 documents, Ghaffari Heshajin
et al. propose a health information governance framework and synthesise governance dimensions
(principles, roles, and procedures) used to structure trustworthy use [43]. Wieland-Jorna et al.
develop a governance framework for secondary use of routine health data and operationalise gov-
ernance through concrete categories such as role separation, access procedures, and accountability
mechanisms [44]. These frameworks are used here to make governance design choices explicit and
comparable across contexts, without claiming that any single framework is universally sufficient.
Institutional-theory work that explicitly draws on the institutional logics perspective provides
complementary, platform-relevant accounts of how governance tensions emerge and persist in
large-scale health information infrastructures. Currie and Guah analyse the United Kingdom’s Na-
tional Programme for IT in the National Health Service and show how competing institutional log-
ics in the organisational field shape both governance arrangements and the practical possibility
of aligning programme objectives across heterogeneous actors [32]. Hansen and Baroody anal-
yse how enterprise-scale electronic health record use in the United States mediates the interplay
of multiple institutional logics (including medical professionalism, managerialism, technical design,
and regulatory oversight), thereby illustrating how platform-mediated practices can yield both com-
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plementarity and conflict that matter for interoperability and reuse ambitions [45]. Linstad et al.
provide a complementary governance case perspective by analysing the development of an “inclu-
sive” national digital health governance model in Norway (2012-2022), thereby making governance
arrangements visible as negotiated multi-stakeholder configurations over time [34].

Participation and legitimacy are recurrent governance concerns in both primary exchange-and-
access and secondary use settings. Keuper et al. analyse determinants of patient consent in a
Dutch opt-in exchange setting, which makes participation mechanics visible as an operational vari-
able rather than a purely legal statement [46]. Holt et al. analyse factors associated with opting out
of a national EHR programme in Australia, providing empirical material on legitimacy and participa-
tion dynamics in a mature programme setting [47].

Other studies anchor governance through concrete access pathways and stewardship arrange-
ments for secondary use. Sandhu et al. document health data governance for research use in
Alberta (Canada), describing custodianship, governance mechanisms, and access processes as in-
stitutionalised pathways for reuse [48]. Such access-pathway analyses are useful for tracing where
formal authorisation is translated into operational practice and where accountability is practically
located.

At the international level, the emergence of the European Health Data Space (EHDS) has stimu-
lated peer-reviewed work that connects governance requirements to interoperability instruments
for secondary use. In a rapid systematic review of 67 academic sources, Donia and Marelli synthe-
sise ethical and social dimensions discussed in relation to EHDS (European Union policy context) and
highlight that trustworthy secondary use requires explicit attention to legitimacy, rights, and public
value considerations [49]. Hussein et al. develop an interactive toolkit intended to guide alignment
with secondary-use interoperability requirements under the European Health Data Space, drawing
on lessons from multiple European cancer data projects; the work is relevant here insofar as it treats
governance and interoperability standards as coupled implementation challenges [50]. Zhang et al.
provide a complementary national-scale anchor by mapping and evaluating electronic patient data
flows across England and discussing transparency and privacy as governance conditions for legiti-
mate large-scale reuse and infrastructural transformation [51].

US-related scholarship provides an additional contrast case for how governance frameworks can
reshape participation in exchange networks in a market-shaped ecosystem. Everson et al. report
a national survey of health information organisations and their plans to participate in the Trusted
Exchange Framework and Common Agreement (TEFCA), offering empirical material on how partic-
ipation, incentives and compliance mechanisms interact when exchange is mediated by networks
and vendor ecosystems [52].

Together, these works show that secondary and multiple use depend on more than legal per-
mission, institutional mandate or technical access. They require stewardship, role separation, legit-
imacy mechanisms, accountability arrangements and operational access pathways. The remaining
gap is how these governance arrangements actively produce interoperability capability across clini-
cal, policy, funding, management, research and personal contexts. For this dissertation, governance
is therefore not treated only as a compliance layer or constraint on data access, but as one of the
mechanisms through which trustworthy multiple use becomes possible.

2.5 Towards conceptual integration

This final stream positions the dissertation in relation to integrative approaches that seek to con-
nect infrastructure, semantics, governance and normative goals. It brings together work on learning
health systems, platform and infrastructure evolution, conceptual interoperability, architecture-
level frameworks and model-driven approaches. For this dissertation, this literature is important
because it shows both the need for integration and the difficulty of explaining how different inter-
operability conditions are coupled across levels.
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A recurring observation across the related literature is that national programmes are anal-
ysed through partial integrative perspectives - implementation frameworks, governance models,
or ecosystem management vocabularies - while the linkage between technical integration, se-
mantic standardisation, governance mechanisms, and normative goals remains uneven across
studies. A prominent normative framing in digital health scholarship is the ambition of national
learning health and care systems, in which shared digital infrastructure is expected to support
integrated, person-centred care and continuous learning across sectors [53]. This is visible in
synthesis work that reports both positive associations and persistent limitations in comparability
and interpretability across contexts [29, 35].

Platform- and infrastructure-oriented work contributes integrative language by treating interop-
erability as an emergent property of a socio-technical system of systems. Stegemann’s ecosystem
perspective and Elizondo Solano’s orchestration-space concept both emphasise the role of coordi-
nation mechanisms and governance practices in shaping interoperability as infrastructures evolve
[31, 33].

Semantic interoperability research provides a complementary integration direction by treating
reusable meaning as a governed resource that must be stabilised across contexts to support knowl-
edge reuse and decision support [37]. This complements governance scholarship by specifying what
must be governed at the semantic and knowledge level if reuse is to remain interpretable across
heterogeneous contexts.

Beyond the semantic interoperability stream, a small but relevant set of studies explicitly mo-
bilises architecture-level frameworks and model-driven development concepts to interpret large-
scale interoperability. El-Yafouri and Klieb use the Levels of Conceptual Interoperability Model
(LCIM) as a framing device in a scoping review of electronic health record interoperability levels
and approaches, thereby providing an example of LCIM-based interpretation without relying on
the original LCIM authorship [54]. In the European Health Data Space implementation context, Gy-
rard et al. map standards adoption across multiple large-scale health data projects and position ISO
23903 as one of the architectural reference points for aligning interoperability instruments across
domains and use cases [55].

Model-driven interoperability research offers a methodological bridge between conceptual
models and implementable artefacts by treating standards and representations as distinct mod-
elling spaces that can be aligned through metamodel-level mappings and transformations. In
biomedical informatics, this is visible in work on dual-model clinical standards, HL7 metamodels,
MOF/QVT-style transformation infrastructure and reusable open data models [56-59]. These works
are relevant here not as implementation methods to be adopted directly, but because they make
visible the need to coordinate conceptual, technical and representational levels of interoperability.

Related enterprise modelling scholarship also offers conceptual modelling perspectives for com-
plex platform and ecosystem arrangements that include health contexts. Tsai et al. review mod-
elling approaches for digital business ecosystems and explicitly include Active Knowledge Modeling
among multi-perspective modelling approaches; as an illustrative case type, they describe digital
health platform ecosystems involving public organisations, multiple providers, and citizens as users
[60]. Espaia et al. make a complementary methodological argument for enterprise modelling as
a research method for studying complex socio-technical arrangements, positioning such modelling
approaches as suitable for generating traceable explanations across organisational and technical
concerns [61].

Capability and maturity perspectives are useful because they provide language for discussing
levels, dimensions and comparative states of interoperability. However, they may also imply a
more cumulative and linear progression than national digital health systems actually exhibit. A
system may stabilise exchange, access and standards adoption while remaining weaker in seman-
tic continuity, knowledge readiness, accountability for multiple use or governance of change. The
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dissertation therefore does not aim to propose a new maturity model, scoring instrument, refer-
ence architecture or evaluative framework. Its contribution is a framework-based explanation of
how higher-order interoperability capability emerges or breaks down when exchange, meaning,
knowledge use, responsibility and authorised change are not coupled.

These strands become relevant here when they connect national arrangements’ technical and
semantic design choices to governance mechanisms and articulated goals such as integrated care,
learning and personalised medicine. The cited works provide fragments of such integration, while
also indicating that these elements are often analysed in isolation and are therefore difficult to
interpret as a single interoperability capability. The remaining gap is a sufficiently explicit explana-
tion of the coupling mechanisms that make access, exchange, semantic assets, responsibilities and
authorised change coherent across levels.

2.6 Positioning gap and contribution

Taken together, the reviewed literature treats national digital health infrastructures not only as
technical enablers, but also as socio-technical, semantic and governance arrangements expected to
support integrated, person-centred and learning-oriented health systems. Evidence syntheses nev-
ertheless show that realised effects remain heterogeneous and context-dependent. This cautions
against treating exchange coverage, portal access or infrastructure maturity as sufficient evidence
of comprehensive digital health performance.

The positioning gap addressed by this dissertation is that the literature explains important parts
of national digital health interoperability through partially separated perspectives: infrastructural
consolidation, rollout and access; semantic assets and knowledge readiness; legitimacy, decision
rights and stewardship for secondary and multiple use; and conceptual or infrastructural accounts of
interoperability across levels. These streams are necessary, but they do not fully explain how access
and exchange become - or fail to become - a knowledge-ready, accountable and adaptable national
digital health capability. The dissertation’s positioning in relation to these streams is summarised in
Table 1.

Table 1: Contribution of the dissertation in relation to the reviewed literature.

What this dissertation adds or
refines

What the literature helps

Literature stream explain

National digital health
infrastructures, rollout and

How national digital health
infrastructures are

It interprets mature exchange
and access infrastructure as a

access

Semantic interoperability,
standards and knowledge
readiness

implemented, scaled and used
to support exchange, access
and service integration.

How terminologies,
information models,
standards and semantic
resources support more
consistent interpretation and
reuse of health data.
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necessary but insufficient
condition for higher-order
interoperability, showing why
national-scale operation may
still leave semantic continuity,
decision relevance and
governed reuse fragile.

It connects semantic
formalisation to knowledge
readiness by examining
whether data, concepts, rules
and decision logic are
sufficiently aligned for
computable reasoning and
reusable knowledge artefacts.



Literature stream

What the literature helps
explain

What this dissertation adds or
refines

Governance, legitimacy and
secondary use

Conceptual and infrastructural
accounts of interoperability

How stewardship, decision
rights, legal arrangements and
institutional responsibilities
shape access to and reuse of
health data.

How interoperability can be
described across technical,
semantic, organisational and
conceptual levels.

It extends the governance
question from data access and
reuse permissions to the
coordinated governance of
meaning, responsibility,
change control and
accountability across the data
supply chain.

It treats interoperability not as
a cumulative maturity
trajectory, but as a governed
coordination capability that
depends on explicit coupling
across institutional domains,
abstraction levels, modelling
spaces and governance
arrangements.

As shown in Table 1, the dissertation does not position itself by adding another separate infras-
tructure, standards, governance or maturity perspective. Instead, it uses these streams as neces-
sary but incomplete foundations for the integrated theoretical framework developed in the next

chapter.
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3 Theoretical framework

This chapter develops the integrated theoretical framework of this dissertation for analysing inter-
operability and governance in national digital health systems. Rather than adopting a single existing
model, it brings together institutional theory, model-driven thinking, and architectural coordination
perspectives into a common analytical approach. The resulting framework provides the conceptual
basis for the dissertation’s empirical analysis and is later operationalised through seven analytical
attributes.

The central premise is that national digital health systems do not operate under a single co-
herent rationality. Rather, they emerge at the intersection of multiple institutional domains, each
governed by its own normative, epistemic, and operational logic [62-64]. An integrated theoret-
ical framework is therefore required because interoperability in such systems is shaped not only
by technical connectivity, but also by the alignment - or misalignment - of institutional, semantic,
organisational, and technological arrangements.

From this perspective, models, architectures, and interoperability standards are not neutral rep-
resentations of reality. They are purposive coordination instruments that both reflect and shape
institutional rationalities, decision-making practices, and power relations [65-67].

Consequently, interoperability is approached in this dissertation not as a static property of sys-
tems, but as an emergent coordination capability. It arises from the ability of actors to align, in-
terpret, and operationalise shared models and standards across institutional, organisational, se-
mantic, and technological boundaries. This stance provides the theoretical rationale for combining
institutional analysis with model-driven and architectural frameworks in the study of digital health
governance and transformation.

3.1 A cross-level macro-meso-micro perspective for digital health systems

As an orienting analytical frame, the dissertation adopts the widely used macro-meso-micro
(MMM) perspective from integrated care and health systems research. Originating in public
health, organisational studies, and integrated care theory, this perspective distinguishes between
population-level structures and governance (macro), organisational and inter-organisational coor-
dination (meso), and individual clinical interaction and decision-making (micro) [68-71]. In these
traditions, macro structures enable system-wide direction-setting, meso arrangements coordinate
actors and workflows, and micro practices deliver human-centred care. A similar cross-level vocab-
ulary is also visible in national digital health strategy and impact analyses, including the DIGIMPACT
study (2008-2010) [11] and the Estonian eHealth Strategy 2025-2030 [18].

In this dissertation, the macro-meso-micro model is introduced as an orienting analytical per-
spective to clarify how digital health operates across system levels. Digital health is not treated as
a separate layer of the health system, but as a transversal enabler whose functions manifest dif-
ferently at each level: at the macro level, it supports population-level analytics, surveillance, stan-
dardisation, and policy steering; at the meso level, it enables organisational and inter-organisational
data flows, workflow integration, and data stewardship; and at the micro level, it enhances clini-
cal decision support, data-driven personalisation, and real-time data capture in care delivery. This
cross-level perspective allows digital health capabilities to be analysed in relation to governance,
coordination, and practice without reifying levels as architectural components. Figure 3 illustrates
how digital health functions as a transversal enabler across macro, meso, and micro levels rather
than as a separate organisational layer or architectural component.

Throughout the theoretical framework, MMM is used as a cross-cutting analytical perspective
rather than as a system decomposition. Institutional logics, modelling spaces, and architectural
mechanisms are examined in terms of how they manifest and interact across macro, meso, and
micro levels. Domain distinctions and architectural constructs are introduced separately through
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Figure 3: Digital health is depicted as a transversal enabler that connects clinical decision-making (micro), or-
ganisational coordination (meso), and population-level orientation (macro). Through interoperability, shared
semantics, and computer-supported knowledge use, digital health links real-time clinical data capture and de-
cision support with organisational data stewardship and, ultimately, with standardisation, surveillance, and
population-level analytics. The figure highlights how digital health infrastructures mediate coordination across
levels rather than functioning as an isolated technical layer (source: author).

the Generic Component Model (GCM) to avoid conflating organisational levels with epistemic, se-
mantic, or institutional domains (see Section 3.3).

3.2 Modelling spaces and technological spaces

One important mechanism through which institutional logics are translated into technical systems
is modelling. To make this mediation analytically explicit, the framework adopts the notions of
modelling spaces and technological spaces as developed by Djuri¢, Bézivin, Ivanov, and colleagues
[72,73].

At the most general level, technological spaces are understood, in their original IT and model-
engineering context, as relatively autonomous working contexts structured by specific bodies of
knowledge, concepts, tools, languages, skills, and practices [72, 73]. In this dissertation, this no-
tion is extended beyond software and modelling technologies to denote socio-technical knowledge-
practice contexts such as clinical care, public health, research, health economics, and governance.
This dissertation-specific extension is analytical: it is used to compare how different communities
stabilise concepts, tools, validation criteria, and legitimate forms of action, without implying that
all such communities are technological spaces in the original model-engineering sense.

Within such spaces, modelling is not an abstract or context-free activity but a situated prac-
tice. Actors employ modelling approaches, languages, and abstractions that are feasible, meaning-
ful, and legitimate in their technological environment. Modelling spaces therefore operate within
technological spaces as purpose-specific environments for formalising knowledge through explicit
models. Depending on their purpose, they may be meaning-oriented or realisation-oriented and
can include ontologies, conceptual models, information models, executable artefacts, mappings,
and transformation specifications.

For analytical coordination between modelling spaces, the MOF-style M0O-M3 abstraction logic
is useful because it distinguishes between empirical or operational instances (M0), models (M1),
metamodels (M2), and meta-metamodels (M3). Establishing a modelling space typically relies on
metamodels that preserve meaning consistently across the models created within that space [74,
75]. When one modelling language is used, coherence can usually be maintained via its metamodel.
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When multiple modelling languages or domain-specific metamodels must be related, an additional
abstraction is needed to preserve meaning between metamodels. This role is fulfilled by a meta-
metamodel that defines common concepts and relations enabling alignment across heterogeneous
modelling languages and modelling spaces.

Such meta-level structures are not always explicitly articulated or formally documented. They
may remain implicit, embodied in expert practice, shared professional habits, or long-term collab-
oration, corresponding to tacit knowledge that resists direct formalisation but guides competent
action [76, 77]. In these cases, knowledge transfer depends heavily on specific individuals and accu-
mulated human experience, which limits scalability and typically constrains interoperability to lower
levels. From an interoperability capability perspective, the degree to which such metamodels and
meta-level assumptions are made explicit, shared, and institutionally embedded is consequential
for the scalability and robustness of interoperability.

Following Djuri¢ and colleagues, relations between modelling spaces may be characterised as
parallel or orthogonal. Parallel modelling spaces describe the same real-world phenomena us-
ing different formalisms and are therefore primarily related through translation and transforma-
tion. Orthogonal modelling spaces, by contrast, treat elements of another modelling space as their
modelling objects, for example when conceptual models are represented, constrained, or opera-
tionalised using a different modelling language or platform. In complex socio-technical systems,
both relations typically coexist: clinical or software-related modelling spaces often operate in par-
allel with respect to shared real-world situations, while orthogonal relations arise when one space
selectively models, constrains, or operationalises abstractions originating in another space. While
the use of multiple modelling approaches increases expressive power, it also significantly raises
the cognitive burden on practitioners. Empirical and methodological studies note that developers
working under time and resource constraints tend to focus on isolated modelling aspects rather than
maintaining a comprehensive view across heterogeneous modelling approaches, making meta-level
coordination an architectural rather than a purely local modelling concern [72].

In the analytically reconstructed clinical technological space, relevant knowledge can be inter-
preted as distributed across multiple abstraction levels, ranging from situated practice (M0) and
case-specific reasoning (M1) to generalised medical knowledge and classificatory schemes (M2-
M3). Software-based representations typically do not mirror this stratification in full, but opera-
tionalise selected abstractions - primarily those stabilised at the M1 level - while treating higher-
level medical knowledge as external reference material and lower-level practical judgement as out
of scope. This should be understood as an analytical generalisation reflecting dominant software
engineering practices rather than an empirical universal; specific architectures, such as ontology-
driven systems or advanced clinical decision support frameworks, may deliberately operationalise
abstractions beyond M1 under additional governance and modelling constraints. Orthogonality
therefore emerges not because the spaces describe different realities, but because one technolog-
ical space models another through a partial, level-specific projection of its abstraction ladder.

To make this dissertation-specific analytical extension explicit, Figure 4 contrasts two illustra-
tive technological spaces that relate to the same clinical situation through different, space-specific
abstraction ladders and modelling layers.

As an explicit instance of a meta-metamodelling reference discussed above, the Meta-Object
Facility (MOF), standardised in ISO/IEC 19502 and further developed in later OMG specifications,
provides mechanisms for defining, relating, and transforming metamodels. In MOF 2, the M0-M3
layering is treated as a conventional organisational scheme rather than a strict requirement, with
MOF functioning as a reflective kernel that supports semantic alignment and transformation across
modelling environments [72, 74, 75].

The Unified Modelling Language (UML) exemplifies a MOF-grounded modelling space that pro-
vides a shared vocabulary for structure, behaviour, and information flows. In health informatics,
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Figure 4: Analytically reconstructed modelling layers (M0O-M3) in two relatively autonomous technological
spaces related to the same clinical situation. The clinical space represents an analytical reconstruction of prac-
tice, medical knowledge, and formalised representations, without implying that these levels are explicitly used
in everyday work. The software modelling space illustrates a normative UML/MOF-based modelling perspec-
tive. Both technological spaces are illustrative instances; in practice, multiple clinical and software spaces may
coexist in parallel. The figure frames interoperability not as the existence of shared models, but as an open
problem of aligning heterogeneous abstractions and formalised meanings across technological spaces. Abbre-
viations used in the figure: UML = Unified Modelling Language; MOF = Meta-Object Facility; MO-M3 - MOF-style
modelling abstraction layers used here as an analytical reconstruction; OCL - Object Constraint Language; ESC
- European Society of Cardiology; ACE - Angiotensin-Converting Enzyme; HbA1c - glycated haemoglobin; eGFR
- estimated glomerular filtration rate; ATC - Anatomical Therapeutic Chemical classification; ICD-10 - Interna-
tional Classification of Diseases version 10 codes E11, N18 denote type 2 diabetes mellitus and chronic kidney
disease, respectively (source: author).
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comparable metamodel-based reasoning underpins several standards and modelling initiatives, in-
cluding 1ISO 13940 (ContSys), HL7-related modelling work, openEHR archetypes, and the HL7 Clinical
Information Modelling Initiative (HL7 CIMI) [58, 78-82].

This broader interpretation of technological spaces has a direct coordination implication. Tech-
nological spaces should be treated as operationally autonomous: participants act locally on the
basis of situated knowledge, role-specific responsibilities, domain-specific validation criteria, and
partial system visibility. Expecting any actor or community to maintain global awareness across all
relevant technological spaces is unrealistic in complex socio-technical settings. This is consistent
with research on autonomic computing, which frames autonomy as self-management under grow-
ing complexity and motivates engineering capabilities such as self-configuration, self-optimisation,
self-healing, and self-protection [83, 84]. The analogy does not imply that institutional actors are
equivalent to autonomic software systems; rather, it clarifies why coordination architectures must
accommodate bounded self-management across heterogeneous knowledge-practice contexts. In
this dissertation, autonomy therefore denotes the limited possibility of central control across such
contexts, not merely organisational independence.

A concrete illustration can be found in the interaction between clinical, software, analytical,
managerial, and governance spaces. Clinicians reason using pathophysiological concepts, guide-
lines, and experiential judgement; developers work with information models, application program-
ming interfaces (API), and executable logic; analysts operate in statistical or machine-learning mod-
elling spaces; managers rely on indicators, contracts, and policy instruments; and governance actors
work with mandates, accountability structures, and legitimate procedures for change. Each group
is fluent in only a limited subset of modelling languages and metamodels, while much coordination
knowledge remains implicit. Without meta-level constructs that make these differences explicit and
relatable, interoperability efforts tend to collapse into local translations and ad hoc assumptions,
producing fragile integration and recurrent misunderstandings across domains.

Interoperability, therefore, depends on creating explicit bridges between technological spaces
and, more specifically, between the modelling spaces through which their knowledge is formalised,
without attempting to eliminate the autonomy of the participating actors. In the case of parallel
modelling spaces, such bridges take the form of mappings, transformations, and mediating repre-
sentations that relate alternative conceptualisations of the same underlying reality. These bridges
are themselves models: they must represent the source space, the target space, and the trans-
formation logic between them. Consequently, model exchange and translation introduce an ad-
ditional orthogonal modelling space dedicated to the transformation technology itself, supported
by approaches such as Model-Driven Architecture (MDA) and MOF Query/Views/Transformations
(QVT) [72]. At the same time, this bridging work must respect a foundational constraint highlighted
in interoperability maturity research: technical integration is necessary but not sufficient; concep-
tual solutions depend on a solid technical foundation, yet technical proposals alone cannot resolve
conceptual problems [85].

In the specific context of this dissertation, a central question is whether such alignment can be
achieved not only at technical and semantic levels, but also at the level of the business viewpoint,
where institutional intent, value assumptions, and decision rationales must be made interoperable
across autonomous technological spaces and institutional domains.

The following section introduces the Generic Component Model (GCM) as an architectural
framework for analysing how such autonomous technological and modelling spaces can be co-
ordinated across multiple viewpoints and system dimensions without collapsing their distinct
logics.
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3.3 Generic Component Model (GCM) as an architectural coordination framework

This section positions the Generic Component Model (GCM, ISO 23903) as a cross-domain archi-
tectural coordination framework for national digital health systems [86-88]. The focus is not on
modelling techniques or implementation artefacts, but on GCM'’s capacity to structure and relate
heterogeneous institutional, organisational, and technical concerns in a way that preserves their
autonomy while enabling meaningful alignment.

Against the background of autonomous technological spaces and largely implicit meta-level co-
ordination challenges discussed in the previous section, GCM is treated here as an architectural
coordination space rather than a modelling method [89, 90]. It provides a stable frame for reason-
ing about interoperability across institutional domains while allowing domain-specific models, stan-
dards, and technologies to evolve independently. In this sense, GCM does not prescribe how sys-
tems should be modelled or implemented, but delineates the architectural conditions under which
coordination between otherwise independent systems becomes possible. The analytical empha-
sis is on conceptual separation and alignment rather than on model transformations or platform-
specific realisation paths.

Building on the notion of technological spaces introduced in the previous Section 3.2, GCM can
be understood as offering a higher-level, multi-dimensional coordination space for relating distinct
technological spaces. Each technological space is a bounded knowledge space, defined by its inter-
nal concepts, formalisms, tools, and practices, and constrained by the cognitive and organisational
capacities of the actors operating within it (see Section 3.2). Interoperability challenges arise not
only from technical incompatibilities, but from the limited ability of actors to reason across multi-
ple such spaces simultaneously. GCM does not replace these technological spaces, but provides a
structured architectural environment in which their relationships can be explored, compared, and
aligned, enabling the identification of viable interoperability contact points without requiring full
unification of underlying models or epistemic assumptions. This relationship between autonomous
technological spaces and the GCM coordination space is illustrated in Figure 5.

The practical value of such a coordination space becomes visible when interoperability is traced
across domains, technological realisations, and scale boundaries at once. For example, a cardiology
referral carries clinical intent, urgency, episode context, and follow-up responsibility in one techno-
logical space, while radiology realises related work through modality-specific workflows, imaging
artefacts, and PACS-centred infrastructures. As the same information is projected into hospital,
national, or cross-jurisdictional exchange contexts, coordination problems rarely appear only as in-
terface failures. They more often surface as semantic drift: request versus order, episode boundary
versus billing period, local identifier versus national master identifier, or clinical intent versus ad-
ministrative mandate. The Figure 5 therefore motivates GCM as a coordination space for making
such cross-space projections explicit, governable, and changeable.

Within this coordination space, GCM distinguishes three orthogonal coordination dimensions:
domain, component, and evolution [86, 88]. These dimensions do not represent alternative view-
points, but complementary axes along which the same system can be analysed and aligned.

The domain dimension organises system concerns around institutional and functional domains
as carriers of domain knowledge, each interpreting system structure, responsibilities, and change
from its own normative, epistemic, and operational context. The component dimension addresses
the same concerns through structural composition, modelling the system as interacting compo-
nents and subsystems with defined responsibilities and interfaces across domains. The evolution
dimension coordinates domain and component concerns over time by relating them to successive
lifecycle stages and transformation phases.

Distinct viewpoints emerge within the evolution dimension, reflecting stage-specific concerns,
modelling formalisms, expert roles, and decision criteria appropriate to a given phase of system
evolution. These viewpoints are therefore treated as perspectives within the evolution dimension
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Figure 5: GCM as an architectural coordination space relating autonomous technological spaces across insti-
tutional domains, coordination dimensions, and lifecycle perspectives. The dashed boundary denotes the GCM
coordination space; individual technological spaces retain autonomous local architectures while being analysed
in relation to one another through domain, component, and evolution dimensions, anchored in the business or
needs viewpoint (source: author).
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rather than as independent dimensions of GCM.

A central anchoring role within the evolution dimension is played by the business or needs view-
point [91, 92]. This is the locus where institutional intent, policy objectives, and legitimate purposes
of data use are made explicit and rendered commensurable across domains. In national digital
health systems, this viewpoint is where cross-institutional goals are articulated, constraints arising
from law, ethics, and governance are formalised, and expectations regarding the depth and scope
of interoperability are defined. Without such explicit formalisation at the needs level, lower-level
interoperability efforts risk optimising technical alignment while reinforcing institutional fragmen-
tation.

By providing an explicit architectural coordination space for such articulation, GCM enables
alignment across institutional domains without collapsing their internal logics. Each domain re-
tains autonomy over its internal models and processes, while GCM supplies a shared architectural
language for coordination at agreed boundaries. This is particularly relevant in digital health, where
clinical care, secondary data use, regulation, and innovation operate under partially incompatible
institutional logics. GCM does not resolve these tensions; rather, it renders them explicit, compa-
rable, and governable through deliberate architectural and governance decisions.

Within the broader theoretical framework of this dissertation, the macro-meso-micro perspec-
tive provides a cross-level analytical perspective for locating phenomena, while GCM functions as
the architectural coordination space across these levels. The next section introduces the Levels of
Conceptual Interoperability Model (LCIM) and related capability frameworks to qualify the depth
of coordination that can be achieved within this space [93].

3.4 Interoperability capability across technological spaces

The purpose of this section is to elaborate interoperability capability as a means of assessing how
coordination between technological spaces can be sustained in practice. Building on the preced-
ing sections, which conceptualised technological spaces as operationally autonomous knowledge-
practice contexts (Section 3.2) and positioned the Generic Component Model (GCM) as an architec-
tural coordination space between them (Section 3.3), the focus now shifts from architectural possi-
bility to capability: at what level, and with what depth, such coordination can actually be achieved.

Interoperability capability is used here to describe the depth at which autonomous technologi-
cal spaces can sustain shared understanding and coordinated action. The issue is not only whether
systems can exchange data, but whether participating actors can operate locally while still produc-
ing collectively meaningful and governable outcomes. This connects the technological-spaces argu-
ment to interoperability maturity research, where higher capability levels presuppose increasing se-
mantic, pragmatic, and conceptual alignment rather than technical connectivity alone [84, 85, 93].

Interoperability capability is commonly articulated through staged maturity or capability mod-
els. The Levels of Conceptual Interoperability Model (LCIM) traces progression from technical con-
nectivity toward semantic and conceptual interoperability, where actors achieve shared interpreta-
tion and coordinated action [93]. Interoperability Maturity Models (IMM) generalise this progres-
sion across organisational and technological contexts by framing interoperability as an evolving ca-
pability characterised by governance alignment and increasing decision autonomy [85]. Knowledge-
based interoperability (KBI) further operationalises higher capability levels by modelling systems
as autonomous decision centres supported by mediating middleware that encapsulates domain
knowledge and enables coordination without relinquishing local control [84]. A closely aligned
perspective appears in supply-chain interoperability research, where Supply Chain Interoperabil-
ity (SCl) conceptualises interoperability as the capability of independently governed organisations
to synchronise decisions and operations through shared information models and governance ar-
rangements rather than centralised orchestration [94].

As discussed earlier (Section 3.2), interoperability capability increases when semantic and con-
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ceptual structures are made explicit, shared, and institutionalised rather than remaining implicit or
embedded in isolated implementations. Across LCIM, IMM, KBI, and SCI, a common requirement
emerges: higher interoperability capability presupposes the explicit articulation of system needs,
constraints, decision logics, and legitimate purposes as shared coordination artefacts. This conver-
gence provides a direct rationale for the Generic Component Model’s business or needs viewpoint
(Section 3.3), because that viewpoint is where institutional intent and policy objectives must be
made explicit before they can be consistently translated into semantic, organisational, and techni-
cal arrangements.

Table 2: Synthesis of interoperability capability levels across LCIM, IMM, and SCI (with KBI as an enabling cross-
cutting concept; author’s synthesis)

Capability Interoperability Reference
zone focus (LCIM, IMM, SCI) Typical characteristics
Concrete Connectivity and LCIM: Level 0-1 (No / Physical connectivity,
message Technical interoperability)  point-to-point interfaces,
exchange IMM: Stand-alone, one-time or ad hoc data
disjoint operations exchange; no shared structure
capability or intent
SCl: Communication level
Concrete- Shared structure LCIM: Level 2 (Syntactic Agreed message formats and
structural and syntax interoperability) data structures; reliable

Intermediate

Shared meaning

IMM: De-conflicted
operations capability
SCI: Communication /
early coordination level

LCIM: Level 3 (Semantic

transmission of outcome data
without shared
interpretability; limited
process awareness

Common terminology and

(semantic) interoperability) semantic coding; sustained
IMM: Coordinated information flows; consistent
operations capability interpretation of exchanged
SCl: Coordination / early data
collaboration level

Abstract- Shared intent LCIM: Level 4-5 Exchange of state information;

pragmatic and coordinated (Pragmatic, Dynamic alignment of processes and

action interoperability) timing; actors adapt actions
IMM: Collaborative / based on others’ behaviour
integrated operations
capability
SCI: Collaboration level

Abstract- Shared LCIM: Level 6 (Conceptual Shared goals, decision logic,

conceptual conceptual interoperability) and conceptual frameworks;

models and IMM: Coherent / composable activities; high
purposes transformed operations autonomy with collective

capability
SCI: Cooperation /
partnership level

coherence

The table (Table 2) should be read as an analytical synthesis rather than as a deterministic matu-
rity path. Although LCIM, IMM, SCI, and KBI originate in different domains - military command and
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control, systems interoperability theory, logistics and supply-chain management, and knowledge-
based systems - they converge on the same structural insight: interoperability capability deepens
as coordination moves from connectivity and syntax toward shared semantics, shared intent, and
eventually shared conceptual models. This does not mean that higher-order interoperability accu-
mulates automatically from lower levels. Rather, technical exchange is a necessary but insufficient
condition for integrated digital health ecosystems; semantic and conceptual alignment must be
explicitly governed if autonomous actors are expected to act coherently across institutional and
technological boundaries [84, 85, 94].

This synthesis positions LCIM, IMM, SCI, and KBI as complementary analytical frameworks for
assessing interoperability capability across technological spaces. Together, they provide a struc-
tured way to reason about how concrete technical interoperability, semantic mediation, pragmatic
coordination, and abstract conceptual alignment jointly shape the achievable forms of coordination
in complex, multi-institutional digital health systems.

While the present section has treated interoperability capability at an abstract, cross-domain
level, it also establishes the criteria for analysing where such capability can realistically be scaled.
In practice, interoperability does not evolve uniformly across all parts of a digital health ecosystem.
Rather, it emerges within and between specific technological spaces - such as clinical care delivery,
public health and population-level monitoring, health financing and administration, research infras-
tructures, and supporting IT ecosystems - each shaped by distinct institutional logics, evidentiary
standards, and modes of knowledge validation. The following section therefore shifts the analytical
focus from capability levels to scalability mechanisms, examining how interoperability can be ex-
panded across these concrete technological spaces through shared or connected knowledge spaces,
and under what institutional and modelling conditions such scaling remains coherent rather than
producing only superficial or false interoperability.

3.5 Scaling interoperability through knowledge spaces

The preceding section examined interoperability capability in terms of the depth of shared under-
standing and coordinated action. This section turns to scalability: the conditions under which such
capability can be preserved as participation, institutional diversity, and system dynamics increase.
Interoperability does not scale simply by adding interfaces or adopting shared messaging formats. It
scales only insofar as domain concepts, rules, constraints, and purposes are formalised sufficiently
to travel across technological spaces without losing their institutional meaning or operational va-
lidity.

From this perspective, difficulties in achieving interoperability across technological spaces can
be understood as a scalability problem rooted in abstraction and conceptual alignment. As par-
ticipation expands, concepts, evidentiary standards, and organisational arrangements that are co-
herent within one space become increasingly difficult to transfer into another without distortion,
unless they are supported by sufficiently expressive and shared conceptual models. Prior research
has shown that the use of identical data or information models may result in false interoperabil-
ity, where exchange is technically feasible but semantic intent and usage rules diverge [85, 88,
92]. General-purpose standards, such as Health Level Seven Fast Healthcare Interoperability Re-
sources (HL7 FHIR) or the Observational Medical Outcomes Partnership (OMOP) Common Data
Model (OMOP CDM), may therefore conceal rather than resolve underlying tensions when applied
without explicit ontological alignment [88]. Comparable limitations have been observed in termi-
nology harmonisation efforts in healthcare: terminologies yield stable benefits only when terms
denote compatible concepts for the participating communities within their respective technologi-
cal spaces [85, 95].

These observations motivate a distinction between two complementary classes of mechanisms
that support interoperability at scale. The first concerns the coordination of meaning across institu-

40



tions and domains by providing shared conceptual structures. 1SO 13940 (ContSys) exemplifies this
role by offering a structured system of healthcare concepts and process relations oriented toward
continuity of care, thereby supporting both vertical, or shared-care, and horizontal, or seamless-
care, integration [78, 95]. In this dissertation, ContSys is treated as a meta-level conceptual refer-
ence rather than as a concrete system architecture. It provides a semantic orientation against which
domain models, terminologies, and workflows from different technological spaces can be aligned
[88, 92].

A shared conceptual bridge alone, however, is insufficient in ecosystems characterised by con-
tinuous change. Change affects not only interfaces, but also encoded knowledge, rules, constraints,
and causal dependencies. A second class of mechanisms therefore concerns the controlled transfer
and preservation of knowledge across system lifecycles and architectural layers. Model-Driven Ar-
chitecture (MDA), standardised by the Object Management Group, provides a structuring principle
for this purpose by distinguishing between a Computation Independent Model (CIM), capturing do-
main intent and causal assumptions; a Platform Independent Model (PIM), formalising this intent
without commitment to specific technologies; and one or more Platform Specific Models (PSM),
which bind the PIM to concrete implementation platforms [88, 96]. From this perspective, interop-
erability capability increases when modelling links domain intent expressed at the CIM level to its
realisation at PIM and PSM levels while preserving semantic coherence across layers [84].

Knowledge-based interoperability further implies that domain experts must be able to manage
and evolve knowledge as part of institutional practice, rather than relegating modelling to episodic
activities performed exclusively by specialised analysts. Active Knowledge Modelling (AKM) con-
ceptualises modelling as gradual elicitation and refinement of knowledge during everyday sense-
making and operational work, enabling practitioners to manipulate and apply knowledge models as
part of their routine activities [97]. Taken together, MDA and AKM articulate complementary mech-
anisms for scaling interoperability: MDA stabilises knowledge transfer across architectural layers,
while AKM supports the continuous evolution of knowledge within institutional practice. As partic-
ipation expands, ecosystem coherence increasingly depends on whether domain knowledge can be
updated, governed, and propagated into operational artefacts without excessive latency or reliance
on scarce programming resources.

Interoperability can therefore be scaled across heterogeneous technological and institutional
spaces only if shared meaning and domain intent are made explicit and supported by mechanisms
that preserve and evolve this knowledge over time. The frameworks discussed above - includ-
ing conceptual references such as ISO 13940 (ContSys), architectural layering through MDA, and
practice-oriented knowledge evolution through AKM - are best understood not as alternative so-
lutions, but as complementary responses to different aspects of the same scaling problem. They
explain why interoperability based only on interfaces, message formats, or static standards becomes
increasingly fragile as participation and institutional diversity grow.

Figure 6 synthesises this argument by situating interoperability scalability within an analytical
space defined by institutional scope and the depth of knowledge formalisation.

At this point, modelling methodology becomes part of interoperability scalability rather than a
purely technical implementation concern. External modelling paradigms, which represent domains
as black boxes with well-defined inputs and outputs, are useful for structuring development work
but tend to under-represent domain causality and deep knowledge. In dynamic domains, this limits
adjustability because cascading effects of domain change remain invisible at the level of externally
specified interfaces and workflows [84]. Internal modelling approaches, by contrast, explicitly rep-
resent causal dependencies within the domain and are therefore better suited to assessing how
changes in policy, knowledge, rules, or organisational responsibilities affect operational systems.

This argument is reinforced by the internal model principle from control theory and the good
regulator theorem, according to which an effective regulator must embody a model of the system
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Figure 6: Scaling interoperability through explicit knowledge formalisation. The figure situates interoperability
scalability within an analytical space defined by increasing institutional scope and depth of knowledge for-
malisation. It highlights how coordination across heterogeneous technological spaces becomes progressively
constrained when relying on implicit, human-centred interpretation alone, and why additional mechanisms are
required as institutional participation expands. Two complementary classes of mechanisms are distinguished:
coordination of meaning through shared conceptual structures and metamodels (e.g. GCM and 1SO 13940), and
the preservation and evolution of domain intent across system lifecycles and architectural layers (e.g. MDA and
AKM). The figure is analytical rather than prescriptive and does not represent a maturity model. Abbreviations
used in the figure: GCM - Generic Component Model; ISO 13940 - System of concepts to support continuity
of care (ContSys); MDA - Model-Driven Architecture; AKM - Active Knowledge Modelling; CIM - Computation-
Independent Model; PIM - Platform-Independent Model; PSM - Platform-Specific Model; M2 - metamodel level
in the MOF-style abstraction logic used in this dissertation (source: author).
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it regulates [98-100]. When cross-institutional interoperability is interpreted as a coordination and
change-management problem, the internal model becomes an analytical construct for scaling inter-
operability capability: it enables systematic assessment of change impacts beyond what is visible
through external interfaces alone [84]. Research on model-driven process execution similarly shows
why static redeployment cycles become limiting under institutional diversity and frequent change,
while model-interpreting environments can reduce the latency between institutional change and
system response [101-103].

The theoretical perspectives reviewed in this section converge on a bounded analytical proposi-
tion: interoperability scalability is increasingly associated with a shift from predominantly implicit,
human-centred coordination toward more explicit and computer-supported forms of knowledge
management [84, 85, 92]. This is not advanced as a prescriptive or evaluative claim. Rather, it
provides a way to organise theoretical arguments concerning abstraction, modelling depth, and
coordination mechanisms in large-scale digital health ecosystems.

To clarify the internal structure of this argument, Table 3 summarises a set of theory-informed
analytical dimensions recurring across the reviewed literature. These dimensions are introduced
as conceptual reference points for examining how explicitly domain knowledge, rules, constraints,
and institutional obligations are represented and managed in digital health solutions, as opposed
to treating interoperability as a purely interface-level or syntactic concern.

Table 3: Theory-informed indicators for examining knowledge-based interoperability scalability (author’s syn-
thesis)

Indicative
Dimension Theoretical basis What is examined states
Knowledge Knowledge-based interoperability; Explicit Absent /
formalisa- internal modelling [84] representation of partial /
tion domain concepts, systematic
rules, and constraints
Conceptual Ontological interoperability; domain Use of shared domain  None /
alignment models [92, 95] or conceptual implicit /
references, such as explicit
ContSys
Model Model-Driven Architecture [96] Separation of Collapsed /
layering conceptual, logical, partial /
and technical layers, explicit
such as CIM-PIM-PSM
Knowledge Knowledge lifecycle; institutional Roles, decision rights,  Informal / ad
governance  coordination [104] and change control hoc /
for knowledge formalised
models
Computational Executable knowledge; Degree of Human-only
support knowledge-based interoperability [84] computer-supported / rule-based
reasoning or / adaptive
execution
Change Internal model principle; adaptive Propagation of Manual /
propagation  systems [98, 99] domain and policy semi-
changes into automated /
operational systems automated
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Indicative

Dimension Theoretical basis What is examined states
Institutional  Institutional logics [63] Reflection of legal, Implicit /
embedding professional, partial /
organisational, and explicit
accountability
obligations

Taken together, these perspectives contribute a distinct theoretical component to the disserta-
tion’s integrated framework for reasoning about interoperability as a coordination problem shaped
by abstraction, knowledge formalisation, and institutional conditions. They articulate how mod-
elling approaches, conceptual references, lifecycle mechanisms, and governance arrangements re-
late within a coherent analytical space, without presupposing specific empirical methods or evalu-
ation strategies.

This framing also foregrounds the role of institutional logics in conditioning interoperability out-
comes. Different institutional arrangements privilege different forms of evidence, accountability,
decision authority, and temporal coordination. These differences shape how domain models, stan-
dards, and modelling practices are adopted, constrained, or resisted. The feasibility and form of
knowledge formalisation and computer-supported interoperability therefore do not arise in a vac-
uum; they depend on institutional expectations concerning legitimacy, accountability, decision au-
thority, and acceptable forms of evidence. This necessitates a more explicit analytical treatment of
institutional logics and their role in delineating domains for interoperability analysis.

3.6 From institutional logics to analytical domains

This concluding part specifies how the dissertation delineates analytical domains in national digi-
tal health. The purpose is not to describe all empirically observable organisations, infrastructures,
or knowledge communities, but to define a limited set of theoretically justified domains through
which interoperability and governance can be analysed. The distinction is important: analytical
domains are grounded in institutional logics, whereas empirically observable technological and
knowledge spaces reflect historically evolved practices, mandates, infrastructures, and modelling
arrangements.

As established in the preceding sections, technological spaces are socio-technical knowledge-
practice contexts, while modelling spaces are the more specific environments in which knowledge
is formalised through models, metamodels, mappings, and transformation logic (Section 3.2, Sec-
tion 3.4). Analytical domains are different. They are not derived directly from current data flows,
organisational charts, system components, or technical architectures. Rather, they identify distinct
sources of legitimacy, authority, accountability, and decision rationality that shape what interoper-
ability is expected to achieve and how it can be governed.

This distinction also explains why bottom-up empirical mappings are useful but insufficient for
domain delineation. Existing governance arrangements, legal mandates, organisational responsi-
bilities, and technical infrastructures reveal how digital health has historically been assembled; for
example, the map of data flows and governing bodies in Estonian digital health provides such con-
textual orientation (Appendix 1). However, such mappings cannot by themselves define the analyt-
ical domains of the framework. Contemporary infrastructures often encode historical compromise,
implementation path-dependence, and suboptimal responses to future-oriented needs. Treating
these arrangements as the primary basis for domain definition would risk reifying legacy constraints
as conceptual necessities rather than making them objects of analysis.

The framework therefore adopts a reflexive approach. Institutional logics provide the theoreti-
cal basis for domain delineation, while the business or needs viewpoint of the Generic Component
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Model (GCM) provides an architectural location at which institutional purposes, constraints, and
interoperability expectations can be explicitly articulated [63, 64]. Standards, information models,
and modelling frameworks then introduce secondary representational constraints: they shape what
can be formally expressed, exchanged, computed, and governed across heterogeneous implemen-
tations. These representational constraints do not replace institutional domains, but mediate how
clinical, administrative, public health, and research intents can be operationalised in interoperable
systems (Section 3.3, Section 3.5).

Institutional logics are carried, reproduced, and contested by concrete institutions. Ministries
and regulatory authorities stabilise public health and policy logics through legislation, reporting
obligations, and strategic programmes. Health insurance funds and administrative agencies enact
economic and managerial logics through reimbursement rules, contracts, and performance indica-
tors. Professional bodies, healthcare providers, and clinical communities carry clinical-professional
logics through standards of practice, ethical codes, and everyday decision-making. Universities,
research institutes, registries, and biobanks institutionalise scientific and learning logics through
methodological norms, ethics review, and data access governance. National digital health infras-
tructures operate at the intersection of these institutions and their logics; architectural choices
therefore inevitably privilege some rationalities while constraining others.

Viewed through the macro-meso-micro perspective, institutional logics are predominantly sta-
bilised at the meso level through governance arrangements, organisational coordination, and in-
frastructure, while macro-level visions and micro-level practices interact with these arrangements
through policy direction, professional practice, and feedback from outcomes (Section 3.1). This
does not mean that logics belong only to the meso level. Rather, the meso level is where institu-
tional rationalities are most visibly translated into mandates, roles, rules, standards, and operational
infrastructures.

At this point, the framework makes a further analytical distinction. Digital health is not treated
as an additional institutional domain, nor as a functional layer alongside clinical care, administra-
tion, public health, or research. Instead, it is treated as a reflexive meta-level relative to institutional
reality: a means through which institutional knowledge is formalised, aligned, and rendered action-
able in interoperable systems. This meta-level can be differentiated according to whether digital
artefacts and frameworks realise institutional knowledge in computable form, structure and align
knowledge across domains, or define the paradigmatic and normative conditions under which such
realisation and alignment are considered legitimate.

Table 4: Analytical levels of digital health coordination (M0-M3) (author’s synthesis).

Typical coordinating

Level

Analytical role

Typical outcome

competence

M3 - Paradigmatic
coordination

M2 - Modelling and
alignment

Defines how digital
health and
interoperability are
conceptualised and
legitimised
Structures and aligns
heterogeneous
knowledge spaces
and viewpoints

Paradigms,
grammars,
assessment
frameworks

Metamodels,
viewpoints,
transformation logics

Research, policy, and
architecture
coordination

System and
enterprise
architecture



Level

Analytical role

Typical outcome

Typical coordinating
competence

M1 - Formalised
digital knowledge

MO - Institutional
reality

Realises institutional
knowledge in
computable and
operational form

Actual policy,
governance, clinical
practice, and

Models, rules,
profiles, documents

Decisions, practices,
outcomes

Domain expertise,
analysis, and
development

Institutions and
professional
communities

organisational action

The Table 4 is used strictly as an analytical device. It adapts meta-modelling and architectural
coordination logic to distinguish institutional reality from the formalisation, alignment, and paradig-
matic framing of institutional knowledge in digital health. It is not a maturity model, evaluative hi-
erarchy, or claim that all digital health artefacts can be neatly assigned to one level. Its purpose is to
clarify the levels at which interoperability and governance problems may arise: in practice and out-
comes (MO), in formalised digital knowledge (M1), in modelling and alignment mechanisms (M2), or
in the paradigms and legitimacy assumptions that define what counts as appropriate coordination
(M3).

The domain structure developed in this dissertation is therefore grounded in institutional logics
rather than in functional decomposition or system architecture. Institutional logics theory posits
that complex societal systems are constituted by multiple, coexisting rationalities that define legiti-
mate actors, goals, decision criteria, and forms of accountability [62-64]. This interpretation aligns
with Glouberman and Mintzberg’s characterisation of healthcare as an inherently pluralistic system,
in which clinical practice, managerial coordination, public policy, and knowledge production follow
different organising principles that cannot be hierarchically subsumed without loss of meaning or
effectiveness [105, 106].

On this basis, the framework identifies four analytically salient domains. These domains are
not exhaustive taxonomies, organisational layers, or system components. They are theoretically
grounded perspectives on the principal institutional rationalities that must be coordinated in na-
tional digital health systems:

e Public health and policy domain - oriented toward population-level stewardship, accounta-
bility, and policy steering, with legitimacy derived from public authority and collective value
creation [63, 107].

e Economic and administrative domain - structuring financing, reimbursement, resource al-
location, and organisational coordination, with legitimacy derived from contracts, budgets,
purchasing arrangements, and performance indicators rather than clinical judgement alone
[108-111].

o Clinical-professional and empowerment domain - governing individual care decisions, pro-
fessional responsibility, and patient participation, grounded in specialised expertise, ethical
accountability, trust, and shared decision-making [112-114].

o Scientific research and learning domain - organising the secondary use of health data for
knowledge generation, validation, and system learning under conditions of methodological
abstraction, uncertainty, and ethical governance [115-117].

Figure 7 summarises how institutional logics, analytical domains, and macro-meso-micro per-
spectives relate within the proposed framework. The figure should be read from right to left. The
macro-meso-micro pyramid represents institutional reality at MO, while the digital health levels
on the left represent a reflexive meta-level through which institutional intents are formalised at
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M1, aligned at M2, and conceptually framed at M3. Digital health is therefore not depicted as
an additional organisational domain, but as a coordination mechanism through which institutional
knowledge is translated into interoperable technological realisation.

DIGITAL HEALTH

conceptual framing, — MACRO
legitimacy criteria — . -
M3: Paradigmatic ~—  macro-evel interpretation societal direction and

legitimacy assessment

MESO
institutional enactment of logics

Economicand g ko heaith

and policy
operationalisation of

SCIeﬂgf:C res.earch Clinical professional
and learning and empowerment
M1: Formalised
domain knowledge,

digital knowledge \ decision support, MICRO
documentation clinical interaction, reasoning & individual care decisions

coordination

M2: Modelling and alignment,
alignment = coordination, — =—————

translation

administrative

Digital health as a reflexive analytical meta-level relative to institutional reality (M0)

Figure 7: The figure illustrates how national digital health operates as a reflexive analytical meta-level that
coordinates institutional reality across macro, meso, and micro levels. The pyramid on the right represents the
health system structure: micro-level clinical interaction and individual care decisions; meso-level institutional
enactment of multiple, partly overlapping logics, including clinical, public health, administrative-economic, and
scientific logics; and macro-level societal direction and legitimacy assessment. The left-hand column depicts dig-
ital health across abstraction levels M1-M3, from formalised digital knowledge and decision support, through
modelling and alignment mechanisms, to paradigmatic coordination and legitimacy framing. The connecting
elements indicate how digital health mediates alignment, translation, and interpretation across institutional
levels rather than merely implementing existing arrangements (source: author).

The Figure 7 clarifies the final position of the theoretical framework. Institutional logics give rise
to analytical domains that cut across macro, meso, and micro levels. These domains are stabilised
most visibly at the meso level through governance, coordination, and infrastructure, while macro-
level visions and micro-level outcomes provide direction and feedback. Digital health operates as
a reflexive meta-level: formalised digital knowledge (M1), modelling and alignment mechanisms
(M2), and paradigmatic coordination principles (M3) shape how institutional intents are translated
into interoperable technological realisation.

The four domains therefore stabilise the conceptual scope of the framework without claiming
empirical exclusivity. Their empirical operationalisation and comparative use are developed in the
analytical attributes and applied in the publication-cluster analysis that follows.

3.7 Bridging theory, analytical attributes and research questions

The preceding sections have developed the theoretical framework for analysing interoperability and
governance in national digital health systems. The framework combines institutional logics, macro-
meso-micro reasoning, modelling and technological spaces, GCM-based architectural coordination,
interoperability capability, knowledge-based interoperability, and governance of change into one
conceptual basis for the dissertation.

The central position is that national digital health interoperability is a governed coordination ca-
pability. It depends on whether technical exchange, semantic meaning, institutional responsibility,
knowledge representation, and authorised change are sufficiently coupled across heterogeneous
domains and levels. Technical connectivity and standards adoption are therefore necessary but
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insufficient conditions for knowledge-ready, accountable, and adaptive national digital health.

The normative horizon of this framework is informed by predictive, preventive, personalised,
participatory, and psycho-cognitive (5P) medicine. In this dissertation, 5P medicine does not func-
tion as a separate analytical attribute, maturity scale, or evaluation criterion. It clarifies why higher-
order interoperability matters: advanced forms of care require digital health systems that can sup-
port knowledge-intensive, trust-sensitive, and learning-oriented coordination [118-122].

The theoretical novelty of the framework follows from the positioning gap identified in Sec-
tion 2.6. Existing research offers important but partly separate accounts of digital health architec-
tures, semantic standards, platforms, institutional governance, and knowledge reuse. This disser-
tation brings these strands together to explain why national systems may achieve broad exchange
and access while still struggling with decision relevance, knowledge readiness, trustworthy reuse,
and adaptive governance. The contribution is therefore an integrated explanatory framework, not
an additional maturity model or reference architecture.

To make this theoretical position usable across the dissertation, the framework is expressed
through seven analytical attributes. These attributes are not independent variables, indicators, or
maturity stages. They identify the main kinds of coordination that must be considered when na-
tional digital health interoperability is analysed as a governed capability:

o Institutional domains and logics - captures the plurality of institutional rationalities and the
need to make their responsibilities, values, and accountability claims governable.

e Macro-meso-micro localisation - locates interoperability problems and coordination mech-
anisms across policy direction, governance and infrastructure, and operational practice.

¢ MO0-M3 coordination levels - distinguishes institutional reality, formalised digital knowledge,
modelling and alignment mechanisms, and paradigmatic coordination.

o Technological and modelling spaces - makes visible the translation problems between
heterogeneous systems, standards, knowledge-practice environments, and modelling
traditions.

¢ Interoperability capability - qualifies the depth of coordination, from technical and syntactic
exchange toward semantic, pragmatic, dynamic, and conceptual interoperability.

o Knowledge-based interoperability - concerns the explicit representation and governance of
concepts, rules, computable knowledge, decision-support logic, and reusable knowledge
artefacts.

e Governance of change and reuse - concerns authorised change, discrepancy resolution, ac-
countability, reuse governance, and propagation of updated knowledge into operational set-
tings.

Together, these attributes define the conceptual bridge between the theoretical framework and
the dissertation’s research questions. They do not correspond to the research questions one by
one. Instead, each research question draws on a particular configuration of attributes.

RQ1 concerns national digital health as an evolving socio-technical arrangement. The frame-
work supports this question by combining attributes that make institutional domains, system levels,
architectural coordination, modelling spaces, and interoperability capability visible. This makes it
possible to examine national digital health as more than a bounded technical infrastructure.

RQ2 concerns the transition from data exchange to knowledge-ready use. The framework sup-
ports this question by combining attributes that distinguish technical access from semantic conti-
nuity, computable knowledge, decision relevance, and governed change. This makes it possible to
examine why data availability may still be insufficient for advanced reuse, decision support, and
personalised care.

RQ3 concerns trustworthy secondary and multiple use of health data. The framework supports
this question by combining attributes that make legitimacy, responsibility, authorisation, accounta-
bility, stewardship, and reuse governance visible as interoperability concerns. This makes it possible
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to treat secondary use as an institutional and governance problem, not only as a data-access prob-
lem.

RQ4 concerns the conceptual revision of interoperability. The framework supports this question
by bringing all seven attributes into an integrated view of interoperability as a governed coordination
capability. This makes it possible to reconsider interoperability as more than a cumulative sequence
of technical, semantic, and organisational maturity stages.

The research questions define what the dissertation investigates, while the analytical attributes
specify which theoretical distinctions are needed to investigate it coherently. The framework’s main
claim is that national digital health interoperability does not accumulate automatically from tech-
nical exchange toward semantic, organisational, and governance maturity. It has to be produced
through explicit coordination between meanings, models, responsibilities, knowledge structures,
and mechanisms of authorised change.

This theoretical framework provides the conceptual basis for the methodological choices and
empirical analysis developed in the following chapters.
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4 Methodology

4.1 Scope and orientation

This chapter specifies the methodological approach used to examine national digital health inter-
operability. The dissertation adopts a critical realist orientation and an abductive logic of inquiry,
implemented as an article-based and framework-guided qualitative multi-study design. The the-
oretical framework developed in Chapter 3 is operationalised through seven analytical attributes
(see Section 3.7).

The methodological purpose is to identify conditions that enable, constrain or leave incomplete
interoperability as a coordination capability. The analysis is therefore not designed as a performance
evaluation, implementation assessment or maturity measurement. Its focus is on how source-based
observations can be interpreted in relation to structural, semantic, institutional and governance-
related boundary conditions.

The explanatory orientation follows Strevens’ account of explanation as the identification of
causally relevant unifying structures rather than the reconstruction of exhaustive causal mecha-
nisms [123]. To maintain analytical clarity, the study draws on Archer’s morphogenetic approach by
distinguishing between structure, agency and culture, thereby avoiding the collapse of technologi-
cal artefacts, institutional arrangements and human practices into a single explanatory layer [124].
This position supports the critical realist treatment of observable system behaviours as manifesta-
tions of deeper generative mechanisms and relatively enduring structural conditions [125].

Within this stance, abductive analysis provides the practical logic of inquiry. The analysis moves
iteratively between source-based observations, analytical attributes and emerging cross-cluster
patterns in order to formulate plausible explanatory interpretations. The methodological role of
the chapter is therefore to define how empirical material is selected, interpreted, bounded and
synthesised, while the substantive interpretation of the findings is developed in the Results and
Discussion chapters.

4.2 Research design: qualitative multi-study design

The core research design of the dissertation is a qualitative multi-study design, implemented as an
article-based and framework-guided synthesis. It is article-based because the empirical material
is drawn from the published and contextual source set introduced in Section 1.7. It is framework-
guided because the same analytical attributes are applied across empirically different materials to
support comparison and synthesis.

The source materials are not aggregated into a single uniform dataset. They are organised as an-
alytically differentiated empirical entry points into the dissertation’s overarching research problem.
Estonia’s national digital health system provides the main longitudinal case, while selected com-
parative international materials are used where they clarify architectural, semantic or governance-
related conditions beyond the Estonian setting.

Conceptual work and empirical analysis are used in a mutually reinforcing way. The theoretical
resources reviewed in the preceding chapter provide the interpretive categories for the analysis.
The empirical material provides concrete settings in which these categories can be examined under
real-world constraints. This design makes it possible to trace where coordination is achieved, where
it remains partial, and where progress in one area does not propagate into other required forms of
alignment.

The qualitative multi-study design is therefore suited to the dissertation’s aim because it al-
lows national digital health interoperability to be examined across several empirically distinct but
theoretically connected settings. It supports a framework-guided synthesis without converting het-
erogeneous source materials into a uniform measurement scheme or treating individual cases as
exhaustive causal accounts of system behaviour.
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4.3 The empirical corpus

The empirical corpus is drawn from the source set described in Section 1.7 and organised for
framework-guided analysis into four thematic clusters. While the publication corpus section
defines the status and role of the formal publications and the broader analytical source set, the
present section explains how this material is arranged for empirical analysis.

The clusters follow the substantive progression of the empirical analysis: national interopera-
bility as a socio-technical phenomenon; knowledge-ready reuse; governed multiple use of health
data; and higher-order interoperability through standards, semantic alignment and conceptual
modelling. Their relationship to the research questions is orienting rather than one-to-one. The
clusters provide empirical vantage points that are later interpreted through the analytical attributes
and brought together in the cross-cluster synthesis.

For compact reference in the dissertation, the empirical clusters are labelled Cluster 1-Cluster
4 and abbreviated after first definition as C1-C4: Cluster 1 (C1) covers national EHR architecture
and longitudinal development; Cluster 2 (C2) covers decision support and personalised medicine;
Cluster 3 (C3) covers governance and secondary data use; and Cluster 4 (C4) covers standards, se-
mantics and conceptual interoperability. These labels are analytical shorthand for the empirical
clusters. They do not denote publication numbers, maturity stages or a hierarchy of evidence.

Within the qualitative multi-study design, the clusters function as empirical entry points for
analysing how architectural, semantic, clinical and institutional dimensions of national digital health
interoperability interact. Each cluster contributes a distinct analytical role: establishing a longitudi-
nal baseline, testing knowledge-ready reuse, examining governance conditions, or tracing semantic
and conceptual stabilisation.

Table 5: Empirical material and its analytical role. This table specifies how the four analytical clusters organise
the dissertation’s empirical source material. It indicates the empirical focus and synthesis function of each

cluster (source: author).

Empirical

cluster Empirical focus Role in the synthesis

C1. National Long-term development of Establishes the historical and

digital health Estonia’s national digital health architectural baseline for analysing
architecture & exchange infrastructure, including what mature national access and
longitudinal architecture, standardisation and exchange infrastructure can and cannot

development

C2. Decision
support &
personalised
medicine

C3.
Governance &
secondary data
use

C4. Standards,
semantics &
conceptual
interoperability

system-level coordination

Conditions of data production,
exchange, access and reuse as
empirical stress tests for decision
support, personalised medicine and
knowledge-ready reuse.

Institutional, legal and governance
arrangements shaping secondary or
multiple use of health data in
national and comparative settings

Standards-oriented,
terminology-related and
conceptual-modelling work aimed
at stabilising meaning across
contexts

deliver after prolonged operation

Tests the move from data availability to
knowledge-ready use, surfacing
constraints in data quality, semantic
structure, temporality and workflow
integration

Shows how trust, responsibility,
stewardship, legal mandates and
institutional logics condition governed
health data reuse

Documents how conceptual
interoperability is operationalised
through clinical concepts, information
models, terminology resources and
implementation guidance
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For analytical purposes, the source material is arranged across the clusters as follows. Cluster 1
centres on the longitudinal development and interpretation of Estonia’s national e-health system,
drawing on the formal publication on ten years of Estonian e-health development and supporting
Estonia-focused case and professional materials [1], [21, 22]. Cluster 2 brings together the empiri-
cal testing of EHR data applicability for clinical decision support, the systematic review of Al-based
decision-support research, and contextual personalised medicine feasibility and pilot materials [I1],
[11], [24, 25]. Cluster 3 focuses on governance and secondary or multiple use of health data, draw-
ing on the formal governance publication and related standards-oriented or project-based mate-
rial on health data reuse [IV], [23]. Cluster 4 groups standards-oriented, terminology-related and
conceptual-modelling sources that support the analysis of semantic and conceptual interoperability
[26-28].

This clustering does not redefine the formal publication basis of the dissertation. Rather, it pro-
vides the analytical structure through which the source material is interpreted in the Results chap-
ter. Together, the clusters provide a longitudinal and multi-layered empirical basis for analysing
national digital health interoperability as a coordination problem across architecture, semantics,
clinical knowledge use and governance. Their role is summarised in Table 5 and operationalised in
the analytical procedure below. A more detailed source-material mapping is provided in Appendix
2, which relates individual source materials to coordination scope, institutional logics and implica-
tions for interoperability and governance.

4.4 Analytical procedure and construction of results

This section explains how the empirical material described in Section 4.3 is transformed into
the structured results presented in Chapter 5. The status of the source materials is defined in
Section 1.7, while their cluster placement and analytical role are specified in Section 4.3. The
present section specifies the procedure through which source-based observations are extracted,
interpreted, represented, bounded and synthesised in order to support the construction of answers
to the research questions.

The Results chapter is constructed as a cluster-based, framework-guided qualitative synthesis.
The clusters provide differentiated empirical vantage points, while the seven analytical attributes
developed in Section 3.7 provide the common interpretive structure. Comparison therefore takes
place at the level of analytical attributes, boundary conditions and coordination patterns, while
preserving the empirical specificity of each cluster.

The analytical attributes are used as linked interpretive categories rather than as separate mea-
surement variables. The analysis records whether each attribute-level pattern is instantiated, im-
plied or not instantiated within the source materials of a cluster. The resulting attribute patterns
are then compared across clusters. This supports synthesis across heterogeneous source materials
without converting the clusters into a uniform measurement scheme.

The construction of results follows six steps.

1. Empirical observation extraction. Within each cluster, the analysis identifies source-based
observations, reported findings, artefacts, constraints and implementation conditions rele-
vant to the cluster’s analytical focus. This step establishes the traceable source basis for later
abstraction.

2. Attribute-guided interpretation. Source-based observations are interpreted through the an-
alytical attributes defined in the theoretical framework Section 3.7. The purpose is to deter-
mine which attribute-level claims can be supported within the empirical scope of the cluster
and how they can be formulated.

3. Pattern abstraction and source-status marking. Empirical observations are abstracted into
cluster-level patterns and represented in framework-aligned tables. Each table row links
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an analytical attribute, an abstracted pattern and its empirical basis. The row prefix marks
the relationship between the pattern and the source materials: [Instantiated] indicates that
the pattern is directly represented in the cluster source materials; [Implied] indicates a pat-
tern inferred from traceable source material; and [Not instantiated] indicates that the clus-
ter source materials provide no defensible basis for formulating that attribute-level pattern
within the scope of the cluster.

4. Cluster-level boundary-setting. Each cluster concludes with an interim conclusion that states
what the cluster establishes and what remains outside its empirical scope. These interim
conclusions separate cluster-specific findings from claims that require cross-cluster synthesis.

5. Cross-cluster synthesis. After the cluster-level analysis, the same analytical attributes are
used as common reference points for cross-cluster synthesis in Section 5.6. The synthesis is
constructed in two moves. First, cluster-level patterns are consolidated into as-is observa-
tions that describe source-grounded conditions, limitations and partial achievements. Sec-
ond, these as-is observations are contrasted with to-be coordination requirements derived
from the theoretical framework. This contrast separates empirically grounded findings from
theoretically derived coordination requirements and is used to identify recurring boundary
conditions, coordination gaps and cross-cluster implications.

6. Research-question-level consolidation. The final analytical step consolidates the cluster-level
and cross-cluster patterns into research-question-level findings by using the RQ-attribute
alignment developed in Section 3.7. This alignment specifies which analytical attributes are
most relevant for each research question and what type of analytical outcome the Results
chapter is expected to support. The step brings together attribute-level patterns across the
empirical corpus, identifies supporting, limiting or contrasting evidence, and distinguishes
what the empirical material establishes, what it only implies, and what remains outside the
supported scope. The resulting research-question-level answers are formulated in Chapter 6.

Within this procedure, tables function as the primary analytical artefacts. They make explicit
how empirical observations are transformed into attribute-mediated patterns and how those pat-
terns remain linked to their source basis. Figures support interpretation where visual representa-
tion clarifies relations that are difficult to express in prose alone. Together, this procedure keeps
the Results chapter traceable to the empirical corpus and establishes how cluster-level findings and
cross-cluster synthesis support the formulation of research-question-level answers in the Discussion
(see Chapter 6).

4.5 Use of generative text production

Generative text production tools (including large language models) were used in this dissertation
in a limited and transparent manner as supportive instruments within the research process. Their
use was confined to linguistic editing, structural refinement, consistency checking (including termi-
nological harmonisation), and the translation of the author’s research notes, working drafts, and
methodological instructions from Estonian into English. These tools were not used to generate em-
pirical material, conduct data analysis, produce analytical results, or formulate theoretical claims.
All translated and revised content was manually reviewed and validated by the author. Respon-
sibility for all conceptual decisions, interpretations, and normative conclusions presented in the
dissertation rests solely with the author. In this sense, generative text production functioned as
language and editing support within an explicitly reflexive and author-driven research process.

4.6 Ethical considerations

The dissertation adopts an ethics-by-design perspective in which ethical considerations are treated
not only as procedural safeguards for individual studies, but also as methodological conditions for
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analysing digital health governance and interoperability architecture. In this dissertation, ethical
issues are especially relevant at the M1-M3 levels, where normative orientations, institutional re-
sponsibilities, data access conditions, and architectural constraints are defined and aligned across
heterogeneous technological and organisational spaces.

The empirical sources and studies used in the dissertation involved different levels of ethical
sensitivity. Some relied primarily on published materials, technical documentation, standards, pol-
icy texts, and architectural analysis. Others involved expert knowledge, organisational insight, or
patient-related and patient-derived data. Across these source types, the research followed estab-
lished principles of research ethics, data protection, and research integrity. Sensitive health-related
information was handled in accordance with applicable legal and institutional requirements; in-
formed consent was obtained where primary empirical work involved human participants; and the
secondary use of documents, policy materials, and datasets followed recognised standards of re-
sponsible research conduct.

Several studies relied on expert knowledge, technical documentation, and organisational in-
sights provided by system architects, clinicians, policy-makers, and institutional stakeholders. Al-
though such contributions did not involve personal health data, they could still reflect sensitive or-
ganisational arrangements, strategic decisions, or system-level constraints. To address these risks,
the analysis followed principles of contextual confidentiality and role-based anonymisation. In-
dividual experts and organisations were not made identifiable unless their role and contribution
were already part of the public record. Interview material and expert input were analysed at an ab-
stracted thematic level, focusing on structural patterns, governance mechanisms, and architectural
properties rather than on attributable opinions or institution-specific vulnerabilities.

A smaller subset of the empirical material involved patient-related or patient-derived data, in-
cluding EHR data readiness testing [ll], the HealthSense project [23], and the estPerMed clinical
pilot study [25]. These cases required explicit attention to ethical oversight, data protection, ac-
cess control, purpose limitation, and accountable roles. They are important for the dissertation not
as clinical intervention studies, but as cases showing how ethical requirements are operationalised
through governance arrangements, data flows, consent procedures, and institutional responsibility.

The estPerMed pilot study is a particularly relevant example. At the project level, it involved
direct contact with patients, including clinical consultations and counselling related to breast can-
cer and cardiovascular risk, as well as the communication of genetic and polygenic risk information
by qualified healthcare professionals. These activities were conducted within routine clinical care
frameworks, under formal ethical approval, with explicit informed consent and controlled handling
of sensitive health and genetic data [25]. The primary ethical concerns at the project level there-
fore concerned confidentiality, informed consent, responsible communication of high-sensitivity
information, and governed use of derived outputs.

The author’s role in estPerMed, and in the dissertation more broadly, was not situated at the
level of clinical intervention, patient recruitment, consent procedures, counselling, clinical decision-
making, or operational processing of identifiable personal health or genetic data. The author’s con-
tribution was located at the level of architectural, conceptual, and governance-oriented coordina-
tion: the design of interoperable digital solutions, the specification of secure and governed data
flows between systems, and the analytical use of aggregated or otherwise non-identifying outputs.

Accordingly, the ethical risks most directly relevant to the author’s research activities concern
data governance, secondary use, institutional responsibility, expert confidentiality, and the protec-
tion of both patient-related and organisationally sensitive information. This positioning is consis-
tent with the dissertation’s methodological orientation: empirical material is analysed to identify
structural, semantic, institutional, and governance-related conditions, not to evaluate individual
patients, clinicians, experts, or organisations.

From this perspective, ethics is treated as part of the governance conditions that constrain and
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enable interoperability. It shapes who may access which data, under what conditions, for which
purposes, and with what accountability. Ethical principles are therefore relevant to the dissertation
not only as compliance requirements, but also as architectural and governance constraints that
must be considered when analysing trustworthy, knowledge-based, and person-centred national
digital health.

4.7 Limitations and positionality

The author occupies a dual position as both a long-term practitioner involved in the design and im-
plementation of the Estonian digital health system and as a researcher analysing its conceptual,
architectural and governance foundations. This insider position provides access to institutional
knowledge, longitudinal insight into design rationales, and practical understanding of how inter-
operability frameworks operate under real-world constraints. At the same time, it introduces risks
of analytical bias, path dependency and over-familiarity with the national context. The dissertation
addresses these risks through an explicit reflexive stance: the author’s positionality is made trans-
parent, and insider experience is treated as an analytical resource only when anchored in traceable
source material, including peer-reviewed publications, technical and policy documents, interna-
tional standards and established conceptual frameworks.

The empirical core of the dissertation is anchored in the Estonian digital health system. This
focus enables an in-depth examination of interoperability, governance and semantic alignment
over an unusually long temporal horizon, but it also limits the scope of empirical generalisation.
The dissertation therefore supports analytical rather than statistical generalisation. Its findings are
transferable at the level of conceptual distinctions, analytical attributes, boundary conditions and
coordination patterns, while their practical application depends on local institutional arrangements,
legal frameworks, health system structures and implementation histories.

The author has also contributed to national digital health architecture and interoperability
projects in several other countries, including Ukraine, Finland, Mongolia, Uzbekistan and Romania
(see CV). These experiences inform the author’s analytical sensitivity to recurrent coordination
problems across different national settings. They are, however, not treated as primary empirical
material in this dissertation. Academic publication of the respective project results has not been
possible to date due to contractual and confidentiality constraints, which limits the extent to which
those experiences can be used as traceable evidence within the dissertation.

Methodologically, the dissertation prioritises conceptual, architectural and governance-
oriented analysis over exhaustive empirical measurement. It does not seek to quantify system
performance, population-level outcomes, implementation efficiency or causal effects. Instead, the
qualitative multi-study design is used to identify structural, semantic, institutional and governance-
related boundary conditions that shape interoperability as a coordination capability. The resulting
claims are therefore explanatory and interpretive, rather than predictive, evaluative or statistically
generalisable.

The integrative theoretical framework also entails a methodological trade-off. It prioritises ex-
planatory breadth and cross-level conceptual coherence over parsimony, benchmarking or the con-
struction of a prescriptive architecture blueprint. This creates a risk of conceptual overlap across
theoretical traditions, which is mitigated through the explicit use of seven analytical attributes, ab-
straction levels, source-status marking and cluster-level boundary-setting. These devices help dis-
cipline the synthesis, but they do not eliminate the interpretive judgement required when hetero-
geneous empirical materials are brought into a common analytical frame.

The empirical depth is uneven across the areas examined. The dissertation foregrounds system-
level architecture, semantic coordination, governance arrangements, knowledge-readiness condi-
tions and authorised change more strongly than micro-level professional practice, patient experi-
ence, economic outcomes, usability or organisational change management. These aspects are rele-
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vant to national digital health, but they fall outside the primary analytical scope of this framework-
guided synthesis.

The work also adopts an explicit normative orientation toward integrated, knowledge-based
and person-centred national digital health. This orientation is consistent with the dissertation’s re-
search problem and theoretical framework, but it means that the analysis is guided by a particular
understanding of what national digital health systems should be able to support. Alternative norma-
tive priorities, such as administrative efficiency, market innovation, local autonomy or short-term
implementation scalability, may lead to different interpretations of the same empirical material.
These boundaries are treated as part of the dissertation’s methodological positioning rather than
as unintended shortcomings.

Taken together, these limitations define how the results should be interpreted. The disser-
tation offers a theoretically grounded and empirically supported synthesis of coordination condi-
tions in national digital health, not a comprehensive evaluation of the Estonian system or a uni-
versal implementation model. The Results chapter should therefore be read as a cluster-based
and framework-guided analysis of how architectural, semantic, knowledge-related and governance
conditions become visible across the empirical material. The contribution lies in clarifying why
technically mature digital health infrastructures may still require stronger semantic, institutional,
knowledge-related and governance coordination in order to support trustworthy, knowledge-based
and person-centred care.
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5 Results

5.1 Empirical scope and structure of results

This chapter presents the empirical findings in relation to the research object defined in the method-
ology: national digital health as a socio-technical and institutional coordination problem in which
architectures, semantic formalisations, and governance arrangements jointly shape interoperability
capability across macro, meso, and micro levels.

The Results chapter follows the four empirical clusters introduced in the methodology: national
EHR development; decision support and personalised medicine; governance and secondary data
use; and standards, terminology, and semantic formalisation. These cluster-specific findings are
then consolidated in a cross-cluster synthesis structured by the seven analytical attributes devel-
oped in the theoretical framework (Chapter 3).

Before the cluster-specific results, Table 6 provides a compact orientation to the empirical source
base used in the chapter. The table is intended as a reader aid: it summarises the temporal scope,
empirical scale, methodological orientation, and principal outputs of the studies and source mate-
rials that underpin the results. It does not define the analytical clusters anew and does not replace
the methodological account provided in Chapter 4.

Table 6: Overview of the empirical source base used in the Results chapter. The table summarises the temporal
scope, methodological orientation, empirical scale, and principal outputs of the studies and source materials
underpinning the dissertation’s results. The term “publication” in this table is used descriptively for the written
source in which the empirical material, method, or analytical output is documented. It does not by itself denote
an official thesis core publication; the table therefore also includes supporting scientific publications, reports,
and analytical subsets where they provide source material for the results. Where several closely related publi-
cations document the same empirical strand, they are treated together. Selected sources may appear in more
than one row when the same empirical material supports distinct analytical perspectives. (New abbreviations
in this table: SQL - Structured Query Language; HISMM - Health Information Sharing Maturity Model; DDSS -
Digital Decision Support System.)

Cluster & empirical

strand (related Period (data; Methodological Participants & data

publication/source) publication) approach (condensed) Key outputs

C1 - Longitudinal Data: Longitudinal National-scale Empirical

development of the 2006-2011; case study; programme; core reconstruction

Estonian Health Publications: architectural public authorities, of national EHR

Information System 2018-2020 and healthcare architecture,

(related publications: institutional providers, vendors; governance

[1], [21, 22]) analysis documentary arrangements,
sources and insider and early
project material interoperability

decisions

C2 - EHR data Data: Design- System-level study; Empirical

readiness for 2012-2017; oriented 9 algorithms; 41 validation of

computable decision  Publication: empirical parameters = 172 CDS feasibility

support 2021 testing; EHIS elements (24 on national EHR

(related publication: secondary document sections);  data; data

[nj) EHR data 40 SQL queries; readiness

analysis ~0.75M records metrics
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Cluster & empirical

strand (related Period (data; Methodological Participants & data

publication/source) publication) approach (condensed) Key outputs

C2 - Personalised Data: 2015; Conceptual Conceptual study; National

medicine / DDSS Publication: and design- scope refinement (3  roadmap for

framing 2015 oriented — 2 disease personalised

(related source: [24]) analysis domains) medicine
decision
support

C2 - Systematic Data: Systematic 30 studies (75 + 13 Evidence base

literature review of 2001-2019; literature screened); sample on DDSS

DDSS for PTSD Publication: review sizes 10-89,840 effectiveness

(related publication: 2022 and design

[mj) patterns

C4 - Terminology Data: Method 38 + 20 papers Formal checklist

validation 2005-2024; construction reviewed; 3 rule for terminology

methodology - Publication: via targeted blocks governance and

TermX 2025 literature validation

(related publication: review

[28])

C4 - ContSys-based Data: Semantic 17 ContSys Quantitative

semantic annotation 2019-2023; annotation concepts assessed; indicator of

of clinical content Publication: and model 15 identified conceptual

(related publication: 2025 application coverage and

[27]) limits

C2 - Personalised Data: Pilot imple- 69 physicians (67 Usability and

medicine 2020-2021; mentation; responses); feasibility

data-infrastructure Publication: mixed- 3-component IT evidence for

pilot, Estonia 2021 methods solution personalised

(related source: [25]) evaluation medicine
infrastructure

C3 - Secondary use Data: Exploratory Estonia: 9 Governance

of health data - 2019-2020; multicase organisations (4-5 recommenda-

multicase Publication: study; partici- tions; national

assessment (Saudi 2024 qualitative pants/session); master-plan

Arabia, Estonia) analysis Saudi Arabia: inputs

(related publication: national-level

[1v]) bodies

C3-Governance and  Data: 2020; Capability 9 organisations (4-5 Identified

maturity assessment  Publication: maturity partici- governance and

of data sharing, 2024 assessment pants/session); interoperability

Estonia (HISMM) 11 capability bottlenecks

(related publication:
[IV], analytical
subset)
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Cluster & empirical

strand (related Period (data; Methodological Participants & data
publication/source) publication) approach (condensed) Key outputs
C4-1S0 13940 Data: Design- 4 partner Operational
(ContSys) 2021-2023; oriented organisations; 5 semantic
national-language Publication: standardisa- work packages standard
standardisation 2025 tion project supporting
(related publication: governance
[26])
C3 - Health Sense: Data: Design- Multiorganisational Universal data
universal data model  2021-2023; oriented expert consortium; model and
and Publication: modelling; iterative model continuity-of-
continuity-of-care 2023 standard and  development and care standard
standard data-model validation aligned with
(related publication: development next-generation
[23]) health
information
systems

As shown in Table 6, the empirical source base is heterogeneous in period, scale, and output
type. This reflects the longitudinal and integrative character of the dissertation: some empirical
material was collected or operationally relevant before it was later analysed, validated, or pub-
lished. Where the same publication or source material appears in more than one row, this indicates
a distinct analytical use of the material rather than duplication of evidence.

The Health Sense study is the most explicit cross-cutting case in the source base [23]. It com-
bines architectural coordination principles, assessments of data suitability and reuse, terminology
development, semantic alignment, application of 1ISO 13940 (ContSys) concepts, and governance-
oriented data-management criteria. In the present Results structure, it is positioned under Cluster
3 because the author’s primary contribution to this study concerns institutional coordination, gov-
ernance mechanisms, and the conditions enabling or constraining secondary use of health data.
Its standards- and semantics-related implications are taken up again where relevant in the cluster-
specific analysis and in the cross-cluster synthesis.

5.2 Cluster 1 - National EHR architecture & longitudinal development

5.2.1 Overview of cluster source material

This cluster brings together source material that describes the design, implementation and long-
term evolution of Estonia’s nationally mandated Health Information System (EHIS). The material is
used in this cluster to establish the empirical basis for analysing national-scale access and exchange
infrastructure, architectural coordination, institutional embedding, platform-enabled services and
the limits of document-centric interoperability. EHIS is discussed in this dissertation as a national
EHR when the emphasis is on its role as a nationwide coordinating infrastructure for health data
exchange.

Metsallik et al. describe EHIS as a nationwide health information infrastructure operational
since the end of 2008. Their account emphasises the enabling conditions of implementation, in-
cluding governance arrangements, legal clarity, Estonia’s mature e-state environment, agreement
on access rights, and standardisation of medical data and data exchange rules. The paper presents
EHIS as a federated set of integrated services rather than a single centralised database. Its architec-
ture is described through three main layers: repositories for documents and images, a secure data
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exchange layer, and an application layer. The account also situates EHIS within the wider national
digital infrastructure, especially secure data exchange, digital identity, digital signing and auditabil-
ity [1].

In the same source, EHIS is characterised primarily as a document-centric health information
exchange environment. It supports continuity of care through routine cross-institutional access
to clinical documents and image references, and includes patient-facing access through a portal.
The paper reports national-scale adoption and routine use, and identifies recurring challenges re-
lated to semantic interoperability, data quality, secondary use, and change management in clinical
documentation and sharing practices. It also describes legally mandated document submission,
access-control arrangements, strong authentication, digital signing and audit logging as part of the
operating model [I].

The high-level architecture used in this cluster is reproduced in Figure 8.
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Figure 8: High-level architecture of Estonia’s health data exchange and service ecosystem integrated with the
national digital public infrastructure. The figure depicts secure cross-institutional health data exchange, con-
necting health sector applications and registries with shared infrastructure services such as secure data ex-
change and digital identity. The years shown on components denote initial deployment periods (source: [I]).

Metsallik and Ross provide a post-launch implementation experience report that describes
EHIS through its architectural layering, e-state dependencies, programme-level governance and
funding arrangements, and routine service use. In this account, EHIS integrates data from health-
care providers through repositories for medical documents and images, the state-provided secure
internet-based exchange layer X-Road, national digital identity and signature services, and an
application layer providing role-specific services, including the Patient Portal. The chapter reports
routine professional use of the Electronic Health Record, e-prescription and national PACS through
local information systems, and gives national-scale activity indicators for early 2017, including 1,163
healthcare institutions sending and retrieving data, physician query volume close to 50,000 queries
per day, population coverage of 1.5 million people, and large volumes of outpatient summaries,
inpatient summaries and diagnostic examination reports [21].

The implementation account also reports that internal institutional processes were kept un-
changed as much as possible, with the main implementation task framed as integrating local in-
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formation systems with central repositories. It describes the phased implementation of EHIS from
2005 through four initial programmes and the establishment of a multi-stakeholder coordinating
organisation for ongoing standardisation and central system maintenance. The same source identi-
fies implementation lessons and limitations, including that early data-quality targets and measures
could have been stronger and that usability was not a primary design priority at the outset. It also
describes a nationally shared drug-drug interaction checking service as a service-specific decision-
support capability linked to e-prescription workflows [21].

The WHO and ITU handbook case presents Estonia through the vocabulary of a digital health
platform and reference architecture. This source is therefore used here as an external handbook
framing of the Estonian case, not as a domestic system specification. It situates the Estonian case
within a wider digital public infrastructure context and describes a staged national programme
launched in 2005 through four initial projects: Electronic Health Records, Digital Images, Digital
Registration and Digital Prescriptions. The case describes the platform’s main components, includ-
ing the national Health Information System, prescription centre, patient portal and registries, and
presents an explicit catalogue of cross-institutional business processes supported by the Estonian
platform [22].

The handbook case frames interoperability through schema specifications, shared reference
data and classifications, and interaction specifications that connect process events, message struc-
tures and participating systems. It also describes governance and standardisation responsibilities
of a coordinating organisation, including maintenance of shared classifications and national care
guidelines, and identifies enforcement mechanisms such as licensing and audit-related controls,
including personal access to audit logs [22].

The cross-institutional business processes catalogued in the handbook case are reproduced in
Table 7.

Table 7: Business processes supported by the Estonian platform, presented in the WHO and ITU handbook as
an illustrative national example rather than as an exhaustive or evaluative process model (source: [22]).

Health service delivery processes Administrative processes

Health records process: enables clinicians to
share patient data with one another and with a
person related to the patient.

Consents process: states a patient’s request
about health care or records, including
restricting clinicians’ or trustees’ access to
records.

Critical report process: enables ambulances
and emergency care clinicians to receive a
quick summary of a patient’s health records.

Ambulance process: enables ambulance units
to issue communications to a patient’s
subsequent care providers via shared health
records.

Prescriptions process: connects clinician,
pharmacist, insurer, and patient in one digital
workflow.

Laboratory diagnostics process: requires all
medical labs to report diagnostic results to
shared health records, enabling patient-centric
viewing of results.

Demographics process: gathers personal
demographic data into shared records from
sources such as a population registry, patient
portal, or health provider.

Usage audit process: allows patient access to
the health records access log.

Professional digital licensing process: registers
an individual as a licensed health professional,
enabling access to shared health records.

Institution digital licensing process: registers an
institution, allowing network access to the
health records system.



Health service delivery processes Administrative processes

Imaging diagnostics process: regulates Institution digital certification process: allows
information sharing of diagnostic images and digital authentication for institutions via
updates health records with radiology reports. cooperation with public authorities.

Epidemiology process: updates medical Personal digital certification process: allows
registries automatically from shared health digital authentication for individuals.
records.

Health certificates process: delivers specific Reimbursement process: connects the health
health condition data to outside parties. service provider with the insurer.

Referrals process: supports the transfer of
patients from one provider to another.

Consultation process: allows patients to receive
medical advice via digital health channels.

Research process: allows scientific researchers
to view certain data in shared health records,
following approval from an ethical committee.

Taken together, the source material establishes the empirical starting point for Cluster 1. Met-
sallik et al. provide the retrospective account of EHIS as a mature national health information in-
frastructure; Metsallik and Ross add implementation-oriented detail on architecture, programme
governance, operational scale and post-launch lessons; and the WHO/ITU handbook case reframes
the Estonian example through digital health platform and reference-architecture vocabulary. The
cluster therefore provides evidence of mature national access and exchange infrastructure while
also surfacing limitations related to semantic interoperability, data quality, usability, secondary use
and the governance of change. These source-based observations are mapped to the seven analyti-
cal attributes in the following section.

5.2.2 Interoperability and knowledge characteristics

This section summarises the reported results of the Cluster 1 publications in relation to the analytical
dimensions introduced in the theoretical framework (see Chapter 3). The synthesis is presented
as a structured table to make the relationship between architectural description and framework
attributes explicit (Table 8).
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Table 8: Framework-aligned summary of Cluster 1 findings (author’s synthesis based on reported results).

Analytical attribute

Abstracted pattern

Empirical basis

[Instantiated]
Institutional domains
and logics

[Instantiated]
Macro-meso-micro
localisation

[Instantiated] MO-M3
coordination levels

[Instantiated]
Technological and
modelling spaces

National EHR architecture is
characterized by
institutionally embedded
coordination that aligns
healthcare delivery and public
administration obligations
through legally mandated
information exchange.

Reported coordination effects
concentrate on
inter-organisational coupling
(meso level) through shared
services and mandates, while
local clinical workflows are
described as largely
unchanged.

The publications report
extensive operational and
infrastructural coordination
(M0-M1), while semantic and
knowledge-level coordination
is described as limited or
uneven within the
document-centric exchange
model.

A shared technological space
(secure exchange, identity,
registries, standardised
document formats) connects
heterogeneous local systems
without imposing uniform
internal data models.
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Metsallik et al. (2018) - governance and
legal clarity framed as success factors;
mandated information exchange and
security posture described. Metsallik &
Ross (2018) describe mandated
document sets, access entitlements,
and institutional arrangements for
standardisation and maintenance.
WHO/ITU (2020) - national EHR
described as digital public
infrastructure with institutional
enabling conditions.

Metsallik et al. (2018) - shared
infrastructure connects autonomous
institutions and supports routine
professional and citizen access.
Metsallik & Ross (2018) - local systems
integrated with central repositories;
internal processes kept unchanged as
much as possible. WHO/ITU (2020) -
cross-institutional processes
catalogued as platform-supported
capabilities.

Metsallik et al. (2018) -
document-centric exchange at national
scale; semantic interoperability and
data quality challenges stated.
Metsallik & Ross (2018) - uptake of
services and exchange; usability and
data quality limitations reported as
affecting advanced use and secondary
use.

Metsallik et al. (2018) - three-layer
architecture; X-Road and e-identity as
shared infrastructure; federated
services rather than a single central
database. Metsallik & Ross

(2018) describe a three-layer
architecture and integration with
public infrastructure. WHO/ITU (2020)
- platform component groupings and
interoperability specifications
described (platform zones and
standards framing).



Analytical attribute

Abstracted pattern

Empirical basis

[Instantiated]
Interoperability
capability

[Implied]
Knowledge-based
interoperability

[Implied] Governance
of change and reuse

Interoperability is described
as primarily technical and
syntactic, supported by
nationally defined document
sets and exchange services,
with partial and uneven
semantic alignment noted as
a persistent characteristic.

Knowledge-based services are
referenced mainly through
boundary statements: the
system supports
informational continuity and
access to distributed clinical
information, while
decision-ready knowledge
representations and adaptive
decision support are not
reported as achieved
outcomes in this cluster
corpus.

Change is described as
coordinated through phased
programmes and a dedicated
national coordinating
organisation for
standardisation and central
maintenance, while
governance mechanisms for
systematic reuse (e.g.,
reusable semantic artefacts
with explicit lifecycle control)
are not made explicit in the
cluster publications.

Metsallik et al. (2018) -
standards-based document exchange
and mandated document sets
described; semantic interoperability
difficulty stated. Metsallik & Ross
(2018) - standardisation of exchange
rules described; data quality targets
and measures described as having
been weaker than needed for
advanced use.

Metsallik et al. (2018) - platform
positioned as EHR with emphasis on
service enablement; limits for semantic
deepening and secondary use
discussed. Metsallik & Ross (2018) -
service-specific decision support via
drug-drug interaction checking
described; no general-purpose
knowledge-based decision support
claimed.

Metsallik et al. (2018) - governance
and legal embedding described as
enabling conditions; continued
evolution of mandated exchange and
services described in a longitudinal
trajectory. Metsallik & Ross (2018) -
coordinating organisation established
for ongoing standardisation and central
maintenance; stakeholder governance
forums described as supporting
coordination. WHO/ITU (2020) -
coordinating organisation
responsibilities described for platform
management, registry maintenance,
and ongoing standardisation, including
shared classifications and national care
guidelines; enforcement mechanisms
include licensing and audit-related
controls and personal access to audit
logs.

Taken together, the table characterises EHIS primarily as a legally embedded, service-oriented
coordination infrastructure whose reported strengths lie in national-scale connectivity and routine
information exchange, while semantic deepening and systematic reuse governance remain only
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partially evidenced within this cluster corpus.

5.2.3 Interim conclusion

Empirically, this cluster establishes how institutional embedding and meso-level coordination (in-
stitutional domains and logics; macro-meso-micro localisation) are realised through a shared na-
tional technological space and document-centric interoperability capability in the longitudinal de-
velopment of Estonia’s national EHR. It does not address knowledge-based interoperability beyond
boundary statements and only implies governance of change and reuse. The corpus reports phased
implementation and coordination arrangements but does not make reuse-oriented change-control
mechanisms explicit. These limitations are taken up in Cluster 5.3 (applied data use and decision-
support readiness), Cluster 5.4 (governance and stewardship of secondary or multiple data use),
and Cluster 5.5 (semantic and conceptual instruments for durable coordination).

5.3 Cluster 2 - Decision support & personalised medicine

5.3.1 Overview of cluster source material

This cluster brings together source material that examines digital decision support and personalised
medicine in relation to national digital health data infrastructures. The cluster is used to analyse the
move from data availability toward knowledge-ready use: whether algorithmic rules, personalised
risk models and clinical decision-support workflows can be operationalised on the basis of available
EHR data, documentation practices, semantic structures, data flows and institutional arrangements.
The materials are treated together because they describe different empirical positions within the
same problem space: Al-based decision-support research, national EHR data applicability testing,
scenario-based personalised medicine planning, and pilot-phase implementation of risk-based per-
sonalised prevention.

Bertl et al. analyse 30 peer-reviewed publications on Al-based digital decision support systems
for post-traumatic stress disorder published between 2001 and 2019. The review classifies the stud-
ies by decision-support function, data source, maturity level, interaction modality and validation
characteristics. Prediction-oriented systems form the largest group, followed by screening, treat-
ment recommendation, monitoring, diagnosis and assessment. The review reports that question-
naires and structured clinical assessments are the most frequently used inputs, while electronic
health record data are used in only 3 of the 30 studies. Most systems are described as proof-
of-concept or prototype implementations evaluated retrospectively on secondary datasets, rather
than as workflow-embedded clinical services. The median reported sample size is 151 patients, and
validation is concentrated on algorithmic accuracy, while user acceptance, clinical effectiveness, le-
gal compliance, security and long-term organisational impact are rarely or not systematically eval-
uated [ll1].

The same review reports that only one system had progressed beyond experimental use toward
an operational product, and none of the reviewed systems were described as deployed nationwide
or embedded in routine care through production-grade EHR infrastructures. Interoperability with
existing EHR systems, semantic harmonisation of clinical concepts, modelling of longitudinal pa-
tient state and alignment with routine clinical workflows are reported as weakly specified. For this
cluster, the review therefore provides a comparative research baseline: Al-based decision-support
research is shown to be dominated by algorithm development and performance evaluation, with
limited attention to the infrastructural, organisational and governance conditions required for scal-
able clinical use [Ill].

Figure 9 visualises the reported distribution of DDSS maturity levels across the reviewed studies.
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Figure 9: Capability spectrum of digital decision support systems (DDSS) based on the maturity framework
adopted by Bertl et al. (2022). The horizontal axis represents DDSS maturity levels (1-7) as defined in the
systematic review, ranging from conceptual ideas without implementation (Level 1), through algorithmic im-
plementations using secondary data (Level 2), to progressively more integrated prototypes and operational
products with real-world clinical interaction and adoption (Levels 3-7). The vertical axis shows the number of
reviewed studies (#) per maturity level in the literature. The distribution shows a strong concentration of re-
search at lower maturity levels, reflecting a predominance of algorithm-focused studies with limited clinical
integration. The figure is descriptive of the reviewed literature and does not imply a normative development
path or required progression sequence (source: [Ill]).

Metsallik and Ross test whether historical data from the Estonian National Health Information
System can support automated clinical decision support. The study applies nine established clin-
ical decision-support algorithms from the Evidence-Based Medicine Electronic Decision Support
rule base to national EHR data, with a data window from January 2012 to May 2017. The algo-
rithms cover mainly cardiovascular decision scenarios, including both phenotype- and genotype-
dependent logic. Data processing and query execution were performed in a controlled environ-
ment within the national e-health infrastructure operator because of data protection and access
constraints. The study therefore examines decision-support applicability under real-world national
EHR data conditions rather than under a purpose-built research dataset [l1].

Across the nine algorithms, the study identifies 41 distinct input parameters grouped into six pa-
rameter classes: diagnosis or condition, observation, medication, procedure, patient demograph-
ics and adverse events. These parameters are mapped to 172 structured data fields across 24 HL7
Clinical Document Architecture document sections. The mapping uses several terminologies and
classifications, including ICD-10, ATC, LOINC, DRG, Estonian Health Insurance Fund service codes,
SNOMED CT and NCSP. In total, 40 SQL queries are implemented and executed to simulate algo-
rithm behaviour on population-scale historical data. From a technical perspective, all mappings
and query executions are reported as successful on both the national EHR and a hospital electronic
medical record comparator. Empirically, however, only one of the nine algorithms produced any
matching cases in the national EHR, and no patient records in EHIS simultaneously fulfilled all re-
quired input parameters for any of the tested algorithms [II].

The study reports a particularly important negative result for the congestive heart failure diuret-
ics algorithm. Although the EHIS dataset contained 751,251 patients with a heart failure diagnosis,
1,717,634 diagnosis entries and 640,774 recorded body weight observations, zero cases satisfied
the algorithm’s requirement for repeated body weight measurements within a three-week window.
Comparative execution on the hospital electronic medical record (EMR) showed higher local data
density, with two algorithms fully applicable and three partially applicable, but still insufficient lon-
gitudinal continuity and integration for population-scale decision support. The reported limitations
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concern not only missing data, but also document-centric event models, inconsistent temporal gran-
ularity, limited structured representation of key parameters such as smoking status, left ventricular
ejection fraction and genetic test results, and limited integration with complementary national data
sources such as e-prescription and biobank infrastructure [l1].

Figure 10 summarises the four-phase mapping and applicability-testing method applied in the
nationwide EHIS experiment.
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Figure 10: Overview of the decision-support algorithm applicability testing process, as defined and applied in
the nationwide Estonian EHR experiment. The figure schematically represents the four successive phases of
the method: (1) process and use-case mapping, where clinical decision scenarios are selected and aligned with
guideline-based decision support algorithms; (2) semantic mapping, in which algorithm logic and parameter
definitions are mapped to clinical concepts, terminologies, and parameter classes such as conditions, observa-
tions, medications, procedures and demographics; (3) syntactic mapping, where abstract parameters are oper-
ationalised through database-level scripts linking them to concrete document sections, data fields and source
contexts in the EHR; and (4) computation of applicability indicators, where query results are aggregated to as-
sess parameter availability, technical compliance and statistical validity, as well as algorithm-level properties
such as case coverage and alert relevance. The figure emphasises that DDSS applicability is evaluated as a
multi-dimensional property emerging from data availability, structure, semantics and event dynamics, rather
than as a binary outcome of algorithm correctness. The workflow is analytical and evaluative in nature and is
intended to identify structural limitations of national EHR data models for automated decision support, not to
prescribe an implementation architecture. Abbreviations: EHR = Electronic Health Records. (source: [ll]).

The national personalised medicine feasibility study specifies how digital decision support for
personalised medicine could be implemented on top of Estonia’s national health data landscape.
The study combines mapping of existing national information systems and standards, scenario-
based modelling of decision-support use in selected disease areas, and requirements elicitation for
a functional prototype. It develops two exemplary end-to-end scenarios: a personalised prevention
plan for genetic breast cancer risk and chronic patient monitoring with personalised treatment for
cardiovascular disease and type |l diabetes. The scenarios include prototype views for patient-facing
and professional use, including genetic risk reporting, professional access to sequencing results,

69



patient-portal notifications, professional notifications and treatment suggestions [24].

The feasibility study positions the required decision-support inputs as distributed across mul-
tiple institutional sources, including EHIS, the Estonian Health Insurance Fund and the Estonian
Genome Centre or biobank. It treats document-centric exchange as insufficient for algorithmic
decision support, because decision-support logic requires structured data elements and clinically
meaningful timelines to be reconstructed from clinical documents. The report highlights that sec-
ondary use may involve transforming structured entries into Health Level Seven Clinical Document
Architecture (HL7 CDA) narratives for exchange and then parsing them back into computable data
elements. It therefore frames digital decision-support readiness as a progression from technical
and syntactic interoperability toward semantic, pragmatic, dynamic and conceptual interoperabil-
ity requirements. It also identifies informed-consent handling and organisational coordination as
prerequisites for cross-source linkage and reuse of genotype and phenotype inputs in clinical con-
texts [24].

The personalised medicine pilot material reports the implementation of personalised preven-
tion and risk-based decision support in two domains: cardiovascular disease prevention in primary
care and personalised early detection and prevention pathways for breast and ovarian cancer. For
the cardiovascular disease prevention study, the reported sampling frame draws on the Univer-
sity of Tartu biobank, which included 52,274 donors as of 1 January 2018. From this frame, 2,000
high-inherited-risk candidates were selected to achieve a target enrolment of approximately 1,000
participants. Participants were randomised into intervention and control groups, and the interven-
tion group completed three general-practitioner visits. The pilot used the Kardiokompass / Cardio-
Compass tool with 72 family doctors, combining polygenic risk score with established risk factors to
compute and visualise overall cardiovascular risk [25, 126].

For the breast and ovarian cancer pathway pilots, the pilot material specifies several cohorts and
operational steps, including high-risk single-gene variants such as breast cancer susceptibility genes
1 and 2 (BRCA1/2) and a polygenic risk score (PRS) approach. One reported invitation-based cohort
includes 905 consented participants, of whom 890 remained after excluding prior breast cancer
cases, and a separate mutation cohort is reported as 265 subjects. These pilots relied on biobank-
linked risk information and required operational coordination with screening and specialist services
[25].

Across both pilot domains, the material documents limited end-to-end interoperability. In-
formed consent was collected manually on paper; clinical and study data were captured in Research
Electronic Data Capture (REDCap) electronic forms that were not integrated with the national e-
health network; and clinicians therefore performed double data entry across research, decision-
support and routine-care systems [25, 127, 128]. The report also describes operational frictions in
everyday clinical work, including the burden of working with separate REDCap and Kardiokompass
tools and usability issues in data-capture workflows. Decision support was implemented through
stand-alone tooling and project-specific data flows rather than persistently stored as structured
outputs in longitudinal routine records. The pilots therefore provide evidence of feasibility under
controlled project conditions, while also showing that personalised decision support had not yet
been embedded as an end-to-end national service capability [25].

Figure 11 depicts the pilot-phase data-flow configuration across biobank, research data capture,
decision-support tooling and routine care systems.
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Figure 11: Data flow and system interaction model from Estonian personalised medicine pilot studies, illustrat-
ing the interim handling of polygenic risk score data, informed consent and clinical information across research
and healthcare systems. Genomic risk data are transferred digitally from the Genome Centre into a research
electronic Case Report Form, while informed consent and clinical case information are recorded manually. Rel-
evant data are re-entered into a standalone personal risk assessment application and into routine Electronic
Medical Record systems, reflecting the absence of end-to-end integration between research, decision support
and clinical information infrastructures during the pilot phase. The figure depicts a transitional configuration
adopted in the absence of a national decision-support platform. Abbreviations: eCRF = electronic Case Report
Form; EMR = electronic medical record. (source: [25]).

Taken together, the source material establishes the empirical starting point for Cluster 2. Bertl et
al. show that Al-based decision-support research is mostly algorithm-centred and weakly integrated
with routine EHR infrastructures. Metsallik and Ross test decision-support applicability directly
against national EHR data and show that successful technical mapping does not imply knowledge-
ready data use. The feasibility study specifies the cross-source data, scenario and interoperability
requirements expected from personalised medicine. The pilot material shows how personalised
risk-based decision support was implemented through project-specific data flows and stand-alone
tooling rather than as an end-to-end national service. These source-based observations are mapped
to the seven analytical attributes in the following section.

5.3.2 Interoperability and knowledge characteristics

This section describes cross-publication regularities observed in Cluster 2 regarding interoperabil-
ity and knowledge-related properties, using the analytical attributes introduced in the theoretical
framework (see Chapter 3). It does not introduce new empirical material; instead, it abstracts re-
curring constraints and enabling conditions already reported in the reviewed publications into a
framework-consistent, evidence-traceable summary. The table below, therefore, operationalises
the cluster’s synthesis boundary by stating (i) an abstracted pattern per analytical attribute and (ii)
the compact Author (Year) basis that supports it (see Table 9).
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Table 9: Framework-aligned summary of Cluster 2 findings (author’s synthesis based on reported results).

Analytical attribute

Abstracted pattern

Empirical basis

[Instantiated]
Institutional domains
and logics

[Instantiated]
Macro-meso-micro
localisation

Decision support and
personalised medicine are
treated as supplementary
capabilities organised through
research, pilot, and policy
programmes, rather than as
routine-care functions
embedded in production EHR
services.

Empirical effects and
operational feasibility are
demonstrated at the micro
level (patient-level parameter
availability) and meso level
(local pilots), while
macro-level (national)
stabilisation as an operational
service remains unachieved in
the reported material.
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Bertl et al. (2022) report an
algorithm-development-dominated
DDSS literature with limited workflow
embedding and rare EHR integration,
as assessed using structured evidence
extraction and maturity/validation
dimensions. The National personalised
medicine feasibility study (2015) frames
personalised medicine as a national
capability that requires
cross-institutional coordination beyond
routine documentation practices.
Clinical personalised medicine pilot
projects (2021) implement decision
support through time-bounded pilots
and stand-alone tooling rather than
through national services.

Metsallik & Ross (2021) report that
only 1/9 algorithms find any matching
records in EHIS, and none can be
executed end-to-end from national
EHR data alone, despite large
diagnosis-linked cohorts. They note
that execution is conducted in a
controlled environment within the
national e-health infrastructure
operator due to data protection/access
constraints. Clinical personalised
medicine pilot projects (2021) report
meso-level feasibility via controlled
studies (e.g., 1,000-participant
cardiovascular disease trial; multiple
cancer-risk cohorts) implemented
through stand-alone tooling and
parallel data capture rather than
national embedding. National
personalised medicine feasibility study
(2015) specifies scenario-based
prototypes that require cross-source
linkage beyond routine EHR flows.



Analytical attribute

Abstracted pattern

Empirical basis

[Instantiated] MO-M3
coordination levels

[Instantiated]
Technological and
modelling spaces

[Instantiated]
Interoperability
capability

Technical executability
(M0-M1) is demonstrated
through mappings and query
execution, but semantic and
knowledge-level coordination
(M2-M3) remains insufficient
to produce complete,
decision-ready inputs across
longitudinal timelines and
institutional boundaries.

Document-oriented
representations and
fragmented event
documentation remain
misaligned with the state-,
timeline-, and
parameter-stability
assumptions embedded in
guideline-based decision logic
and risk models.

Interoperability is achieved
primarily as technical access
and partial semantic
codification, but not as
pragmatic interoperability
that preserves decision
relevance, temporal context,
and cross-source coherence
required for automated
decision support.
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Metsallik & Ross (2021) report
successful technical execution (CDA
mapping and SQL query runs) while
complete input sets are not jointly
satisfied in EHIS. National personalised
medicine feasibility study (2015)
identifies missing temporal/semantic
coherence across required inputs
distributed across sources.

Metsallik & Ross (2021) report
document-centric event models,
inconsistent temporal granularity, and
dispersed parameter representations
across CDA sections that hinder the
construction of a coherent longitudinal
patient state. National personalised
medicine feasibility study (2015)
reports that several required elements
are not available in computable form
and require cross-source assembly.

Bertl et al. (2022) report limited
specification of interoperability and
integration conditions in the DDSS
literature (EHR data used in 3/30
studies; integration rarely detailed).
Metsallik & Ross (2021) show that
syntactically accessible data do not
support end-to-end decision logic due
to missing and temporally
discontinuous inputs. The National
personalised medicine feasibility study
(2015) frames DDSS readiness as a
progression beyond technical/syntactic
interoperability toward semantic,
pragmatic, dynamic, and conceptual
interoperability requirements, and
highlights the need to reconstruct
computable data and timelines from
document exchanges. Clinical
personalised medicine pilot projects
(2021) report parallel systems and
manual reconciliation due to limited
integration (e.g., REDCap + stand-alone
tool).



Analytical attribute

Abstracted pattern

Empirical basis

[Instantiated]
Knowledge-based
interoperability

[Implied] Governance
of change and reuse

National EHR infrastructures
and adjacent datasets
support retrospective access,
but do not (in the reported
studies) yield longitudinal,
decision-ready knowledge
representations that satisfy
complete algorithm or
scenario input requirements
without manual
supplementation.

Governance needs (e.g.,
consent management and
organisational coordination
for cross-source assembly and
reuse of decision
inputs/outputs) are
articulated as prerequisites,
but the cluster corpus does
not specify durable
change-control and
accountability mechanisms
for reuse of shared artefacts.

Metsallik & Ross (2021) report that no
patient records simultaneously meet
all the parameter requirements of the
tested algorithms in EHIS. National
personalised medicine feasibility study
(2015) reports that none of the
analysed decision scenarios can be
executed end-to-end without manual
supplementation and cross-source
combination, and notes that secondary
use may require converting structured
entries into CDA narratives and parsing
them back into computable elements.
Clinical personalised medicine pilot
projects (2021) rely on stand-alone
applications and research databases
with double data entry, rather than on
persistent, structured decision outputs
in routine records.

National personalised medicine
feasibility study (2015) reports the
need for consent management and
organisational coordination to support
decision-ready representations. Clinical
personalised medicine pilot projects
(2021) report reliance on bespoke data
flows and manual coordination,
implying unresolved governance
arrangements for routine reuse.

5.3.3 Interim conclusion
Empirically, this cluster shows that decision support and personalised medicine remain only partially
coupled to national digital health infrastructure. The materials analysed in this cluster point to two
related patterns. First, decision support is still largely organised through algorithm-centric research,
experimental validation, and time-bounded pilots rather than as a routinely embedded national ca-
pability [lll], [24, 25]. Second, the Estonian EHR data tested for guideline-based decision support
did not provide the longitudinal, decision-ready inputs needed for end-to-end execution of the se-
lected algorithms, despite the existence of national-scale exchange infrastructure and structured
document elements [l1]. This cluster-level finding is consistent with broader studies of Estonian EHR
data usability discussed in the Introduction, which identify data-quality, completeness, temporality,
and cross-process reuse constraints that limit secondary analysis and decision-support use [12-17].
The cluster therefore demonstrates a gap between data availability and knowledge readiness.
National EHR data can be technically accessible and partially structured while still lacking the seman-
tic consistency, temporal coherence, contextual completeness, and lifecycle governance required
for computable clinical reasoning and personalised medicine at scale.
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Governance of change and reuse appears in this cluster mainly as a prerequisite for decision sup-
port and personalised medicine, rather than as the primary object of analysis. Issues such as binding
accountability, change-control mechanisms for cross-source data assembly, consent management,
and persistence of decision-support outputs are addressed in the feasibility and pilot materials as
enabling conditions, but not yet as fully institutionalised governance arrangements.

These limitations are taken up in Cluster 3, which examines governance and secondary data
use, and Cluster 4, which analyses semantic and conceptual interoperability instruments. Together,
these subsequent clusters address the institutional arrangements and meaning-coordination mech-
anisms required for durable reuse at scale.

5.4 Cluster 3 - Governance & secondary data use: institutional logics in tension

5.4.1 Overview of cluster source material

This cluster brings together source material concerned with governance arrangements and the con-
ditions for secondary, multiple and learning-oriented use of health data. The cluster is used to
analyse how health data reuse depends on institutional responsibilities, data flows, stewardship
arrangements, access conditions, semantic alignment and reusable governance artefacts. The ma-
terials are treated together because they describe complementary aspects of the same problem
space: comparative national conditions for secondary use of health data, and Estonia-specific de-
sign work aimed at strengthening governance, semantic alignment and reuse readiness.

Metsallik et al. report two exploratory national case assessments, covering Saudi Arabia and
Estonia. The study is designed as purposively sampled evaluation research using semistructured
interviews and documentation review, followed by qualitative content analysis coded against a pre-
defined framework organised around data purpose, data flow and data sharing. The Estonian case
also uses the Health Information Sharing Maturity Model (HISMM) as an additional coding and as-
sessment instrument, whereas the Saudi Arabian case does not include HISMM because it preceded
the model’s introduction into the research programme [IV].

The comparative study describes multiple-use governance through functionally distinct role
groupings. These include policy and regulatory actors defining reuse purposes and access con-
ditions; national operators coordinating platforms, registries and exchange services; healthcare
providers responsible for the production and custodianship of data; data users such as research,
public health and planning actors requesting access for defined purposes; and oversight bodies au-
thorising and monitoring reuse. The study uses this role differentiation to describe where respon-
sibilities and handovers occur. It reports fragmentation across these groupings, especially unclear
stewardship allocation and weak mechanisms linking primary data capture to reuse requirements,
as a source of case-by-case negotiation and uneven reuse performance [IV].

For Saudi Arabia, the study reports a national population of 35 million and a structurally plural
provider landscape. The Ministry of Health is described as operating 287 hospitals with 45,180
beds, alongside primary care centres and specialised facilities, with additional parallel governmental
and private subsystems. The Saudi Arabian sub-study reflects an earlier stage of national digital
health consolidation. It frames multiple-use constraints primarily as cross-system alignment and
governance formation challenges in a plural institutional landscape, and reports reuse initiatives
as relying on ad hoc, case-by-case agreements across parallel subsystems rather than on a stable
end-to-end reuse pathway at the time of the study [IV].

For Estonia, the same study reports a legally unified national infrastructure and a 2019 service
landscape of 1428 health care institutions, including 52 hospitals with 6788 beds. The empirical ba-
sis consists of nine interviewed stakeholder groups, with sessions lasting 1.5-2 hours and typically
involving 4-5 participants. The interview guide was structured into 11 HISMM capability categories.
The Estonian sub-study examines multiple use in a technically mature national digital health envi-
ronment. It positions TEHIK as the national health information system operator and the Estonian
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Health Insurance Fund as a major administrative and analytic user. HISMM is used to relate stake-
holder data-use purposes, 11 capability characteristics grouped into technology, use and gover-
nance, and capability maturity levels. Reported maturity falls mainly between levels 2 and 4, while
policy-oriented decision flows are reported as the lowest-maturity reuse pathway. In this source,
multiple-use limitations in Estonia are therefore reported primarily in relation to stewardship and
governance constraints rather than missing technical exchange infrastructure [IV].

As part of the Estonian sub-study reported by Metsallik et al. (2024), Figure 12 summarises the
HISMM-based capability assessment.

1 Empowering 2 Clinical 3 Management 4 Research 5 Policy 6 Funding
01 Data quality 2 2 2 3 2 3
02 Data transport 2 3 2 2 2 3
Technical
03 Data security 4 4 4 4 4 4
04 Interoperability 3 3 3 2 2 3
05 Usability & 3 3 3 2 3
06 Alignment 2 3 3 3 2 2
Process
07 Participation 4 3 4 3 3 2
08 Consent 3 3 3| 3 2 2
09 Data governance 3 3 2 2 2 2
Govemance 1) stakeholder governance 2 3 3 7 2 2
11 Sustainability 4 2 2 4 3 4

Figure 12: HISMM-based capability assessment for multiple use of health data in Estonia. The matrix maps 11
information-sharing capability characteristics, grouped into technology, use and governance, against six stake-
holder data-use purposes: patient engagement, clinical decision-making, healthcare management, research,
policy and funding. Each cell indicates the assessed capability maturity level (1-5), where lower levels reflect
project- or expert-based practices and higher levels indicate standardised and performance-driven information
sharing. The figure is descriptive of the HISMM-based assessment reported for the Estonian case. Abbrevia-
tions: HISMM = Health Information Sharing Maturity Model. (source: [IV]).

Ross et al. report Estonia-specific assessment and design work carried out in the Health Sense
project between 2021 and 2023. The project addresses governance, semantic alignment and data
readiness for multiple use of health data. The report frames its outputs as practical coordination
instruments rather than as benchmarking results. It states three headline design targets: a trans-
ferable next-generation data model, a continuity-of-care or care-pathway continuity standard, and
a terminology database structure. It also reports programme-level deliverables, including three
completed data-mining or Al pilots and ten trained specialists [23].

The Health Sense report positions 1ISO 23903, ISO 13940 (ContSys) and I1SO 19502 (MOF) as refer-
ence frames for relating data-use requirements, workflows and semantic structures. It reports sev-
eral reuse-enabling activities, including inventorying datasets and registries, analysing data-quality
and timeliness constraints, piloting metadata descriptions for dataset discovery and comparabil-
ity, exploring HL7 FHIR profiling, including TEHIK’s EEBase profiles, and testing semantic alignment
approaches such as mapping local clinical concepts to SNOMED CT. Concrete outputs include a
continuity-of-care-oriented conceptual data model, governance indicators and checklists for reuse
readiness, and prototype metadata and governance tools [23].

The same report describes how reuse requirements were elicited and translated into semantic
and governance artefacts. In early mapping work, three semistructured interviews were used to
articulate a patient-oriented view of data collection for WHO stroke indicators, followed by map-
ping of data, terminologies, roles and activities. A public health and research view was developed
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through discussions with National Institute for Health Development units. The report also describes
systematic inventory and mapping work across datasets, registries and standards, and differentiates
responsibilities for data production, stewardship, custodianship and reuse [23].

On the semantic and modelling side, the Health Sense report describes operational steps for
aligning local data compositions with international semantic artefacts. Care-pathway data composi-
tions were mapped to SNOMED CT concepts using the SNOMED CT browser; national HL7 FHIR pro-
filing policy and TEHIK's EEBase profiles were reviewed; and profiling and mapping work was used as
a basis for creating or extending FHIR profiles. The report uses 1SO 23903, 1ISO 13940 and 1SO 19502
to relate requirements, workflows and semantics. It also reports continuity-of-interoperability prin-
ciples covering data, concepts and terminology. Practical challenges identified in the report include
the cognitive burden on domain experts when reasoning across abstraction layers and the effort
required to maintain coherence as requirements, standards and operational systems evolve [23].

’ Data Policy Owner

| | |
< Data Steward <

Data Demand } Information Usability |

Data
Usability

Data Provider Data Consumer

Data Capture Data Custodian Data Delivery

Data Policy Controller

Figure 13: Conceptual governance cycle for multiple data use. The figure illustrates a cyclical governance logic
for coordinating primary and secondary use of health data, focusing on how data demand, data capture, stew-
ardship, custodianship and delivery are linked across organisational boundaries. It depicts governance as a
coordination process connecting data demand and data supply over time (source: [IV]; [23]).

The governance cycle shown in Figure 13 is complemented by an explicit role-based breakdown
of responsibilities reported in the Health Sense governance model. This role model distinguishes
policy setting, compliance oversight, data production, data use, semantic and standards coordina-
tion, and operation of data services as separate responsibilities in multiple health data use.

Table 10: Summary of governance roles and responsibilities in multiple health data use, adapted from the Health
Sense governance model (source: [23]).

Role Core responsibility in data reuse

Data policymaker  Defines data policy, legal mandates and governance indicators

Data controller Oversees compliance with data policy and monitors governance performance
Data producer Generates primary data and aligns data capture with defined requirements
Data consumer Specifies information needs and applies data in decision-making

Data steward Harmonises requirements, standards and semantic models

Data manager Operates data services and ensures conformity with standards

Taken together, the source material establishes the empirical starting point for Cluster 3. Met-
sallik et al. provide comparative evidence on how secondary-use governance is shaped by insti-
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tutional structure, role allocation, stewardship and maturity of information-sharing capabilities in
Saudi Arabia and Estonia. Ross et al. provide Estonia-specific design material showing how gover-
nance roles, semantic alignment, metadata, terminology work and standards-based modelling can
be operationalised as coordination instruments for multiple use of health data. These source-based
observations are mapped to the seven analytical attributes in the following section.

5.4.2 Interoperability and knowledge characteristics

This section aligns what the two Cluster 3 publications report with the seven analytical attributes de-
fined in the theoretical framework (Chapter 3). The purpose is to state evidence-traceable patterns
without extending into cross-paper interpretation beyond what can be justified by the publications.

Table 11: Framework-aligned summary of Cluster 3 findings.

Analytical attribute

Abstracted pattern

Empirical basis

[Instantiated]
Institutional domains
and logics

[Implied]
Macro-meso-micro
localisation

[Implied] MO-M3
coordination levels

Multiple use of health data is
governed through distinct
institutional roles and value
logics (policy/regulation,
service provision,
financing/administration,
research/public health)
whose misalignment becomes
a primary barrier to reuse.

Reported constraints
concentrate primarily at
meso-level interfaces
(organisational roles, access
procedures, stewardship
arrangements) rather than at
micro-level data capture
alone or macro-level policy
intent alone.

The publications report
stronger
operational/technical
coordination than
higher-order alignment and
governance coordination, but
do not explicitly position
findings in MO-M3 terms.
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Metsallik et al. (2024): reports
fragmented stewardship and
case-by-case access negotiation across
policy authorities, national operators,
providers, secondary users, and
oversight bodies in both Estonia and
Saudi Arabia. Ross et al. (2023):
formalises a role model and a
governance cycle to allocate
responsibilities for reuse.

Metsallik et al. (2024): Estonia reuse
requests traverse sequential approval
and coordination steps (ethics review,
registry holders, central operator),
while Saudi Arabia highlights
cross-organisational interfaces
between parallel provider subsystems
and emerging national platforms. Ross
et al. (2023): governance cycle frames
reuse as a recurring
cross-organisational coordination loop.

Metsallik et al. (2024): HISMM
differentiates higher maturity in
exchange/reporting from lower
maturity in stewardship and
anticipatory reuse planning, implying
higher-order coordination gaps. Ross et
al. (2023): uses 1SO 23903/1SO
13940/1SO 19502 as design frames to
relate requirements, workflows, and
semantics, implying M2/M3-type
alignment work without naming it.



Analytical attribute

Abstracted pattern

Empirical basis

[Instantiated]
Technological and
modelling spaces

[Instantiated]
Interoperability
capability

[Instantiated]
Knowledge-based
interoperability

Technical integration is
necessary but insufficient;
reuse requires sustained
semantic mediation across
heterogeneous
representations
(terminologies, episodic vs
longitudinal views, metadata
descriptions) and across
modelling artefacts.

Capability maturity is uneven:
exchange- and
reporting-oriented
capabilities are reported as
more mature than
stewardship-, governance-,
and learning-oriented reuse
capabilities.

Durable multiple use depends
on making reuse purposes,
provenance, and meaning
explicit and maintainable
across contexts through
shared semantic artefacts
(terminology alignment,
structured metadata,
longitudinal constructs) and
practices that translate
information needs into
reusable representations.
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Metsallik et al. (2024): Estonia -
despite a unified national
infrastructure - still requires
interpretation and transformation for
reuse; Saudi Arabia requires bespoke
integration across parallel subsystems.
Ross et al. (2023): reports concept
alignment (SNOMED CT mapping),
metadata/profiling work (HL7
FHIR/EEBase), and
continuity-of-care-oriented modelling
as concrete semantic and
modelling-space activities supporting
reuse.

Metsallik et al. (2024): HISMM-based
assessment indicates higher maturity
in secure exchange/standardised
reporting than in cross-organisational
stewardship, reuse governance, and
anticipatory planning; qualitative
material attributes reuse delays to
governance and coordination rather
than missing infrastructure.

Ross et al. (2023): reports needs
elicitation leading to mapping of data,
roles, activities, and terminologies
(e.g., WHO stroke indicator view);
documents concept/model alignment
(SNOMED CT mapping;
continuity-of-care modelling using
ContSys) and prototype tooling
supporting reuse. Metsallik et al.
(2024): links reuse barriers to missing
mechanisms that translate reuse needs
into capture and stewardship practices.



[Instantiated] Governance for multiple use Ross et al. (2023): governance cycle

Governance of is reported as a cyclical plus role model; reports governance

change and reuse coordination problem that indicators/checklists for monitoring
requires explicit role reuse readiness and the work required
allocation, defined reuse to maintain coherence as requirements
purposes, and artefacts evolve. Metsallik et al.
stewardship/accountability (2024): reports unclear stewardship
mechanisms, and monitoring allocation and fragmented reuse
instruments rather than ad pathways, including ad hoc agreements
hoc project-based in the Saudi case and governance gaps
agreements. layered on mature infrastructure in

Estonia.

The Table 11 enforces the seven-attribute schema and restores traceability by keeping each ab-
stracted pattern tied to the empirical material and design artefacts explicitly reported in the two
Cluster 3 publications.

5.4.3 Interim conclusion

Empirically, this cluster establishes that barriers to multiple use of health data persist in both mature
and rapidly developing digital health systems when stewardship responsibilities, reuse purposes,
and accountability/oversight arrangements are fragmented or misaligned, even where technical
exchange capabilities are comparatively strong. [IV] [23]

It does not address, with direct evidence in this cluster corpus, how these governance and
meaning-alignment challenges can be stabilised at higher-order coordination levels (e.g., explicit
MO0-M3 mechanisms) or through formalised semantic/conceptual interoperability artefacts beyond
the design and exploratory outputs reported in Health Sense, and therefore several attributes re-
main implied rather than instantiated.

These limitations are taken up in Cluster 4, which examines how standards, semantic models,
and conceptual interoperability frameworks can be mobilised as durable coordination mechanisms
for governing change and reuse across contexts. Section 5.5

5.5 Cluster 4 - Standards, semantics & conceptual interoperability

5.5.1 Overview of cluster source material

This cluster reviews source material on standards-based semantic alignment, conceptual interop-
erability and terminology quality. The included materials address three connected but empirically
distinct lines of work: the translation and national introduction of ISO 13940 (ContSys) in Estonia,
the use of ContSys for semantic annotation of healthcare legislation, and the design of a terminology
quality assurance methodology for national terminology infrastructure. The ContSys-related work
is adjacent to the Health Sense programme discussed in Section 5.4, but the materials reviewed
here are used for their reported semantic, terminological and conceptual-modelling contributions
rather than as evidence of governance or reuse outcomes.

Kankainen et al. (2025a) examine the translation and national introduction of 1SO 13940 (Con-
tSys) in Estonia. The paper treats translation as a prerequisite for cross-stakeholder process con-
nectability and concept harmonisation. It reports a translation project launched in October 2021,
submitted for standardisation in May 2022, and published as a national standard in February 2023.
The organisational set-up assigns the leading translation role to a terminology workgroup at the Na-
tional Institute for Health Development (NIHD), with Tallinn University of Technology’s Center for
Digital Health contributing mapping to local terminologies and legislation and expert verification.
The national eHealth system operator TEHIK explored architectural integration, but this strand was
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not completed due to resource constraints. The Institute of the Estonian Language contributed as
a consultant, and the Estonian Centre for Standardisation and Accreditation managed publication
and public commentary.

The reported workflow consists of five tasks: translation of the concept system; translation of
the remaining text; mapping to local terminologies and legislation; two rounds of proofreading; and
submission with public commentary. The paper describes concrete artefacts supporting this work,
including a shared spreadsheet with concept anchors and bilingual term and definition fields, a
synonym and brainstorming field, and a separate artefact for concept associations, which was later
moved from a spreadsheet to a web visualisation. Reported translation decisions include the use of
country-specific notes to preserve the ContSys concept system while supporting local intelligibility,
the exclusion of English deprecated terms, and the inclusion of English terms in parentheses in
Estonian concept titles.

The paper also reports several semantic and terminological difficulties encountered during the
translation and mapping process. These include “familiar label” ambiguities, such as episode of
care being initially interpreted through an insurance-claim meaning, and a mapping-driven discrep-
ancy concerning referral and request. In the latter case, ContSys differentiates mandate movement,
while Estonian legislation collapses the labels but still encodes a traceable distinction in activity de-
scriptions; national health data model documentation is reported to encode another distribution.
The paper also notes early reuse of the translated concept system in other ongoing projects as an
uptake indicator, without claiming downstream interoperability effects [26].

A representative structure of a translated ContSys concept entry, based on the entry “subject
of care” / patsient, is shown in Table 12. The example illustrates how the Estonian publication
records the preferred local term, synonyms, definition, ISO note, country-specific notes, examples
and associations while preserving the underlying ContSys concept structure.

Table 12: Structure of a translated ContSys concept entry, illustrating the standardised elements reported in the
Estonian ContSys publication. The example is based on the ContSys entry “subject of care” / patsient (source:
[26]).

Concept element Example content (English gloss for the Estonian publication)
Concept domain Healthcare actor

Preferred term patsient (subject of care)

Synonyms abisaaja (beneficiary); ravialune (person under treatment);

andmesubjekt (data subject)

Definition A healthcare actor in the role of a person; someone who wants to
receive, receives, or has received care in a healthcare system.

Notes (ISO NOTE) A foetus may be considered a subject of care if it receives or has
received treatment.

Notes (EE NOTE) EE NOTE 1: Although Estonian law defines a patient as a natural person
who has expressed the wish to receive, or is receiving, a healthcare
service, the Estonian publication uses patsient also for a person who
has received care in the healthcare system. EE NOTE 2: In some
contexts other labels are used instead of patsient, such as a medical
certificate applicant; in personal data processing the patient is referred
to as a data subject.

Examples Treated patient; physiotherapy client; a person selected for a
population screening; a member of a diabetes group participating in
health education; a person seeking health advice.
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Concept element Example content (English gloss for the Estonian publication)

Associations Linked to treatment; health state; health need; personal health record;
self-care; next of kin; consent capacity; subject of care desire; informed
consent; refusal of assistance; healthcare contact; proxy decision
rights; preference delay; and to the fact that healthcare activities,
healthcare processes, authorisations, healthcare matters and health
records are defined for, or concerning, the subject of care.

The example shows how country-specific notes and synonym mapping are used to make local
terminological and legal mismatches explicit while retaining the ContSys concept system. In this
case, the publication documents scope differences and contextual legal usage instead of smoothing
them into a single local definition.

Kankainen et al. (2025b) propose a method for ContSys-based semantic annotation of legal
texts, using the chapter of the Estonian Law of Obligations Act that defines the healthcare service
provision contract as the empirical corpus. Semantic annotation is operationalised as a two-step
manual procedure. First, relevant excerpts are identified and mapped to ContSys concepts, allowing
multiple parallel concept assignments for the same excerpt. Second, relation annotation is used
to disambiguate concept choices by applying ContSys relations, notes and examples as contextual
constraints. The contract text is inserted into a semantic annotation platform configured with the
full ContSys concept and relation inventory. The procedure is performed by one annotator and
reviewed by a medical terminology expert with in-depth ContSys knowledge.

The study reports coverage of 15 out of 17 responsibility-related ContSys concepts in the anal-
ysed contract and presents the resulting concept-relation coverage diagram in Figure 14. The two
missing concepts are treated as scope-boundary conditions, because they are defined in other le-
gal instruments. In ContSys terms, the contract is represented as a healthcare mandate requiring
healthcare commitment by the healthcare provider and either informed consent or authorisation
by law when consent competence is missing. The mandate is assignable implicitly at the start of a
mandated period of care or explicitly by accepting a referral. The paper reports a linguistically sup-
ported distinction between referral and request that is consistent with ContSys, because mandate
movement differs. It also reports a divergence where the contract allows both next of kin and a legal
subject of care proxy to express informed consent, while ContSys constrains this to proxies; this mo-
tivates a proposed relation adjustment in the diagram. Reported limitations include the expansion
tendency of relation-based annotation, described as a difficulty in determining when annotation
should stop, and the conclusion that automating the method with generative Al was not feasible
at the time because proof-checking automated annotations requires even more elaborate ContSys
knowledge [27].
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Figure 14: Coverage of ContSys responsibility-related concepts in the Estonian Law of Obligations. The figure
shows a ContSys-based coverage map of the healthcare service provision contract in the Estonian Law of Obliga-
tions Act. Nodes denote I1SO 13940 (ContSys) responsibility-related concepts and edges denote ContSys relations
used to represent mandates, consent/authorisation, care periods, and role responsibilities. Solid lines indicate
concepts/relations annotated in the contract; dotted lines indicate responsibility-related ContSys concepts not
covered in the analysed legal scope; dashed lines indicate divergences or proposed relation adjustments re-
ported by the authors. Abbreviations: ContSys = System of Concepts to Support Continuity of Care. (source:

[27]).
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Bossenko et al. (2025) design and validate a terminology quality assurance methodology in-
tended to be operationalised within a terminology server. The paper frames semantic interop-
erability as dependent on consistent and machine-processable terminology evolution. It reports
Cimino’s desiderata as the primary quality basis and complements these with concept-model liter-
ature. The authors review 38 papers retrieved through a “concept model” AND “controlled medical
vocabulary” query to select Oliver's GOLDMINE conceptual model and the SNOMED CT concept
model. They also review the first 20 results of a “terminology work” AND “concept” AND “designa-
tion” query to select Suonuuti’s Guide to Terminology as an additional source of criteria.

The paper defines a generic concept model in which a uniquely identified concept is linked to
exactly one code, may have properties to formalise meaning, and is expressed through one or
more designations characterised by language, acceptability, use and technical parameters. The
model is shown in Figure 15. On this basis, the Terminology Quality Checklist specifies rules with
acceptance criteria and a stated verification mode, distinguishing software-verifiable and human-
verifiable checks across three lifecycle stages.

At the design-time code-system level, the checklist includes criteria such as explicit method-
ology for content discovery and expansion, non-semantic identifiers, formal definitions through
properties and associations, and evolution mechanisms such as inactivation, replacement concepts
and reactivation support. At the per-concept-version level, it includes criteria such as at least one
designation, exactly one preferred term per language, preferred-term uniqueness checks per lan-
guage, and human judgement for non-ambiguity where strict automation is not possible. At the
per-release level, it includes uniqueness of formal definitions, treatment of “Not Elsewhere Classi-
fied” concepts through warnings or blacklists plus human evaluation, context-independent concept
creation requirements, and consistency constraints such as avoiding active relationships to inacti-
vated components.

For operationalisation, the software-verifiable rules are implemented in the TermX terminology
server and verified in the context of the Health and Welfare Information Systems Centre. The paper
further reports configurable rule sets by terminology type and exception-aware validation, such as
handling homographs with error and warning notification levels. It also reports that the migration
of hundreds of terminologies from multiple sources into TermX revealed frequent lack of graceful
evolution support [28].

Figure 15: Generic concept model underlying the Terminology Quality Checklist (TQC). A concept, as a unit of
meaning, is linked to exactly one code, may have properties that formalise its meaning, and is expressed through
one or more designations characterised by language, acceptability and use (source: [28]).

Together, the reviewed source materials establish the cluster’s empirical basis for analysing how
semantic alignment is operationalised through standard translation, concept mapping, legal anno-
tation, terminology modelling and terminology-quality controls. The following analytical section
maps these reported materials to the seven analytical attributes used across the Results chapter.
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5.5.2 Interoperability and knowledge characteristics

This section presents the reported results of the Cluster 4 publications in relation to the analyti-
cal dimensions introduced in the theoretical framework (see Chapter 3), with a focus on how the
reported activities contribute to the conditions for knowledge-based interoperability rather than
to interoperability outcomes. In line with the framework introduced earlier, knowledge-based in-

teroperability is treated here as a capability emerging from coordinated semantic, conceptual, and

governance arrangements, not as a property of individual systems or datasets. The alignment is
summarised in a structured, framework-aligned table (Table 13).

Table 13: Framework-aligned summary of Cluster 4 findings (author’s synthesis based on reported results).

Analytical attribute

Abstracted pattern

Empirical basis

[Instantiated]
Institutional domains
and logics

[Implied]
Macro-meso-micro
localisation

[Implied] MO-M3
coordination levels

ContSys-based translation and
annotation are reported as
mechanisms for aligning
meaning across legal, clinical,
and technical domains
without collapsing
domain-specific mandates
into a single “master” logic.

The reported semantic work
is situated primarily at
meso-level (stakeholder
communities, professional
interpretation, institutional
terminology programmes),
with micro-level
disambiguation handled
through concept-relation
annotation practices.

The publications position
conceptual standards and
quality rules as meta-level
coordination instruments
(M2-M3) that require
operational artefacts (e.g.,
servers, annotation platforms,
rule execution) to be enacted
at M1.

85

Kankainen et al. (2025a): translation
discussions and mapping surfaced
concept-term divergences across
legislation, professional usage, and
national data model documentation;
country-specific notes were introduced
to clarify meaning without adapting
the concept system. Kankainen et al.
(2025b): legal obligations in the
healthcare service provision contract
are represented using
responsibility-related ContSys concepts
and relations.

Kankainen et al. (2025a):
multi-stakeholder translation set-up
and workshops exposed interpretation
differences (e.g., ‘episode of care’
readings) and required
expert-mediated resolution. Kankainen
et al. (2025b): the two-step annotation
method operationalises micro-level
disambiguation through relation
constraints while tolerating residual
ambiguity where phrases express
multiple synchronous aspects.

Kankainen et al. (2025a): ContSys is
treated as a generic concept system to
support mutual understanding across
stakeholders and to underpin further
modelling strands. Bossenko et al.
(2025): Checklist rules are specified
with acceptance criteria and
verification modes and are
implemented as executable validation
within a terminology server.



Analytical attribute

Abstracted pattern

Empirical basis

[Instantiated]
Technological and
modelling spaces

[Implied]
Interoperability
capability

[Instantiated]
Knowledge-based
interoperability

Formal concept models and
semantic annotation are
reported as mediating
structures connecting
heterogeneous modelling
spaces (concept systems, legal
text, terminology services)
and enabling computable
validation and traceability of
meaning.

The cluster reports semantic
and quality assurance work as
enabling conditions for
interoperability (shared
meaning, stable terminology
evolution), but does not
evaluate interoperability
performance or downstream
data-exchange outcomes.

The publications specify
mechanisms for durable
meaning and reuse: concept
harmonisation (meaning over
labels), relation-based
disambiguation for integrating
legal knowledge, and
rule-based quality control
enabling terminology
evolution over time.
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Bossenko et al. (2025): generic concept
model (code, properties, designations)
underpins rule formulation; rules
reference Common Terminology
Services 2 (CTS2)/FHIR terminology
module structures and are
operationalised in TermX. Kankainen et
al. (2025a): translation produced
spreadsheet-based concept artefacts
and association visualisations.
Kankainen et al. (2025b): annotation
inserts legal text into an annotation
platform and uses ContSys relations for
disambiguation.

Kankainen et al. (2025a): translation is
framed as a prerequisite for
inter-connectable processes and
concept harmonisation, while explicitly
not claiming that translation changes
existing policies or terminologies.
Bossenko et al. (2025): Checklist is
framed as reducing design/publication
errors and supporting
machine-processable terminologies,
without claiming guaranteed “high
quality” outcomes.

Kankainen et al. (2025a): shift from
term harmonisation to concept
harmonisation is stated;
country-specific notes support local
intelligibility without adapting the
concept system. Kankainen et al.
(2025b): high coverage of
responsibility concepts and
relation-based disambiguation
supports integration of legal
obligations into process collaboration
modelling. Bossenko et al. (2025):
lifecycle-staged rules with acceptance
criteria support consistent terminology
development and evolution.



Analytical attribute

Abstracted pattern

Empirical basis

[Instantiated]
Governance of
change and reuse

Change control is treated as
an explicit design
requirement, operationalised
through standardisation
processes (public
commentary and publication)
and through configurable,
exception-aware validation
rules embedded in
terminology services.

Kankainen et al. (2025a): translation
project governance includes defined
partner roles, two proofreading
rounds, a public commentary process,
and standards-body publication
procedures; deliberate avoidance of
concept-system adaptation via
country-specific notes. Bossenko et al.
(2025): rules explicitly address
evolution mechanisms (inactivation,

replacement, reactivation),
configurable rule sets per terminology
type, and exception/notification
management (warning/error levels;
homograph exceptions) implemented
and verified in a national terminology
server context.

5.5.3 Interim conclusion

Empirically, this cluster establishes that standards translation, ContSys-based semantic annotation,
and rule-based terminology quality assurance can be executed as concrete semantic artefacts and
processes that stabilise meaning across legal, clinical, and technical domains and support durable
terminology evolution (key [Instantiated] rows: Institutional domains and logics; Technological and
modelling spaces; Knowledge-based interoperability; Governance of change and reuse).

It does not address measured interoperability performance, clinical outcomes, or realised sec-
ondary data use, and it only implies macro-meso-micro localisation and M0-M3 coordination levels
because these are discussed as enabling conditions and implementation mechanisms rather than
evaluated system-level effects ([Implied] rows: Macro-meso-micro localisation; M0-M3 coordina-
tion levels; Interoperability capability).

These limitations are taken up in Cluster 3 with respect to institutional governance, steward-
ship, and reuse readiness, and in Cluster 2 with respect to applied data use and decision support
outcomes, while Cluster 1 provides the infrastructural and architectural baseline against which se-
mantic instruments can be interpreted in the overall Results narrative.

5.6 Cross-cluster synthesis: framework attributes across empirical clusters

This section consolidates the four empirical clusters through the seven analytical attributes devel-
oped in the theoretical framework (Chapter 3). The synthesis contrasts observed as-is patterns with
framework-implied to-be coordination requirements. It makes visible where national digital health
capability is already stabilised, where it remains partial, and what forms of coordination would be
required for progression toward more knowledge-ready, accountable, and adaptive interoperabil-
ity. The strategic and normative implications of these requirements are developed in Chapter 6.
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Table 14: Cross-cluster synthesis of framework attributes. The table contrasts empirically observed as-is pat-
terns with framework-implied to-be coordination requirements across the four empirical clusters. The to-be

column identifies coordination requirements derived from the theoretical framework; these requirements func-
tion as analytical bridges to the Discussion rather than as a standalone implementation model.

Analytical attribute

As-is: cross-cluster analytical
pattern

To-be: framework-implied
coordination requirement

Institutional domains
and logics

Macro-meso-micro
localisation

MO0-M3 coordination
levels

Technological and
modelling spaces

Interoperability
capability

Knowledge-based
interoperability

Interoperability is realised under
persistent institutional plurality;
coordination stabilises interaction
without resolving divergent
clinical, administrative, technical,
legal, and research logics.
Interoperability capability is
unevenly distributed across levels;
macro- and meso-level
coordination dominate, while
micro-level practices remain
weakly aligned with national
coordination intent.

Coordination is concentrated at
infrastructural and formalisation
levels (M0-M1), with fragmented
advancement toward conceptual
and paradigmatic coordination
(M2-M3).

Interoperability is achieved
between heterogeneous systems,
but transitions between modelling
spaces remain weakly articulated
and unevenly governed across the
ecosystem.

Capability is strongest at the
technical and syntactic levels,
while semantic, conceptual,
pragmatic, and institutional
coordination remain partial and
uneven.

Knowledge artefacts and semantic
instruments are demonstrably
constructible, for example
terminology quality rules,
conceptual models, and pilot
decision logic, but remain weakly
coupled to routine data
production and reusable
decision-ready representations at
scale.
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Mediate explicitly between
institutional domains, preserving
legitimate plurality while
coordinating interaction across
domains rather than enforcing a
single system rationality.

Coordinate explicitly across levels
by linking macro-level policy intent
and meso-level governance
arrangements to micro-level
operational, organisational, and
clinical practice.

Model and govern M2-M3
coordination explicitly, linking
conceptual intent, modelling
alignment, and shared
assumptions to operational
artefacts and institutional reality.

Manage transitions between
technological and modelling
spaces systematically through
shared conceptual metamodels,
transformation logic, and
governance of semantic change.

Treat interoperability as a
multi-level coordination capability
in which semantic and conceptual
alignment are governed alongside
technical connectivity and
organisational arrangements.

Formalise, govern, and maintain
reusable knowledge artefacts that
support computer-assisted
reasoning, decision support,
learning, and reuse across
contexts.



Analytical attribute

As-is: cross-cluster analytical
pattern

To-be: framework-implied
coordination requirement

Governance of
change and reuse

Change control exists for selected
shared semantic artefacts and is
articulated in governance models,
yet end-to-end change
propagation and accountability for
reuse across the data supply chain

Institutionalise mechanisms for
governing change, reuse purposes,
data-supply responsibilities, and
accountability across
organisational and system
boundaries.

remain largely case-specific and
resource-intensive.

As shown in Table 14, the principal cross-cluster pattern is not a simple absence of interoper-
ability, but an uneven distribution of interoperability capability. National exchange, access, and
formal standardisation can be stabilised while decision relevance, semantic reuse, knowledge life-
cycle management, and accountability for secondary use remain fragile. The framework-implied re-
quirements therefore point to a need for explicit coordination across institutional domains, macro-
meso-micro levels, MO-M3 abstraction levels, technological and modelling spaces, and knowledge-
governance arrangements.

Taken together, the synthesis indicates that the observed limits are largely structural rather than
narrowly technological. They reflect coordination gaps between exchange infrastructure, stabilised
meaning, reusable knowledge artefacts, authorised change, and institutional responsibility. In ca-
pability terms, the prevailing as-is position corresponds to an intermediate interoperability capa-
bility level: stable technical and organisational coordination, partial semantic alignment, and weak
institutionalisation of knowledge reuse (see Table 2).

These contrasts provide the analytical bridge to Chapter 6, where the framework-implied re-
quirements are interpreted as part of the dissertation’s normative argument for next-generation
national digital health interoperability.
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6 Discussion

This chapter interprets the results of the four empirical clusters through the theoretical framework
and methodological stance developed earlier. It explains why mature national exchange-and-access
infrastructures can coexist with fragile decision relevance, weak knowledge readiness, and project-
bound reuse that does not yet amount to durable multiple use.

The chapter’s central argument is that higher-order interoperability cannot be inferred from
technical exchange, portal access, standards compliance, or infrastructure maturity alone. It de-
pends on whether meaning, responsibility, reusable knowledge artefacts, and authorised change
are governed together across institutional domains, abstraction levels, modelling spaces, and op-
erational settings. Interoperability is therefore treated here as a governed coordination capability
rather than as a cumulative maturity trajectory.

A central distinction is maintained between reuse and multiple use. Reuse denotes data use
within a bounded functional or organisational scope, whereas multiple use denotes the capability
of the same data to support heterogeneous decision contexts without loss of meaning, legitimacy,
or accountability. Secondary use is treated primarily as a legal and policy category governing access
and authorisation, not as evidence that multiple use capability has been achieved.

The chapter first makes the dissertation’s answers to the research questions explicit (see Sec-
tion 6.1). It then consolidates the cross-cluster interpretation, positions the theoretical contribu-
tion, derives implications for policy and system design, discusses limitations and future research,
and closes with a concise synthesis of the explanatory argument.

6.1 Answers to research questions

This section makes the dissertation’s answers to research questions explicit for traceability. Be-
cause the Results chapter is organised by empirical clusters and analytical attributes rather than by
research questions (see Section 3.7), the answers below consolidate the cluster-level findings, the
cross-cluster synthesis, and the Discussion’s core interpretation into research question-level state-
ments. These answers are not maturity-style scores; they specify how the dissertation’s conclusions
follow from the preceding chapters and from the clustered empirical corpus.

RQ1. Interoperability and architectural frameworks support an analytical interpretation of
Estonia’s national digital health system by making its layered structure, installed-base evolution,
and coordination dependencies explicit. They are particularly useful for interpreting national-scale
exchange-and-access, the stabilisation of shared infrastructure, and programme-level governance
coordination (see Section 5.2). The cross-layer capability reading used in this answer is developed
in the technological-spaces synthesis (see Section 3.4). Empirically, this interpretation is anchored
in the longitudinal architectural baseline and system evolution reported in [I], [21], and [22].
However, the cross-cluster findings show that such frameworks become explanatorily limited when
they are read as implying upward propagation from technical exchange to decision-relevant mean-
ing, reusable knowledge, and accountable change. The dissertation therefore refines their use
by treating interoperability as a non-accumulative coordination capability rather than as a linear
maturity trajectory. This boundary condition is consistent with implementation-outcome syntheses
that emphasise persistent coordination work beyond initial roll-out, while the dissertation specifies
non-accumulativity as a structural property rather than as a contingent implementation deficit
[29, 35]. Evidence pointer: see Table 8.

RQ2. Estonia’s national shared-service arrangement enables robust exchange and bounded
reuse, but it does not reliably enable decision-ready reuse, scalable clinical decision support,
or personalised medicine beyond controlled pilots. The scaling argument is developed through
the knowledge-space framing (see Section 3.5) and empirically tested in the decision-support
and personalised-medicine cluster (see Section 5.3). The empirical stress tests reported in [ll],
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supported by the national feasibility framing [24] and pilot evidence [25], show that data avail-
ability does not translate into decision relevance when required variables are missing, temporally
misaligned, embedded in narrative structures, or weakly coupled to decision logic and knowledge
artefact governance. The limitation is therefore interpreted as a structural ceiling produced by
misalignment between abstraction levels, modelling spaces, semantic commitments, and respon-
sibility allocation, not primarily as an algorithmic or analytical-technique deficit. This is compatible
with semantic interoperability scholarship that emphasises governed semantic assets as prereq-
uisites for advanced reuse and decision support, while the dissertation strengthens the claim by
making lifecycle coupling and authorised change explicit [37]. Evidence pointer: see Table 9.

RQ3. Trustworthy secondary use is shaped primarily by institutional logics and governance
arrangements that allocate decision rights, stewardship responsibilities, accountability, and au-
thorisation across actors and contexts. Exchange mechanisms and legal access permissions are
necessary, but they do not by themselves create trustworthy multiple use (see Section 5.4).
The institutional-logics framing that grounds this claim is set out in Section 3.6. Empirically,
the argument is anchored in the comparative governance analysis [IV] and the Health Sense
governance-and-standards case [23], which treat standards, data models, and access arrange-
ments as governance-relevant coordination resources rather than as purely technical artefacts.
The discussion therefore maintains a functional distinction between secondary use as a legal and
policy category governing access and authorisation, and multiple use as an achieved capability
in which the same data supports heterogeneous decision contexts without loss of meaning,
legitimacy, or accountability. This aligns with governance frameworks emphasising legitimacy,
accountability, decision rights, and operational access pathways, while the dissertation refines the
mechanism by framing governance as part of the production of interoperability capability rather
than as an external constraint on reuse [43, 44]. Evidence pointer: see Table 11.

RQ4. The cross-cluster synthesis supports a revised conceptual model of interoperability as a
governed, non-accumulative coordination capability. Rather than extending maturity models or
adding new interoperability levels, the dissertation specifies the boundary conditions under which
higher-order, decision-relevant interoperability can be sustained at national scale (see Section 5.6).
In this model, progress at lower abstraction levels does not propagate by default to decision rele-
vance, knowledge reuse, or trustworthy multiple use. These higher-order effects depend on cou-
pling mechanisms that institutionalise alignment between intent, meaning, knowledge artefacts,
responsibility, and authorised change. This revised stance is empirically anchored in the architec-
tural baseline (C1), the decision-reuse stress tests (C2), the governance analyses (C3), and the se-
mantic and conceptual instrumentation work (C4), including standards translation, semantic anno-
tation, and terminology lifecycle governance (e.g., [26-28]). Relative to related work, the model is
compatible with ecosystem and orchestration accounts, but makes their dependency on governed
semantic and knowledge resources explicit [31, 33]. Evidence pointer: see Table 14.

6.2 Core message and cross-cluster interpretation

This section consolidates what the four empirical clusters jointly establish about the nature and
limits of interoperability in mature national digital health systems. For traceability, the consolidated
cross-cluster configuration is summarised in Table 14. The purpose is not to restate cluster-level
findings, but to identify the common configuration that explains why technically mature exchange-
and-access arrangements can coexist with fragile decision relevance, weak knowledge readiness,
and project-bound multiple use.

The clusters form a deliberate analytical progression rather than a maturity trajectory. Clus-
ter 1 provides the architectural and historical baseline for national exchange-and-access. Cluster 2
functions as a stress test, showing that infrastructural robustness does not translate into decision-
ready data or scalable clinical reuse. Cluster 3 adds an institutional and governance perspective,
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demonstrating how legal ambiguity, fragmented responsibilities, and competing institutional logics
constrain secondary and multiple use even where technical prerequisites exist. Cluster 4 exam-
ines the semantic and conceptual instruments intended to stabilise meaning, showing both their
enabling role and the limits that follow when lifecycle coupling and stewardship remain weak.

Across these perspectives, a consistent pattern emerges: progress at lower interoperability lev-
els does not reliably propagate to higher-order effects. Technical connectivity and procedural co-
ordination can stabilise exchange, while semantic coherence, decision relevance, and accountable
knowledge reuse remain fragile because coupling mechanisms between intent, meaning, knowl-
edge artefacts, responsibility, and authorised change are insufficiently institutionalised. The lim-
iting factors are therefore structural rather than primarily technological. They arise from gaps be-
tween abstraction levels, modelling spaces, and institutional domains, not from a simple absence
of technical infrastructure.

This pattern clarifies the core explanatory mechanism used in the Discussion. Interoperabil-
ity does not accumulate linearly from technical exchange toward semantic, knowledge-based, and
decision-oriented capability. Decision relevance requires semantic and conceptual alignment that
remains connected to actual decision needs. Knowledge-based interoperability requires formalised
and governed knowledge artefacts across abstraction levels. Durable multiple use requires gover-
nance arrangements that authorise interpretation, allocate responsibility, and coordinate change.
The cross-cluster configuration therefore points to weak coupling between data availability, mean-
ing, knowledge, accountability, and authorised adaptation.

The observed configuration is best interpreted as an intermediate interoperability capability
state relative to the capability conceptualisation developed in the theoretical framework. It com-
bines stable technical connectivity and organisational coordination with partial semantic alignment
and weak institutionalisation of knowledge reuse and change governance. It enables large-scale ex-
change and procedural coordination, but does not reliably support decision-relevant reuse, learning
across cases, or adaptation to heterogeneous clinical and organisational contexts (See Section 3.4).

This intermediate capability state should not be read as an immaturity score or as a stage in a
linear maturity model. It is an attribute profile: robust exchange-and-access and procedural coor-
dination coexist with semantic alignment that remains weakly lifecycle-coupled to data production,
and with governance arrangements that do not yet institutionalise knowledge stewardship, autho-
rised change, and accountability chains for decision-relevant reuse. The profile is intermediate be-
cause the required coordination conditions are present only partially and unevenly. The limiting
condition is not any single missing layer, but the absence of durable coupling among layers.

A central implication concerns autonomy and the human-centred ambitions often used to justify
interoperability investments. In this dissertation, autonomy refers to legitimate decision authority
and accountability within shared interoperability arrangements, not freedom from coordination.
The empirical material shows a persistent gap between the promise of decision-relevant, person-
centred, learning-oriented use and the operational realities of national infrastructures. Data may
circulate at scale, yet the capacity to support contextual clinical judgement, shared decision-making,
and learning across cases remains fragile.

This pattern is visible across the clusters. Decision-support experiments show that data avail-
ability does not yield locally adaptable decision support without reconstructive work and expert
mediation. Semantic instrumentation work shows that meanings can be stabilised locally, but re-
main weakly coupled to operational capture and lifecycle governance. Governance studies show
how responsibility and change-control arrangements drift upward without corresponding mecha-
nisms for legitimate local adaptation and feedback.

More broadly, the material reveals a recurring tension between local autonomy and central
coordination. Many interoperability arrangements stabilise exchange by privileging standard com-
pliance, central processing, or procedural control. This can support access and exchange, but it
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may also narrow actors’ capacity to adapt data production, interpretation, and reuse to heteroge-
neous decision contexts. This loss of autonomy is not incidental: it is one mechanism through which
exchange-and-access can be stabilised while decision-relevant, learning-oriented multiple use re-
mains structurally constrained (see Table 14; Table 11).

When interoperability is operationalised primarily through centrally defined rules, compliance-
driven semantics, or standardised processing layers, local actors increasingly encounter meaning
and decision logic as fixed outputs rather than as governable coordination resources. Contextual
meaning-work then shifts from legitimate adaptation into exception handling, while accountability
for interpretation and change drifts upward without corresponding authorisation to adjust capture
practices, semantic definitions, or knowledge artefacts at the point of production (see Table 13).

The cross-cluster synthesis also clarifies the longer-term shift in the interoperability problem ob-
served across the dissertation’s empirical material. In the earlier national EHR phase, the dominant
challenge was document exchange, access, and transaction-level integration. As these capabili-
ties became more established, the central problem shifted toward semantic readiness, computable
knowledge, responsibility allocation, and governed change. Interoperability therefore appears less
as a capability finally achieved once infrastructure and standards are in place, and more as a con-
tinuing process of aligning shared purposes, meanings, responsibilities, knowledge artefacts, and
authorised adaptations across changing institutional and clinical contexts.

Governance is therefore not a downstream constraint added after technical and semantic in-
teroperability have been achieved. It is part of the mechanism through which higher-order in-
teroperability is produced. By allocating responsibility, legitimising use, maintaining knowledge
artefacts, and authorising change, governance determines whether shared data remains confined
to exchange and bounded reuse or becomes usable for decision-relevant, knowledge-based, and
trustworthy multiple use.

Read together, the cross-cluster findings reinforce the core claim advanced in the theoretical
framework: interoperability is an emergent, multi-layer coordination capability rather than an at-
tribute of interfaces or individual systems. Higher-order effects do not arise automatically from
lower-level progress; they depend on explicit coupling mechanisms that align intent, meaning, re-
sponsibility, knowledge artefacts, and authorised change across contexts. This provides an inte-
grated analytical response to research questions and establishes the basis for the theoretical and
policy implications developed in the following sections.

6.3 Contribution to interoperability theory

The preceding synthesis specifies the theoretical role of the dissertation’s central reframing. Inter-
operability in national digital health is best analysed as a governed, non-accumulative coordination
capability: progress in exchange infrastructure, access services, or standards compliance may be
locally effective without necessarily producing decision relevance, knowledge readiness, or trust-
worthy multiple use at national scale.

The theoretical contribution has three connected elements. First, the dissertation treats higher-
order interoperability as an emergent capability produced through explicit coupling between intent,
meaning, knowledge artefacts, responsibility and authorised change across abstraction levels, in-
stitutional domains and technological spaces. In this view, interoperability is not a property of
systems, interfaces or standards alone, but a capability sustained through relations between oper-
ational practice, semantic formalisation, knowledge artefacts and governance arrangements (see
Section 3.2; Section 3.4).

Second, the dissertation specifies why mature interoperability arrangements may encounter
a structural ceiling. Stable exchange and procedural coordination can coexist with weak seman-
tic continuity and project-bound knowledge reuse when decision needs, data capture, conceptual
models, knowledge artefacts and accountability arrangements are not linked through durable feed-
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back and change-control mechanisms. This explains the intermediate capability state identified in
the cross-cluster interpretation: the limitation is not lack of infrastructure, but insufficient cross-
level coupling between data production, semantic and conceptual alignment, knowledge lifecycle
governance and institutional responsibility.

Third, the dissertation clarifies the theoretical role of coherence, composability and governed
autonomy. Coherence denotes the stability of meaning, responsibility and decision logic across
contexts. Composability denotes the capacity of actors, data, models and knowledge artefacts to
be combined across changing decision situations without loss of interpretability or legitimacy. Gov-
erned autonomy denotes legitimate local capacity to interpret, adapt and extend shared resources
within explicit accountability and authorisation arrangements. Together, these concepts shift in-
teroperability theory away from cumulative maturity narratives and toward a capability-oriented
account of how national digital health systems can support decision-relevant, knowledge-based
and human-centred use.

This reframing also clarifies the role of semantic and conceptual coordination. Semantic models,
terminologies, data quality rules and decision logic are not merely technical resources; they func-
tion as coordination artefacts that make decisions, meanings and responsibilities comparable across
organisational and institutional boundaries. Their theoretical significance depends on lifecycle gov-
ernance. Semantic interoperability is insufficient unless linked to knowledge lifecycle management
and authorised change: without stewardship, validation, versioning and accountable revision, se-
mantic instruments may improve local consistency while remaining too fragile to support scalable
reuse or learning (see Section 3.3; Section 3.5).

The macro-meso-micro perspective further specifies where this coordination work occurs.
Macro-level policy intent must be translated into meso-level governance arrangements that make
micro-level decision demand actionable for data capture, semantic maintenance and knowledge
artefact revision (see Section 3.1). Advanced interoperability therefore depends less on central
control than on governable feedback loops through which autonomous actors can contribute to
shared information and knowledge spaces without fragmenting meaning or accountability.

This theoretical stance makes data-sharing paradigms analytically relevant. Document-centric
exchange, registry-based sharing and more event-driven or feedback-enabled arrangements should
not be treated only as implementation options; they represent different coordination regimes. They
differ in how visible decision demand becomes, how quickly missing or unreliable information can
affect data production, and how change is authorised. From this perspective, knowledge-based
interoperability is constrained not only by semantic expressiveness, but by the ability of the shar-
ing regime to institutionalise feedback between decision-making, data production and knowledge
governance (see Section 5.3).

Taken together, the dissertation extends interoperability theory by showing that the decisive
question is not whether technical, semantic, organisational and governance layers are present, but
whether they are coupled in ways that sustain coherence, composability and governed autonomy
over time. This provides a theoretical explanation for why digitally mature national systems may
achieve stable access and exchange while remaining structurally constrained with respect to deci-
sion support, learning health systems, trustworthy multiple use and person-centred care.

6.3.1 Atrtificial intelligence as a boundary case for interoperability theory

Artificial intelligence functions in this dissertation as a boundary case for the proposed interopera-
bility concept. Al is sometimes presented as a way to compensate for semantic heterogeneity, weak
standard adoption or fragmented data landscapes by learning from data and automating harmon-
isation work. For example, machine-learning approaches have been used to map heterogeneous
laboratory test representations to standard codes such as LOINC, explicitly in response to inconsis-
tent standard use as a barrier to interoperability and reuse [129].
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Viewed through the capability perspective developed here, Al does not remove the need for
interoperability governance. It can accelerate reasoning, classification, mapping and prediction
where data, meaning and purpose are sufficiently explicit, but it cannot substitute for concep-
tual boundary-setting, responsibility allocation, data quality, provenance, validation or authorised
change. Governance-oriented guidance on trustworthy Al similarly frames accountability, oversight
and institutional control as necessary conditions rather than optional safeguards [130]. The depen-
dence of medical Al on data quality further reinforces this point: model reliability remains bounded
by the integrity, completeness and interpretability of the underlying datasets [131].

The empirical material supports this interpretation. The decision-support and personalised-
medicine cases show that algorithmic or Al-enabled functionality remains dependent on pre-
existing semantic alignment, decision-ready data, explicit conceptualisation and governed respon-
sibility structures (see Section 5.3; Table 9). Where such conditions are absent, decision support
tends to rely on stand-alone tools, parallel data capture and manual coordination rather than on
persistent, longitudinal knowledge representations embedded in routine services [Il] [24, 25].

Al therefore changes the tempo and scale of interoperability challenges, not their underly-
ing conditions. Where meaning, responsibility and authorised change are well governed, Al may
shorten the latency between emerging decision needs, knowledge formalisation and information
provision. Where these couplings remain weak, Al may amplify the consequences of poorly gov-
erned semantics, fragile data quality and contested legitimacy rather than resolving them.

For this reason, Al is treated here as a scaling pressure on knowledge-based interoperability,
not as a separate empirical object or as an alternative to interoperability governance. Its theoret-
ical relevance lies in making the dissertation’s core claim more visible: higher-order digital health
capability depends on governed relations between data, meaning, knowledge, responsibility and
authorised change, even when advanced analytical techniques are available.

6.4 Implications for policy and system design

Many components required for advanced interoperability already exist or are emerging in national
digital health systems, including shared infrastructure, standards, terminologies, semantic mod-
els, data quality rules and decision-support artefacts. Their systemic impact remains limited, how-
ever, when these assets are governed as isolated technical, semantic or project-specific components
rather than as shared coordination resources for integrated, knowledge-driven and human-centred
care. The core policy challenge is therefore not only to extend infrastructure, but to create insti-
tutional conditions under which existing assets can be maintained, trusted, adapted and reused
across heterogeneous decision contexts.

The preceding discussion also clarifies the role of Al and advanced analytics. Al may accelerate
mapping, interpretation, prediction and decision support, but it does not remove the need for se-
mantic readiness, data quality, provenance, accountability and authorised change. Without these
conditions, Al-based solutions are likely to amplify fragmentation, opacity or contested legitimacy
rather than compensate for weak interoperability governance.

Read as analytically derived boundary conditions rather than as a prescriptive blueprint, the
findings imply a minimal governance stack for national digital health interoperability:

e Needs-and-intent articulation: legitimate clinical, regulatory, research, innovation and
patient-centred decision needs must be explicitly articulated as a reference point for data
capture, semantic design and knowledge governance. This corresponds to the business
view as an articulation space rather than as a managerial control layer (see Section 3.3).

e Stewardship of semantic and knowledge artefacts: terminologies, information models, data
quality rules, decision logic and other knowledge artefacts require accountable roles, man-
dates and maintenance processes. Without such stewardship, semantic instruments may
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remain analytically sound but operationally fragile (see Section 5.5).

o Lifecycle governance across abstraction levels: versioning, validation and authorised change
management must link operational data production, semantic formalisation and evolving
knowledge claims across M0O-M3. This is necessary if meanings, responsibilities and decision
contexts are to remain aligned over time (see Section 3.5).

e Legitimised decision support as an institutional function: clinical decision support and per-
sonalised medicine require more than local technical deployment. Policy frameworks must
specify who is authorised to define, maintain, revise and audit decision logic and its eviden-
tial basis beyond project settings (see Section 5.3).

e Accountability and authorisation chains for reuse: trustworthy multiple use requires clear
allocation of responsibility for interpretation, reuse and downstream consequences across
institutional boundaries. This shifts governance from procedural access control toward ac-
countable reuse, contestability and legitimate adaptation (see Section 5.4).

o Actionable feedback loops from decision practice: gaps observed in practice, such as miss-
ingness, semantic misalignment or unreliable information, must become institutionally ac-
tionable for revising capture practices, event definitions, semantic commitments and knowl-
edge artefacts. This is particularly important where decision-support use exposes the limits
of routine data production (see Section 5.3).

Together, these elements specify the conditions under which legally permitted secondary use
can develop into trustworthy multiple use. Access rights and technical availability are necessary but
insufficient: the same data can support heterogeneous clinical, regulatory, research, innovation and
patient-centred contexts only when meaning, responsibility, evidence requirements and authorised
change remain aligned across those contexts.

These implications also suggest that national digital health policy should treat interoperabil-
ity as a capacity for institutional and technical responsiveness, not as a fixed end state achieved
through infrastructure deployment or standards compliance. Governance arrangements must sta-
bilise shared artefacts while also enabling them to evolve as clinical evidence, technologies, care
practices and institutional purposes change. Responsiveness is therefore not a deviation from
strategic control, but a condition for sustaining legitimacy and coherence in a continuously devel-
oping health information environment.

A further implication concerns the operationalisation of ethical and legal principles. Trans-
parency, accountability, consent, purpose limitation and fairness cannot be secured only through
procedural safeguards or access-control mechanisms. They also have to be embedded at the level
of meaning, knowledge and responsibility: in how data categories are defined, how decision logic
is validated, how provenance is maintained, how reuse is authorised, and how contested interpre-
tations can be challenged. Ethics-by-design therefore concerns not only restricting access, but gov-
erning the conditions under which data and knowledge artefacts remain interpretable, legitimate
and accountable across contexts.

Finally, the findings have implications for autonomy-enabling participation. From the per-
spective of knowledge-based interoperability, autonomy does not mean reduced coordination
or weaker governance. It means that healthcare providers, researchers, innovators, patients
and other actors are legitimately able to contribute to, reinterpret and extend shared data and
knowledge resources within explicit accountability and authorisation arrangements. Without an
articulated business view and lifecycle governance, distributed adaptation risks becoming frag-
mentation. Under appropriate governance, however, such conditioned autonomy expands the
space for innovation, learning and participation while preserving systemic trust and coherence.

Taken together, effective policy and system design for national digital health interoperability
must prioritise governance capability, institutional clarity and knowledge stewardship alongside
technical and organisational investments. These conditions are necessary for translating existing
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interoperability assets into durable support for decision-making, learning, trustworthy multiple use
and human-centred care, rather than assuming that such outcomes will emerge automatically from
continued technical integration.

6.5 Limitations and directions for future research

The limitations outlined below delimit the scope of the dissertation’s claims and indicate directions
for future research. They follow from the dissertation’s theoretical framing and methodological
design. The study examines national digital health as a long-term socio-technical and institutional
coordination problem, and therefore prioritises explanatory depth, cross-level interpretation and
analytical transferability over benchmarking, prediction or direct performance evaluation.

The theoretical framework developed in Chapter 3 is intentionally integrative. It brings to-
gether layered interoperability models, institutional governance perspectives, model-driven and
abstraction-level reasoning, and knowledge-based conceptions of coordination. This makes it pos-
sible to interpret interoperability as an emergent coordination capability and to identify failures of
coupling between technical infrastructure, semantic alignment, knowledge artefacts, institutional
responsibility and authorised change. The trade-off is that the framework does not produce a ma-
turity score, evaluative taxonomy or parsimonious causal model. It is therefore most useful for
strategic governance analysis and theoretical explanation rather than for short-term implementa-
tion benchmarking.

The methodological design follows this analytical ambition. The dissertation adopts a qualita-
tive, integrative multi-study design combining longitudinal case analysis, comparative institutional
examination and design-oriented empirical work. The empirical material consists of peer-reviewed
publications, project artefacts, policy documents and documented system-level practices, comple-
mented by expert knowledge embedded in the research process. This design enables analysis of
institutional path dependencies, design rationales and coordination tensions that unfold over ex-
tended time horizons and across organisational domains. Its findings are therefore analytically
rather than statistically generalisable.

First, the empirical material is strongly anchored in the Estonian national digital health context,
complemented by selected comparative and project-based cases. This focus supports longitudi-
nal analysis of a digitally mature national system and allows the dissertation to examine how early
architectural and governance choices continue to shape later interoperability capability. However,
contextual specificity limits direct transfer to settings with different legal traditions, institutional ca-
pacities, financing arrangements or levels of digital maturity. The analytical framework is conceptu-
ally transferable, but concrete manifestations of governance capability, semantic stewardship and
authorised change may differ substantially. Future research should therefore test the framework
across contrasting national and institutional contexts.

Second, the dissertation examines interoperability as a structural and institutional coordina-
tion capability rather than as a directly measured performance outcome. This enables analysis of
why robust exchange-and-access arrangements may coexist with fragile decision relevance, weak
knowledge readiness and project-bound multiple use. However, it does not support numerical as-
sessment, ranking or probabilistic claims about system performance. Future research could comple-
ment this approach through mixed-method designs that operationalise selected attributes of gov-
ernance, semantic readiness, knowledge stewardship or feedback-enabled interoperability while
retaining sensitivity to institutional context.

Third, although the dissertation foregrounds governance and knowledge stewardship as cen-
tral to higher-order interoperability capability, it does not empirically test alternative governance
models or policy instruments in controlled or experimental settings. The conclusions are there-
fore primarily diagnostic and explanatory rather than evaluative. Design-oriented research, pilot
interventions and longitudinal policy experiments are needed to examine how different steward-

98



ship arrangements, accountability structures, lifecycle governance mechanisms and authorisation
models affect decision support, multiple use of health data and autonomy-enabling participation in
practice.

Fourth, researcher involvement in several empirical contexts introduces interpretive risk. This
risk is mitigated through the use of documented artefacts, publication-level anchoring, explicit an-
alytical attributes and a separation between empirical reporting and cross-cluster interpretation.
Nevertheless, the analysis reflects the perspective of a researcher-practitioner working close to the
development and governance of national digital health systems. Future studies could strengthen
this line of work through independent replication, broader stakeholder interviews and comparative
analyses involving clinicians, patients, policymakers, technology providers and governance bodies.

Fifth, human-centred and 5P-oriented care is addressed indirectly through infrastructural, se-
mantic and institutional preconditions rather than through measured clinical, experiential or par-
ticipatory outcomes. The dissertation does not analyse patient-reported outcomes, professional
experience, shared decision-making practices or care-process effects at the point of service deliv-
ery. Future research should connect interoperability arrangements to variations in clinical practice,
patient participation, professional autonomy and learning-oriented care, thereby empirically test-
ing the relationship between interoperability capability and human-centred digital health.

Taken together, these limitations delimit the dissertation’s claims and outline a coherent
research agenda. The next step is to move from diagnosing structural interoperability ceilings
toward empirically grounded strategies for building knowledge-based, autonomy-enabling and
human-centred national digital health systems. Such research should examine not only whether
data can be exchanged or reused, but whether meanings, responsibilities, knowledge artefacts and
authorised change mechanisms remain coherent as clinical evidence, technologies, care practices
and institutional purposes evolve.

6.5.1 Scope of normative claims

The normative implications developed in this chapter should be read as analytically derived bound-
ary conditions, not as a policy blueprint, target architecture or implementation roadmap. The
dissertation specifies coordination requirements and failure modes that any viable national digi-
tal health design must address if decision support, learning-oriented reuse, trustworthy multiple
use and autonomy-enabling participation are to be realised without undermining legitimacy, trust
or contextual meaning.

6.6 Concluding synthesis

This dissertation concludes that national digital health interoperability is best understood as more
than the cumulative outcome of technical exchange, access provision, standards compliance, or
isolated governance arrangements. Across research questions, the analysis shows that mature na-
tional infrastructures can successfully stabilise exchange, access, and document flow, while their
capacity to support decision relevance, knowledge readiness, trustworthy multiple use, and person-
centred care depends on further coordination conditions. The decisive transition is from infrastruc-
ture availability toward durable coupling between meaning, responsibility, knowledge artefacts,
decision logic, and authorised change.

Returning to the conceptual framing introduced in the opening chapter (see Section 1.3), the
dissertation clarifies what is needed for access and exchange to develop into semantic continuity,
reusable knowledge, and ethically governed digital health. Higher-order interoperability requires
coherence, composability, and governed autonomy. Coherence refers to the stability of meaning,
responsibility, and decision logic across contexts; composability refers to the capacity to combine
data, models, actors, and knowledge artefacts across changing decision situations without loss of
interpretability or legitimacy; and governed autonomy refers to the capacity of actors to adapt and
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use shared resources within explicit accountability and authorisation arrangements. These condi-
tions define interoperability as a socio-technical and institutional capability rather than as a techni-
cal state (see Section 3.4).

The empirical synthesis identifies the structural and institutional conditions through which this
capability can be strengthened. Decision-support and personalised-medicine cases show that tech-
nically available and partly structured data require semantic, temporal, and contextual alignment
before they can support computable clinical reasoning. Governance and secondary-use cases show
that legal access and reuse permissions become trustworthy multiple use when they are comple-
mented by responsibility allocation, interpretive accountability, and authorised change. Standards
and semantic instruments show that formalised meaning becomes scalable when linked to stew-
ardship, lifecycle management, validation, and change control. Together, these findings support
the cross-cluster interpretation developed earlier in the Discussion (see Section 6.2).

The practical implication is that next-generation national digital health should build on existing
exchange infrastructure by adding explicit and durable mechanisms for aligning clinical and pol-
icy intent, semantic and conceptual models, knowledge artefacts, institutional responsibilities, and
feedback from practice to data production and system change. Through such mechanisms, opera-
tionally mature national digital health systems can become more capable of supporting integrated,
knowledge-driven, trustworthy, and person-centred care.
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Abstract
Interoperability and Governance in National Digital Health: A Framework-
Based Argument for Integrative and Knowledge-Driven Approach

National digital health is increasingly expected to support integrated, knowledge-driven, and
person-centred care. This expectation goes beyond reliable data exchange and includes clinical
decision support, learning health system functions, secondary and multiple use of health data,
personalised medicine, and cross-domain coordination. However, empirical experience from
large-scale digital health infrastructures shows that mature access and exchange capabilities do
not by themselves ensure the consistent interpretation of health data, their responsible reuse, or
their transformation into decision-relevant knowledge.

This dissertation investigates interoperability and governance in national digital health, using
Estonia’s national electronic health record infrastructure as the central empirical anchor and com-
plementing it with comparative insights from international digital health initiatives. The empirical
material is organised into four clusters: national electronic health record architecture and longi-
tudinal development; decision support and personalised medicine; governance of secondary and
multiple use of health data; and standards, semantics, and conceptual interoperability.

The analysis is based on an integrated theoretical framework that combines a macro-meso-
micro coordination perspective with Tolk’s Levels of Conceptual Interoperability Model (LCIM), Blo-
bel's Generic Component Model (GCM) and its standardised expression in 1ISO 23903, 1SO 13940
(ContSys), and a knowledge-based interoperability perspective. Together, these frameworks make
it possible to analyse interoperability not merely as technical data exchange, but as a problem of
coordinating meaning, knowledge models, decision contexts, and governance.

Through a framework-based and abductive synthesis, the dissertation shows that national digi-
tal health infrastructures may institutionalise access to data and data exchange while leaving mean-
ing, knowledge use, responsibility, and governance of change weakly coupled. These gaps become
especially visible when the same data are expected to support different clinical, research, adminis-
trative, and policy decision contexts.

The dissertation contributes to conceptualising interoperability as a governed capability of na-
tional digital health: the capacity to coordinate technical infrastructure, shared meaning, knowl-
edge use, and authorised and accountable institutional change in support of integrated, knowledge-
driven, and person-centred care.
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Kokkuvote
Koosvoime ja valitsemine riiklikus digitaaltervises: raamistikupohine
kasitlus integreerituse ja teadmuspohisuse toetuseks

Riiklikult koordineeritud digiterviselt oodatakse iha enam integreeritud, teadmuspdhise ja in-
imkeskse tervishoiu toetamist. See ootus ei piirdu téokindla andmevahetusega, vaid holmab ka
kliinilist otsustustuge, 6ppiva terviseslisteemi funktsioone, terviseandmete teisest ja mitmekordset
kasutust, personaalmeditsiini ning valdkondadelilest koordineerimist. Suuremahuliste digitervise
taristute empiiriline kogemus naitab siiski, et kiips ligipaasu- ja andmevahetusvoimekus ei taga
iseenesest terviseandmete jarjepidevat tolgendamist, vastutustundlikku taaskasutust ega nende
muutumist otsustusrelevantseks teadmuseks.

Kaesolev vaitekiri uurib koosvoimet ja valitsemist riiklikus digitervises, kasutades Eesti riikliku
elektroonilise terviseloo infrastruktuuri keskse empiirilise ankruna ning taiendades seda vordlevate
tahelepanekutega rahvusvahelistest digitervise algatustest. Empiiriline materjal on koondatud nelja
klastrisse: riikliku elektroonilise terviseloo arhitektuur ja pikaajaline areng; otsustustugi ja person-
aalmeditsiin; terviseandmete teisese ja mitmekordse kasutuse valitsemine; ning standardid, seman-
tika ja kontseptuaalne koosvéime.

Analliis péhineb integreeritud teoreetilisel raamistikul, mis ihendab makro-meso-mikrotasandi
koordineerimise vaate Tolk'i Levels of Conceptual Interoperability Model’i (LCIM), Blobel'i osiste
Gldmudeli (GCM) ja selle ISO 23903-s standarditud viljenduse, 1SO 13940 ehk ContSys'i ning
teadmuspohise koosvoime kasitlusega. Need raamistikud voimaldavad kasitleda koosvoimet
mitte liksnes tehnilise andmevahetuse, vaid tahenduse, teadmusmudelite, otsustuskontekstide ja
valitsemise koordineerimise probleemina.

Raamistikupohise ja abduktiivse slinteesi tulemusena nditab vaitekiri, et riiklikud digitervise
taristud voivad institutsionaliseerida andmetele ligipddsu ja andmevahetuse, jattes samal ajal
tahenduse, teadmuskasutuse, vastutuse ja muutuste valitsemise norgalt seotuks. Need liingad
muutuvad eriti nahtavaks olukordades, kus samu andmeid eeldatakse toetavat erinevaid kliinilisi,
teaduslikke, administratiivseid ja poliitikakujunduslikke otsustuskontekste.

Viitekiri panustab koosvéime kasitamisse riikliku digitervise valitsetud véimekusena: suut-
likkusena koordineerida tehnilist taristut, jagatud tdhendust, teadmuskasutust ning volitatud ja
vastutustundlikku institutsionaalset muutust integreeritud, teadmuspohise ja inimkeskse tervishoiu
toetamiseks.

121






Appendix 1. Map of data flows in Estonia

Data Flow Source Steward Consumer Governor
Distribution of
personal health
status data
Clinical Patient records TEHIK Medical ETIS*
summaries maintained by Digilugu professionals,
medical professionals home users
Emergency Emergency call TerK Ambulance TerK
service data center, Ambulance eAmbulance  services
services
Laboratory data Laboratory Medipost, Medical Medisoft, ETIS*
information systems Digilugu professionals,
home users
Imaging studies Radiology National Radiologists, ETIS*
information systems Image Bank Medical
professionals
Medical Patient records TEHIK Home user, ETIS*
certificates Digilugu Road
Administration,
Social
Insurance
Board
Health Home user TEHIK Medical ETIS*
declarations Digilugu professional
Changing rights
related to
healthcare
services
Prescriptions Patient records TerK ePre- Pharmacies, TerK
scription medical
professionals,
home users
Laboratory Patient records Medipost Laboratories Medisoft
orders
Referrals Patient records TEHIK Medical ETIS™
Digilugu professionals
Consultations Patient records TEHIK Medical ETIS*
Digilugu professionals
Cancer screening  Digilugu, Healthcare TEHIK Healthcare NIHD
invitations providers, NIHD Cancer providers,
Screening home users
Registry
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Data Flow Source Steward Consumer Governor
Registration as a Healthcare provider, TEHIK Healthcare Health Board
healthcare Health Board Medre providers,
professional Digilugu
Issuance of Healthcare provider, TEHIK Healthcare Health Board
operating license  Health Board Medre providers,
Digilugu

Authorization of Medicines Agency TEHIK Healthcare Medicines
medicines, Medicines providers, Agency
special foods, Register home users
and medical
devices
Patient listing Family doctor service  TerK Health Healthcare TerK
with a family providers Insurance providers
doctor Information

System
Changing rights
related to health
data
Consent for data Individual TEHIK Healthcare ETIS*
use in Digilugu Digilugu providers
Consent for use Individual RIA Consent  Third parties In development
of data in Service - Data
national Protection Act,
registries Public

Information Act
Audit log of Digilugu TEHIK Individual ETIS*
Digilugu data use Digilugu
Assisted access Social worker TEHIK Medical ETIS*
to Digilugu Digilugu professional,
home user

Decision support
based on health
data
Time-critical data  Digilugu TEHIK Medical ETIS*

Digilugu professionals
Data viewer Digilugu TEHIK Data Medical ETIS™

Viewer professionals
Drug interaction ePrescription Synbase Medical TerK

decision support
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Data Flow Source Steward Consumer Governor
Clinical decision Digilugu, Patient TEHIK Medical TerK
support record Health professionals
Insurance
Fund
Decision
Support
Research data
based on health
data
Epidemiological Patient records NIHD Researchers NIHD
data Medical
Registries
Genetic and Patient records, Biobank Researchers University of
health data Digilugu, Medical Tartu
registries, genetic
studies, medical bills
Decisions on
health service
financing
Treatment bill Healthcare provider TerK Health Terk, TerK
data Insurance Researchers
System
Health service TerK TerK Service  Healthcare Ministry of
price list List providers Social Affairs
Family doctor TerK TEHIK Healthcare TerK
lists Medre providers,
home users
Basic registries
Population Local governments SMIT Healthcare Ministry of the
registry Population providers, Interior
Register Researchers
Legal entities Legal entity RIK Business  X-road, Tartu County
register Register Digilugu, Court
Healthcare
providers,
home users
Address registry Local governments KMIT ADS Digilugu, Land Board
Healthcare
providers

Standards for
health data and
their
dissemination
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Data Flow Source Steward Consumer Governor
Digilugu data TEHIK TEHIK Digilugu, ETIS*
structures, Information Software
formats, and lists Center developers
Disease Ministry of Social MoSA ICD Digilugu, Ministry of
classification Affairs web Healthcare Social Affairs

providers
Laboratory Medical labs, ELMU TEHIK e-Lab  Digilugu, ETIS*
services Admin Tool Healthcare
classification providers
Services of the
secure electronic
data exchange
platform
Trust services for ~ Legal entity, SKID X-road, RIA
digital identity individual Solutions, Digilugu,

GuardTime Healthcare

providers,

home users
Secure messaging  Legal entity, RIA Digilugu, Government of
platform (X-road) individual Healthcare Estonia
and portals providers
(MISP)

*According to its statute, ETIS has two responsible authorities — the Ministry of Social Affairs
(MoSA) and the Health and Welfare Information Systems Center (TerK).
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Appendix 2. Cross-source analytical mapping

Explanatory note.

This appendix provides a consolidated, theory-aligned overview of how the source material included

in the dissertation relate to the core analytical dimensions introduced in the theoretical framework.

Unlike the Results chapter, where empirical findings are presented through detailed, attribute-
specific tables at cluster level, this table operates as a cross-source synthesis. It maps each paper to
its primary coordination scope (macro-meso-micro), dominant institutional logics, and key impli-
cations for interoperability and governance, using established framework abbreviations (e.g. LCIM,

GCM/ISO 23903, KBI) to maintain conceptual consistency while reducing descriptive redundancy.

Publication

Coordination scope
(macro-meso-micro)

Institutional logic /
governance tension

Implications for
interoperability &
governance (LCIM /
GCM / KBI)

Kankainen et al.

(ContSys
annotation)

Kankainen et al.

(ContSys
experience)

Bossenko et al.
(Terminology
control)

Aligns macro-level legal
intent with an M3-level
conceptual standard;
establishes meso-level
semantic-conceptual
coordination shaping
micro-level
documentation.

Tests macro
policy-backed
modelling in meso-level
organisations; exposes
micro-level workflow
and cognitive frictions.

Positions terminology
governance as
macro-level
infrastructure
supporting meso-level
consistency and
micro-level
interpretation.

Mediation between
legal-administrative
and professional logics
via explicit
conceptualisation.

Tension between
professional autonomy
and standard-driven
rationalisation; uneven
readiness.

Reinforces professional
logic through shared
language authority and
explicit quality rules.
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Reduces recurring
legal-semantic
reconciliation costs;
provides an M3
reference model (GCM)
enabling LCIM-3—6
progression and a
shared conceptual
space (KBI).

Shifts costs from
downstream
reconciliation to
upfront
modelling/training;
shows
practice-constrained
LCIM-3 interoperability
and limits of shared
conceptual modelling.

Lowers
misinterpretation and
rework costs; stabilises
LCIM-3 semantic
interoperability and
strengthens the
semantic layer of KBI.



Publication

Coordination scope
(macro-meso-micro)

Institutional logic /
governance tension

Implications for
interoperability &
governance (LCIM /
GCM / KBI)

Metsallik et al.
(Secondary data
use)

Ross et al.
(Health Sense)

Bertl et al.
(Decision
support in PTSD)

Personalised
medicine pilot
projects

EHR / WHO case
studies

Makes macro-level
privacy and legitimacy
constraints explicit;
identifies meso-level
reuse bottlenecks
affecting micro-level
scenarios.

Contributes to
macro-level data
standardisation;
bridges meso-level
institutional practice
and micro-level clinical
sense-making.

Demonstrates
micro-level DDSS
feasibility on national
EHR data; tests
meso-level readiness
for algorithmic
mediation.

Signals macro-level
strategic intent; reveals
meso-level
fragmentation across
research, diagnostics,
and care; affects
micro-level risk
prevention.

Provide macro-level
comparative strategies;
show meso-level
organisational
integration patterns
influencing micro-level
care pathways.

Conflict between
data-protection,
public-value, and
innovation logics;
legitimacy dominates.

Partial alignment of
managerial
optimisation and
professional
judgement.

Tension between
professional, technical,
and epistemic logics;
trust and accountability
issues.

Conflict between
innovation, ethics, and
patient-empowerment
logics.

Long-term layering and
evolution of
institutional logics.

Reveals hidden
transaction costs of
fragmented
governance; exposes
gap between LCIM-2/3
exchange and
legitimate multiple use;
absence of governed
KBI for secondary use.

Reduces costs of
heterogeneous
interpretations;
strengthens structural
and semantic
foundations (LCIM-2/3)
and provides
scaffolding for analytic
KBI reuse.

Reduces diagnostic
error but introduces
validation and
governance costs;
requires LCIM-4/5
interoperability and
executable KBI
artefacts.

High coordination costs
due to immature
governance; demands
cross-domain LCIM-4/6
interoperability; risk
models function as
weakly governed KBI
artefacts.

Persistent transaction
costs despite technical
maturity; gaps between
LCIM-2 exchange and
LCIM-4/6 coordination;
baseline conditions for
national KBl emerge
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Appendix 3. Publication |

Janek Metsallik, Peeter Ross, Dirk Draheim, and Gunnar Piho. Ten Years of the
e-Health System in Estonia. In CEUR Workshop Proceedings, volume 2336, pages
6-15, Bergen, Norway, 2018. CEUR Workshop Proceedings. URL https://www.
academia.edu/download/76879592/MMHS2018 invited.pdf
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Ten Years of the e-Health System in Estonia

Janek Metsallik!, Peeter Ross!, Dirk Draheim?, and Gunnar Piho?

! Department of Health Technologies
Tallinn University of Technology
Akadeemia tee 15a, 12618 Tallinn, Estonia
{janek.metsallik,peeter.ross}@taltech.ee
2 Information Systems Group
Tallinn University of Technology
Akadeemia tee 15a, 12618 Tallinn, Estonia
{dirk.draheim,gunnar.piho}@taltech.ee

Abstract. The e-health system in Estonia, called the Estonian nation-
wide Health Information System (EHIS) has been operational since the
end of 2008. The main success factors for the e-health system in Estonia
are clear governance, legal clarity, a mature ecosystem, agreement about
access rights, and standardization of medical data and data exchange
rules. We present a short history, outline the general business and tech-
nical architecture and discuss the lessons learned.

Keywords: e-Health system, e-state system, Estonian nationwide Health
Information System (EHIS).

1 Introduction

There are 1.3 million citizens in Estonia and every citizen and every resident
has a unique ID-number. In Estonia, 88% of households have a broadband con-
nection (2015), 82% of households use a mobile Internet connection (2016), 96%
of income tax declarations are made via the e-tax board (2016), 32% of votes
were cast over the Internet (2017), and 99% of bank transfers are carried out
electronically. The NATO Cooperative Cyber Defense Centre is in Estonia and
Skype, Transferwise and Taxify have been developed there.

The healthcare system in Estonia is based on health insurance, paid by em-
ployers. Healthcare providers in Estonia can be private, municipal or govern-
mental. Most hospitals are publicly owned, and most general practitioners are
private entrepreneurs. Healthcare costs make up to 6% of the GDP (9.5% in
the OECD area). The e-health system in Estonia, called Estonian nationwide
Health Information System (EHIS), has been operational since the end of 2008.
EHIS, by containing the health data of every Estonian resident virtually from
birth to death, integrates different healthcare databases and services and makes
it possible to access medical data, prescriptions and medical images online in
a secure and trusted way. The goal of the Estonian e-health system is to de-
velop patient-friendly, efficient and high-quality healthcare services. In addition,
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it aims to make time-critical medical information accessible for physicians and
to decrease the level of bureaucracy in the daily routine of physicians.

The three main layers of the EHIS are the data layer, the data transfer layer
and the application layer. The data layer consists of the data repositories for stor-
ing the medical documents and images. The data transfer layer provides a secure
Internet-based infrastructure for data exchange both for citizens and healthcare
providers. The developing and open-ended application layer is to provide services
for different parties (citizens, healthcare providers, government authorities, pol-
icy makers, etc.) according to their demands now and in the future. Ten years of
experience has shown that both the citizens and healthcare professionals, as well
as politicians and government authorities, have accepted the e-health system.

In Sect. 2, we present a short history of the e-health system in Estonia. Next,
in Sect. 3, we describe the services and the architecture of the Estonian e-health
system. In Sect. 4 we present the e-state infrastructure, including the security
and legal infrastructure, that is used in the e-health system. Finally, in Sect. 5 we
conclude by discussing some lessons learned from the Estonian e-health system
operation.

2 Historical Overview

The story of the Estonian e-health system states back to the first years of inde-
pendence of Estonia and is closely related to the activities and influence of the
first Prime Minister, Mr. Mart Laar, and his team. Mr. Laar served as Prime
Minister of Estonia from 1992-1994 and 1999-2002. In those years, information
technology was seen as an opportunity to develop the economy and politics in
Estonia — a small and developing country. Firm foundations were built for many
of the initiatives that today form the e-state of Estonia®, including e-banking,
e-health, e-documents [1-4], e-school, e-taxation, e-voting, etc.

As Estonia lacked legacy software at that time, and information technol-
ogy was underdeveloped in the Soviet period, the utilization and deployment of
information technology began to evolve rapidly during the first years of indepen-
dence. Society believed in information technology and started using information
technology in all domains, including healthcare. Fig. 1 illustrates the history of
the e-health system in Estonia. Between 1990 and 2000, hospitals, general prac-
titioners and other health providers started developing their own information
systems and introducing the use of electronic health records. Several small and
medium sized software companies, focusing on the development of healthcare
systems, were founded at that time. In the same decade, the informal planning
and the first ideas of the development of a nationwide e-health system were
initiated.

The active preparation of the Estonian e-health project by the government
authorities and proponents of e-health system took place between 2003 and 2005,
however some important events took place earlier. In 2001, the digital invoicing

3 https://e-estonia.com/
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Fig. 1. The history of the EHIS platform.

system for electronic transfer of reimbursement claims, called Estonian Health
Insurance Fund (EHIF), was launched. In 2002, all pharmacies were obliged by
law to transmit the prescription information for reimbursement to the EHIF
electronically. Over 75% of healthcare providers and 45% of all pharmacies had
signed data transmission contracts. In 2005 all the reimbursement claims and
prescription data in Estonia were submitted electronically.

The foundation for EHIS was established in 2005, when the Ministry of Social
Affairs launched a concept for the e-health system. This concept postulated four
main projects, i.e., electronic health records, digital images, digital registration
and digital prescription. Soon after that, the official body for the development
of EHIS, called the e-Health Foundation, was established. The e-Health Foun-
dation was respomnsible for the development, financing and management of the
the system. EHIS was funded by the EU (€ 1,196,206) and Estonia (€ 398,735)
and was launched at the end of 2008.

EHIS continues to develop and add new functionalities and services. E-
prescription, digital stamps, a driver’s license health certificate application, drug-
drug interaction services and e-registration are examples of such e-services. To-
day, EHIS is operated and developed by TEHIK?, a government-owned private
company. The system contains the health records of all the residents in Estonia
and more than 10,000 healthcare professionals use the system on a daily basis®.
In September 2017, the actual number of medical documents in the system was
more than 30 million.

Although Estonia has about 1.32 million citizens, EHIS contains health in-
formation for 1.54 million people. Overall, 14 different medical document types
are in use, covering more than 17 million out-patient case summaries, around
2 million stationary case summaries, and more than 8 million different medical

4 https://www.tehik.ce/
5 https://e-estonia.com/e-health-estonian-digital-solutions-for-europe,/
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Fig. 2. The use of digital health data in EHIS platform.

diagnostic examination reports, including radiology reports and laboratory re-
sults [5]. Fig. 2 illustrates the growth in the number of the queries in EHIS per
month. It was close to zero when the system started in 2008 and now more than
1.2 million queries per month are made by patients (black line) and more than
1.6 million by the healthcare professionals (gray line). In these queries, about
800,000 different healthcare documents per month (dotted line), are utilized.

3 Services and Architecture

EHIS is not a big centralized database but a federated system of mutually inde-
pendent yet integrated healthcare-related software services [6]. Fig. 3 illustrates
the main elements of the system.

The most widely implemented e-health project in Estonia is a nationwide
health information exchange platform, which is called the nationwide Electronic
Health Record (EHR) system. The EHR platform, which is based on widely ac-
cepted international standards such HL7 CDA (HL7 Clinical Document Archi-
tecture)®, DICOM (Digital Imaging and Communications in Medicine)?, LOINC
(Logical Observation Identifiers Names and Codes)8, etc., enables exchange of
digital health documents in a standardized way. The EHR project began the
ongoing standardization of digital health data artifacts in Estonia. By the be-
ginning of 2017, a number of 1,163 healthcare institutions were sending and
5 http://www.hl7.org/

7 https://www.dicomstandard.org/
8 https://loinc.org/
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retrieving medical data using the EHR platform. The average number of queries
was close to 50,000 queries per day. It is important to note that all medical data
entered is digitally signed either by the physicians or healthcare institutions.
Digital signing is also discussed in Sect. 4.

The other widely used healthcare service provided by EHIS is e-prescription.
Physicians upload prescriptions, in electronic form, to the prescription center
database, from where any pharmacist can request currently valid or previously
dispensed prescriptions. The e-prescription system, that has been launched at
the beginning of 2010, was very quickly accepted by all parties and today ap-
proximately 99% of medical prescriptions in Estonia are issued electronically.
For more information about the e-prescription experience in Estonia, see [7].

The Picture Archiving and Communication System (PACS) is for sharing
medical images between health institutions. Today all radiology facilities in Es-
tonia have the duty to send, achieve and retrieve radiology images using the
central PACS. Radiologists and all referring physicians have web-based access
to PACS once they have signed the necessary contract with the Estonian Health
Image Archive Foundation, the responsible authority of PACS.
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Fig. 3. Main elements of the Estonian nationwide Health Information System (EHIS).

EHIS also hosts many central registers and databases such as of hospitals,
family doctors (general practitioners), pharmacies, school nurses, medicine in-
teractions, and different quality registers (cancer, HIV, tuberculosis, etc.). Fur-
thermore, it utilizes several nationwide registers such as the population and the
business register.
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One of the crucial parts of EHIS is the patient portal [8-11]. Using the patient
portal, the user can:

log in with ID card or mobile ID;

view and update personal data and add contact data of close relatives;

view his/her medical data from healthcare providers;

view electronic referral letters and electronic prescriptions;

add representatives for him/herself for actions such as collecting e-prescriptions;
make declarations of intent (e.g. donation of organs);

access health insurance data;

hide sensitive health data from doctors and representatives;

complete a health declaration form before an appointment;

view the log of who has accessed his/her data.

Feedback from the healthcare providers’ and the Estonian e-Health Founda-
tion’s helpdesks shows that, when patients do not have access to their health data
(for example during system upgrade), they immediately contact the helpdesk.
They are periodically interested in their data and want to view their test results
before appointments. This information supports the idea that making health
data easily accessible to patients will encourage them to take a more active role
in monitoring their health.

4 The Infrastructure

EHIS is not a separate system but an integrated part of the Estonian e-state
system used by the public and the private sector. The e-state system, by se-
cure data exchange and authentication methods, provides a mature ecosystem
for the e-services in Estonia. E-banking, e-school, e-taxation, e-voting and other
e-services are all using this ecosystem. The most important parts of this ecosys-
tem are the X-Road [12-14] (governmental service bus) and the e-identity [15]
PKI (Public Key Infrastructure). X-Road (or X-Tee in Estonian) ? is a data
exchange layer for enabling a secure Internet-based data exchange between in-
formation systems. To ensure secure transfers, all outgoing data from X-Road
is digitally signed and encrypted, and all incoming data is authenticated and
logged. X-Road is based on the protocols and patterns of the standard SOA
(Service-Oriented Architecture) stack [16,17], i.e., SOAP (Simple Object Access
Protocol) messages and WSDL (Web-Service Description Language) and utilizes
the following principles:

e it enables the information systems of X-Road members to communicate with
the information systems of data service providers across any software plat-
forms;

o X-Road members are able to request access to any data services provided
through X-Road;

9 Both X-Road and X-Tee are registered trademarks.
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e in X-Road, international standards and protocols are used wherever possible;
e exchanging data through X-Road does not affect the integrity, availability
or confidentiality of the data.

Since 2002, in Estonia, every resident has had a digital identity. This identity
is based on the unique identifier (personal ID number), digital certification or-
ganizations (police, certification center), and physical security devices like smart
card (ID card), mobile SIM card (mobile ID) and smart ID. The digital identity
has two functions: authentication and digital signature. The digital signature is
available also for companies in the form of digital stamping.

Besides X-Road and e-identity, the important infrastructure for e-health is
a legal environment initiated by the Estonian government and implemented by
the Parliament. The first idea was to create separate legislation for the e-health
system. However, due to the natural relationship between the e-health system
and the healthcare system, and also due to the desire to direct healthcare pro-
fessionals to accept and to use the e-health system, the relevant legislation was
made part of the healthcare legislation.

The Health Services Organization Act, which regulates the healthcare service
provision, was extended by a new chapter for EHIS. This chapter lays down the
responsibilities of patients, health service providers, and provides requirements
for document standards, etc. For example, all healthcare providers must send
certain health data to EHIS. The set of documents is defined by the law. The
Act also states that access to patient data is available only to licensed medical
professionals, legal representatives or patients trustees. In the Estonian e-health
system, the concept of the attending doctor has been introduced. This means
that the physician or a nurse must prove the treatment relation to the patient,
when accessing the patient’s data in EHIS. The Act also states (and this is re-
alized in the patient portal), that the patient has the right to hide their data so
that healthcare professionals are no longer able to view them. This could be done
either by hiding a single document or by hiding all their personal data in EHIS.
All attempts to view healthcare data in EHIS are monitored by the government
authorities and reported to the patients in the patient portal. In case of suspi-
cions of unlawful access to the data, necessary actions are taken immediately.
According to the Act, the ethical committee was created to lead the discussions
on patients rights and to select the proper system for the EHIS. Citizens can
access their own data, declare intentions and preferences, and monitor logs.

5 Discussion and Conclusion

The Estonian e-health system is unique as it is nationwide, integrates defined
healthcare data of all healthcare providers and provides an overview of the health
condition of every resident from birth to death. Such a comprehensive data
system requires a robust security system. The security of the Estonian e-health
system is ensured by the following six techniques:

e A secure authentication and authorization of all users with ID card, mo-
bile ID or smart ID;
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o Digital signing (by individuals) or digital stamping (by institutions) of all
medical documents;

e Accountability and transparency provided by an untamperable and unre-
movable secure log (audit trail) containing all actions;

e Coding of personal data ensures separation of personal data from medical
data;

e Encrypted database records allow a minimal confidentiality risk from the
technical administrators of the system;

e Monitoring of all actions together with the corresponding countermeasures

(both organizational and technical) allows identification of fraud and misuse
quickly and definitely.

Huge change management issues that digitalization brings to healthcare is
always a challenge. The observations and difficulties that were related to the
Estonian e-health system were (and are) as follows:

e Physicians and other professionals must change the way they fill out medical
files to some extent — the trend is towards more uniform language;

e Semantic interoperability of medical data is hard to achieve;

e Data quality and secondary usage of data is still challenging;

e General acceptance of hospital personnel to share medical data in patient
portal with patient is problematic;

e Much attention must be paid to the security and electronic authentication
of the users;

e User interface development must not be underestimated;

e Medical data is not what people are looking for — they are interested in
services.

As an example, related to the last claim in the list above, e-health ser-
vices that are crossing institutional and/or sectoral borders such as e-referral,
e-consultation, e-prescription or filling in health declarations for a driving li-
cense application are the most popular services among the users. These types of
services make healthcare processes more effective and save time for both health-
care professionals and individuals. The exchange of data and digital documents
between institutions also puts high demands for data quality [18,19] and has a
clear potential to increase healthcare quality in general.

The aim of the Estonian e-health system was to develop a platform for health
information exchange. However the solution had to provide some tangible ser-
vices as well. During the first phase of the system, the scope to provide certain
standardization and applications for most valuable documents and data was set,
including outpatient summary notes, inpatient discharge letters, demographics,
time-critical health data reports, and diagnostic image references.

Even though Estonia is considered an IT-mature society, it is important to
understand that, similar to other European countries, Estonian society has mem-
bers whose computer skills do not allow them to use e-services comfortably. This
means that the digital society ecosystem should be accompanied by activities to



Ten Years of the e-Health System in Estonia 9

educate society members and to decrease the digital divide. New e-services must
not replace ordinary services but should complement them to make processes
more efficient and affordable for the whole society. This is the leading concept
in the implementation of EHIS in Estonia, meaning that patients still have the
right and the opportunity to receive services in conventional ways.
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Abstract. The rapid increase in digitisation is driving demand for better utilisa-
tion of health data. Personalised medicine promises a more predictive, preventive,
and tailored approach to every person’s health. An automated digital decision sup-
port system (DDSS), one of the main elements of personalised medicine, is also
a cornerstone of Estonia’s ambitious Personalised Medicine Programme, which
builds on nationwide health information exchange success. This paper describes
a method of testing the applicability of digital decision support algorithms on
national electronic health records (EHR) by using Estonian National EHR (Esto-
nian Health Information System, EHIS) as an example. The experiment aimed to
enable better preparation for the nationwide DDSS implementation project and
elicit possible issues with the present model of health data exchange. The inves-
tigation included choosing the decision algorithms, mapping the algorithms with
the available data, and simulating the DDSS execution on the past health records.
To better understand the peculiarities of a national EHR, the study runs the same
algorithm testing process on both the National EHR and on a hospital electronic
medical records (EMR). The study revealed several discrepancies between the
expectations of the decision-makers and the current design of the EHR. The paper
suggests paying closer attention to the discovered issues during the future devel-
opments of e-health systems and also adopt the demonstrated model of algorithm
applicability testing as a standard procedure for a national DDSS implementation.

Keywords: Digital decision support system - Personalised medicine - Electronic
health records - Health data interoperability

1 Introduction

The information age has increased the urge to transform healthcare from a reactive
and disease-based model to a model where all the data available would allow a more
predictive, preventive, and personalised approach [1]. The Estonian government has
strategised implementing person-centric and personalised medicine-based healthcare as
part of the healthcare innovation strategy [2] and e-health vision and strategy [3]. The
established frame defines personalised medicine to “help determine as individually as
possible the prevention or treatment plan for each person by analysing genetic data of
the person in combination with the environment, health behaviour and health data of the
person” [4, 5]. This view aligns well with the approach that personalised medicine is
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applying tools, facilitating individualised healthcare predictions, decisions, and therapies
[1]. Hong and Oh suggest that personalised medicine requires health risk assessment,
family health history, human genome sequence variation, and digital decision support
systems (DDSS) [6]. The nationwide Health Information System in Estonia (EHIS)
enables the efficient and secure exchange of health data to any required location of
decision-making, which should cover the need for accessing health data in a person-
centric way [7]. Advanced genomic research and decades of experience from Estonian
Biobank are looking for opportunities for bringing the findings into medical practice [8].

The Estonian government conducted a comprehensive feasibility study of person-
alised medicine in 2015, including clinical approach, information architecture and data
management, digital decision support systems (DDSS), and business and organisational
evaluation methodology [4]. From the perspective of decision support, the study devel-
oped scenarios of health data and medical history use for decision making throughout
a lifespan of hypothetical individuals with three types of clinical conditions (cardiovas-
cular diseases (CVD), diabetes, cancer). One of the conclusions from the study was a
suggestion that there is a need for “audit and analysis of data existing in nationwide and
organisational (e.g., healthcare providers) medical and public health databases to agree
about the sources of different data necessary for DDSS algorithms” [9].

Anyone trying to implement a digital decision support system faces a multi-
dimensional challenge. Data sources must support adequate interoperability, quality,
and availability. There is a need for useful formalised knowledge sources. Implementer
has to be able to apply inference methods and possess mature architecture and technol-
ogy. There shall be decent change management capability for DDSS implementation
and clinical workflow integration. Users of the DDSS must be ready for sophisticated
tools and work environments [10]. The type of intelligence encapsulated into a DDSS
varies between or often combines information management, knowledge management,
and analytical data modelling [11]. Artificial intelligence (AI) promises to transform the
DDSS to be more autonomous in knowledge acquisition and go beyond the previously
formulated algorithms. For Al to work, the implementation must constantly monitor the
inputs and outputs for the quality of data [12].

Estonia implemented EHIS in 2008 [7, 13]. Sharing of health data through EHIS
is mandated by the law for all healthcare providers. In addition to the EHIS and local
information systems in healthcare facilities, the landscape of e-health in Estonia includes
other potentially complementary sources of data for DDSS. Potential additional sources
include the central database of e-prescriptions, the public health insurance reimburse-
ment database, the genetic research database, and the registries at the National Institute
for Health Development (NIHD) (including cancer registry, pregnancy registry, cancer
screening registry, and others). These databases can improve the quality of decision sup-
port for mainly two reasons. First, they often collect data independently of EHIS, which
may help find and fill in the gaps of EHIS data. Second, the data collection organisations
apply domain-specific data quality checks on their records, which would support the
increase of source data quality. However, the utilisation of EHIS as the primary data
source for DDSS has been strategised in the national e-health strategy in Estonia [2].

The core functionality of EHRs is an improvement of access to the health care
process and outcomes data [14]. The use of the EHR data for purposes other than
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delivering records between human users has often faced issues with the data quality.
A study of 10 year EHR data from Columbia University Medical Center identified 3068
patients with ICD9-CM code for pancreatic malignancies, where 48% of the patients
missed the corresponding pathology report; and 52% of the records of the remaining
1589 patients missed some other essential variable for the study [15]. Another study
in Estonia aimed to use referrals and case reports from EHIS for calculating waiting
times to specialist appointments. The study found that out of 93 985 pairs of documents
(referral + response, all specialist referrals from the second half of 2016), only 9% of
documents included all required dates for calculation [16]. Estonian National Institute for
Health Development found that in EHIS, there was only 85% of inpatient care and 62%
of daycare data available compared to the records collected directly by the institute.
The research showed an 11% increase in coverage of inpatient cases in EHIS during
2013-2016; the growth has not been sufficient for the quality level required [17].

The studies of EHR and DDSS implementations have not consistently confirmed the
achievement of a better quality of care either [18—20]. Romano and Stafford studied the
effect of EHR and DDSS on clinical quality by reviewing 255 402 ambulatory patient
visits. The statistically significant improvement due to EHR was noted only in diet
counselling in high-risk adults, just one parameter out of 20. Also, the DDSS contributed
to only one measure, avoiding unnecessary ECGs during routine examinations [21]. The
limited impact of DDSS may not always indicate the lack of data quality but missing
function or wrong context for the data [22-24]. A study of the effect of nationwide DDSS
integrated with the Estonian ePrescription System did not identify a decrease of clinically
significant drug-drug interactions during the first year of its introduction regardless of
the alerts displayed during the decision making. The prescription and dispensation data
is very reliable but does not represent the actual use of drugs well enough for decision
support [25].

This article presents a method for testing the applicability of DDSS algorithms
on collecting standardised digital clinical documents from EHIS. The technique was
designed and tested during a preparatory study of the nationwide DDSS implementation
in Estonia. In the broader context of the Personalised Medicine Programme, we tested
the feasibility of connecting a DDSS to the EHIS. We completed the experimental part
of the study in 2017.

2 The Methods

This study aims to test if the data in the EHIS fit for automated decision support. The app-
roach validates if the current model of the health data exchange is ready for personalised
medicine.

Following the pilot scope of the governmental Personalised Medicine Programme,
the study focuses on cardiovascular disease. The clinical consultants of the study selected
a set of decision support algorithms that align with the needs of the medical domain and
fit with the clinical guideline in Estonia.

The utilisation of the EHIS data for decision support is the main architectural scenario
of the decision support implementation. Alternative strategies would include integrating
decision support functions into local software systems used by hospitals, clinics, and
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solo practices. To validate the main scenario, we have chosen to explore an alternative
approach too. We run the same tests on a hospital database for comparison (Pdrnu
Hospital).

Healthcare providers report patient cases to EHIS in the form of HL7 CDA based
XML documents (including discharge letter, consultation note, laboratory report, and
others). These documents are securely piled up in the EHIS document repository and
indexed for various use cases in the EHIS document registry (including patient diagnoses,
patient encounters, chronic patient conditions, and others). In addition to the document
repository and registry, EHIS includes a separate subsystem for analytical data use (data
warehouse). The study completed an initial informal mapping of the decision algorithm
to the EHIS data. This initial mapping revealed that neither of the query optimised
options - EHIS registry nor EHIS warehouse - would satisfy the need for input data,
which left us the only option to use the clinical documents in the EHIS repository.

The design of the method evolved into steps of.

choosing the decision algorithms,

logical mapping the parameters of the algorithms to the content model,

technical mapping to the source records/documents,

computing the indicators of the applicability (running the database queries) (Fig. 1).

Computing the
Syntax mapping applicability
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[
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Case coverage
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Fig. 1. The schematic overview of the phases of mapping and computation

The study has got approval from the Research Ethics Committee of the University
of Tartu. Due to data protection requirements, the state agency responsible for EHIS
operations (Health and Welfare Informatics Center, TEHIK) implemented all the data
processing in their premises.

The clinical consultants of the study chose the decision algorithms from the library
of an existing DDSS, the EBMEDS by Duodecim [25]. The selection aims to cover both
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phenotype and genotype data. According to the experts, the selected nine algorithms
have an excellent fit for the health care documentation in Estonia. The list of algorithms
maintains a reference to the original library of scripts.

e Algorithm 1. Alerting on genetically determined high risk for statin-induced myopathy
(scr01718)

e Algorithm 2. ACE inhibitors, angiotensin-receptor blockers, and beta-blockers in
patients with congestive heart failure (scr00272)

e Algorithm 3. Avoiding the combination of aspirin and clopidogrel in patients without
specific indications (scr01576)

e Algorithm 4. Glucose tests for patients with hypertension, dyslipidemia, or cardio-
vascular disease (EBMPracticeNet) (scr01371)

e Algorithm 5. Smoking cessation for secondary prevention in atherosclerotic disease
(EBMPracticeNet) (scr01464)

e Algorithm 6. Statins for the secondary prevention of cardiovascular disease (scr01069)

e Algorithm 7. Adding or increasing diuretics in patients with congestive heart failure
and fluid retention (scr00274)

e Algorithm 8. Alerting on genetically determined high risk for familial hypercholes-
terolemia (scr01719)

e Algorithm 9. Diagnosing hemochromatosis by genetic testing (scrO1715)

We identified 41 parameters for the algorithms. The parameters fall into six classes.
The classes included condition (diagnosis), observation (vital sign, measurement, exam-
ination), medication, procedure, patient (demographics), and adverse event (medication
incompatibility). We also mapped the concepts referenced by the parameters to the clin-
ical terminologies of the EHIS. For example, the condition of congestive heart failure
maps to a set of ICD-10" codes, and medication history of statins maps to a group of
ATC? codes. The list of referenced terminologies consists of ICD-10, ATC, LOINC?,
EHIF*, DRG’, and NCSP° codes.

The mapping of the parameters to EHIS data structures ended up as a list of compu-
tational statements (queries), which link to 172 data fields that are part of 24 document
sections. 40 SQL statements were implemented and run in total. The technical team at
Pérnu hospital did a similar mapping of the parameters to the hospital data structures.

1 ICD-10, International Statistical Classification of Diseases and Related Health Problems,
https://www.who.int/standards/classifications/classification-of-diseases.

2 ATC, Anatomical Therapeutic Chemical (ATC) Classification, https://www.who.int/tools/atc-
ddd-toolkit/atc-classification.

3 LOINC, The international standard for identifying health measurements, observations, and
documents, https://loinc.org/.

4 EHIF, Estonian Health Insurance Fund services nomenclature, https://www.haigekassa.ee/en/
partner/list-health-care-services.

3 DRG, Diagnosis Related Groups, http://www.norddrg.net/norddrgmanual/NordDRG_2012_
EST/index.htm.

6 NCSP, Nomesco Classification of Surgical Procedures, http://nowbase.org/publications/ncsp-
classification-surgical-procedures.



We expected that the quality of the recorded cases wouldn’t allow applying the
algorithms in every possible clinical case. The study developed a hypothesis that there
may be problems with a single parameter reporting quality and issues with the availability
of the parameters in the configuration required by the algorithm. To better understand the
quality and availability of the required parameters in the actual content, we developed a
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set of supportive query scripts (Table 1).

Table 1. Overview of the query scripts developed for algorithm 7.

Algorithm 7. Adding or increasing diuretics in patients with congestive heart failure and fluid

retention (scr00274)

Parameter applicability checks

Parameter

Template scripts

Format scripts

Values scripts

Congestive heart
failure

Count the number of
patients having the
diagnosis reported as
part of a
template/document
type combination

Count the number
matching records
grouped by the
specific diagnosis
code in use

Body weight Count the number of | Count the number of
patients having body | patients having body
weight reported as part | weight value and unit
of a reported in the form as
template/document required by standards
type combination
Furosemide Count the number of Count the number

patients having

matching records

furosemide medication grouped by the
reported as part of a specific ingredient
template/document code in use
type combination

Algorithm applicability checks
One parameter left All parameters Alert frequency

out

available

Alert 1
Add
Furosemide
Alert 2
Increase
Furosemide

Count the number of
patients having two out
of the three parameters
available in the
configuration required
by the algorithm

Count the number of
patients having all of the
three parameters
available in the
configuration required
by the algorithm

Count the number of

cases when the
algorithm would
have been alerted
the user
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3 Main Findings

3.1 Summary of the Applicability of the Algorithms

The experiment was successful from a technical perspective. We managed to run all the
queries on both databases. We use time-bounded subsets of data from both databases;
the algorithms accessed the records from Jan 2012 to May 2017.

The total number of alert matches in the data was low. Only one out of nine algorithms
found any matching records from EHIS. The results from Parnu Hospital present two
fully and three partially applicable and four non-applicable algorithms. The main reasons
for the unmatch were:

e The data is not available in the structured form - it does not follow a structured data
standard, or no standard is defined.

e The data does is not collected with the required frequency.

e The data is not shared, or integrations do not work (Table 2).

3.2 Limitations of EHIS Data Model

The algorithms required several parameters, which are not available at the present model
of EHIS. One example of such a parameter is the smoking status of a patient. The
medical recording tools of primary care in Estonia support registration if a patient is a
smoker; however, there is no standard available to share this data through EHIS. Another
example of a missing parameter is the left ventricular ejection fraction (LVEF). The
structured parts of EHIS do not include detailed echocardiography protocol; hence the
LVEF outcome cannot be automatically accessed by the DDSS. Currently, it is possible
only to check whether the LVEF examination has taken place. And finally, registration of
genetic test results is still minimal; neither familial hypercholesterolemia nor SLCO1B1’
gene status is available in code in the records.

3.3 Limitations of the EHIS Event Model

Algorithm 7 depends on parameters of patient diagnosis (heart failure), bodyweight
dynamics (3-week change), and use of drugs (diuretics). The 5-year data set included
751 251 patients with 1 717 634 heart failure diagnosis and 471 339 patients with 640
774 bodyweight measurements in the records. However, the query could not identify
any patients with body weight recorded multiple times during three weeks. This finding
shows the limits of EHR data, which is built only from the case summaries.

We identified the same issue with bodyweight records also in the hospital information
system. A single EMR is not able to provide a patient-centric view of health conditions.

7 SLCO1B1 Polymorphism, https://www.sciencedirect.com/topics/biochemistry-genetics-and-
molecular-biology/slcolbl.
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Table 2. Aggregated results of the algorithms applicability testing

Algorithm

Pérnu hospital

EHIS

1. Alerting on genetically
determined high risk for
statin-induced myopathy

Not applicable. Genetic test
results are not available

Not applicable. Genetic test
results are not available

2. ACE inhibitors,
angiotensin-receptor blockers,
and beta-blockers in patients
with congestive heart failure

Partial. Echocardiography
(ECQ) results are not
structured. In total found 9634
records for the suggestion to
order ECG

Partial. Echocardiography
(ECQ) results are not
structured. In total found 43
matches for the suggestion to
order ECG

3. Avoiding the combination
of aspirin and clopidogrel in
patients without specific
indications

Partial. Aspirin is an
over-the-counter drug, which
is often not recorded. In total
found 12 matches for the
algorithm

Not applicable. Aspirin is
an over-the-counter drug,
which is not available as
prescription data. In total
found 0 matches

4. Glucose tests for patients
with hypertension,
dyslipidemia, or
cardiovascular disease

Partial. Body mass index data
is unstructured for adults (561
structured records were
available). In total found 26
matches for the algorithm

Not applicable. Structured
body mass index data not
available. In total found 0
matches

5. Smoking cessation for
secondary prevention in
atherosclerotic disease

Not applicable. Structured
data about smoking is not
available. In total found 0
matches

Not applicable. Structured
data about smoking is
available as part of the health
declaration, but the statement
has a limited validity period.
In total found O matches

6. Statins for the secondary
prevention of cardiovascular
disease

Applicable. In total found
8024 matches for the algorithm

Not applicable. Prescription
data is not available without
additional integration. In
total found 0 matches

7. Adding or increasing
diuretics in patients with
congestive heart failure and
fluid retention

Not Applicable. The
structured data is available
(16811 patients with the
diagnosis), but the query did
not match any records. In total
found 0 matches

Not Applicable. The
structured data is available
(751 251 patients with the
diagnosis), but the query did
not match any records.
Prescription data is not
available without additional
integration. In total found O
matches

8. Alerting on genetically
determined high risk for
familial hypercholesterolemia

Not applicable. Genetic test
results are not available. The
hospital does not perform
particular genetic tests

Not applicable. Genetic test
results are not available

(continued)



142 J. Metsallik and P. Ross

Table 2. (continued)

Algorithm Pérnu hospital EHIS

9. Diagnosing Applicable. In total found 631 | Not applicable. The genetic

hemochromatosis by genetic | matches for the algorithm test results were not

testing available as structured data
at the time of the experiment

3.4 Limitations of the EHIS Integrations

This study focused on the applicability of DDSS algorithms to the EHIS database. For
certain classes of parameters, the e-health system in Estonia provides better alterna-
tives to EHIS. In regards to prescription data, E-Prescription Center provides for better
coverage of medication data. Also, the public health insurance claims management
system maintains a database of reimbursed cases with a good range of diagnosis and ser-
vice/procedure data. A comprehensive source for gene test data is the Estonian Genome
Center, which could provide a data source of decision support.

4 Discussion

Kawamoto and McDonald recommend DDSS projects to ensure that EHR data is avail-
able, the decision algorithms are consistent with local care processes, and the algorithms
are adequately tested [23]. The current study tests the applicability of decision support on
a national-level health information exchange system. We mapped a set of decision algo-
rithms to the EHIS data model and tried to emulate the work of DDSS on the past data.
The testing revealed several obstacles in the way of successful DDSS implementation.

The logical and technical mappings demonstrate that most of the required decision
support parameters are available in the EHIS data structures. Alternative data sources
are available for some missing parameters (e.g., E-prescription Centre, Genome Center).
Former studies have identified possible issues with data quality in EHIS; especially
problematic dimensions seem to be coverage and use of free text instead of standardised
structured fields [16, 17]. Some cases of missing data can be related to the misplacement
of content in the data structures in our experiment (e.g., bodyweight in free text rather
than in a particular structured field). However, the investigation indicates that in addition
to the EHIS data quality, the event model or data dynamics and the lack of integration
of various data sources may limit the applicability of DDSS.

The design of EHIS has its roots in the ongoing digitalisation of the health information
exchange, which itself has been evolving for a long time (for centuries) in its paper-
based forms — documents. Document-based thinking leads to a separation of primary
and secondary use of data. The first iterations of digitalisation prioritise the data transfer
between a data provider and data consumer; a document is a data transfer unit. Other uses
of the same data are considered secondary (e.g., research, statistics) [26]. Secondary use
of data is a separate effort with many risks for low reward, which may trigger a mental
permit for an additional data capture for the new needs. In turn, it only increases the
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primary use with more and more data structures conveying information about the same
real-life events. The study’s technical mapping, where a person’s diagnosis maps to 8
data structures (templates - document fragments) and the transfer of diagnosis data is
possible through 13 document types, clearly shows the consequence of denormalised
primary data capture.

Algorithm 7 tested the availability of information about the gain of weight during
21 days. The total number of bodyweight records was 640 774, but the weight gain dur-
ing 21 days was available in O cases. There are many possible explanations for this result.
The current paradigm of document-based exchange influences the dynamics and content
of the data. It is not essential to share the detailed timing and sequence of the obser-
vations (vital signs, measurements) after the case. In the example of case summaries,
it seems enough to report only the data required for the rational argumentation of the
main conclusion (the primary diagnosis). A physician could record the bodyweight with
the interval necessary; however, the data is not shared timely or is not shared at all. The
testing of the alternative data source, the hospital information system at Parnu hospital,
demonstrated that an EMR might have better data in some cases but lacks integrated
patient-centric access to data.

Tolk et al. propose to look at the problem of interoperability as a spectrum of con-
cerns. The range starts from the technology-related interoperability issues (integrability).
It ends with putting the data correctly into the context of decision-making (composabil-
ity) [27, 28]. Similarly, our experiment elicits a whole spectrum of issues. The lack
of prescribed medication data in the EHIS is an integrability problem - making the
prescription data available for the algorithm is an additional technical effort. The inte-
grability issues also surface when an EMR of a healthcare pathway participant cannot
support patient-centric continuity of data flow. In this experiment, we put a relatively
great effort into mapping the various data structures and fields for the algorithm param-
eters. The mapping process is similar in every single case of decision support software
development. The high cost of mapping shows the issues with semantic and syntactic
interoperability - the data is not organised to make it easy to consume for the algorithms.
The lack of usable bodyweight data in the EHIS (and the same in the hospital EMR)
demonstrates issues with composability - the need for such data is not acknowledged.
The dynamics of data sharing do not fit with the event model assumed by the decision
algorithm.

The introduction of DDSS or any other automated secondary use on a national
level e-health system reveals many new issues. The issues hidden in document-based
health data exchange become suddenly urgent when we start introducing personalised
medicine. Some of the problems are relatively easy to solve; the IT solutions and com-
petencies are there already. It is also relatively easy to address technical integration and
interoperability concerns. EHIS is one example of such a platform, where healthcare
system stakeholders share structured semantically mapped data on a nationwide scale.
However, composability is harder to get right. It requires a diverse mix of expertise,
governance, and workflows. Healthcare system stakeholders need to revise the organi-
sation of healthcare processes to achieve better composability. It may not be enough to
digitise; one also needs to digitalise.
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The study demonstrated that perfectly valid decision algorithms are useless because
of data quality and interoperability weaknesses. DDSS aims to accelerate and raise the
accuracy of decision-making. A well-working DDSS reduces the need to process data
manually by a decision-maker (e.g., a patient, a clinician, a manager, a researcher, a pol-
icymaker). It is crucial to understand the trustworthiness of a DDSS. DDSS suggestions
must be fully trusted or well-aligned with the context of decision-making. Otherwise,
the users shall (manually) verify the basis for such a suggestion and apply additional
safeguards for protecting against the lousy advice of DDSS. Low-quality DDSS makes
users spend even more effort for decision-making than they would without a DDSS.

The DDSS implemented on top of EHIS is a huge step forward in advancing the
value of e-health for the healthcare system. However, as the study has demonstrated,
the objective cannot be achieved automatically by a simple IT project integrating DDSS
and EHIS. Each of the algorithms proposed by the domain experts needs to a carefully
testing. Any algorithm that fails to compute consistent and valid results on the data
available shall stay in the premature, draft, or risky status.

5 Conclusions

This paper applied a formal approach for testing the applicability of specific decision
support algorithms on EHIS data. The experiment results revealed several areas of mis-
match between the expectation of the decision-makers and the current design of the
EHIS. A clear outcome of this experiment is that EHIS needs a combined multilevel
redesign of its interoperability model, enabling the correct context for the personalised
medicine decision algorithms.

The study concludes with a suggestion to establish a straightforward procedure of
testing the reliability of any DDSS before the full deployment into clinical use. We also
suggest improving the capability of mapping the issues of data sharing to specific areas
of development. The latter would enable efficiently targeted (intelligent) intervention by
the e-health improvements, thus reducing the risk of misspending attention, time, and
finance on redundant IT developments.

Future research should look into the systematic methods of mapping the interoper-
ability issues into the right approach to addressing the problems. The further accelera-
tion of the adoption of personalised medicine needs a more intelligent intervention by
e-health.
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Objective: Over the last decade, an increase in research on medical decision
support systems has been observed. However, compared to other disciplines,
decision support systems in mental health are still in the minority, especially
for rare diseases like post-traumatic stress disorder (PTSD). We aim to provide
a comprehensive analysis of state-of-the-art digital decision support systems
(DDSSs) for PTSD.

Methods: Based on our systematic literature review of DDSSs for PTSD, we
created an analytical framework using thematic analysis for feature extraction
and quantitative analysis for the literature. Based on this framework, we
extracted information around the medical domain of DDSSs, the data used,
the technology used for data collection, user interaction, decision-making,
user groups, validation, decision type and maturity level. Extracting data for all
of these framework dimensions ensures consistency in our analysis and gives
a holistic overview of DDSSs.

Results: Research on DDSSs for PTSD is rare and primarily deals with the
algorithmic part of DDSSs (n = 17). Only one DDSS was found to be a
usable product. From a data perspective, mostly checklists or questionnaires
were used (n = 9). While the median sample size of 151 was rather low,
the average accuracy was 82%. Validation, excluding algorithmic accuracy
(like user acceptance), was mostly neglected, as was an analysis concerning
possible user groups.

Conclusion: Based on a systematic literature review, we developed a
framework covering all parts (medical domain, data used, technology used
for data collection, user interaction, decision-making, user groups, validation,
decision type and maturity level) of DDSSs. Our framework was then used
to analyze DDSSs for post-traumatic stress disorder. We found that DDSSs
are not ready-to-use products but are mostly algorithms based on secondary
datasets. This shows that there is still a gap between technical possibilities and
real-world clinical work.

decision support systems (DSS), post-traumatic stress disorder (PTSD), artificial
intelligence (Al), machine learning (ML), systematic literature review (SLR), clinical
decision support (CDS), psychiatry, mental health
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Introduction

According to Sauter, Digital Decision Support Systems
(DDSSs) are computer-based systems that bring together
information from various sources, assist in the organization
and analysis of information and facilitate the evaluation
of assumptions underlying the use of specific models (1).
The concept of decision support systems originated in the
1960s (2) when researchers began to study computerized
methods to assist in decision-making (3-5). Since then,
the idea has extended throughout a broad spectrum of
domains, one of which is healthcare. This work focuses on
decision support systems in mental health, more precisely
on decision support systems for PTSD. The American
Psychiatric Association defines PTSD as “a psychiatric
disorder that can occur in people who have experienced
or witnessed a traumatic event such as a natural disaster, a
serious accident, a terrorist act, war/combat, rape or other
violent personal assault” (6). People with PTSD experience
recurrent thoughts about their traumatic experience that
influence their daily life. The lifetime prevalence of PTSD is
around 12.5% (7). However, people suffering from PTSD are
often undiagnosed or misdiagnosed, resulting in incorrect,
incomplete or missing treatment (8). To investigate whether
DDSSs could be a solution to this problem, we aim to
review available decision support systems for PTSD and
map their technological approaches in order to understand
possible research gaps and obstacles in introducing decision
support systems to clinical processes. Since no available
reference architecture for decision support systems is
applicable to our research, we contribute by introducing
a novel framework for decision support systems that can
be used to analyze existing systems. Ultimately, this also
accelerates the development of new systems by highlighting
essential dimensions.

Designers of earlier DDSSs have applied multiple alternative
approaches for converting real-world data into something
that stimulates better decisions. Information-management-
based DDSSs try to organize data into usable presentations;
modeling-(or data-analytics)-based DDSSs attempt to apply
statistical (learning) methods for finding patterns or calculating
indicators; and  knowledge-management-based  systems
apply externally prepared algorithms (expert rules) to find
matching data or derive new facts (9). While AI has been
an essential element of DDSSs throughout its history,
only recently has a new generation of decision support
been facilitated by the availability of powerful computing
tools to properly manage big data and to analyze and
generate new knowledge. The evaluation of Als earlier
implementations was limited to the design and development
phase; machine learning-based algorithms often do not
generalize beyond the training data set (10). However,
studies have still shown the benefits of machine learning
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algorithms in DDSSs (11-13). Current studies that test
the application of healthcare AI algorithms often omit
details of DDSS tools that apply AI models. A well-designed
DDSS is likely to enable the real-world application of Al
technology (14).

This review aims to contribute by introducing a framework
for the features of DDSS implementation in mental health.
We aim to identify the prevalent features of the current state
of research on DDSS. Often, the development of information
systems involves the continuous introduction of new features
and quality improvements. We hypothesized that each available
article presents only a selection of features, a selection which
is dependent on the maturity of the DDSS. Maturity models
are increasingly used as a means of benchmarking or self-
assessment of development (15). In healthcare informatics,
many maturity models are available [e.g., Hospital Information
System Maturity Model (16)], but none of these models strictly
provides an informed approach for the assessment of research
on decision support systems (17). The available maturity models
instead tend to look at the level of organizational adoption
of specific technologies (e.g., how much an organization
values data analytics technology) and provide little support
for deciding on the readiness of DDSS tools in their early
phases of development. As Al is often an essential element of
a DDSS, we also explored AI maturity models. AI maturity
models mostly look into the level of AI adoption in an
organization rather than the maturity of the AI technology itself
(18-20).

A DDSS is not a single technology but rather a set of
integrated technologies (21-25). Sauser et al. (26) suggested
a measure of System Readiness Level (SRL), which expresses
the level of maturity of a system consisting of a set of
(26).
readiness or maturity, we encountered suggestions to look
separately into the AI system’s capacities of integrating
existing  data
interacting with human users (human-computer intelligence)
and  applying
intelligence) (27).

integrated technologies Exploring Al technology

sources (machine-machine intelligence),

intelligent  reasoning (core  cognitive

Methods

To have a transparent and objective approach for this
literature review, we decided to apply the five stages suggested by
Kitchenham’s “Guidelines for performing Systematic Literature
Reviews in Software Engineering” (28):

(1) Search Strategy

(2) Study Selection

(3) Study Quality Assessment
(4) Data Extraction

(5) Data Synthesis
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Research questions

Since our aim is to understand current research on decision
support systems for PTSD, this paper is based on two research
questions. First, we look for state-of-the-art decision support
systems for post-traumatic stress disorder (RQ1). Second, we
investigate the component elements of current decision support
systems for PTSD (RQ2).

Search strategy

We built a search string based on the research questions
identified and applied it to the Scopus abstract and citation
database. Scopus was chosen as the primary source because
it is the largest abstract and citation database of research
literature with 100% MEDLINE coverage (29). The initial search
string consisted of the disease to investigate — post-traumatic
stress disorder - its abbreviation PTSD as well as the term
“decision support.” To find papers that covered the prediction
and classification of PTSD, we also added Artificial Intelligence.
In Scopus, we applied the search string to the title, abstract and
tags of the research papers. We restricted our search to only
include journal articles or conference proceedings in English.
We also conducted a manual search using Google Scholar and
the web to find additional research; however, this did not bring
up any new articles not already covered by our database search
and our reference screening process. We formed our search
criteria as (“decision support” OR “Artificial Intelligence”) AND
[PTSD OR (post AND traumatic AND stress AND disorder)].

We conducted the search in Scopus on 3 March 2021.
It resulted in 75 papers; reference screening of the included
literature brought up an additional 13 papers. Our search
process is visualized in Figure 1.

Study selection

The titles and abstracts of the queried articles were analyzed
to identify relevant articles from the results of the search string
queries. Articles fitting the research questions and meeting the
inclusion criteria (see section “inclusion criteria”) as well as the
quality criteria (see section “study quality assessment”) were
included. Since the goal of this research is to give an overview
of the state of the art, we did not put any constraints on
study types and designs. To reduce bias in the study selection
process, the task was done by two researchers independently.
The two result sets were then merged and deviations were
discussed among the authors. This resulted in a total set of 17
research papers.

We then repeated this process step to extract relevant studies
from the reference lists of the selected articles. This resulted in
13 new research papers.

Frontiers in Psychiatry

03

10.3389/fpsyt.2022.923613

Inclusion criteria
Table 1 presents the inclusion criteria applied to the articles
in our review (Inclusion criteria).

Study quality assessment
Table 2 presents the inclusion criteria applied to the articles
in our review (Quality criteria).

Data extraction and synthesis

Data extraction and synthesis were based on an inductive
approach. We applied thematic analysis (30) to answer our
research questions. First, clear, scoped questions for data
extraction were formed. Two researchers read through all
the articles and iteratively clustered all of the information
available on decision support systems into the extraction
parameters. These extraction parameters describe how
decision support systems work. This process is shown in
Figure 2.

The answers extracted from the EQs (see Table 3) were then
combined upon the agreement of the authors to create a feature
matrix. The extracted features were then further clustered to
create a common terminology that allows further analysis and
the possibility to compare results. In the end, we combined the
developed extraction questions and the clustered scales of each
question into a novel framework for decision support systems
in mental health.

Results

The selected 30 research articles (31-60) were published
between 2001 and 2019. Three articles were published in
journals about medical informatics, 10 in computer science
journals or proceedings and 17 in medical journals. The
following table shows how often each extraction parameter
was present and indicates the terminology used in the selected
studies. The terminology shown in Table 4 was developed by
manual, iterative clustering of the extracted features until the
authors were satisfied with the granularity.

A framework for digital decision
support systems

Based on our aim to find all relevant features of decision
support systems in the PTSD area and our systematic literature
review results, we propose a multidimensional framework
that covers the different areas of DDSS. Each dimension
represents one of our extraction parameters. Figure 3 illustrates
our framework with the different dimensions of DDSSs.
Based on the extracted data, we clustered the terminology
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Search strategy.

to develop scales for dimensions in order to make results
better analyzable.

Input Data: The input data dimension defines the information
needed by a decision support system in order to function.
Possible data could be structured like socio-demographic
information or coded data [for example, with the International
Statistical Classification of Diseases and Related Health

TABLE 1 Inclusion criteria.

# Inclusion criteria

IC1 Does the study deal with decision support systems (e.g.,
systems that help diagnose, screen, predict or treat)

1C2 Does this study apply a computerized algorithm?

1C3 Does this article deal with PTSD?

1C4 Is the article related to at least one of our research
questions?

Frontiers in Psychiatry

TABLE 2 Quality criteria.

# Quality criteria

QC1 Is the research a journal article or conference proceeding?

QC2 Is the research peer-reviewed?

QC3 Does the study have a well-defined structure?

QC4 Does the study bring evidence for the proposed approach
(either by citing relevant literature or validating the
results)?

QCs5 Does the study have ethics approval (if required by the
study design)?

Problems (ICD) (61) or the Diagnostic and Statistical
Manual of Mental Disorders (DSM) (62)] as well as semi-
structured information like patient records or unstructured
information like free text or medical images. A combination of
different structured, semi-structured and/or unstructured data
is also possible.
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Technology: The technology dimension describes how the
decision support system is implemented. This involves three
sub-dimensions:

Decision technology: The decision technology explains
the intelligence of the cognition of the system. This is
the algorithm that powers the decision-making. Examples
are different machine learning algorithms such as support
vector machines or other statistical methods as well as
rule-based approaches.

Interaction technology: This sub-dimension describes
the technology needed to interact with other systems or
user groups in the clinical process. Interaction technology
can be API-based interfaces to systems, graphical user
interfaces (websites, mobile apps) or sensory input like
conversational interfaces (chatbots).

Data collection technology: The data collection
technology sub-dimension defines how the data described
in the input data dimension are collected. Examples are
instance sensors, questionnaires or chatbots.

Validation: Validation describes how the success of decision
support systems is measured.

Accuracy: The decision support system is evaluated by
how many right or wrong decisions it makes. Examples
are accuracy, recall (sensitivity), precision, specificity, area
under the curve (AUC) values and F1 scores (harmonic
mean of recall and precision).

User acceptance: End-users are involved in the
evaluation of the DDSS.

Efficacy: The impact of the decision support system is
evaluated based on potential benefits.

Security: ~ The DDSS is  evaluated  against
security regulations.

Legal: The legal compliance of the DDSS is evaluated.

User group: This dimension captures the different user
groups interacting with the decision support system in the
clinical process.

10.3389/fpsyt.2022.923613

TABLE 3 Extraction questions (EQ).

# Extraction parameters

EQ1 On the basis of which input data do existing decision
support systems in mental health operate?

EQ1.2 What was the data sample size?

EQ2 What is the implementation technology of the DDSS?

EQ2.1 Decision technology

EQ2.2 User Interaction/Interface/Application

EQ23 Data collection technology

EQ3 ‘What feature was validated?

EQ4 Which user groups are involved in the use of DDSS in
mental health?

EQ5 What diseases are currently targeted by DDSS in mental
health?

EQ6 What decisions are supported by the system?

EQ7 ‘What maturity level does the DDSS have?

Medical domain: The medical domain dimension describes the
disease for which the decision support system can be applied.
Decision: The following scale defines the decisions a digital
decision support system can support:

Prediction: The system outputs a risk score based on the
likelihood that someone gets a disease.

Assessment: The patient is already sick (knowingly
or unknowingly).

Diagnosis: Testing individuals with symptoms
and/or suspicion of illness

Screening: Testing for individuals without specific
symptoms

Monitoring: Decision support that evaluates
symptom severity or treatment progress
Treatment: Recommendation or intervention
concerning care or therapy

Maturity: As none of the existing maturity models fits our
research, we designed a DDSS maturity model based on the SLR
scale (26), but with adaptions specific to healthcare. It introduces
additional gradation for noticing the moment where human
interaction is added to the core AI algorithm. Our maturity

Clustering of

available Extracting the
30 papers information on terminology to
decision support each dimension terminology

systems

Extraction
parameter

FIGURE 2
Extraction process.

Combining Digital Dedsion
extraction Support
parameter and Framework

scales

Iterative grouping
of the extracted

Scales to the
extraction
parameter
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levels describe on a scale from one to seven how advanced
the DDSS is. Not all of the abovementioned dimensions are
necessarily present in each of the maturity levels. As the maturity
level gets higher, more dimensions are described.

1. Idea without implementation

2. Implementation  without  real-world  interaction
(algorithm development)

3. Implementation with real-world interaction but without
patient intervention

4. Fully functioning prototype, system triggers real-world
action, e.g., clinical trial

5. Operational product (at least one adopter, certified if
required)

6. Locally adopted product

7. World-wide adopted product (transformational).

Data synthesis input data (EQ1)

The data used by digital decision support systems in the
context of PTSD is diverse. Voice data (35, 45, 46, 55), text data
(38, 48, 50), checklists and questionnaires (32, 33, 37, 41-43, 52,
53, 59), bio signals (32, 33, 36, 44, 45, 51, 57) and electronic
medical records (34, 47, 56) as well as secondary data from
other clinical studies (31, 40, 49, 54) are used. One article used
the choices made by a virtual avatar in a role-playing game as
input data (39). Of the 30 publications included in this review,
28 mentioned the sample size of the data they used to develop
and test their decision support system. The minimum sample
size was 10, and the maximum was 89,840 with a median (IQR)
m = 151.5 (54.25 to 656.25). The violin plots (Figures 4, 5)
below show the distribution of the sample size. The top three
outliers (89,840; 89,840; 5,972) were neglected in Figure 5 for
better visibility.

Figure 6 shows the data dimension of the studies in
our review and indicates how the data used correlate with
the average maturity levels of the DDSS. It visualizes the
frequency and maturity of DDSSs based on the different
data sources.

Data synthesis implementation (EQ2)

The majority (n = 15) of the investigated research uses a
neural network approach (including support vector machines)
in their systems. In 11 cases, support vector machines
(SVM) were used. Other algorithms used were regressions,
decision trees, random forest and rule-based approaches. We
observed that 20 research papers did not have or mention
any user interaction but worked solely on secondary data.
The others used questionnaires or surveys, virtual humans or
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virtual reality. McWorther et al. proposed using temperature
control, aromatherapy and auditory therapy capabilities for user
interaction (36). Concerning maturity levels, Al algorithms are
still mostly on maturity level two. Most advanced in terms of
maturity were statistical methods and text mining methods, as
indicated in Figure 7. The categories “statistics” and “machine
learning” (ML) arose because some studies mentioned only
these broad categories without further specifics.

Data synthesis validation (EQ3)

The majority (n = 23) of articles validated the accuracy
of the DDSS studied. Three articles validated user acceptance,
two validated efficacy and three did not mention validation.
Comparing algorithmic validation among research papers was
difficult since a variety of scores, such as F1 scores, area under
the receiver operating curve (63) or overall accuracy, were
used and they cannot be converted. To be able to provide an
estimation of how well current DDSSs perform, we extracted all
accuracy measurements present in each paper and aggregated
each scale individually. The mean accuracy (n = 11) of the
DDSSs is | = 82.2% with a median of = 82% and a standard
deviation of ¢ = 0.095. The mean area under the curve value
(n = 8) is u = 0.845 with a median of = 0.84 and a standard
deviation of 6 = 0.064.

Data synthesis user groups (EQ4)

The user groups mentioned were patients, clinicians and
supporters of patients; however, the majority of papers did
not explicitly mention specific user groups for their systems.
Research covering decision support systems with higher
maturity levels (four and above) included this information.
Research dealing with decision support systems with lower
maturity often lacked a clear user group since the process of
using the proposed systems was not defined at that stage.

Data synthesis medical domain (EQ5)
In addition to PTSD, which was tackled by all 30 research

papers, four investigated depression (46-48, 55), two anxiety
(34, 48) and one paranoia (58).

Data synthesis decisions supported
(EQ6)

Research focusing on predicting PTSD or its symptoms was
most common (n = 11). Six papers focused on screening (35, 38,
45, 46, 50, 55) and six on treatment (32, 36, 43, 51, 53, 56). Four
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TABLE 4 Terminology extraction.

10.3389/fpsyt.2022.923613

EQ Number of Terminology (frequency)

mentions

1 - Data 30 Jerusalem Trauma Outreach and Prevention Study (3); checklist (5); questionnaire
(4); speech data (4); text data (3); electronic health records (3); sensor data (6);
reactions in VR (2)

1.1 - Sample size 28 Not applicable (quantitative features)

2.1 - Decision technology 27 Machine learning algorithm; feed forward neural network; support vector machines,
random forest; decision tree; sequential minimal optimization (SMO); Naive Bayes;
logistic regression; text mining; (LIWC); rule based

2.2 - Interaction technology 24 Questions (3); temperature control (1); aromatherapy (1); auditory therapy (1);
virtual human (2); online survey (1); role-play-game (1); virtual reality (2)

2.3 - Data collection technology 22 Mobile app (4); web portal (3); skin conductance sensor (1); heart rate (1);
accelerometer (1); IoT devices (1); microphone (1); webcam (1); Kinect (1); VR
headset (1)

3 - Validation 29 Accuracy (23); user acceptance (3); efficacy (2)

4 - User groups 12 Patients (10); supporters (1); clinicians (6)

5 - Disease 30 PTSD (30); depression (4); anxiety (1); PTSD comorbidities (1); paranoia (1)

6 - Decisions 29 Prediction (11); assessment (1); diagnosis (4); screening (6); monitoring (5);
treatment (6)

7 - Maturity level 30 Not applicable (quantitative features)

prediction
PTSD diagnosis
Psychiatry 4{ Medical Domain Decision 1 screening
assessment monitoring
treatment
patients
supporter —esb iy
[~ User Group
medical staff e user acceptance
policy makers Validation | | efficacy
securif
rule-based Yy
] |
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FIGURE 3
Framework for DDSS.
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Distribution of the sample size used for digital decision support systems for PTSD
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FIGURE 4
Sample size distribution
papers investigated the diagnosis of PTSD (37, 41, 52, 60) and Concerning the data dimension, we noticed that

five focused on monitoring PTSD (33, 35, 56, 58, 59).

Data synthesis maturity level (EQ7)

The decision support systems were ranked according to the
maturity scale described in see section “a framework for digital
decision support systems.” As stated by answering research
question two, the majority of papers work with secondary data.
This is supported by the high volume of research with a maturity
level of two. Figure 8 shows the number of articles grouped
by maturity level.

Discussion

This research highlights the state of the art in digital decision
support systems for PTSD based on our proposed framework.
We developed the framework to ensure a holistic overview of all
features of a DDSS. The dimensions of the framework represent
the topics of interest and the choice of features is based on
the conceptualization of the terminology extracted from the
included articles dimension by dimension.

Frontiers in Psychiatry

08

questionnaires and checklists are still the most common
and most mature (see Figure 6) input for decision support
systems. When examining clinical guidelines like NICE (64)
for diagnosing PTSD, questionnaires and checklists are still the
only approach mentioned for diagnostics. Even though some
new technologies, such as virtual or augmented reality, were
investigated in the research found in this review, we noticed
an absence of input parameters based on smartphones or
wearables like GPS sensors or accelerometers. We hypothesize
that this is due to the short life cycle of modern technologies,
making it difficult to offer clinical evidence of their benefits.
Questionnaires and checklists, however, have been around
for many years and the methodology for administering
them has not changed, therefore there is more scientific
evidence of their use. Researchers and medical professionals
are more likely to research, invest and adopt technology
with strong evidence. This could be another reason why
DDSSs using new technology are not widely included in
clinical processes.

The data dimension also showed that the sample size is
on average small and the statistical significance of the results
was not proven by the majority of the research articles. Several
reasons contribute to this. In general, medical data are hard to
obtain for research because secondary use is still not easy with
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Distribution of the sample size used for digital decision support systems for PTSD
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many digital healthcare records and/or applications. Even if data
can be obtained, they need to include the right parameters and
have a structure that is usable for AI algorithms. Unstructured
and text-based information is especially challenging to use for an
Al Further, most available datasets like the Jerusalem Trauma
Outreach and Prevention Study do not include data on modern
sensors (65).

The most common Al algorithm found during this literature
review was support vector machines. Over the last few years,
they have been developed to a de facto standard because they
are easy to use, have good library support for programming and
have low assumptions on the training data. We also observed
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that the number of research items resulting in usable products
(maturity level > 4) was low in three articles. Clinical studies
with patient intervention (maturity level > 3) were relatively
low in nine papers out of 30. One reason for this could be that
the small sample size of the research items does not provide
sufficient evidence for clinical use.

All articles with a maturity level of 4 or more had, as
one focus, validation of user acceptance and clearly defined
user groups. Most articles with lower maturity levels did
not have defined user groups. This could indicate a lack of
strategic development and difficulties in bringing the research
to a clinical setting. Our hypothesis is that interaction with
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users or integration into clinical processes is often much more
challenging to solve than intelligence of cognition. Still, most
papers focus on cognition, not user interaction; our framework’s
validation dimension is evidence of this. We found 23 papers
evaluating accuracy, which is an evaluation of AI technology,
and five papers evaluating user acceptance or efficacy, meaning
that they attempted to improve the current clinical process.
Since most papers in our review are of maturity levels 1, 2
or 3 (meaning algorithm research), they do not include the
clinical component necessary for user acceptance and efficacy
evaluation. This shows a research gap when it comes to the
enrichment of clinical processes with IT. The same goes for
evaluating legal and IT-security constraints, which were not
mentioned by any paper in our review. Since eHealth systems
are getting increasingly focused by cyber attacks (66), IT and
data security need to be a vital part of the evaluation to allow
a safe DDSS adoption.

Further research has to be conducted on how the clinical
process needs to be adapted for DDSSs to work, also in
the context of the supported decisions. Most DDSS designers
do not really understand the medical decision process but
provide decisions in an “IT way.” One limitation of this general
hypothesis is that our research focuses solely on DDSS for PTSD.
However, the narrow approach to include only PTSD shows that
even in a very well-scoped area, a DDSS is hard to implement.

Since we used an inductive research approach to design
our framework based on currently available literature, some
important framework dimensions might be missing. One
example is that the framework includes many technical
aspects of the implementations and fewer organizational
and financial perspectives. We encourage further research to
include dimensions that describe the adoption of DDSSs in
clinical processes.

Introducing our novel framework for DDSS, we provide a
guide for decision support system evaluation. The framework
is complementary to other healthcare technology evaluation
methods (clinical, organizational, financial) and thus supports
the design of comprehensive evaluation systems for DDSSs.
Applying the maturity dimension helped us to examine what
features of a DDSS are present, thereby indicating the steps
to take in order to move up in maturity when developing
decision support systems. Since the framework was developed
out of general considerations, it can be applied to decision
support systems outside of PTSD or mental health. However, it
should be further evaluated to examine whether the terminology
suits other domains. Higher maturity scales in particular need
additional verification, since only two papers in our review had
a maturity level above 4.

Conclusion

Our research aimed to analyze existing decision support
systems for PTSD. Based on this goal, we developed a generic
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framework covering all dimensions of digital decision support
systems. Our framework not only accelerates the development
and benchmarking of DDSSs, but also acts as the foundation
for our systematic literature review. Extracting data for all
framework dimensions ensures consistency in our analysis
and gives a holistic overview of DDSSs. During our review,
we found working DDSS prototypes for PTSD and described
their components. However, most of the systems are not
evaluated in production use; they are only algorithmic models
based on secondary datasets. This shows that there is still a
gap between technical possibilities and actual clinical work.
We proposed some possible explanations: small sample size,
missing domain expertise, lack of focus to bring research to
production. However, this gap should be analyzed further
by testing our hypothesis and examining it with data from
research on DDSSs for other mental diseases. For now, we
conclude that only a few rare DDSSs for PTSD are ready
for large-scale adoption in healthcare. The long-promised
revolution of Al and ML for diagnosis in psychiatry, at least for
PTSD, is yet to come.
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Abstract

Background: Digitization shall improve the secondary use of health care data. The Government of the Kingdom of Saudi Arabia
ordered a project to compile the National Master Plan for Health Data Analytics, while the Government of Estonia ordered a
project to compile the Person-Centered I ntegrated Hospital Master Plan.

Objective: This study aimsto map these 2 distinct projects’ problems, approaches, and outcomes to find the matching elements
for reusein similar cases.

Methods. We assessed both health care systems’ abilities for secondary use of health data by exploratory case studies with
purposive sampling and data collection via semistructured interviews and documentation review. The collected content was
analyzed qualitatively and coded according to a predefined framework. The analytical framework consisted of data purpose, flow,
and sharing. The Estonian project used the Health Information Sharing Maturity Model from the Mitre Corporation asan additiona
analytical framework. The data collection and analysis in the Kingdom of Saudi Arabia took place in 2019 and covered health
care facilities, public health institutions, and health care policy. The project in Estonia collected its inputs in 2020 and covered
health carefacilities, patient engagement, public hedlth ingtitutions, health care financing, health care policy, and health technology
innovations.

Results: In both cases, the assessments resulted in a set of recommendations focusing on the governance of health care data. In
the Kingdom of Saudi Arabia, the health care system consists of multipleisolated sectors, and thereis aneed for an overarching
body coordinating data sets, indicators, and reports at the nationa level. The National Master Plan of Health Data Analytics
proposed a set of organizational agreements for proper stewardship. Despite Estonia’s nationa Digital Health Platform, the
requirements remain uncoordinated between various data consumers. We recommended reconfiguring the stewardship of the
national health data to include multipurpose data use into the scope of interoperability standardization.

Conclusions: Proper data governance is the key to improving the secondary use of health data at the national level. The data
flows from data providers to data consumers shall be coordinated by overarching stewardship structures and supported by
interoperable data custodians.
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Introduction

Background

Governments seek guidance and strategic directions for
deploying effective, efficient, and reliable mechanisms for the
secondary use of data collected in health care provision. While
the primary use of digital data in health care institutions has
developed well during the last decades, health care systems|ook
to improve their practice for secondary use. The secondary use
of data controlsthe burden of data capture by enabling the reuse
of aready collected datafor alternative purposes. Among others,
the categories of secondary data use include improving the
patient experience, health care facility management, service
planning and benchmarking, policy development, public health,
health care financing, research, and business support [1]. The
categories above exploit datatraditionally collected in separate
data streams and silos. For instance, public health registries or
health insurance claims are managed in most countries by
dedicated organizations within their databases using specific
data collection processes. The siloed approach has led to the
duplication of data collection and the waste of health care
resources. A report by the Open Data Institute from 2021
concludes that initiatives for health data ecosystems for data
reuse are still fragmented in Europe [2].

Digital dataand digitalized processesalow for achangeinthese
practices, making data capture universal and allowing digital
health care data sharing for different purposes.

From 2019 to 2021, we conducted projects in the Kingdom of
Saudi Arabiaand Estonia, assessing health and health care data
analytics and developing context-specific recommendations.
The governments of both countries were looking to advance
their decision-making capabilities due to the digitalization of
the flow of health data.

TheProject in the Kingdom of Saudi Arabia

The Saudi Health Council (SHC), in cooperation with the World
Bank, developed the National Master Plan for Health Data
Analytics to guide and provide strategic direction for the
deployment of effective, efficient, and reliable mechanisms to
share datafrom the health sector for policy and decision-making
(3.

The government sought to boost the regulatory, institutional,
and technical infrastructure, allowing for efficient datacollection
from health care systems to process and provide appropriate
data analytics and business intelligence for policy and decision
makers. The project assessed the existing situation and
conceptualized the harmonized national health data analytics
operational model and the logical architecture, including core
elements such as the Health Data Analytics Framework, actors
and their roles, and critical processes.

Theinitial driver for the devel opment was perceived inefficiency
and observable delays in producing analytical data products

https://www.jmir.org/2024/1/e53369

about the country’s health care system. Indirectly, the existing
dataflow waslimiting the ability to produce accurate and timely
information for decision-making on many levels of the health
care system. The project focused on the requirements of the
significant national-level decision makers, including the SHC
and management of the health care sectors, namely, Ministry
of Health (MoH) Medical Services, National Guard Medical
Services, Ministry of Interior Medical Services, and King Faisal
Specialist Hospital & Research Center.

TheProject in Estonia

The analysis of health and health care data management was
part of the Structural Reform Support Service mission of the
European Commission, to provide support for the preparation
and implementation of growth-enhancing administrative and
structural reforms by mobilizing European Union funds and
technical expertise. Estoniarequested support from the European
Commission under Regulation (EU) 2017/825 on the
establishment of the Structural Reform Support Program (“ SRSP
Regulation™) to prepare the Person-Centered | ntegrated Hospital
Master Plan [4].

The master plan targeted to (1) provide a map of the current
hospital system, its ability to supply health care in different
specidties, distribution of its physical and human resources, its
financial flows, and its mechanisms of governance and
information sharing; (2) provide evidence-based estimates of
the population needs and the supply of health workforce and
health care services and infrastructures;, and (3) propose a
hospital master plan of sound reforms in the hospital sector in
the midterm.

The planning included an assessment of the data sharing
mechanisms and governance. Current and future organizations
delivering the data for decision-making throughout the hospital
network were analyzed. The scope of the analysisincluded data
for the national-level health care management and policy
(Ministry of Socia Affairs [MoSA]), public health (National
Institute for Health Development [NIHD]), health carefinancing
(Estonian Health Insurance Fund [EHIF]), and health care
service management and clinical decision-making (hospitals
and family health centers).

The Tension Between Demand and Supply of
Information

In both cases, the digitalization of the health and medical data
flows should improve the quality of the decisions. Datain health
care are often produced and consumed by different stakeholders.
They need to cross the boundaries of specialties, ingtitutions,
regions, and sectors to deliver informational value to data
consumers so that they can make decisions. From the point of
view of decision makers, the place of capture hasasurplus, and
the place of decision-making has ashortage of information. The
tension of disbalance generates the need for data flow: data
consumers need datafrom data producersto extract information
for decision-making.

JMed Internet Res 2024 | vol. 26 | €53369 | p. 2
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The stakeholders in health care that need data for
decision-making, such as governmental organizations, payers,
policy makers, and others, feel the tension and try to resolveit.
They request data providersto collect and deliver datafor each
type of consumption. Asthe providers cannot always align the
requirements, they often capture the sameinformation multiple
times. The uncoordinated design of data flows has manifested
in duplication, gaps, and delays.

The projects analyzed health care data supply and demand for
data for different health care decisions. The analysis aimed to
provide a better basis for planning data management
organization and infrastructure.

Metsallik et al

In both cases, the client saw issues producing proper analytical
data products. In the Kingdom of Saudi Arabia case, the focus
was on the reports on public heath and health care system
indicators. The Estonian terms underlined person centricity and
efficacy, which introduced the requirement to study datasharing
for clinical decision-making, patient engagement, hospital
management, health care system planning, health care palicy,
and health care funding. To assess the situation and plan for
better data sharing, we found it essential to map the providers
and consumers and evaluate the usability and use of data for
decision-making. The assessment of health care data systems
focused on the data purpose, flow, and sharing (Figure 1).

Figure 1. Hedlth care decisions are the purpose of data consumption. Health care decisions also provide new data. Often, the source location of the
provided data does not match the desired location of the consumed data. This disbalance between supply and demand creates tension that forces data

| Data purpose

| Data flow
| Data provision

ﬁ Health care devisions }ﬂ\
| .

supply

demand Data consumption

4

| Data sharing

The Aim of the Study

This study aimed to report problems and outcomes from the 2
distinct projects that assess the potential of secondary use of
health care data and support of governmental decisions and to
map the common thread of thought to apply in similar
circumstances. We looked for the matching elements of the
problems and the results of the 2 assessments.

Methods

Overview

The respective terms of the projects regulated the work
conducted in the Kingdom of Saudi Arabia and Estonia. In
general, both projects had to deliver an initial assessment and
recommendations for improvement. In the Kingdom of Saudi
Arabia, the project concluded with the National Master Plan
for Health Data Analytics [3]. In Estonia, the results were
integrated into the Person-Centered I ntegrated Hospital Master
Plan [4].

This section describes the framework of definitionsand research
methods that we developed for the projects.

M apping Data Sharing Purposes

Digitalization shall enable gains in the effectiveness of
decision-making (better inputs, better decisions) and increase
the efficiency of data processing (timely and cost-effective
delivery of data), resiliency against missing or erratic data, and
sustainability of the data management (agility of the datamodels
and infrastructure). One can assess digital health effectiveness
by its ability to generate data (inputs) for decision-making. The
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World Health Organization (WHO) lists various hedth care
performance indicators for management and policy decisions.
The WHO hasdivided the core hedlth indicatorsinto 4 domains:
health status, risk factors, service coverage, and health systems
[5]. The system of indicators supports rationalized alignment
of prioritiesand harmonization of investmentsfor variouslevels
of health care systems. We used the system of indicators to
model health data completeness. The indicators alowed us to
cross-check if the needs of the decision makers were fully met.
We analyzed the ability of a health care system to coordinate
the data required for the indicators.

The purpose of the collected data is to support health care
activities (Figure 1). The activities depend on input data and
generate new data, including clinical, managerial, financial, and
others. The organizationa or human actors of studied
ecosystems perform these activities. For example, a hospital
manager preparing the financial plans consumes data about the
average cost per patient case. On the basis of the WHO indicator
domains, the studies searched for evidence of dataconsumption
in public health status and risks, health care activity, resources,
funding, and clinical decision-making and research. In the
Kingdom of Saudi Arabia case, we paid less attention to the
clinica side, mainly focusing on the national public health
indicators and the health care system. In the Estonian case, in
addition to clinical decision-making, weinvestigated patient-side
decision-making, and patient engagement was considered a
separate health care activity.

Mapping Data Flow

Digital health ecosystems facilitate data flows to resolve data
provision and consumption tension. The projects in Kingdom
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of Saudi Arabia and Estonia mapped the roles, procedures,
structures, terminologies, and master data involved in
coordinating the flow. We built catalogs of organizations that
capture health care data (data providers) and organizations that
receive health care data (data consumers). The interoperability
between the sources and targets may be organized in many
ways, either via bilateral point-to-point agreements or
multilateral standards-based agreements. The parties share
registries of identifiable objects, such as persons, legal entities,
locations, services, and others. We checked the availability of
data standards and master dataregistries. For greater secondary
use, multilateral data-sharing agreements shall be in place. If
we identified standards-based data sharing, we also examined
the governing organization around the standards. Depending
on the data governance setup, 1 or more entities would
coordinate the data requirements between data consumers and
providers, govern information assets, design and enforce data
standards, and monitor the continuity of the data flow. The
responsibility for the coordination is called data stewardship.
The data policy’s task is to regulate the distribution of data
governance responsibilities and enable control over them. For
example, a data policy may state that licensed hedth care
institutions shall follow the data collection standards set by a
single stewardship organization; this may enforce a data flow
that makes a log of activities and resources spent on those
activities available to health care management and funding
stakeholders.

M apping Data Sharing

Data sharing is based on the organizational and technical
capability that transports data between decision-making
|ocations. We gathered information about the datamanagement
platforms, the organizations running the platforms, and the
standards supporting data exchange. A data manager or
custodian isresponsible for maintaining atechnical environment
and a database structure for data sharing. Regardless of the
topology of a data sharing system, centralized or distributed,
the data shall be delivered to the correct location at the right
time for decision-making. For example, a public registry of
|aboratory results may transport data between the laboratories,
health care providers, and researchers.

The discipline of enterprise information management defines
the elements of data flow and sharing. Data governance roles,
namely, data policy, data stewardship, and data custodianship,
have been used for structuring enterprise information
management [6,7]. In the case of the studied projects, welooked
for the data governance structures in the national-level health
care data organizations.

Assessing the M aturity of Capability

Various capability maturity models support assessing health
care information systems [8]. Many maturity models focus on
a specialty; a type of organization; or an area of function
(hospital management, diagnostic images, and more). Some
models focus on the digital health system’s ability to connect
sources and targets of data sharing. The Health Information
Sharing Maturity Model (HISMM) from the Mitre Corporation
suggests assessing a digital health system from the perspective
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of 11 capability areas, which cover technology, use, and
governance perspectives [9].

The HISMM model has 2 dimensions: 11 characteristicsand 5
maturity levels. The maturity level reflects the level of
development or goal achievement regarding acapability. If each
launch of adataflow requiresthe creation of anew organization,
the flow has a project-based (1) capability level. At the
expert-based (2) capability level, existing organizations (experts)
can process a data flow. At the standard-based (3) capability
level, data flow can be initiated by involving severa
organizations providing the samelevel of service. The dataflow
at the performance-based (4) level constantly producesindicators
of the success of its activities. The data flow is at the
learning-based or optimizing (5) level if the performance
indicators trigger continuous improvement [9]. For the
assessment, we enhanced the HISMM levels with the maturity
criteria from 1SO 33020 and Capability Maturity Model
Integration (CMMI), which guide the assessment of capability
maturity of processes related to information systems [10,11].
For example, when level 3 of 1SO 33020 requires that “a
standard process, including appropriate tailoring guidelines, is
established and maintained,” we looked for such evidence in
our desktop research and in the interview notes.

The characteristics dimension of the HISMM model contains
11 characteristics. The 11 characteristics form a checklist for
developing data flows. According to these 11 characteristics,
analyzing which additions must be added to the use, technology,
Or governance organization to increase capecity is possible.

On the basis of our experience with the Kingdom of Saudi
Arabia, we introduced the HISMM as an additional tool for
assessment in Estonia. Despite our interest, it was economically
unreachable for us to redo the assessment in the Kingdom of
Saudi Arabiaonly to compare the HISMM assessment results.

In Estonia, we structured maturity evidence based on the
stakeholders' purpose. The structuring allowed the study to
analyze the variation in the inputs collected from different
decision makers. For example, we were looking for the
differences in the maturity of health care management, clinical
decision-making, and patient engagement, where all stakeholders
may need data about health care resources.

The Framework of the Assessments

The complete framework provides categories for mapping the
capabilities and assessing the maturity of those capabilities.
Textbox 1 below provides a summary of the categories.

The framework drove the capture and analysis of the findings
in both projects. We asked the interviewees about the purposes
of using hedlth data and the means they used to manage the
data. Together with the interview participants, we investigated
the stakeholders, information systems, standards, technologies,
and platforms on which their data flows were based. For
example, we asked the hospitals management about the
indicators they used in decision-making. Then, we asked the
stetisticiansand | T specidiststo describe the sources of the data
and the data processing activities.
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Textbox 1. The assessment framework includes categories for mapping capabilities from the data and stakeholder purpose perspectives. The purpose
is satisfied via data flow and sharing capabilities, which indicate details of the implementation’s maturity level.

Data purpose

«  Public health status

o Public health risks

o Health care activity

« Health careresources

o Health carefunding

«  Clinical decision-making

«  Clinica research

Data flow

« Dataproviders

«  Dataconsumers
«  Datastewardship
« Datastandards

« Datapolicy

« Master data

Data sharing
« Dataplatforms
«  Datacustodianship

«  Dataexchange standards

Stakeholder purpose

«  Patient engagement

«  Clinical decisions

«  Health care management
«  Research and monitoring
«  Health care policy

o Health carefunding

Capability maturity

« Level 5 Optimizing
« Level 4. Performance
« Level 3. Standards

o Level 2. Experts

o Level 1. Projects

Capability characteristic
«  Technology

1. Data quality

2. Datatransport
3. Data security
4. Interoperability

. Use
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5. Usability

6. Alignment
7. Participation
8. Consent

. Governance

9. Data governance
10. Stakeholder governance
11. Sustainability

Project Activity in the Kingdom of Saudi Arabia

For the situational analysis in the Kingdom of Saudi Arabia,
we completed a comprehensive institutional review of the
current data systems in the health sector, with an emphasis on
how these data were collected and could be routinely made
available to the responsible authorities.

We assessed the processes at the institutional, operational, and
technical levels. To understand the architectural options for
integrated data management, we analyzed the current
development plans and statuses, including a rapid assessment
of existing computerized information systems, services, and
tools. Specifically, we assessed the critical processes for data
management and use, system architectures, database
architectures, key relevant data sets, dataexchange capabilities,
geospatia tools, and system platforms available in the health
system. The assessment identified the health system'’s critical
information systems, data sets, and exchange capabilities.

The assessment methodol ogy included primary and secondary
sources, including interviews with stakeholders. The research
team interviewed policy makers and stakeholders during a
sequence of missions in 2019. The stakeholders included the
national-level health care coordination (SHC) and management
of the sectors, namely, MoH Medical Services, National Guard
Medica Services, Ministry of Interior Medical Services, and
King Faisal Specialist Hospital & Research Center. The project
included an in-depth web search of written information and
web-based resources on digital health tools and systemsfor data
exchange and analytics. To improve the primary stakeholders’
capacity and achieve a common understanding of master plan
goals, a seminar about global experiences and examples of
technical solutionstook place during thefirst technical mission.

Project Activity in Estonia

The team evaluated Estonian hospitals health data and
information exchange levels. The method combined interviews
and desk research. The aim wasto understand the value of heslth
and medical information sharing capabilities to stakeholders,
identify gaps in funding, and relate governmental activities to
strategies and frameworks.

This rapid assessment used semistructured interviews.
Ingtitutional, operational, and technical experts described their
view on Estonian digital health care data governance; health
data flows; information security; and existing computerized
information systems, services, and tools. The analysis considered
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the hospitals part of amore comprehensive data sharing network.
Hence, participants provided inputs about both internal and
external data sharing. Specificaly, interviews with the
stakeholders touched on the critica processes for data
management and use, system architectures, database
architectures, key rel evant data sets, data exchange capabilities,
and system platforms availablein the health system, considering
the current use of the EHIF, the Estonian Health Information
System (EHIS), and the NIHD databases.

The datasharing network under discussion included health care
ingtitutions, public authorities, and other data users, for example,
researchers and patients (from the point of view of hospitals).
Astheinterviews covered theinvolved participantsin both data
provider and data consumer roles, the captured evidence also
touches on the existing and potential use of data for primary
and secondary purposes. On multiple occasions, theinterviewed
stakehol ders were able to share insights into the integration of
health data exchange and services with socia and labor market
services. The assessment covered vita information systems,
data sets, and data exchange capabilities of the Estonian health
care system.

Altogether 9 stakeholders were interviewed, including hospitals
(North Estonia Medical Centre, Tartu University Clinic, Parnu
Hospital, Viljandi Hospital, Pdlva Hospital, and East Viru
Central Hospital) and specialistsfromthe NIHD, the EHIF, and
the Estonian Society of Cardiology. Before the interview, we
provided theinterviewees with acomprehensive set of questions
divided into 11 categories according to the capability attributes
of the HISMM. The length of the interviews ranged from 1.5
to 2 hours. Usually, the group consisted of 4 to 5 persons,
including the head or vice-head of the ingtitution; chief
specidists of clinical, IT, service development departments;
health accounting; and statistics.

Ethical Considerations

This study compiled the framework, methods, and findingsfrom
the past project deliverables, which were available publicly or
per request from the respective owners. The projects in the
Kingdom of Saudi Arabia and Estonia assessed material
available from public sources and interviews. The included
organizations-appointed interview participants. The projects
did not compensate for the participation. We informed the
participants about the purpose of the assessment and used the
interview results anonymously. The study team never recorded
any health data during the interviews or site visits. This study
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includes statements on the possible limitations of the
conclusions.

Table 1. Methodology of the case projects.

Metsallik et al

Summary of the M ethodol ogy

Table 1 summarizes the methods used by the projects in the
Kingdom of Saudi Arabiaand Estonia.

Methodology element The Kingdom of Saudi Arabia

Estonia

Research type Evaluation research

Research design Exploratory case study
Sampling method Purposive sampling
Data collection method 1 Personal semistructured interviews

Data collection method 2 Documentation review

Data analysis method Qualitative content analysis
Data coding 1 Data purpose, flow, and sharing
Data coding 2 _a

Target application

Research question

National Master Plan for Health Data Analytics

What are the gaps and critical elements for the national-

Evaluation research

Exploratory case study

Purposive sampling

Personal semistructured interviews
Documentation review

Qualitative content analysis

Data purpose, flow, and sharing

Headlth Information Sharing Maturity Model

Person-Centered Integrated Hospital Master Plan, and In-
formation-Sharing Capability Maturity Assessment

What are the gaps and critical elements for the national-

level improvement of the secondary use of health caredata? |evel improvement of the secondary use of health care data?

@Not applicable.

Results

Digital Health Landscape in the Kingdom of Saudi
Arabia

The Kingdom of Saudi Arabia health care information system
encompasses severa stakeholders, including primary health
care (PHC), hospitals under different jurisdictions, the SHC,
the MoH, public health research, quality management, and
others. The project looked at the health care system asawhole.

The Kingdom of Saudi Arabia has a population of 35 million,
divided between 21.4 million Saudis and 13.6 million
non-Saudis. The annual population growth rate was 2.38 in
2020, which dropped dightly from 3.19 in 2010. Part of it can
be accounted for by the lowered fertility rate of 1.9in 2018 and
2.981in 2010 [12]. The population aged >65 yearswas 3.4% in
2019, and it is expected to grow to 6% by 2030, which makes
it a country with arelatively young population compared with
its neighborsin West Asia[13].

The hedlth care system in the Kingdom of Saudi Arabia is
mainly funded viathe MoH of the Kingdom of Saudi Arabia,
which covers 287 hospitalswith 45,180 beds, 2257 PHC centers,
and 973 specialized medical facilities. In addition to MoH, the
governmental health care sector includes providers under the
Armed Forces Medical Services, National Guard Medica
Services, Ministry of Interior Medical Services, King Faisa
Specialist Hospital & Research Center, Royal Commission
Hospitals, ARAMCO Hospitas, and Ministry of Education.
The total number of hospital bedsin other government sectors
is13,989, divided among 50 hospitals. The private sector in the
Kingdom of Saudi Arabiaruns 167 hospitals with 19,427 beds
[24].
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In 2000, the Kingdom of Saudi Arabia institutionalized the
development of electronic health care as a governmental
committee. In 2005, the government established the Saudi
Association for Health Informatics, which focused on the
growing awareness of electronic health among health care
professionals[15]. The effort put into awareness and education
has supported the adoption of health I T. Still, theadoption could
have been more cohesive, and the use of electronic health
systems has been limited [16]. A multiple-case study based on
a survey (conducted in 2010) of 6 of the seemingly most
advanced medical cities of the Kingdom of Saudi Arabia
concluded that inadequate data management policies and
procedures, resistance to change, the low anaysis of data, and
lack of accreditation impact the health IT adoption. The study
revealed a need to introduce a national regulator and establish
a data exchange plan through a national health information
network [17]. The MoH of the Kingdom of Saudi Arabia has
invested in the growth of health information exchange on all
health carelevels. Some researchers have found that the MoH’s
focus on information exchange between the health care system
participants supports the greater adoption of electronic health
records. The sharing adds more value to the data and increases
the motivation for quality data capture and improvement of
health IT tooling [18].

The SHC, established in 2014, is a successor to the Health
Services Council, established in 2002. The role of the SHC is
to coordinate and integrate health care stakeholders regardless
of the type of ownership or the sector of governance. At the
time of the project, the SHC included 16 representatives from
several ministries, national health care agencies, education
ingtitutions, and health careinstitutions. The SHC governs some
national health centers, including the National Center for Health
Information [19].

JMed Internet Res 2024 | vol. 26 | €53369 | p. 7
(page number not for citation purposes)



JOURNAL OF MEDICAL INTERNET RESEARCH

The Nationa Health Information Center (NHIC) was established
in 2013, with the mission to organize health information
exchange among all health sectors and rel ated parties, to develop
and customize terminology and data exchange standards, to
create and supervise telehealth networks, to create nationa
disease registries, and to provide health information to the
beneficiaries [20].

Digital Health Landscapein Estonia

Estonia has a population of 1.3 million, which has declined
since 1990. The annual population growth rate has been
approaching O (from the negative side) in the past years.
However, the growth rate has been lifted by migration as the
fertility rate of 1.6 per woman is less than that required for
reproduction [21]. The population aged >65 years was 20% in
2019 and is expected to grow to 23.5% by 2030, slightly above
the average of 18.8% and 21.8% in the region of Northern
Europe [22].

All health careinstitutions operate under private law in Estonia.
General practitioners are private entrepreneurs or limited
companies. At the same time, hospitals are joint-stock
companies or not-for-profit foundations licensed by the Health
Board and provide various inpatient or outpatient medical or
nursing care. Intotal, 1428 health care institutions were covered
by the National Institute of Health Development statistics in
2019. There are 52 hospitals with 6788 beds, 436 family health
centers, 490 dental care providers, 317 specialized outpatient
medical care, and others[23]. The health care system in Estonia
is governed by the MoSA. The system’s structure includes
agencies of the MoSA (eg, State Agency of Medicines, Health
Board, NIHD, and Center of Health and Welfare Information
Systems); independent public bodies (EHIF); (mainly publicly
owned) hospitals under private regulation; private PHC units;
and various nongovernmental organizations and professional
associations. The financing is organized chiefly through an
independent single public-payer EHIF, including ambulance
services [24]. The government regulation establishes a list of
regional, central, general, local, and rehabilitation hospitals, a
total of 19 hospitals, to ensure uniform access to health care
services. These hospitals are entitled to receive the necessary
construction, renovation, and reprofiling investments from the
government budget. With the hospitals mentioned in the list,
EHIF concludestreatment financing contractsfor at least 5 years
based on the type of hospital listed and the corresponding
operating license.

TheMoSA of Estoniacovers public health from the state budget.
Private, primarily out-of-the-pocket spending was 22.7% in
2016 [21].

Health care data are divided between 14 primary national-level
sources, in-house sources of health care service providers, and
databases of research ingtitutions. In addition to inherent health
care data sources, the e-government platform enables the
secondary use of public registers for health care needs. For
example, the Population Register, managed by the Estonian
Police and Border Guard Board, is the source of personal data
for patient management. The Health Board manages public
registersof health care professionalsand health careinstitutions.
The State Agency of Medicines manages registers of drugs,
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medicinal products, and pharmacies. The EHIF collects
reimbursement-related health data, registersthe status of insured
persons, and manages digital prescriptions. The Center of Health
and Welfare Information Systems maintains a significant
platform for health data sharing, the EHIS[25] that encompasses
the whole country, registers all residents’ health history from
birth to death, and is based on the e-government infrastructure.

Since 2008, the Digital Health Platform (DHP) has been
operating in Estonia, which shares the health care data of the
entire country’sresidentsin asecure e-government environment,
both between authorized health care workers and between a
health care worker and a natural person. The DHP, whose
official nameisthe EHIS, aims, among other things, to process
the data related to the area of health care for entry into and
performance of contracts for the provision of health services;
for ensuring the quality of health services and the rights of
patients; and for the protection of public health, including for
the upkeep of registers and the organization of health statistics
and the management of health care [24].

Assessment Resultsin the Kingdom of Saudi Arabia

In the case of the Kingdom of Saudi Arabia, the project
delivered 2 consecutive components that led to the
recommendations for decision makers to boost the regulatory,
institutional, and technical infrastructure within the country’s
health care system, thereby allowing for the efficient collection
of health care data.

First, we performed the situational analysis of health and health
care datamanagement. The delivered assessment report provided
a brief institutiona review of the Kingdom of Saudi Arabia
health care system’s data management and identified vital
information systems, analytical data sets, and data exchange
capabilities.

The assessment report reveal ed that data reporting and analytics
procedures, standards, and forms in health care should be
coordinated and coherent across the ministrieswith health care
institutions under their jurisdiction and with the MoH and SHC.

On the basis of the review, the report gave recommendations
for thelong-term institutional, organizational, architectural, and
technical redesign of health care data analytics to move from
static, fragmented, and incompl ete data sets to rapid, reliable,
and dynamic data processing, exchange, extraction, and
consolidation. We used these recommendations as the basis for
the development of the second deliverable, the Master Plan for
National Health Data Analytics; it is a policy document that
describes the regulatory, institutional, and technical
infrastructure that allowsthe efficient collection of digital health
and hedlth care data from health care systems to process and
provide appropriate data analytics and business intelligence for
policy and decision makers. The SHC of the Kingdom of Saudi
Arabia approved the Master Plan in 2020.

The Master Plan outlines a framework for data, roles, and
processes. The framework considers analytical data sets, health
care indicators, reports, metadata, and catalogs as parts of the
datadimension. Theframework of roles supportsthe governance
of the data and information flows and endorses the strategic
value of theanalytical data. The Master Plan definesthe specific
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organizations that shall fulfill the defined roles. The process
dimension outlined a set of workstreams for analytical data. It
described a path to produce needed policies, objectives, data
definitions, analytical product definitions, and standards.

The Master Plan evaluated multiple options for assigning the
data governance roles. The final recommendation was to share
the responsibilities between the units of the SHC: the policy
and strategy management to the SHC Board, data stewardship
and anayticsto the National Health Analytics Department, data
custodianship to the National Health Observatory at the NHIC,
and standardization to the Data Standardization Unit at the
NHIC.

To operationalize the framework, the Master Plan proposes 3
years to transition responsibilities and develop institutional
capacity on al levels. After that, all actors at the national and
subnational levels shall adapt to the general and nationa data
analytics frameworks.

Assessment Resultsin Estonia

In Estonia, the study used interviews to collect inputs for the
assessment. The researchers adopted the HISMM and
reorganized the notes using capability attributes and stakeholder
purpose. The purpose dimension aimed to summarize the
capabilities or flows that the interviews covered. The interview
content covered the purpose, flow, and sharing. We asked the
intervieweesto cover thetopicsfor al the datagovernanceroles
of their ingtitutions. For example, depending on a specific
capability discussed, ahospital can be adata provider, consumer,
custodian, and steward. The notes were analyzed for evidence
of maturity and labeled accordingly. The method resulted in a
3D matrix with dimensions for stakeholder purpose, capability
attributes, and maturity level (Figure 2).

The researchers estimated the maturity of the information
sharing to be on levels 2 to 4. Level 2 represents a situation
where the information flow stands on the existing expertise,
and the flow outcomes are repeatable. Level 3 indicates the
existence of standards and proceduresthat allow new providers
to enter the market. On level 4, the assessed ecosystem shall
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demonstrate an ability to measure the achievement of the
information sharing goals.

The assessment suggests, also visualized in Figure 3, that the
improvement focus should be on data quality, transport, and
stakeholder governance. From the perspective of stakeholder
purpose, the flows that feed decisions on health care policy
show the lowest maturity. The maturity matrix indicates that
the data and information may circulate in silos of governance;
experts are needed (level 2) to support the data to reach the
policy makers. The below-average estimates on data and
stakeholder governance hint that the coordination of the data
flows is mostly implicit. The interviewees missed the explicit
rules and coordination of the secondary use of data. The
above-average estimates on data for clinical purposes indicate
the success of standardizing patient data flows viathe EHIS.

The project in Estoniacombined the HISMM into the framework
of analytics. Therole of the HISMM wasto provideinsight into
the improvement potential of the established flow of data. The
findings of the maturity assessment allowed the stakeholders

viewpointsto be drawn to and the specific characteristics of the
flows to be anayzed. The HISMM is a valuable tool for cases
where the primary data policy, governance structure, and
platform are aready in place. Anaysis of the specific
characteristics providesabasisfor targeted improvements. When
a data flow misses expectations, an assessment may revea a
specific characteristic that limits the flow. The summary of the
HISMM resultsin Estoniashowsthe need to improve the focus
on dataquality, datatransport, data and stakehol der governance,
and process alignment (Figure 3).

The study in Estonia concluded with arecommendation to align
theroles of dataproviders, consumers, stewards, and custodians
for the expanded multipurpose data flows. The current
document-based health information sharing model shall
transform into a shared space of Integrated Care Records. We
reported the assessment results as part of the Person-Centered
Integrated Hospital Master Plan, which also included reports
of teams of other specialists.
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Figure 2. The figure summarizes the Health Information Sharing Maturity Model assessment findings from Estonia. The matrix’s cells depict the
maturity levels grouped by the 11 capability characteristics in the vertical dimension and by the 6 stakeholder purposes in the horizontal dimension.
The number in the cell shows the corresponding level of maturity, colored red for level 2, yellow for level 3, and green for level 4.

Perspective Capability characteristic
1. Engagement 2. Clinical
1. Data quality 2 2
2. Data transport 2 3
Technology
3. Data security 4 4
4. Interoperability sl 3
5. Usability 3 3
6. Alignment 2 3
Use
7. Participation 4 2
8. Consent 3 3
9. Data governance 5 3
Governance 10. Stakeholder governance 2 3
11. Sustainability 4 2

Stakeholder purpose

3. Management 4. Research 5. Policy 6. Funding
2 3 2 3
2 2 2 3
4 4 4 4
2 2 2 3
3 3 2 3
3 3 2 2
4 3 3 2
3 3 2 2
2 2 2 2
3 2 2 2
2 4 3 4

Figure 3. The figure visualizes the maturity levels of Health Information Sharing Maturity Model characteristics in aggregation. It shows that data
quality and transport, data and stakeholder governance, and process alignment maturity are lower than other characteristics.
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Assessing specific capability: data and stakeholder purpose, data flow, and data sharing

Comparison of the Assessments

We conducted the assessments according to the framework
discussed earlier in this study. To map the elements of data
sharing, we interviewed stakeholders using the shared data for
the purposes defined by the scope of the projects. We aso
captured the evidence of the stakeholders interacting with
specific data sharing platforms.

The data collection in the Kingdom of Saudi Arabiatook place
1 year before the project in Estonia. We mostly replicated the
methodological experience from the Kingdom of Saudi Arabia
in Estonia, except that we introduced an additiona assessment
tool, the HISMM (Table 2).

The analysis of the projects in the Kingdom of Saudi Arabia
and Estonia demonstrates the challenges of coordinating data
flows on a distributed data sharing system. Even if the health
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care systems in the 2 countries are coordinated differently, in
both cases, the conclusionsfocus on the need to strengthen data
flow stewardship (Table 3).

The conclusions advised the governments to introduce
governance policies, which would clarify the responsibilities
of the stakeholders. Proper management of the responsibilities
of data stewards would increase the value of data providers
contributions and the value of the custodians' data. Figure 4
illustrates our conceptual understanding of the data governance
roles and their relationships, which we used as a tool to map
the roles of the existing or future organizations in our
recommendation.

Current data governance in the studied countries follows the
vertical model of stewardship, where the data consumers
coordinate the information flows for their own needs. Most
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consumers have aso established their own data management manages data consumed by the network of health care providers,
or custodian organizations. Notable exceptions arethe national  patients, and health care registries. A pervasive stewardship
databases and message exchange platforms, which support data  function shall increase the secondary use of data.

consumption by multiple institutions. For example, the EHIS

Table 2. The assessments share comparable attributes of scope. The only exception is that the project in Estonia conducted a maturity assessment,
which was not part of the project’s scope in the Kingdom of Saudi Arabia.

Attributes of scope The Kingdom of Saudi Arabia Estonia

Assessed stakeholder purpos- «  Clinical, population health, and healthcare «  Clinical, population health, patient engagement, health care
es management funding, health care management, and health care policy

Assessed datasharing plat-  «+  Hogpital EMRs? and analytical data sets *  Hospital EMRs, the national EHR®, disease registries, and
forms insurance claims registry

Assessed capability maturity __c * HISMMY technology, use, and governance
characteristics

Stakeholdersintervieved ~ «  National-level health care coordination (Saudi  «  National-level health care management and policy (Ministry

Health Council) of Social Affairs, North Estonia Medical Centre, Tartu Uni-
*  Management of the sectors (MoH® Medical versity Clinic, Parnu Hospital, Viljandi Hospital, PGlva Hos-

Services, National Guard Medical Services, pital, East Viru Central Hospital, the National Institute of

Ministry of Interior Medical Services, and Health Development, the Estonian Health Insurance Fund,

King Faisal Specialist Hospital & Research and the Estonian Society of Cardiology)

Center)

®EMR: electronic medical record.

PEHR: electronic health record.

°Not applicable.

9HISMM: Health Information Sharing Maturity Model.
€MoH: Ministry of Health.

Table 3. The findings from the 2 countries demonstrate similarities in the expected achievements, identified barriers, opportunities, and principal
conclusions. Regardless of the digitization of workplaces in both cases and sophisticated data integration solutions in the Estonian case, siloed data
stewardship limits the multiuse of health data.

Attributes of findings The Kingdom of Saudi Arabia Estonia

Expected achievement Timely and efficient delivery of health care system  Timely and efficient decision support for clinical, management,
and public health indicators, and standard and special  and financial decisions

reports

Barriers Lack of interoperability standardsand siloed sectoral ~ Siloed vertical stewardship
stewardship

Opportunities Digitized workplacesin health careand cross-sectoral - Digitized workplacesin health care, secure integration platform
health care governance structures (SHC?) (XRoad), national EH RP (EHISY), data and data exchange stan-

dards, and national-level clinical decision support

Principal conclusions Align the roles of the stakeholders and engagethe  Align the roles of stakeholders and standardize the event-driven

participants in a standardized data flow sharing of EM R

8SHC: Saudi Health Council.

PEHR: electronic health record.

°EHIS: Estonian Health Information System.
9EMR: electronic medical record.
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Figure 4. A conceptua overview of the data governance roles and relationships used as a base for mapping the actual organizational structure of the
countries. A policy for multiple data use supports resolving demand and supply between data providers and consumers. The policy establishes authority
and responsibility for pervasive data stewardship and custodianship.
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Discussion

Principal Findings

The study maps the common thread of thought from 2 distinct
projectsin the Kingdom of Saudi Arabiaand Estonia, assessing
the potential of secondary use of health care data and supporting
governmental decisions. The projects apply comparable
frameworks and methods, allowing the comparison of the
barriers, opportunities, and conclusions. The findings include
both the frameworks used and the conclusions made. The
framework of assessment defines 2 dimensions of analysis.
First, there is the need to identify and improve data sharing
flows between data providers and consumers. The analysis
investigates multiple purposes of data, data and exchange
standards, stakeholders governance, and shared data
management platforms. Second, the framework considers the
maturity of the data sharing implementation. The maturity
assessment measures the level of institutionalization of health
data sharing. The second part of the framework was included
and applied only to the project in Estonia.

The assessment revealed opportunities and barriers in the
secondary use of health data. Starting with the opportunities,
theincluded institutions demonstrated high levels of digitization
in the workplace. In the Estonian case, we also experienced
advanced integration platforms and interoperability standards
implemented nationally. The latter has supported the
development of sophisticated solutions for national electronic
health record and clinical decision support. However, the
countries have maintained a fragmented organization of data
stewardship, which has not been able to coordinate the need for
data. In both cases, the assessments concluded with a
recommendation to implement pervasive data stewardship to
align the need for data.

While many countries have digitalized information necessary
for clinicad work and described the data relatively well,
especially in most European countries and North America,
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unified routines and applicationsfor the secondary use of digital
datain hedth care are largely still being planned.

In Sweden, more than 100 health care quality registries collect
individual-based clinical datafor research and improvement of
health care delivery [26]. In Estonia, 6 medical registries and
databases collect, process, and distribute data about health and
medicine [27]. Studies propose that clinical quality registers
can be cost-effective and yield significant investment returns
[28]. The number and quality of the registries indicate success
in the secondary use of health care data. The registries also
introduce data capture, integration, and delivery costs for
secondary use. These professional specialty or national quality
registries are often devel oped and managed in silos, leading to
high maintenance costs and challenges in interoperability.

Regardless of the advanced information systems in hospitals,
the health care system in the Kingdom of Saudi Arabia spends
considerabletimeand resources collecting statistical data. There
is much manual processing due to the lack of standards for
integration and semantics. The same appliesto Estonia; despite
the common health datainteroperability standards and transport
system, secondary use of health care datais often in silos and
needs additional effort. In the Kingdom of Saudi Arabia and
Estonia, the data. consumers coordinate their needs directly with
the data providers, reinforcing the traditional model of
form-based reporting. The form-based approach introduces
duplication at the data capture; one may call it secondary
capture. To avoid resource wasting and duplication, collecting
the data consumers' need shall be part of the standards of
primary data capture.

In Estonia, the advanced semantic interoperability of theclinical
documents shared via the EHIS enables the automation of
clinical decision support [29-32]. Such features include
drug-drug interaction alerting, context-driven suggestions of
clinical guidelines, and automatic patient summaries based on
clinical documents. These features increase the use of data but
only inside the vertical of clinical decision-making. The EHIS
could also facilitate data flows for public health, health care
management, and clinical research decision-making.
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The stakeholders of health care data need to cooperate through
astrategic digitalization process. Often, the participants are not
aware of the discontinuity of the dataflow. The study in Estonia
indicated that the participants were relatively satisfied with the
data management tools and their engagement in the flow.
Instead, they reported problems with data quality and
governance. The users expressed their frustration regarding
duplicate data capture but could not relateit to the low alignment
of the processes. We hypothesize that the interview results
indicate disruptionsin the data flow. The respondents struggled
to find source datato fill in the data entry forms for secondary
use. Designing and managing aflow that connects data capture
with a single consumer is relatively easy, ensuring satisfaction
with the tools and participation. Only a helicopter view of the
landscape of data needs shows the shortcomings of governance
and the chronic waste of capturing the same data repeatedly.
Efficiency in the secondary use of data starts from the health
care policy establishing clear goals and management.

Single-purpose capture of data and single-purpose databases
areindicators of the low secondary use of health care data. The
data flow design should follow the principle of “collect once
and use multiple times.” The studied cases revea the barriers
built between the domains of information purpose. The health
care system extends over 6 ministries in the Kingdom of Saudi
Arabia It takes a long time and heavy work to combine data
acrossthe borders of the governance verticals. In Estonia, where
the organization is more straightforward, data collection for
different purposesistill split between different data consumers,
resulting in independent data flow designs without proper
interoperability. For example, heath care providers must
simultaneously record the exact data for clinical decisions,
management, funding, statistics, and research. The new policy
shall require the unification of the demand of data consumers
into asingle standard of data capture.

The analysis of health data sharing challenges in the Kingdom
of Saudi Arabia and Estonia demonstrates that the digitization
of the workplaces, integration of information systems, and
advanced semantic interoperability areinsufficient for secondary
useon alargescale. A prerequisite for secondary useisahealth
care policy that emphasizes the need for the continuity of the
data flow. The health policy should address governance of the
data and stakeholders without introducing central bottlenecks
for innovation. The policy should guide parties to map the
impacts of their data processing and increase the value of their
datathrough greater secondary use. A health datasharing system
shall reward the measurable secondary use of data assets.

Advances in the digitization of health data and integration of
information systems open the way to the digitalization of health
care processes. Shared data enablesthe coordination of activities
of adigital process. Stewards and custodians must govern health
care data through the diverse organizations, workplaces, and
information systemslandscape. Datagovernance conceptualizes
and carries out stewardship responsibilities based on data access,
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custodianship, and use policies[33]. The conceptual framework
for data governance by Abraham et al [6] suggests structural,
procedural, and relational mechanisms. The structural and
relational mechanismsinclude establishing clear organizational
responsi bility and communication. The governmentsin demand
for greater secondary use of health care data shall establish data
policy with precise coordinating mechanisms.

We saw that digitalizing data providers and consumers is
insufficient for efficient secondary use of data. Thereis aneed
for aDHP that enables data and information sharing. However,
havingaDHP only for clinical dataisinsufficient. For secondary
use, the stewardship must include the requirements of all
targeted consumers. This recommendation is also very much
in line with the observation from a 2021 report that calls for
more substantial public-patient participation in the secondary
use of health data[2].

Thereisan ever-growing demand for better dataand information
for decision-making. Modern health care and research depend
on data from various domains, including education,
environment, and social care. It isan ongoing effort to anayze
and integrate the new demand for data.

Limitations

The study reportsthe findings from 2 projectsfrom 2 countries.
The findings present certain commonalities but still have a
limited generalizability for different contexts. Countries or
regions searching for advice may present circumstances that
demand noticeably different strategies for their digital health
improvement. It is also essential to understand the role of the
frameworks when trying to replicate the results. For practical
reasons, a solid framework is essential for such projects, as
effective planning, execution, and analysis require a rigid
structure. However, the choice of a framework indicates the
researcher’s focus and may lead to alimited space of findings.
The studied projects develop policy suggestions for health data
governance on thenational level. Controlled empirical validation
of the suggested policiesis nearly impossible. The conclusions
mainly depend on the internal validity of the research, where
we build on the experience of the involved stakeholders and
findings from similar experiments.

Conclusions

In this study, we have analyzed 2 projects that assessed and
provided advice for the national-level improvement of the
secondary use of health care data. The study provided an
overview of the projects’ backgrounds, frameworks, methods,
and results. Finally, we discussed the main advice from the
projects. The study shows that 2 high-income countries with
very different health care systems have comparable issues with
the secondary use of health care data. National-level secondary
use shall build on an overarching data policy that enables
horizontal stewardship to coordinate requirements of a diverse
landscape of health care data consumers.
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