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Objective: For realizing pervasive and ubiquitous health and social care services in
a safe and high quality as well as efficient and effective way, health and social care
systems have to meet new organizational, methodological, and technological paradigms.
The resulting ecosystems are highly complex, highly distributed, and highly dynamic,
following inter-organizational and even international approaches. Even though based
on international, but domain-specific models and standards, achieving interoperability
between such systems integrating multiple domains managed by multiple disciplines
and their individually skilled actors is cumbersome.

Methods: Using the abstract presentation of any system by the universal type theory as
well as universal logics and combining the resulting Barendregt Cube with parameters
and the engineering approach of cognitive theories, systems theory, and good modeling
best practices, this study argues for a generic reference architecture model moderating
between the different perspectives and disciplines involved provide on that system. To
represent architectural elements consistently, an aligned system of ontologies is used.

Results: The system-oriented, architecture-centric, and ontology-based generic
reference model allows for re-engineering the existing and emerging knowledge
representations, models, and standards, also considering the real-world business
processes and the related development process of supporting IT systems for the sake
of comprehensive systems integration and interoperability. The solution enables the
analysis, design, and implementation of dynamic, interoperable multi-domain systems
without requesting continuous revision of existing specifications.

Keywords: health transformation, ecosystem, 5P medicine, architecture, knowledge representation and
management, modeling, integration, interoperability
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INTRODUCTION

In the context of the ongoing transformations of health and social
care systems to improve the safety and quality of patients’ care
and population health as well as the efficiency and efficacy of care
delivery services under the well-known constraints, appropriate
organizational and methodological paradigm changes, supported
by technological innovations, are inevitable (1).

Regarding the organizational paradigm, there is a transition
from organization-centric through disease-specific process-
controlled care to person-centric care. This process is
accompanied by technological evolutions, such as the
advancement from centralized to highly distributed and mobile
technologies, deploying nano-, molecular-, and bio-sensors and
actuators, healthcare internet of things (IoT), also referred to
as the internet of medical things (IoMT) (2), smart systems,
knowledge representation, and management as well as a social
business. Also, big data and analytics, learning technologies
and artificial intelligence, and autonomous systems, enabled by
cloud, cognitive as well as edge, and nowadays also by quantum

or translational medicine. Holistic medicine aims at the entirety
of physical, emotional, mental, spiritual, and social wellness,
focusing on prevention by fixing the underlying cause of a

TABLE 2 | Technologies, methodologies, and principles for transforming
healthcare ecosystems (29).

Mobile technologies,
biotechnologies, nano- and
molecular technologies

Big data and business analytics
Integration of analytics and apps
Assisting technologies —

e Fdge computing as a “family of
technologies that distributes data
and services where they best optimize
outcomes in a growing set of connected
assets” (Forrester Research)

Virtual reality and augmented reality,

Robotics, autonomous systems thereby  blurring  “the  boundaries
e Natural Language Processing — between the physical and digital worlds”
Text analytics — Intelligent media (Gartner)

Creation of loT-Platforms and
app-ecosystems

Patient-generated health data
ecosystem — multiple, dynamic policies

Web content management — Digital

analytics

Conceptualization — Knowledge
representation (KR) and
knowledge management (KM) —
Artificial intelligence (Al) —

computing, must also be mentioned here.

Regarding the methodological paradigm, care evolves from
the empirical approach of general care addressing health
problems with one solution fitting all through the evidence-
based medicine approach of dedicated care for a stratified
population with specific, clinically relevant conditions to, in

Artificial common (general)
intelligence — Intelligent
autonomous systems

Asilomar Al Principles

computing, social business

combination with the aforementioned new technologies, holistic

Security and privacy, governance,
ethical challenges, Education — e EHR (including genomic data) — data

Cloud computing, cognitive

experience management

Databases — NoSQL technologies —
Data warehouses — Graph DBs — Data
lakes

exchange — semantic interoperability

e Use Case Analysis — Specification —
Implementation — Tooling — Testing
— Certification

TABLE 1 | The objectives and characteristics of pHealth ecosystems as well as the methodologies/technologies for meeting them (28).

Objective

Characteristics

Methodologies/technologies

Provision of health services everywhere anytime

Individualization of the system according to status, context, needs,
expectations, wishes, environments, etc., of the subject of care

Integration of different actors from different disciplines/do-mains
(incl. the participation/ empowerment of the subject of care), using
their own languages, methodologies, terminologies, ontologies,
thereby meeting any behavioral aspects, rules and regulations

Usability and acceptability of pHealth solutions

Openness
Distribution
Mobility
Pervasiveness
Ubiquity

Flexibility

Scalability

Cognition

Affect and Behavior
Autonomy

Adaptability
Self-organization

Subject of care involvement
Subject of care centralization

Architectural framework

End-user interoperability

Management and harmonization of multiple
domains including policy domains

Preparedness of the individual subject of
care Security, privacy and trust framework
Consumerism

Subject of care empowerment

Subject of care as manager

Information based assessment and selection
of services, service quality and safety as well
as trustworthiness

Lifestyle improvement and Ambient Assisted
Living (AAL) services

Wearable and
actuators
Pervasive sensor,
connectivity
Embedded intelligence
Context-awareness

implantable  sensors and

actuator and network

Personal and environmental data integration
and analytics

Service integration

Context-awareness

Knowledge integration

Process and decision intelligence

Presentation layer for all actors

Affective and cognition-aware computing

Terminology and ontology management and
harmonization

Knowledge harmonization

Language transformation/ translation

Tool-based ontology management
Individual terminologies

Individual ontologies

Tool-based  enhancement  of
knowledge and skills

Human Centered Design of solutions
User Experience Evaluation

Trust calculation services

individual
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FIGURE 1 | Comprehensive interoperability schema (31).

Domain Ontologies

TABLE 3 | Interoperability levels of the comprehensive interoperability schema.

Information perspective

Interoperability level

Instances

Organizational
perspective
Interoperability
level

Technical interoperability (0)

Structural interoperability (1)

Syntactic interoperability (1)

Semantic interoperability (2)

Organizations/Service
interoperability (3)

Knowledge-based
interoperability (4)

Skills-based interoperability (5)

Technical plug&play, signal-
& protocol compatibility

Simple EDI, envelopes

Messages and clinical
documents with agreed
upon vocabulary
Advanced messaging with
common information
models and terminologies

Common business process

Multi-domain processes

Multi-domain individual
engagement

Light-weight
interactions
Information
sharing

Coordination

Agreed
Cooperation
Cross-domain
Cooperation
Moderated
end-user
collaboration

The numbers in the brackets correspond to those in the interoperability schema

(Figure 1) (32).

disease instead of improving just symptoms (3), and empowering
individuals and communities (4). Translational medicine is a

bi-directional, interdisciplinary concept aiming at translating
biomedical discoveries into clinical benefits and stimulating
research by clinical observations, frequently called the “bench-
to-bedside” or “bedside-to-bench” process (5). Advancing the
practice of medicine from an inexact science to precision
medicine, the deployment of genomics is foundational (6).
A holistic, translational medicine approach including omics
disciplines, such as genomics, nutrigenomics, metabolomics,
proteomics, etc., allow us to consider individual health status,
genetic, environmental, occupational, and social conditions,
and context (stratification of population by risk profiles), so
as to understand the pathology of diseases including the
individual predisposition to diseases and responsiveness to
treatment. By combining all interactomes, i.e., interacting factors
and components impacting health of an individual, such as
genomes, epigenomes, proteomes, microbiomes, metabolomes,
pharmacomes, transcriptomes, cognitive-affective behavioromes,
personalized, preventive, predictive, and participative care
according to the precision medicine paradigm (5P medicine) can
be enabled (1, 5, 7, 8). The approach is not only deployed for
the evolution of health and social care, but also for advancing
the underlying scientific foundations, such as clinical studies,
as mentioned already in the context of the bi-directionality
of the translational medicine concept (9). Recently, Cleveland
Clinic started cooperation with IBM not only to deploy its
quantum computers for studying genomics, emerging pathogens,
virus-related diseases, and public health threats, but also for
synthesizing needed data in imaging for rare diseases, using
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a type of deep learning called generative adversarial networks
(GANSs) (10). Quantum computing also allows for new insights to
understand the bindings and reactions of molecules in the design
of new medications for personalized medicine (11). Another
example of disruptive technologies in translational medicine is
the deployment of next-generation sequencing (NGS) in clinical
diagnostic and the definition of new therapeutic options at the
molecular level, thereby extending and completing traditional
pathological methodologies, such as histo-morphology, clinical
chemistry, etc. (12).

Another term representing the described evolutionary process
is “digital health.” According to the definition of the Healthcare
Information and Management Systems Society (HIMSS), “Digital
health connects and empowers people and populations to
manage health and wellness, augmented by accessible and
supportive provider teams working within flexible, integrated,
interoperable, and digitally-enabled care environments that
strategically leverage digital tools, technologies and services to
transform care delivery” (13).

The resulting personalized, ubiquitous, pervasive, and
precision health services are provided independent of time
and location. Personalized pervasive health includes the
individualization of diagnosis and therapy with the help of

bioinformatics, genomics, but also social sciences, public health,
etc. While precision medicine provides the right treatment
to the right patient at the right time, precision public health
can be simply viewed as providing the right intervention
to the right population at the right time. By advancing the
methodologies for measuring disease, pathogens, exposures,
behaviors, and susceptibility, population health could advance
disease prevention (14). Precision cardiology, for example,
integrates diverse, wide-ranging phenotyping and genomic data
on patients to better understand the mechanisms at play in
inherited heart diseases, so as to support a better understanding
of the links between genetic variations and clinical manifestations
(15). Analyzing cellular functions, e.g., by functional proteomics
is used not only to develop new immune therapies and to assess
the outcome of the patients regarding disease progression,
anti-tumor, or COVID-19 immunization response via pre- or
post-treatment immune profiling but also transplants rejection
based on the analysis of cellular functions, by influencing
research as well as practical care (16, 17). Another example in
this context is the prediction of drug resistance in melanoma
cells by deploying single-cell proteomics and metabolomics to
analyze melanoma cell states in response to specific stimuli (18).
The tumor microenvironment (TME) comprises cancer cells, the

ICT
Business
Biology Admin.
Patient
Medicine
Human
Resources
Health
Professional
Biomed.
Technologies Legal/Regula-
tory Affairs
Ethics

resources in pHealth ecosystems, but there are, of course, many more).

FIGURE 2 | Domain-domain interoperability requesting a permanent bilateral harmonization process (the un-shaded blocks present two relevant examples of human
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cytokine environment, extracellular matrix, immune cell subsets,
and other components (19).

Precision medicine, and the ecosystem that supports it, must
embrace patient-centeredness and engagement, digital health,
genomics and other molecular technologies, data sharing, and
data science to be successful (20).

Furthermore, the progress of digital health tools, including
mobile health apps and wearable or even implantable sensors,
actively and passively collecting data and information, could
help improve human health and push new approaches to
the management of health conditions, thereby enhancing
human data science. In that context, digital therapeutics,
consumer wearables and mobile apps, connected biomedical
apps, smartphone cameras, connected virtual assistants in home
care, but also health system disease management apps, care teams
cooperation tools, interactive programs, personal health records,
telemedicine and virtual visits to the doctor, and clinical trial
tools have to be mentioned (21, 22). Here, intelligent clothing
using nanotube fibers to monitor heart metrics also comes into
play (23).

The ability to relate data across populations requires
mastering data accuracy and semantic correctness, establishing

a robust data infrastructure for integration by data exchange
including its verification, ultimately supporting interoperability.
Thereby, the digital twin technology can also support the move
to precision (and accuracy) medicine and public health (24). The
paradigm changes have been frequently discussed in different
documents and summarized [e.g., in (1, 25-29)].

In summary, concept-oriented, context-aware, transformed
health, and social care ecosystems consider the continuum from
the cell up to society or even from elementary particle to the
universe. Operations of such ecosystems require communication
and cooperation of principals (person, organization, device,
application, component, and object) as defined by the Object
Management Group (30). Those principals belong to multiple
domains, including medicine, natural sciences, engineering, and
also social, legal, and political sciences, and the entire systems
sciences world (systems medicine, systems biology, systems
pathology, etc.). They are guided by different perspectives
and objectives, follow different policies, deploy different
methodologies, and use different languages/terminologies. A
major principle is the empowered patient and his/her social
environment. Such transformed ecosystems must be inevitably
integrated with appropriate security and privacy solutions,

Medicine
Business

Biology Admin.

Patient
Human IcT
Resources
Health
Professional
Biomed.
Technologies Legal/Regula-
tory Affairs
Ethics
FIGURE 3 | Interoperability through model and ontology domain adaptation.
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the establishment of trust, and the assurance of ethical
and humanistic as well as equity, non-discrimination, and
fairness principles. Table 1 summarizes the objectives of pHealth
ecosystems and characteristics as well as methodologies and
technologies for meeting them (28), while Table 2 aggregates
technologies, methodologies, and principles for transforming
healthcare ecosystems (29).

In the next section, we will discuss challenges and solutions for
communication and cooperation between actors of transformed
ecosystems, before we introduce approaches for representing and
managing transformed health and social care ecosystems.

INTEROPERABILITY CHALLENGE UNDER
THE NEW ORGANIZATIONAL,
METHODOLOGICAL, AND
TECHNOLOGICAL PARADIGMS

Interoperability has been traditionally addressed as an
information technology (IT) challenge. As a result, the
following interoperability levels from technical plug & play
(0) through an interface (IF) enabled data/information

exchange (1), sharing of semantics at data representation
(DR) level (2) up to service sharing at application
(APP) level (3) have been established [the numbers in
the brackets correspond to those in the interoperability
schema (Figure1)]. The concepts and relations of the

involved information and communication technology
(ICT) systems components are represented using
ICT ontologies.

At its core, interoperability of transformed health and
social care ecosystems demands to integrate the knowledge
of the business domains involved in the business case. A
methodology to achieve interoperability would not be complete
without taking into account human factors, such as education,
skills, experiences, and social and psychological factors. In
addition, commonsense knowledge must also be considered for
interoperability (31). Therefore, the described advanced health
and social services approach require the explicit and formalized
representation of involved knowledge and skills as well as the
application of pervasive, cognitive, and autonomous computing
technologies for healthcare. Figure 1 presents the comprehensive
interoperability challenges, where the ICT-related stuff is the
simplest one.

AC

1(07*a*)€'R' "

M

A(Dv*) € P
(0,0,0) € R
0,0 €eP

c\egp\eﬁ

N (*>

FIGURE 4 | Barendregt Cube with parameters [after (42)]. *Is a generic name for an element in a series of constants, defined by Barendregt. *Represents the sorts of

types in Type Systems.
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The resulting interoperability levels are shown in All the domain experts involved in the aforementioned
Table 3, considering both the informational and the transformed health services settings describe not only the specific

organizational perspectives.

The system represented by the subject of care and
the processes of analyzing and managing his/her health
comprises different levels of structural and functional
complexity. The structural complexity or granularity ranges
from elementary particles through atoms, molecules, cell
components, cells, tissues, organs, bodies, and communities,
up to population (1). Regarding the domain-specific
functional, or in general, interrelational aspects of that
system and its components, we have to deal with quantum-
mechanical effects in the atomic and subatomic world,
biochemical processes, physical interrelations throughout
the continuum, social relationships in the macro-world, etc.
(1). Knowledge related to those facts has been reviewed, e.g., in
(25, 27-29).

aspects of that system in a specific context, using their specific
languages and methodologies, but also specific expression means
covering natural languages, figures, equations, formulas, codes,
etc. As a result, the information flow and the background
knowledge of the different domains have to go through a peer-to-
peer interoperability adaptation process (Figure 2). Thereby, all
the existing components and their representational models and
standards connected or contributing to the system (shaded in the
figure) have to be newly harmonized when some components or
contexts are changing, or new components have been added to
the therefore highly dynamic system.

An alternative approach to integrating the interrelated
but different perspectives and aspects is the deployment
of one domain’s language, ontology, representational style,
models, architectures, and standards (e.g., ICT languages,

,-&\oﬁ\o\o% transformation/instantiation/specialization
.»‘:b \SI >
N
&0‘;0‘@ Domain n _ NI A K K ;.
\\’b‘(?\o S/ CT Ontologies -~ /|
R Domain 2 Q% 89" 7~ 7= A
& Domain 1 o O e 1/
c . I —
9 Business : : ! | /|
= c s I 7]
8, e R A\ I/
© . ! ! : i
o Relations ; ; ; ; a
o Networks 5 ; ; ; 1] ¥
) : : ! !
~ ! : : : /
= . I R
2 | Aggregations | | ; ; i 4
g v ———V |/
= Details o 4
% : : : :
o Qa Qa a a Q
> 0> > > > >
w e —
2 & 8§ 8 2 3
£ 8 © = () ks
> - = = C £
m & & 3 & g
£ £ § ~
Q
O
FIGURE 5 | The Generic Component Model.
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ontologies, and notations) as a reference or master all the
interrelated components must be adapted to (Figure 3). Such
a process is tough and demands sometimes cumbersome
compromises from the parties involved. The problems faced
by this approach include complexity, completeness, expressivity,
and consistency of domain-specific knowledge representation
languages and ontologies, which start growing when moving
from implicit knowledge up to fully explicit knowledge
representation, i.e., from natural language up to machine
language and universal logic (32-34). While more expressive
knowledge representation language and reasoning systems
like traditional programming languages with their context-
free grammar enable a simpler and compact expression
of knowledge, they usually need more complex logic and
algorithms for constructing equivalent inferences to represent
transformed health ecosystems, thereby running not only
into a complexity, consistency, computability and decidability,
but also a completeness problem. Less expressive knowledge
representation languages, such as natural languages with their
context-sensitive grammar optimize restrictions to special
structure vs. generative power, thereby enabling a rich and
nevertheless decidable representation of real-world concepts

with the support of common sense knowledge. Hence, they
allow not only for an efficient representation of meaning,
shared knowledge, skills, and experiences, but also facts and
knowledge about a system and its domain-specific subsystems,
architecture, and behavior. Therefore, many domain ontologies
deploy natural-language-based domain-specific terminologies
and concept representations, extensively exploited in the best
practices of good modeling discussed in the Chapter “Modeling
digital health systems” in this volume. More details about
knowledge representation and management languages, their
grammars, and relationships can be found in the study by Blobel
et al. (29).

The aforementioned statements clearly demonstrate that it
is impossible to represent and justify the highly complex,
highly dynamic, multi-disciplinary/multi-domain transformed
healthcare system by just one domain terminology/ontology or,
even worse, by using ICT ontologies exemplified in the next
section. The deployment of domain-specific reference ontologies
representation tools furthermore excludes the addressed other
domains’ experts which should when thinking of the medical
domain experts’ role in health informatics, be in the lead, but
cannot understand and deploy that environment. ICT ontologies

Domain n
Domain ... /Ty
Domain1 /"y
Business Domain n
Concepts e
e B
C |
Ezatgiz Sub-Domain 1 Sub-Domain 2
Aggre- I
gations Service 1,1 | | Service 1,2
Details Task 111 R T3

FIGURE 6 | GCM granularity levels.

Business Viewpoint
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can hardly manage dynamic systems, resulting in the permanent
revision of existing components to be integrated into the system.

MASTERING THE KNOWLEDGE
REPRESENTATION AND MANAGEMENT
CHALLENGE IN MULTIDISCIPLINARY,
COMPLEX, AND DYNAMIC ECOSYSTEMS

Focusing on different knowledge classes, such as classification-
based knowledge, decision-oriented knowledge, descriptive
knowledge, procedural knowledge, reasoning knowledge,
or assimilative knowledge, knowledge has been defined in
multiple ways (29). Davenport defines knowledge as

information combined with experience, context, interpretation,
and reflection. It is a high-value form of information that is
ready to apply to decisions and actions” (35). As a result, we
have to accept multiple knowledge spaces to represent the
same real-world system. When representing reality according
to the theory of knowledge or cognitive theory, we have to
advance the cognition/sense-perception of reality toward its
conceptualization (36). Doerner describes domain knowledge
as reproducible and reliable models of a domain, repeatable

formulated and justified in the discourse domain (discipline)
by domain experts using their domain-specific methodologies,
terminologies, and ontologies (37). A domain model represents
that domain’s perspective on reality to facilitate reasoning,
inferring, or drawing conclusions. It formally describes objects,
properties, relations, and interactions of a domain, enabling
rational and active business in the represented domain.
One important methodology to resolve the aforementioned
knowledge representation problem is using domain-specific
ontologies to formally represent the knowledge or concepts of
each of the domains involved.

When conceptually modeling ecosystems, three levels
of knowledge representation must be distinguished and
consecutively processed: (a) epistemological level (domain-
specific modeling), (b) notation level (formalization, concept
representation), and (c) processing level (computational,
implementations) (37). While the epistemological level of
domain-specific modeling has been discussed so far, we will now
focus on the concept of representation and formalization of the
transformed health and social care ecosystem. The processing
level will be considered in the Chapter “Modeling digital health
systems” in this volume.

At the notation level, we need a formal knowledge/concept
representation that is able to bridge between different

Domainn

Domain 2 ' =

Domain 1

Business \4
Enterprise VP
Information VP

FIGURE 7 | The GCM model and framework.

System Component Composition

System Viewpoin{

Computational VP
Engineering VP
Technology VP
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domain-specific formal languages by uniformly representing
concepts and relations of their elements. This can be done by
generalizing the different ontological commitments required
for those languages, i.e., the types of, and the relations between,
things that the elements of the language represent (38). In
model-based engineering, the Concept Representation Language
has been developed to meet this challenge (38).

In the recent past, formal logic has moved from its traditional
disciplines of philosophy and mathematics to disciplines, such
as computer science, cognitive science, artificial intelligence,
linguistics, and several more. 25 years ago already, we developed a
similar approach, not limited to ICT systems but appropriate for
multidisciplinary health ecosystems, using universal type theory,
originally introduced in the early years of the last century (39),
and universal logics to represent any system in the universe.
In mathematics, logic, and computer science, a type system is
a formal system in which every term has a “type” that defines
its meaning and the operations that may be performed on it
(40). The advantage of type theory vs. set theory is the type
theory’s property of a formal language and its computability.
Furthermore, it allows for the representation of any system and
the relationships of its components in just one notation layer
similar to the object-oriented paradigm. Both representations of

the body of mathematics can be transformed into each other (41).
To compare and integrate type systems, Barendregt has specified
the Barendregt Cube as the combination of eight important
type systems presented in a uniform way (39). For adapting
other practical type systems, allowing for the grouping of sets
belonging, e.g., to one domain or subsystem, the Barendregt
Cube has been advanced to the Barendregt Cube with parameters,
presented in Figure 4 (42).

The mathematical language of the Universal Type Theory
and its representation by a Parameterized Barendregt Cube
provides a proper solution for those challenges enabling to
represent any formal language or informal language. To allow
for the implementation of the system model for a given
harmonization challenge, it might be required to go back to the
most comprehensive description mode. However, for most of
the scenarios, a simplified approach for representing the existing
models and standards is sufficient.

For advanced interoperability of a complex, multi-disciplinary
system with multiple actors performing at different skill
levels, domain-specific components providing domain-specific
perspectives on the system, represented using terms, concepts,
and relationships of those ontologies of the domains must
be structurally and functionally interlinked correctly according
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to the real-world system architecture. For that reason, an
abstract and generic architectural model is needed that allows
to represent any real-world system in any context, ie., for
any objectives, properties, perspectives, or interests bound to
the considered business case and its processes. Furthermore,
the definition and deployment of ontologies must be advanced
through an architectural consideration of the real-world system
represented to place and interrelate the ontological concepts
correctly. This allows for the correct and consistent integration
of different concepts of ontologies and avoids incorrect
relations/equivalences of concepts provided by different domain
ontologies for specific real-world elements (see also Figure 7).
The same holds also for concept representations/models in the
ICT viewpoints. As they lack contextual and implicit knowledge,
simply mapping ICT concepts and models provided for different
domains without considering the related granularity levels and
specific contexts, unfortunately frequently practiced, is error-
prone, can lead to wrong decisions and life-threatening actions.
According to ISO 21838 (43), a domain is a collection
of entities of interest to a certain community or discipline.
Consequently, a domain in our approach covers specific
knowledge spaces, which could be the knowledge space
of a discipline or the knowledge space of an individual
actor/principal. The domain ontology of the latter is not a

widely agreed one, but an individual ontology. The provided
ontology harmonization enables meaningful communication
between specialized health professionals, frequently talking, e.g.,
in Latin, and laymen, using street languages (44). Meanwhile, first
steps for overcoming those limitations in the ontology ecosystem
by enhancing it with an architectural framework have been
performed (45-47). To meet the aforementioned challenge, the
mathematical representation of the Barendregt Cube has been
combined with the approach of the engineering discipline of
systems theory. The advantage of a systems theory approach is
due to the essence of systems engineering as follows: A system
groups structurally and/or functionally interrelated components,
which are separated from the environment by system boundaries.
Systems can be recursively defined by composing (aggregating)
them to super-systems or decomposing (specializing) them to
sub-systems. As systems interact with their environment, sub-
systems interact with each other and with the super-systems they
belong to. The challenge is to represent the architecture of a
system of systems structurally and functionally. For that purpose,
domain-specific epistemological models must be generalized by
transforming them into a universal knowledge representation
(KR) notation, which has to be validated on the real-world
system and thereafter adopted, if needed (37). Meanwhile, the
approach is internationally acknowledged as ISO 23903:2021
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FIGURE 9 | Interoperability mediated by the GCM reference architecture.
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“Interoperability and Integration Reference Architecture - Model
and Framework” (48), standardizing the Generic Component
Model (GCM) (49-53). It presents any real-world system using
three dimensions (Figure 5):

a) the decomposition (composition) of the system in (of) its
components (subcomponents), etc. (Figure 6);

b) the perspectives or the aspects of that system, represented by
the domains addressing those perspectives/aspects, using the
domain-specific ontologies (Figure 6);

c) the evolution of the system, in the context of digital health, the
development process of implementing the system in an ICT
environment following, but extending, the ISO 10746 ODP-
RM (54) or the Rational Unified Process (55), respectively.

The GCM is a top-level architectural model and framework of a
system of systems, formally describing the system components,
their functions, and interrelations structurally and behaviorally,
thereby representing specific aspects (domains) by related
subsystems. For each business case, the subsystem components,
their functions, and interrelations are instantiated by naming and
representing them using the specific ontologies of the domains
involved in that business case. For enabling this representation of
a real-world system by its ICT-independent domain ontologies,
the GCM provides a Business Viewpoint additionally to the

five ODP-RM viewpoints. For the other viewpoints, ISO 10746
defines ICT-specific languages and representation styles, such
as Business Process Modeling Language (BPML) and Business
Process Modeling Notation (BPMN) (56), the Unified Modeling
Language UML (57), or programming languages. For healthcare-
specific aspects, healthcare-specific ICT ontologies standardized
in ISO 13606 (58), ISO 12967 (59), ISO 13940 (60), openEHR
Archetypes (61), ISO 13972 (62) or the outcome of the HL7®
Clinical Information Modeling Initiative (CIMI) (63), and also
implementable specifications following the HL7® RIM ontology
(64), such as HL7®V3 (65), and nowadays HL7® FHIR®
resources (66, 67) are widely deployed.

As we can consistently model and compute only systems
of reasonable complexity, the system analysis or design has
to address partial systems when considering higher granularity
levels of the system in question. The architectural dimension
of system component composition/decomposition, combined
with the recursivity of the approach, allows for describing the
continuum of systems from elementary particles to the universe
in a generalized and standardized way. By considering just
that detail of the continuum needed for managing the business
objectives, like an amplifier glass magnifies just that part of the
continuum the glass focuses on, so that the aforementioned
complexity problem is overcome. At all levels of the complexity of

Domain Perspective

System’s Archi-
tectural Perspective

Service User Domain

1

A

/

Contextual Pol
_Service Policy Do

Policy Domain /

Service Provider
Domain 7

Business
Concepts

Relations
Networks

Aggregations

Details

Development
Process
Perspective

3
2
>

»

0

Q
£

o

>
[a1]

Enterprise View
Information View
Engineering View

Computational View

Technology View

FIGURE 10 | Architectural representation of the policy domain (A) and its specializations (B).

=
2
>
o
)
Q
£
@
S
a1]

Enterprise View
Information View
Engineering View
Technology View

Computational View

Frontiers in Medicine | www.frontiersin.org

12

March 2022 | Volume 9 | Article 802487


https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles

Blobel et al.

Health Systems Transformation Representation

the system, the GCM defines the same generic granularity levels:
business concepts, relations networks, aggregations, and details
(Figure 6). The business concepts represent the conceptual
domains of the system involved in the business case. The relations
networks represent the subdomains within each domain. The
aggregations level represents the services and concepts within
a subdomain. The details describe the actions/tasks making up
the services.

In the Business Viewpoint, the GCM domains are represented
by the use of domain-specific ontologies. However, in order
to ensure that all domain specific ontologies are consistently
organized and as far as possible are future proof, they all need
to be derived from an over-arching domain-neutral ontology
representing the architecture of a real-world system in question
from an abstract system-theoretical perspective. In that way,
the domain-specific ontologies representing the domain-specific
aspects of the system can be correctly and consistently integrated
(mapped, matched), nevertheless reflecting all the domain-
specific knowledge available. The resulting model can be easily
transformed into corresponding ICT concepts.

The GCM (or ISO 23903) framework describes how to
use the GCM in interoperability and integration settings.
For properly representing the structure and behavior of the
system, only components at the same granularity level can
be interrelated, thereby reflecting the constraints ruling the
interrelations of the components within (System Component
Composition/Decomposition Dimension) and between the
involved domains (System Domain Dimension) (as shown in
Figure 7). For mapping components at different architectural
granularity levels, they must be generalized or specialized first to
comply with the mandatory framework. The same holds also for
the systems development process through different viewpoints.

As demonstrated, the GCM can also be used to advance
basic sciences, such as the development and engineering of
domain-specific ontologies and their relations to other concept
representations. As aforementioned generic ontology, a top-level
ontology according to ISO/IEC 21838, following the Basic Formal
Ontology (BFO) from the Open Biological and Biomedical
Ontology (OBO) Foundry, should be deployed (43). Figure 8
presents the system of ontologies deploying the GCM.
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INTEROPERABILITY AND INTEGRATION IN
ECOSYSTEMS MEDIATED BY THE GCM
REFERENCE ARCHITECTURE

The solution for meeting the described business objectives
and challenges of the emerging health services paradigms and
overcoming the aforementioned problems is the definition
of a formally represented, system-oriented, ontology-based,
policy-driven reference architecture model, and framework
any component or domain-specific subsystem can adapt to.
Such an approach allows for mapping different knowledge
spaces, different representation styles, different maturity levels,
etc., thus providing not only interoperability between and
integration of different domains including different individual

skills levels, but also different specifications without prior
revision, thereby clearly qualifying it against solely ICT-level
interoperability and integration efforts. This way, it can design
and manage collaboration and cooperation of multidisciplinary
systems including living and non-living principals. For solving
ICT interoperability challenges, standard data interfaces or
application programming interfaces (API) have been specified
and implemented. While this approach was defining the structure
and semantics of data to be exchanged between independently
developed applications, in our solution, the structure and
behavior of a system and its representation have to be specified.
As the data and related applications in the information
exchange paradigm remained unchanged, the existing models
and standards remain unchanged in the interoperability and
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integration approach of the comprehensive systems as well.
The domain-specific subsystems to be integrated have just to
be re-engineered once by correctly placing, representing, and
interrelating their components in the GCM model according
to the GCM framework to allow for interoperability- and
integration-enabling harmonization (Figure 9) (48).

Thereby, constraining relationships have to be defined in
a formalized way when not yet specified in the underlying
ontologies deployed. For specific-use cases and specific models,
it might be necessary that the model to be integrated must be
refined to represent all the required GCM components.

A special domain is the policy domain, ruling and
constraining the relations between the subsystems, thereby
controlling the behavior of the system and also impacting its
acceptance and usability. According to ISO 22600:2014 (68),
a policy is a set of legal, political, organizational, functional,
and technical obligations for communication and cooperation.
The policy domain must be refined into policy-subdomains
deploying specific ontologies. Among others, not only the
individual’s expectations and wishes (customer/user policy
domain), security, privacy, trustworthiness, but also the ethical
and legal concept spaces (contextual policy domain), and
procedural requirements, such as the best medical practices
(service policy domain), have to be mentioned here (Figure 10).

PRACTICAL DEPLOYMENT OF THE GCM
MODEL AND FRAMEWORK

The GCM model and framework according to ISO 23903 has
been widely implemented to enable interoperability between,
and integration of, models, standards and solutions mainly in

the health and social care domain. Some examples are shortly
introduced as follows.

Based on the higher-level protocol specification of the
University of California at San Francisco (UCSF), the globally
most important data exchange standard in health settings,
referring to Level 7 of the ISO/OSI protocol, is the Health Level 7
(HL7) standard HL7 v1, released in 1987 in the USA for testing,
followed by HL7 v2.x for production in 1990 (64). Both standards
define ad hoc specifications of data elements, data types, and
messages implemented to exchange administrative, financial,
and clinical information in the form of text messages. The ad
hoc approach was advanced to the conceptual, model-driven
approach of HL7 V3 with its HL7 V3 Development Framework
(HDF) and its health information ontology defined in the HL7
Reference Information Model (RIM), standardized in ISO/HL7
21731 (63). For easing or even enabling the integration, both still
applied specifications have to be architecturally and conceptually
re-engineered, as demonstrated in Figure 11 (69-71).

Another example is the automated development of
interoperable Web services for Type 2 Diabetes (T2D) Care
Settings including primary, secondary, and tertiary care,
home care and self-engagement, dieticians, etc., based on the
standardized approach (72-75) (Figure 12).

Many standards are dedicated to a specific topic or
subdomain, such as technical specifications (devices,
components) or specific technologies. Healthcare is by
nature, interdisciplinary. This especially counts not only
for security and privacy issues considering legal, social, ethical,
and procedural issues, but also for individual perceptions,
wishes, and expectations. Therefore, the GCM approach was
first deployed in security and privacy standards for health,
such as I1SO 22600, ISO 21298 (76), or the HL7® Composite
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Security and Privacy Domain Analysis Model (77), recently
replaced by the HL7/ANSI Security and Privacy Logical
Data Model (78), and also in standards integrating security
and privacy aspects in their solution, such as ISO 13606
(Figure 13).

The turn to transformed health and social care ecosystems
and related standards increasingly required integrating
work products from different Standards Developing
Organizations (SDOs). This fact on the one side and the
establishment of ISO 23903 on the other side resulted
in the inclusion of the GCM model and framework in
most of the ISO/TC 215 Health Informatics standards
addressing more than one sub-domain for meeting their
challenges. The latter is exemplified with the harmonization
of concepts from ISO 12967 (HISA) and ISO 13940 (Contsys)
(Figure 14).

An example of using the GCM for ontology management

to ensure semantic interoperability between different
EHR systems is demonstrated in the study by Adel
etal. (79).

PRACTICAL USE OF THE GCM MODEL
AND FRAMEWORK IN THE INFORMATION
MODELING PROCESS

Figure 11 exemplifies the different information objects that
are used within two example communication standards.

According to the methodology provided by the GCM
framework, relationships can only be established -either
horizontally or vertically, but not in a diagonal direction
(Figure 15).

Following the GCM framework, we can only instantiate a
GCM architecture for domains and components contributing
to the considered business system use case. Therefore, we
can only interrelate model or specification components that
have a dedicated and semantically clear relationship. For
communication standards, this mechanism can be used to map
them as ICT ontology to an application domain (ontology),
and therefore bridge them accordingly. Of course, because
of the diverse semantics of the objects, this cannot be
done directly but with the help of a mediator domain. In
Figure 16, ACGT, the Advancing Clinico-Genomic Clinical
Trials on Cancer Master Ontology is used for this purpose
(71), but other application domain ontologies would work
as well.

From a practical perspective, information modeling starts
with platform-independent domain-specific information models,
ideally facilitating BPMN or other formal languages, which
are supported by graphical representations (tools) to help
with an understanding by domain specialists. In a second
step, such a model can be converted into an ontology-based
representation form that allows for computational support to
check consistency or completeness. Once that is in place, a
correct bridging, either manually or semi-supported by tools,
can start.
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FIGURE 16 | Bridging different domains with the help of a mediator domain (71).
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An important aspect is an alignment with a formal ontology
like BFO. This ensures that wrong mappings can be detected
by reasoners. For example, a mapping from an event to
observation can be brought forward for manual inspection.
Completeness, a second aspect, can be verified in this way
as well.

Table 4 compares the different modeling paradigms.

DISCUSSION AND CONCLUSION

Collaboration is a challenge to meeting business objectives,
and interoperability is a vital capability to achieving such
collaboration. Therefore, it is not first a matter of the
ICT domain, but one of the user domain. Interoperability
requires sharing of knowledge and skills, which should be
built on a hierarchical system of ontologies. Multi-disciplinary
interoperability solutions interrelating life sciences, natural
sciences, technology, legal and social sciences, etc., require
an architecture-centric systems approach to the domains of
discourse represented by their ontologies, thus enabling the
formalization of representation and integration of the systems
including correct ontology mapping. Based on the mathematical
representation of the universe using the Universal Type Theory
in combination with system-theoretical approaches, the GCM
has been developed in the nineties and evolved to a reference
architecture model. It not only allows for harmonizing/mapping
of models and standards without requiring their revision
or change, but also helps in understanding how, where,
and why diverse specifications are different, or what their
advantages/disadvantages are. So, not only just different
specifications but also different versions of one specific
specification or standard can be mapped. The approach enables
both the analysis and design of complex, multi-disciplinary
(multi-domain) systems, thereby meeting the challenges of
advanced organizational, methodological, and technological
paradigms for health and social services delivery (80).

The system-oriented, architecture-centric, ontology-based,
policy-driven approach to transforming health and social care
ecosystems integrates different domains and communities,
thereby bridging the gap between different languages,
representation styles, and skills. Therefore, the solution is
foundational for managing our increasingly complex and
dynamic reality, possibly helping to stop endless and fruitless
discussions about why one specification should be preferred
above the other. The approach presented in this paper, has
been exemplified for health and social care, but can naturally be
deployed in any other domains.

The aforementioned technologies and domain challenges will
be addressed in specific papers in this volume, dedicated to
those aspects.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included
in the article. Further inquiries can be directed to the
corresponding author.

Frontiers in Medicine | www.frontiersin.org 18

March 2022 | Volume 9 | Article 802487


https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles

Blobel et al.

Health Systems Transformation Representation

AUTHOR CONTRIBUTIONS

BB planned and designed the paper and authored its major part.
FO authored the section “Practical Use of the GCM Model and
Framework in the Information Modeling Process”. All authors
contributed to the article and approved the submitted version.

REFERENCES

1. Blobel B. Challenges and solutions for designing and managing phealth
ecosystems. Front Med. (2019) 6:83. doi: 10.3389/fmed.2019.00083

2. Gates L. Why the Internet of Medical Things Is the Future of Healthcare. Tempe,
AZ: Insight Enterprises Inc. (2021).

3. Menezes L. What is Holistic Medicine? Florida Medical Clinic Blog. (2020).
Available online at: https://www.floridamedicalclinic.com (accessed October
20, 2021).

4. Scurfield A. The Power of Technology in Preventative Care. Congleton: Health
Europa (2021).

5. Lindahl S. Marincola F. Translational Medicine. Encyclopedia Britannica.
Available online at: https://www.britannica.com (accessed October 20, 2021).

6. Aronson SJ, Rehm HL. Building the foundation for genomics in precision
medicine. Nature. (2015) 526:336-42. doi: 10.1038/nature15816

7. Zeggini E, Gloyn AL, Barton AC, Wain LV. Translational genomics and
precision medicine - moving from the lab to the clinic. Science. (2019)
365:1409-13. doi: 10.1126/science.aax4588

8. Kapalla M. Healthcare information complexity and the role of informatics in
predictive, preventive and personalized medicine. In: Niederlag W, Lemke
HU, Rienhoft O, editors. Personalisierte Medizin ¢ Informationstechnology.
Dresden: Health Academy (2010). p. 83-108.

9. Medspace: Digital Health and Clinical Development - The Promise, Challenges
and Considerations for Integrating Wearable Biosensor Technologies into
Clinical Studies. Framingham, MA: Fierce Biotech (2021).

10. Pifer R. How Close Is Quantum Computing in Healthcare. (2021). Available
online at: https://www.healthcaredive.com (accessed October 20, 2021).

11. Lorenz W-D. Quantencomputer: Arbeitsgebiet personalisierte Medizin.
Krankenhaus. (2021) 4:35. Dietzenbach: Antares Computer Verlag GmbH.

12. Eck SH. Challenges in data storage and data management
in a clinical diagnostic setting. J Lab Med. (2018) 42:219-24.
doi: 10.1515/labmed-2018-0054

13. Snowdon A. HIMSS Defines Digital Health for the Global Healthcare Industry.
HIMSS Digital Health (2020). Available online at: https://www.himss.
org/news/himss- defines- digital-health-global- healthcare-industry (accessed
October 20, 2021).

14. Khoury M]J, Iademarco MEF Riley WT. Precision public health for
the era of precision medicine. Am ] Prev Med. (2016) 50:398-401.
doi: 10.1016/j.amepre.2015.08.031

15. Petrone J. MIT-Led Team Develops Genomics Platform to Support Heart
Disease Treatment Decisions. New York, NY: Genomeweb (2021).

16. Li X, Warren S, Pelekanou V, Wali V, Cesano A, Liu M, et al
Immune profiling of pre- and post-treatment breast cancer tissues from
the SWOG S0800 neoadjuvant trial. J Immunother Cancer. (2019) 7:88.
doi: 10.1186/540425-019-0563-7

17. IsoPlexis: Accelerating the Development of Curative Medicines with Functional
Immune Profiling. New Rochelle, NY: GEN Publishing (2021).

18. Su Y, Ko ME, Cheng H, Zhu R, Xue M, Wang J, et al. Multi-
omic single-cell snapshots reveal multiple independent trajectories to
drug tolerance in a melanoma cell line. Nat Commun. (2020) 11:2345.
doi: 10.1038/s41467-020-15956-9

19. Fu Y, Liu S, Zeng S, Shen H. From bench to bed: the tumor
immune microenvironment and current immunotherapeutic strategies
for hepatocellular carcinoma. J Exp Clin Cancer Res. (2019) 38:396.
doi: 10.1186/s13046-019-1396-4

20. Ginsburg GS, Phillips KA. precision medicine: from science to value. Health
Aff. (2018) 37:694-701. doi: 10.1377/hlthaff.2017.1624

ACKNOWLEDGMENTS

The authors are indebted not only to Mathias Brochhausen,
Little Rock, and Dipak Kalra, Brussels, but also
colleagues from ISO/TC215 for their valuable advice
and cooperation.

21. Aitken M, Nass D. Digital Health Trends 2021: Innovation, Evidence,
Regulation, and Adoption. IQVIA Institute, (2021). https://www.iqvia.com

22. Luppicini R (Ed.). Interdisciplinary Approaches to Digital Transformation and
Innovation. Hershey, PA: IGI Global book series Advances in E-Business
Research (AEBR) (2020). doi: 10.4018/978-1-7998-1879-3

23. Taylor LW, Williams SM, Yan JS, Dewey OS, Vitale F, Pasquali M. Washable,
Sewable, all-carbon electrodes and signal wires for electronic clothing. Nano
Lett. (2021) 21:7093-9. doi: 10.1021/acs.nanolett.1c01039

24. Boulos MNK, Zhang P. Digital twins: from personalised medicine to precision
public health. J Pers. Med. (2021) 11:745. doi: 10.3390/jpm11080745

25. Blobel B. Architectural approach to eHealth for enabling paradigm changes in
health. Methods Inf Med. (2010) 49:123-34. doi: 10.3414/ME9308

26. Niederlag W, Lemke HU, Rienhoff O. Personalized Medicine & Information
Technology (in German). Dresden: Health Academy (2010).

27. Blobel B. Translational medicine meets new technologies for enabling
personalized care. Stud Health Technol Inform. (2013) 189:8-23.
doi: 10.3233/978-1-61499-268-4-8

28. Blobel B, Ruotsalainen P, Lopez DM, Oemig F. Requirements and solutions
for personalized health systems. Stud Health Technol Inform. (2017) 237:3-21.

29. Blobel B, Ruotsalainen P, Oemig F. Why interoperability at data level is not
sufficient for enabling pHealth? Stud Health Technol Inform. (2020) 273:3-20.
doi: 10.3233/978-1-61499-761-0-3

30. Object Management Group, Inc. Available online at: http://www.omg.org
(accessed 10 December 2015).

31. Oemig E Blobel B. Natural Language processing supporting interoperability
in healthcare. In: Biemann C, Mehler A, editors. Text Mining - From Ontology
Learning to Automated Text Processing Applications, 137-156. Series Theory
and Applications of Natural Language Processing. Heidelberg: Springer-Verlag
GmbH (2014). doi: 10.1007/978-3-319-12655-5_7

32. Blobel B, Brochhausen M, Ruotsalainen P. Modeling the personal
health ecosystem. Stud Health Technol Inform. (2018) 249:3-16.
doi: 10.3233/978-1-61499-868-6-3

33. Blobel B, Oemig F. The importance of architectures for interoperability. Stud
Health Technol Inform. (2015) 211:18-56. doi: 10.3233/978-1-61499-516-6-18

34. Blobel B. Knowledge representation and management enabling intelligent
interoperability - principles and standards. Stud Health Technol Inform.
(2013) 186:3-21. doi: 10.3233/978-1-61499-240-0-3

35. Davenport TH, De Long DW, Beers MC. Successful Knowledge Management
Projects. Sloan Management Review. Winter. Boston, MA: ABI/INFORM
Global (1998). p. 43-57.

36. Quine WV. From Stimulus to science. Cambridge, MA: Harvard University
Press (1995). doi: 10.4159/9780674042476

37. Doerner H. Knowledge representation. ideas - aspects — formalisms. In:
Grabowski J, Jantke KP, Thiele H, editors. Foundations of Artificial Intelligence.
Berlin: Akademie-Verlag (1989).

38. Brown PC. A concept representation language (CRL). In: 12 IEEE
International Conference on Semantic Computing. Laguna Hills, CA: IEEE
(2018). doi: 10.1109/I1CSC.2018.00010

39. Kamareddine E Laan T, Nederpelt R. A Modern Perspective on Type Theory.
New York, NY: Kluwer Academic Publishers (2004).

40. Type Theory - Wikipedia. Available online at: https://en.wikipedia.org/wiki/
Type_theory (accessed October 20, 2021).

41. PMBookProject. Type Theory Versus Set Theory. Available online at: http://
planetmath.org/11typetheoryversussettheory (accessed October 20, 2021).

42. Bloe R, Kamareddine F, Nederpelt R. The barendregt cube with
definitions and generalized reduction. Inform Comput. (1996) 126:123-43.
doi: 10.1006/inc0.1996.0041

Frontiers in Medicine | www.frontiersin.org

March 2022 | Volume 9 | Article 802487


https://doi.org/10.3389/fmed.2019.00083
https://www.floridamedicalclinic.com
https://www.britannica.com
https://doi.org/10.1038/nature15816
https://doi.org/10.1126/science.aax4588
https://www.healthcaredive.com
https://doi.org/10.1515/labmed-2018-0054
https://www.himss.org/news/himss-defines-digital-health-global-healthcare-industry
https://www.himss.org/news/himss-defines-digital-health-global-healthcare-industry
https://doi.org/10.1016/j.amepre.2015.08.031
https://doi.org/10.1186/s40425-019-0563-7
https://doi.org/10.1038/s41467-020-15956-9
https://doi.org/10.1186/s13046-019-1396-4
https://doi.org/10.1377/hlthaff.2017.1624
https://www.iqvia.com
https://doi.org/10.4018/978-1-7998-1879-3
https://doi.org/10.1021/acs.nanolett.1c01039
https://doi.org/10.3390/jpm11080745
https://doi.org/10.3414/ME9308
https://doi.org/10.3233/978-1-61499-268-4-8
https://doi.org/10.3233/978-1-61499-761-0-3
http://www.omg.org
https://doi.org/10.1007/978-3-319-12655-5_7
https://doi.org/10.3233/978-1-61499-868-6-3
https://doi.org/10.3233/978-1-61499-516-6-18
https://doi.org/10.3233/978-1-61499-240-0-3
https://doi.org/10.4159/9780674042476
https://doi.org/10.1109/ICSC.2018.00010
https://en.wikipedia.org/wiki/Type_theory
https://en.wikipedia.org/wiki/Type_theory
http://planetmath.org/11typetheoryversussettheory
http://planetmath.org/11typetheoryversussettheory
https://doi.org/10.1006/inco.1996.0041
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles

Blobel et al.

Health Systems Transformation Representation

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

International Organisation for Standardisation. ISO/IEC 21838:2021
Information technology — Top-level ontologies (TLO). Geneva: ISO (2021).
Dou D, McDermott D, Qi P. (2005) Ontology translation on the semantic web.
In: Spaccapietra S, et al. editors. Journal on Data Semantics II. Lecture Notes
in Computer Science, Vol. 3360. Berlin, Heidelberg: Springer (2005). p. 35-57.
doi: 10.1007/978-3-540-30567-5_2

Brochhausen M, Blobel B. Architectural approach for providing
relations in biomedical terminologies and ontologies. Stud Health
Technol Inform. (2011). 169:739-43. doi: 10.3233/978-1-60750-80
6-9-739

Blobel B, Brochhausen M, Gonzalez C, Lopez DM, Oemig F.
A system-theoretical, architecture-based approach to  ontology
management. Stud Health  Technol Inform. (2012) 180:1087-9.
doi: 10.3233/978-1-61499-101-4-1087

Brochhausen M, Bona J, Blobel B. The role of axiomatically-rich ontologies
in transforming medical data to knowledge. Stud Health Technol Inform.
(2018) 249:38-49. doi: 10.3233/978-1-61499-868-6-38

International Organisation for Standardisation. ISO 23903:2021 Health
Informatics - Interoperability and Integration Reference Architecture - Model
and Framework. Geneva: ISO (2021).

Blobel B. Assessment of middleware concepts using a generic component
model. In: Proceedings of the Conference “Toward An Electronic Health Record
Europe ’97”. London: Newton: Medical Records Institute; (1997). p. 221-8.
Blobel B. Application of the component paradigm for analysis and design of
advanced health system architectures. Int ] Med Inform. (2000) 60:281-301.
doi: 10.1016/51386-5056(00)00104-0

Blobel B. Interoperable healthcare information system components for
continuity of care. Br ] Healthc Comput Inform Manag. (2003)
20:22-4.

Oemig E Blobel B. Harmonizing the semantics of technical terms by the
generic component model. Stud Health Technol Inform. (2010) 155:115-21.
doi: 10.3233/978-1-60750-563-1-115

Blobel B, Gonzalez C, Oemig F, Lopez DM, Nykinen P, Ruotsalainen P. The
role of architecture and ontology for interoperability. Stud Health Technol
Inform. (2010) 155:33-9. doi: 10.3233/978-1-60750-563-1-33

International ~Organisation for ISO/IEC  10746:2009
Information technology — Open Distributed Processing — Reference Model.
Geneva: ISO (2009).

Rational Software. Rational Unified Process — Best Practices for Software
Development Teams. Lexington: Rational Software (1998).

International Organisation for Standardisation. ISO/IEC 19510:2013
Information technology — Object Management Group Business Process Model
and Notation. Geneva: ISO (2013).

Object Management Group. Unified Modeling Language (UML). OMG,
Milford (2017). Available online at: www.omg.org/spec/UML (accessed
October 20, 2021).

International Organisation for Standardisation. ISO 13606:2019 Health
Informatics - Electronic Health Record Communication. Geneva: ISO (1998).
International Organisation for Standardisation. ISO 12967:2020 Health
informatics - Service architecture (HISA). Geneva: ISO (2020).

International Organisation for Standardisation. ISO 13940:2015 Health
Informatics — System of Concepts to Support Continuity of Care. Geneva:
ISO (2015).

openEHR Foundation. Available online at: www.openEHR.org (accessed 10
December 2015).

International Organisation for Standardisation. ISO 13972:2015 Health
Informatics - Detailed Clinical Models - Characteristics and Processes. Geneva:
ISO (2015).

HL7 International. Clinical Information Modeling Initiative (CIMI). Available
online at: https://www.hl7.org/Special/ Committees/cimi (accessed October
20, 2021).

International Organisation for Standardisation. ISO/HL7 21731:2014 Health
Informatics - HL7 version 3 - Reference Information Model - Release 4. Geneva:
SO (2014).

HL7 International. HL7 v2 Standards. Available online at: http://www.hl7.org/
implement/standards (accessed October 20, 2021).

Standardisation.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

HL7 International. FHIR Methodology Process. Available online at: https://
wiki.hl7.org/FHIR_Methodology_Process (accessed October 20, 2021).

HL7 International. HL7 Fast Healthcare Interoperability Resources (FHIR).
Available online at: http://www.hl7.org/fhir/ (accessed October 20, 2021).
International Organisation for Standardisation. ISO 22600:2014 Health
Informatics - Privilege Management and Access Control (Partl-3). Geneva:
ISO (2014).

Oemig F, Blobel B. A formal analysis of HL7 Version 2.x. Stud Health Technol
Inform. (2011) 169:704-8. doi: 10.3233/978-1-60750-806-9-704

Oemig F Blobel B. A communication standards ontology using basic
formal ontologies. Stud Health Technol Inform. (2010) 156:105-13.
doi: 10.3233/978-1-60750-565-5-105

Oemig F. Entwicklung einer ontologiebasierten Architektur zur Sicherung
semantischer  Interoperabilitit zwischen Kommunikationsstandards —im
Gesundheitswesen  (Inaugural-Dissertation). Regensburg,
Medizinische Fakultit, Regensburg, Germany (2011).

Uribe GA, Lépez DM, Blobel B. An architecture-centric and ontology-
based approach to cross-domain interoperability of health information
systems for diabetes care. In: Gallon AR, Garcia JCY, Ramirez-Gonzalez
G, editors. Memorias del VII Congreso Iberoamericano de Telemdtica
CITA2015. Popayan, Colombia: ResearchAndInnovationBook (2015).
p. 241-4.

Uribe GA, Blobel B, Lopez DM, Schulz S. A generic architecture for
an adaptive, interoperable and intelligent type 2 diabetes mellitus
care system. Stud Health Technol Inform. (2015) 211:121-31.
doi: 10.3233/978-1-61499-516-6-121

Uribe GA, Blobel B, Lopez DM, Ruiz AA. Specializing architectures
for the type 2 diabetes mellitus care use cases with a focus on
process management. Stud Health Technol Inform. (2015) 211:132-42.
doi: 10.3233/978-1-61499-516-6-132

Uribe G. An Architecture-Centric and Ontology-Based Approach to Cross-
Domain Interoperability of Health Information Systems for Diabetes Care
(PhD Thesis). University of Cauca, Electronics and Telecommunication
Engineering Faculty, Popayan, Colombia (2015).

International Organisation for Standardisation. ISO 21298:2017 Health
Informatics — Functional and Structural Roles. Geneva: ISO (2017).

HL7 International. HL7 Version 3 Domain Analysis Model: Composite Security
and Privacy, Release 1. Ann Arbor, MI.

HL7 International. ANSI/HL7 Privacy and Security Logical Data Model,
Release 1. Ann Arbor, ML

Adel E, El-Sappagh S, Elmody M, Bakarat S, Kwak KS. A fuzzy
ontological infrastructure for semantic interoperability in distributed
electronic health record. Intell Autom Soft Comput. (2020) 26:237-50.
doi: 10.31209/2019.100000151

Blobel B, Oemig F, Lopez DM. Why do we need and how can we realize
a multi-disciplinary approach to health informatics? Stud Health Technol
Inform. (2015) 210:100-4. doi: 10.3233/978-1-61499-512-8-100

Universitat

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated organizations, or those of

the publisher, the editors and the reviewers. Any product that may be evaluated in

this article, or claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.

Copyright © 2022 Blobel, Oemig, Ruotsalainen and Lopez. This is an open-access
article distributed under the terms of the Creative Commons Attribution License (CC
BY). The use, distribution or reproduction in other forums is permitted, provided
the original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with these
terms.

Frontiers in Medicine | www.frontiersin.org

March 2022 | Volume 9 | Article 802487


https://doi.org/10.1007/978-3-540-30567-5_2
https://doi.org/10.3233/978-1-60750-806-9-739
https://doi.org/10.3233/978-1-61499-101-4-1087
https://doi.org/10.3233/978-1-61499-868-6-38
https://doi.org/10.1016/S1386-5056(00)00104-0
https://doi.org/10.3233/978-1-60750-563-1-115
https://doi.org/10.3233/978-1-60750-563-1-33
http://www.omg.org/spec/
http://www.openEHR.org
https://www.hl7.org/Special/Committees/cimi
http://www.hl7.org/implement/standards
http://www.hl7.org/implement/standards
https://wiki.hl7.org/FHIR_Methodology_Process
https://wiki.hl7.org/FHIR_Methodology_Process
http://www.hl7.org/fhir/
https://doi.org/10.3233/978-1-60750-806-9-704
https://doi.org/10.3233/978-1-60750-565-5-105
https://doi.org/10.3233/978-1-61499-516-6-121
https://doi.org/10.3233/978-1-61499-516-6-132
https://doi.org/10.31209/2019.100000151
https://doi.org/10.3233/978-1-61499-512-8-100
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles

	Transformation of Health and Social Care Systems—An Interdisciplinary Approach Toward a Foundational Architecture
	Introduction
	Interoperability Challenge Under the New Organizational, Methodological, and Technological Paradigms
	Mastering the Knowledge Representation and Management Challenge in Multidisciplinary, Complex, and Dynamic Ecosystems
	Interoperability and Integration in Ecosystems Mediated by the GCM Reference Architecture
	Practical Deployment of the GCM Model and Framework
	Practical Use of the GCM Model and Framework in the Information Modeling Process
	Discussion and Conclusion
	Data Availability Statement
	Author Contributions
	Acknowledgments
	References


