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Abstract
Healthcare is increasingly dependent on digital innovations, yet translating
these innovations into clinical practice remains challenging. This thesis inves-
tigates how a Digital Health Sandbox can be designed and implemented to
support the transition from promising ideas towards clinical implementation.
Following a Design Science Research-inspired approach, the work combines lit-
erature studies, triple-helix collaborations, and iterative implementation work.

The research began with a protocol and subsequent scoping review of In-
ternet of Medical Things (IoMT) platforms for home and prehospital care
(Papers A–B), revealing a heterogeneous landscape of technologies and stan-
dards, with limited support for higher levels of interoperability. A study of
health information system procurement (Paper C) identified six recurring chal-
lenges in specifying interoperability requirements. Together with challenges
encountered during practical implementation and AI integration work (Papers
E–F), and emerging regulatory requirements, these findings revealed the need
for a controlled testing environment. Together, these findings informed the
development of a testing environment (Paper D and G).

Building on this work, the central contribution of this thesis is the design
and implementation of Virtuality – Virtual Care Process Simulator, a process-
oriented simulation environment built around a modular and interoperable
architecture. The architecture combines a Scenario Engine for configuring
simulations with reusable Building Blocks representing data providers, ser-
vices, and user-facing applications (consumers). Through standardized inter-
faces, explicit data contracts, and validation mechanisms, these components
can be connected into executable simulation pipelines that represent complex
healthcare processes. Virtuality’s separation of build-time and run-time envi-
ronments supports both the creation and execution of simulation scenarios.

The architecture’s applicability was explored through two healthcare use
cases involving AI-based trauma triage and stroke assessment. Together, these
contributions establish a foundation for testing digital health innovations be-
fore clinical deployment, with the potential to support safer AI integration,
greater end-user involvement, and ultimately better patient care.

Keywords: Digital Health Sandbox, Healthcare Interoperability, Clinical
Decision Support, Artificial Intelligence, HL7 FHIR, Simulation Environment,
Medical Informatics.
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Overview
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Preface

During my first year as a PhD student, I came across several memes about
interoperability that I found both funny and unexpectedly insightful (Figure
1). It was not until later that I realized they had captured something that
would become central throughout my research: although interoperability is
widely recognized as important, it is often difficult to define precisely and even
harder to achieve in practice. These memes were later used in my teaching in
digital health at Chalmers.

To better understand interoperability and what it means in practice, I like
to think of the well-known telephone game. In the game, a message is passed
(often whispered) from one person to another. Due to various reasons, such
as mishearing, misinterpretation, or simply poor memory, the message often
changes along the way. By the time it reaches the final person, the initial
meaning of the message may have been distorted, altered, or even completely
lost. From a purely technical perspective, communication was successful.
However, from a practical perspective, one could probably question whether
the communication really was successful or not.

Healthcare information systems (HIS) often behave in much the same way
as people in the telephone game. Data can be exchanged through various
mechanisms, while differences in systems’ internal data models, terminologies,
assumptions, and workflows still cause meaning to shift along the way. In other
words, successfully exchanging information does not necessarily mean that it

3



(a) The healthcare interoperability para-
dox: More digital health data and sys-
tems do not necessarily lead to bet-
ter information exchange or integrated
care. Illustration created by Mattias
Seth, 2026 using ChatGPT.

(b) The introduction of additional stan-
dards to address interoperability chal-
lenges can itself contribute to fur-
ther fragmentation. Source: Randall
Munroe, xkcd. Licensed under CC BY-
NC 2.5.

Figure 1: Illustrations of two recurring interoperability challenges in digital health.

has been correctly understood or can be meaningfully used.
This brings us to (one of many definitions of) interoperability, often defined

as the ability of different systems to exchange, interpret, and use informa-
tion in a standardized manner. Regardless of definition, interoperability is
a fundamental prerequisite for the effective use of healthcare data, enabling
information to flow across systems and organizational boundaries while sup-
porting coordinated care, clinical decision-making, and digital innovation.

Due to its importance, researchers, healthcare personnel, engineers, and
entrepreneurs continue to work towards ensuring that new digital health in-
novations are interoperable. Unfortunately, despite these efforts, many HIS
implementation initiatives continue to fail.

This dilemma shaped my PhD work: if interoperability is both important
for the successful use of digital technologies and, at the same time, highly
complex, how can we ensure that digital health innovations and research ideas
reach patients and clinicians, and that they provide the intended value?

Throughout my PhD, it became clear that existing tools could support
parts of the problem, but there seemed to be a missing component. At the
same time, regulatory bodies had been legislating and recognizing the need

4



for testing environments, so-called sandboxes, in which new innovations could
be studied in a more systematic and realistic way, without exposing any risks
to patients. This eventually led me to Virtuality - Virtual Care Process Simu-
lator. Rather than being developed from the start, Virtuality grew out of the
needs, insights, and practical hurdles I struggled with in research projects and
practical implementation work. Through my studies and projects, it became
clear that I’m not alone in thinking this. A virtual, digital, isolated testing
environment was requested by many others. In this thesis, I will guide you
through this journey: starting from trying to better understand interopera-
bility in order to improve decision precision for falls among the elderly, to
exploring how a Digital Health Sandbox might help make digital health in-
novations more testable, visible, and practically manageable. Hopefully, this
work can guide future sandbox development initiatives.
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CHAPTER 1

Thesis outline

This thesis is divided into two parts. Part I provides an overview of the
research and describes how the work evolved from early studies of health-
care interoperability, project outcomes, expertise within my research group
at Chalmers University of Technology, Care@Distance, triple-helix collabo-
rations and regulatory drivers, towards the design and implementation of a
Digital Health Sandbox.

Chapter 2 introduces the background, problem statement, research trajec-
tory, and the motivation for Digital Health Sandboxes. Thereafter, the aim
of the thesis and the research questions are presented.

Chapter 3 presents the conceptual and technical foundations of the thesis,
including healthcare interoperability, digital health infrastructures, interoper-
ability standards, and current approaches to testing and validation.

Chapter 4 describes the frameworks, concepts, research projects, and practi-
cal experiences that guided the research and gradually shaped the development
of Virtuality.

Chapter 5 presents the design and development of Virtuality, from the ini-
tial prototype and system requirements to the architectural synthesis of the
platform and its validation mechanisms.
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Chapter 1 Thesis outline

Chapter 6 demonstrates how Virtuality can be applied through two repre-
sentative healthcare use cases.

Chapter 7 explains how the included studies relate to one another and
how they collectively contributed to the evolution of the research and the
development of Virtuality.

Chapter 8 summarizes the scientific papers included in the thesis and high-
lights their individual contributions.

Finally, Chapter 9 synthesizes the findings of the thesis by answering the
research questions, discussing the overall contributions, limitations, and im-
plications of the work, and concluding with final remarks and future research
directions.

Part II contains the seven scientific papers upon which this thesis is based.
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CHAPTER 2

Introduction

“While it’s relatively straightforward to edit a software component
or replace one element with another, it’s nowhere near as easy to
change an organization.”

— George Westerman

2.1 Background
Healthcare systems are under growing pressure to deliver high-quality care
under increasingly difficult conditions [1]. Aging populations, multimorbidity,
constrained resources, and rising expectations on accessibility and efficiency
are driving the need for digital solutions that can support care delivery across
all healthcare domains [2]. In parallel, advances in areas such as remote patient
monitoring (RPM), sensor technologies, artificial intelligence (AI), and clinical
decision support systems (CDSSs) have expanded the range of available tools,
with the potential to improve care delivery and support more efficient use of
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Chapter 2 Introduction

limited resources [3].
However, despite technical progress and a growing number of scientific con-

tributions, transition from promising prototype to a clinically ready product
remains difficult. Many digital health innovations never progress beyond re-
search and pilot stage, and those that do are frequently associated with ma-
jor problems [4], [5]. Solutions that perform well in controlled and isolated
environments, may fail when introduced into real healthcare settings, not
necessarily because the technology is ineffective, but because successful im-
plementation requires more than technical functionality [6]. Factors including
interoperability, healthcare workflows, regulatory compliance, security, trust
and clinical acceptance are equally important [7].

Some of these challenges have been highlighted through several failed inter-
operability and implementation projects surrounding large-scale health infor-
mation systems (HIS) [8]. Although standards, frameworks, and interoperabil-
ity initiatives have expanded the options available to support these processes,
similar projects continue to fail [9]. Questions therefore remain: how can
innovations be tested, validated, and refined before they are introduced in
healthcare?

2.2 Problem Statement
Over the past decade, healthcare has seen rapid growth in digital innovations
aimed at improving care delivery [10]. More recently, this development has
been further accelerated by the emergence of AI-powered development envi-
ronments, cloud infrastructure, and various digital services, which together
make it possible to translate ideas into functional prototypes faster than ever
before [11], [12], even for users without advanced technical expertise. In this
sense, some of the constraints that historically shaped software development,
such as slower development and release cycles, rigid system boundaries, expen-
sive and limited processing power have become less dominant. In principle,
this creates new opportunities for multidisciplinary teams to explore and de-
velop clinically relevant digital health solutions. However, while these tools
accelerate innovation, they do not remove the need to ensure that resulting
solutions can be integrated, validated, and safely used in complex health-
care environments. Nor do they guarantee that innovations, such as AI-based
CDSS [13], become practically usable, clinically meaningful, and available be-
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2.2 Problem Statement

yond the research or prototype stage [7].
However, achieving this is not trivial. The path from an initial idea to a clin-

ically validated product is long and involves a wide range of steps. In many
cases, these steps are becoming increasingly difficult to navigate, placing a
growing burden on researchers, developers, and entrepreneurs. One reason to
this is due to the evolving European regulatory and policy landscape, includ-
ing the European Health Data Space (EHDS), the European Union AI Act,
and the Medical Device Regulation (MDR). Together, these frameworks rein-
force the importance of trustworthy data use, interoperability, accountability,
clinical safety, and evidence for digital health technologies, particularly when
software and AI-based functionality are intended to support clinical decision-
making [14], [15]. Although the intent to protect patients is well intentioned,
these requirements intensify the need for systematic approaches to test, vali-
date, and evaluate digital innovations before they are introduced into routine
care.

This tension raises a practical and methodological question for digital health
research and innovation: how can cross-disciplinary teams take advantage of
the increasingly rapid pace of digital transformation and the opportunities it
creates, while simultaneously receiving the support needed to test and validate
innovations with the aim of bringing promising ideas closer to clinical practice?

Existing interoperability efforts and testing approaches do not fully ad-
dress this challenge. Traditional tools, such as conformance testing, standard
validation tools, and interface-level verification, remain important for assess-
ing certain aspects of technical adherence. However, such approaches do not
necessarily provide a means to evaluate how multiple components interact
within a realistic healthcare workflow, how data are transformed and inter-
preted across heterogeneous systems, or how digital innovations (and its users)
behave when introduced into a broader clinical process. As a result, there re-
mains a gap between the rapid creation of digital health prototypes and the
ability to systematically evaluate whether those solutions actually bring any
real clinical value.

This thesis addresses that gap by investigating how a Digital Health Sand-
box can be designed to bridge this gap. More specifically, the thesis con-
tributes the development of Virtuality- Virtual Care Process Simulator, a
web-based simulation environment intended to enable controlled yet realistic
testing and validation of digital healthcare solutions.
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2.3 From innovation to safe implementation
The problem outlined above is not only how to develop digital innovations,
but how to progress them toward clinical implementation. In digital health re-
search, technical feasibility and scientific publication are important milestones.
They do not, however, answer whether an innovation can create meaningful
value in clinical practice. Between a functioning prototype and a clinically
usable solution lies a translational phase with several challenges, including
access to high-quality data, dependencies on external systems and vendors,
interoperability with surrounding legacy Information Technology (IT) infras-
tructures, workflow integration, long-term maintenance, intellectual property
(IP), clinical utility, and regulatory readiness.

Within the Care@Distance research group at Chalmers University of Tech-
nology, these challenges repeatedly emerged across several triple-helix projects,
involving academia, industry and the public sector. It became clear that a
successful prototype or validated AI algorithm was only one part of the jour-
ney (or rather the very beginning of that journey). A central issue was not
only whether an innovation worked, but whether it could be matured into
something meaningful and sustainable in a real healthcare setting?

These observations contributed to the development of several frameworks
within the research group, including VIPHS (Verified Innovation Process for
Healthcare Solutions) [16], MAIN (Model for AI Utilization), and ASAP
(Acute Support Assessment and Prioritizing). Although these frameworks
are developed in different project contexts, they share a common concern in-
volving how digital health innovations can progress beyond isolated technical
results through staged validation, interdisciplinary collaboration, and atten-
tion to implementation conditions. Together, they form an important concep-
tual foundation for this thesis. The frameworks that informed my research
are described in more detail in Chapter 4.

2.4 Research Trajectory
Although this thesis is mainly based on Virtuality, my research did not begin
with the ambition of designing a Digital Health Sandbox (Figure 2.1). In-
stead, my initial work focused on interoperable Internet of Medical Things
(IoMT) solutions for home and prehospital care, together with practical im-
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plementation projects within the Care@Distance research group.

Figure 2.1: The trajectory of this project began with an attempt to better un-
derstand interoperability in order to develop an Internet of Medical
Things (IoMT) platform. However, as the research progressed, new
insights and practical implementation challenges emerged, gradually
shifting the focus of the project. (Created with ChatGPT, 2026)

During these first projects, several recurring challenges became apparent.
While interoperability between systems proved more difficult than expected,
additional obstacles also emerged, including limited access to realistic health-
care data, dependence on third-party platforms, devices and applications, and
the lack of environments where digital innovations could be tested before de-
ployment. These observations gradually shifted the focus of the research from
developing individual digital health applications towards investigating how
such innovations could be developed, integrated, tested, and evaluated more
systematically.

Figure 2.1 illustrates this evolution. The figure should not be interpreted
as a predefined research plan, but rather as a reflection of how the direction
of the thesis was shaped.
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2.5 Why Digital Health Sandboxes Matter
Innovation in many sectors depends on environments in which new technolo-
gies, workflows, and practices can be explored before they are introduced into
routine use. In healthcare, this principle is already well established through
simulation-based training, where controlled environments are used to support
learning, repeated practice, and experimentation without exposing patients
to unnecessary risk [17]. More broadly, such environments serve an important
translational role by allowing innovations to be developed, tested, refined, and
assessed before they are implemented in real-world care settings.

These environments can take different forms depending on their purpose,
level of realism, and position in the innovation process [18]. Common examples
include laboratory environments, simulation environments, test beds, living
labs, and sandboxes (Figure 2.2).

Figure 2.2: Different types of testing environments. Sandboxes are often positioned
later in the innovation process than early laboratory work and are
intended to provide a bounded space in which technologies, services, or
workflows can be explored and evaluated before wider implementation.
Adapted from Leckenby et al. [18].
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Although these concepts overlap to some extent, they differ in terms of
what functionality they are designed to provide, the degree of realism they
provide, the extent of end-user involvement, and the type of evidence or learn-
ing they are intended to generate [18]. Some primarily support technical as-
pects under tightly controlled conditions (e.g., laboratory environments and
certain test beds), whereas others emphasize workflow realism (e.g., simula-
tion environments), organizational learning and co-creation (e.g., living labs),
or experimentation in near-real-world settings (e.g., sandboxes).

Among these different forms of testing environments, the concept of the
sandbox has become increasingly prominent, not least in relation to the gover-
nance of digital and AI-based innovations. This growing relevance is reflected
in the regulatory landscape, where the European Union, through the AI Act,
mandates all Member States to ensure that at least one AI regulatory sand-
box is established at national level and operational by 2 August 2026 [14].
Although this deadline has now passed, it remains unclear how many Member
States have fulfilled this requirement.

In the regulatory context, a sandbox is typically understood as a controlled
environment in which innovative products, services, or business models can
be tested under defined conditions and regulatory oversight [19]. Impor-
tantly, the sandbox concept does not refer only to the act of testing itself.
It also encompasses the surrounding structures needed to make such testing
meaningful and responsible, including planning, stakeholder engagement, risk
management, data collection, monitoring, evaluation, and learning from the
experiment [19]. In other words, a sandbox should not only be seen as a tech-
nical setup, but rather as an organized framework for experimentation and
knowledge generation.

However, the sandbox concept used in this thesis differs somewhat from its
dominant regulatory interpretation. While the characteristics described by
the Organisation for Economic Co-operation and Development (OECD) [19]
remain highly relevant, the challenge addressed in this thesis is not primarily
one of regulatory flexibility or supervised market preparation. Rather, it
concerns how digital health innovations can be tested and validated in a way
that reflects the complexity of healthcare systems, with the ambition to move
ideas and innovations as close as possible to successful clinical implementation,
while keeping the end user involved throughout the process.

Accordingly, this thesis adopts a broader and more technical interpretation
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of the sandbox concept. In this sense, the sandbox is seen as a healthcare-
oriented testing environment that supports technical integration, simulation,
and coordinated evaluation of heterogeneous components, including applica-
tions, AI models, medical devices, data sources, scenario definitions, and user-
facing interfaces. It also needs to accommodate practical concerns that are
central to healthcare innovation, such as data management, confidentiality,
traceability, and intellectual property.

However, despite growing interest in sandbox-oriented approaches, there is
still limited knowledge about how such environments should be designed and
implemented in practice [20]. This thesis therefore addresses not only the need
for such an environment, but also how it can be structured and developed.
This is where the Virtuality - Virtual Care Process Simulator comes in.

Virtuality can be understood as a response to the challenges and gaps out-
lined in the preceding sections. Building upon research outcomes, ideas, ex-
pertise, and practical knowledge within the Care@Distance research team,
Virtuality has been developed to address these challenges and gaps.

A central ambition is to reduce the risk that promising innovations and ideas
remain as prototypes, pilot studies, or publications once a research project
ends, and instead create better conditions for them to progress toward clinical
use.

2.6 Thesis Aim and Research Questions
Given this background, the aim of this thesis is to investigate how digital
health innovations, particularly interoperable and AI-enabled CDSS, can be
systematically tested and validated prior to clinical deployment, and to con-
tribute the conceptual, architectural, and technical foundations of a Digital
Health Sandbox for such pre-deployment simulation and validation.

To address the aim of this thesis, the thesis is guided by one overarching
research question (RQ) and three secondary research questions (SQ1–SQ3).
Together, these questions form a sequential research process in which each
question builds upon the findings of the previous one and contributes towards
answering the overall research objective.

Throughout this thesis, Virtuality, Virtuality – Virtual Care Process Simu-
lator, and Digital Health Simulation Environment refer to the same platform.
The term Digital Health Sandbox (or simply sandbox) refers to the sandbox
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environment provided by Virtuality. Unless otherwise stated, the platform is
simply referred to as Virtuality. The following terminology is use throughout
this thesis:

• Virtuality, Virtuality – Virtual Care Process Simulator, and
Digital Health Simulation Environment refer to the same platform.
The term Digital Health Simulation Environment is used because
the research showed that supporting digital health innovation requires
functionality beyond a traditional sandbox.

• Digital Health Sandbox (or simply sandbox) refers to one of Vir-
tuality’s central capabilities, providing a controlled environment for de-
veloping, integrating, simulating, testing, and evaluating digital health
innovations.

• Simulation refers to the imitation of real-world healthcare processes
and events within a controlled environment. By reproducing relevant
clinical workflows, events, and interactions between digital systems, sim-
ulations enable digital health innovations to be tested and evaluated
under defined and realistic conditions before clinical deployment.

To summarize, the sandbox provides the controlled environment for experi-
mentation, while a simulation provides a means of representing and executing
healthcare scenarios within that environment. Virtuality combines these ca-
pabilities in a single platform.

Main Research Question
RQ: How can a Digital Health Sandbox be designed and imple-
mented to support the pre-deployment simulation, testing, and
validation of interoperable digital health innovations in health-
care?

To answer this overarching question, the thesis addresses three secondary
research questions:

SQ1. Understanding the problem space: What characterizes the current
landscape of digital health innovations and the interoperability-related
challenges that arise across their development, procurement, integration,
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and use in healthcare settings?
Addressed primarily in: (Paper A), Paper B, Paper C

SQ2. Deriving sandbox requirements and architecture: What design
requirements, architectural principles, and core components are needed
for a Digital Health Sandbox in which digital health innovations can
be integrated, simulated, tested, and evaluated prior to clinical deploy-
ment?
Addressed primarily in: Paper D, Paper E, Paper G
Contributing to: Paper C, Paper F

SQ3. Instantiation and evaluation: How can the identified requirements,
architectural principles, and interoperability mechanisms be instantiated
in a working Digital Health Sandbox, and how can such an environment
be demonstrated through realistic healthcare use cases?
Addressed primarily in: Paper G

Taken together, these questions reflect a sequential research process in which
the problem space is first characterized, then translated into architectural and
interoperability-related requirements, and finally instantiated and evaluated
through the development of Virtuality.
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CHAPTER 3

Interoperability and Digital Health Foundations

“Standards are good because you have so many to choose from.”

— Andrew Tanenbaum

This chapter introduces the conceptual and technical background needed
to understand the work presented in this thesis. The chapter does not aim
to provide a complete overview of all aspects of healthcare digitalization or
healthcare interoperability. Rather, it focuses on the concepts, challenges, and
technological foundations most relevant to the research problem addressed in
this thesis.

The chapter begins by outlining the complexity of contemporary health-
care information environments and the role of healthcare interoperability. It
then introduces key standards and architectural approaches relevant to digital
health innovation, and implementation-oriented interoperability efforts. Fi-
nally, the chapter reviews current approaches to interoperability testing and
validation, and discusses why these are often insufficient.
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3.1 Healthcare as a Complex Sociotechnical
Environment

Healthcare is a highly complex and regulated domain in which digital tech-
nologies must operate across organizational, technical, and clinical boundaries.
The Care delivery depends on the complex and coordinated interaction of
professionals, information systems, medical devices, administrative processes,
legal frameworks, and patient-facing services. Such complex environments,
where people, tasks, tools, technologies, the physical environment, and orga-
nizational structures interact, are referred to as socio-technical systems [21].
These socio-technical characteristics must be considered when developing dig-
ital innovations for healthcare.

A central challenge is that many of today’s healthcare IT systems were
developed for local or organization-specific purposes, and not designed to in-
teroperate with a broader digital ecosystem. Legacy electronic health records
(EHRs), laboratory systems, imaging systems, administrative systems, and
device platforms were often developed according to older design paradigms,
meaning that their internal architectures differs from the data models, inte-
gration mechanisms, terminology systems, and interfaces that are frequently
used today [22].

These discrepancies create challenges for the successful implementation of
digital health innovations. This is because successful implementation cannot
be reduced to whether an application or algorithm performs well in isolation.
It also depends on whether the innovation can exchange information with sur-
rounding systems, fit into existing clinical workflows, and be managed within
relevant regulatory, organizational, and technical constraints. For this reason,
interoperability is not merely a desirable technical feature in healthcare, but
a central prerequisite for digital innovation to function in practice [7].

3.2 Interoperability in Healthcare
Interoperability is commonly understood as the ability of various systems, de-
vices, applications, or organizations to exchange, interpret and use information
in a standardized way [23]. However, as discussed in previous sections, the
term is often regarded as a complex, multilayered concept, involving more
than technical aspects [24].
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As a result, several interoperability models have been proposed to describe
its different dimensions. Although the terminology varies across these models,
the overall principle is similar: successful interoperability requires more than
simply transmitting data from one system to another.

3.2.1 Technical, Syntactic, and Semantic Interoperability
Considering the rapid growth of health data over the years, interoperability
is not only essential for data exchange, but also a prerequisite for systems
and applications to also search, find, (re-)use and analyze data (FAIR Data
Principles) [25], [26]. In the development of AI applications, where access
to high-quality data is essential, the FAIR Data Principles are particularly
important.

Achieving these objectives, however, requires interoperability at several dif-
ferent levels. To illustrate these levels, various interoperability models are
used to divide the concept into different layers [24] (Figure 3.1). At the
most fundamental interoperability layer (or level), sometimes referred to as
technical or foundational layer, interoperability concerns the basic ability of
systems to connect and exchange data [23]. In modern healthcare systems,
this often involves Internet-based communication using protocols (rules for
how data should be sent and received) such as TCP/IP (Transmission Con-
trol Protocol/Internet Protocol).

However, even if two systems can communicate technically, they must still
agree on how data should be organized in order for it to be processed. This
level of interoperability is often called syntactic or structural interoperability
and include message formats, such as XML (eXtensible Markup Language) or
JSON (JavaScript Object Notation). Together with technical interoperabil-
ity, fulfilling these two layers enables receiving systems to parse and handle
incoming data in a predictable way [27].

To prevent systems from misinterpreting or misusing exchanged data, a
third layer of interoperability is required: semantic interoperability. This layer
addresses whether the receiving system interprets exchanged information in
the same way as the sending system intended. To achieve semantic interoper-
ability, systems need to adhere to shared information models, coding systems,
and terminology standards such as SNOMED CT (Systematized Nomencla-
ture of Medicine – Clinical Terms), LOINC (Logical Observation Identifiers
Names and Codes) and ICD (International Classification of Diseases).
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Figure 3.1: Example of a hierarchical interoperability model comprising three lay-
ers: foundational, structural, and semantic interoperability. Each
higher layer depends on the successful achievement of the preceding
lower layers (Created with GPT-5.6 Sol, 2026).

3.2.2 Beyond Technical Data Exchange

In healthcare, technical, syntactic, and semantic interoperability are necessary,
but they are rarely sufficient [23], [28], [29]. Digital systems are embedded
within care processes, professional routines, organizational structures, and
legal frameworks that often differ across healthcare domains [30]. Because
patients are likely to receive care from multiple institutions and across several
domains throughout their lives, it is essential that systems operating within
each domain are interoperable. For that reason, interoperability must also be
understood as an organizational, legal and workflow related concept.

This is often addressed through organizational [29] or legal [31] interopera-
bility layers, which concern how responsibilities, routines, coordination mech-
anisms, privacy legislation, and security requirements are aligned across actors
and institutions [28], [29], [31]. In some contexts, these broader dimensions
of interoperability are discussed in terms of cross-domain - or cross-border
interoperability [32], [33]. This broader view of interoperability is also increas-
ingly reflected in European initiatives aimed at enabling health data exchange
across national boundaries. Examples include the ongoing work on a Euro-
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pean Electronic Health Record Exchange Format (EEHRxF), which provides
common specifications for interoperable exchange of EHRs and has become
a key component of the European Health Data Space (EHDS) to support
cross-border exchange of health information [34], [35], [36]. These initiatives
are not only intended to improve data availability for healthcare delivery and
innovation, but also to strengthen the role of patients by making it easier for
individuals to access, share, and exercise greater control over their own health
data. Related efforts seen in the European Interoperability Framework (EIF)
further illustrate that interoperability is not only a technical concept [31].

Together, these perspectives are important in the present thesis, since the
challenge addressed here is not simply whether one system can send data
to another, or if the FAIR Data Principles are followed, but rather how these
insights can be used in practice to support development, testing and validation
of digital health innovations to support safe and meaningful clinical use.

3.3 Digital Health Infrastructures and the Internet
of Medical Things

With the outbreak of the COVID-19 pandemic in March 2020 [37], the need
for early detection, remote monitoring, quarantine support, social distancing
measures, and faster coordination of care became increasingly apparent [38].
At the same time, long-term demographic trends such as population ageing,
increasing multimorbidity, and a growing number of frail older adults living
with chronic conditions, have further highlighted the potential of sensor tech-
nologies and Internet of Medical Things (IoMT) solutions in healthcare [39].

The IoMT is commonly described as the healthcare-oriented extension of the
Internet of Things (IoT), comprising interconnected medical devices, sensors,
software, and communication infrastructure that operate in highly regulated
clinical environments [40].

From an interoperability perspective, IoMT environments are particularly
challenging (and in my opinion, interesting) because they involve heteroge-
neous data sources, varying communication mechanisms, different device ca-
pabilities, proprietary solutions, and multiple organizational actors. This cre-
ates both technical and organizational complexity, especially when sensitive
data must be aggregated, transformed, and reused in near real-time, across
multiple applications and care settings [41], [42]. To highlight these challenges,
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interoperability within this context is often defined using domain-specific in-
teroperability models 3.2.

Figure 3.2: Example of an interoperability model adopted to the IoMT context.
Adapted from Seth et al. [43], licensed under CC BY 4.0.

The studies included in this thesis emerged partly from this context. In
particular, the work on interoperable IoMT platforms in home care and pre-
hospital care in Paper A and B, highlighted the practical difficulty of selecting,
combining, and implementing standards and technologies across distributed
healthcare environments. These observations are an important part of the mo-
tivation for Virtuality as a Digital Health Sandbox, which further informed
which technologies, standards and tools were relevant for the platform to sup-
port and use.

3.4 Standards and Frameworks for Healthcare
Interoperability

A wide range of standards, frameworks, and implementation initiatives have
been developed to improve healthcare interoperability, including IoMT. Al-
though these efforts address different aspects of interoperability, they do not
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eliminate the practical challenges of designing interoperable digital health so-
lutions.

3.4.1 HL7 FHIR
Health Level Seven (HL7) Fast Healthcare Interoperability Resources (FHIR®)
has become one of the most widely adopted standards for health data ex-
change, with recent international surveys indicating growing adoption across
healthcare systems worldwide [44]. The development of FHIR began in 2011
and was first published as a Draft Standard for Trial Use in 2014 [45]. FHIR
was developed to support more flexible and web-oriented exchange of health-
care data by combining healthcare-specific information modeling with tech-
nologies commonly used in modern software development, such as REST APIs
(Representational State Transfer Application Programming Interface), JSON
(JavaScript Object Notation), and XML (eXtensible Markup Language) [46].

Due to its primary focus on health-related information exchange between
software platforms, FHIR is sometimes regarded as a platform specification
[47]. To support this focus, the standard structures information into modular
resources (FHIR Resources) representing clinical and administrative concepts
such as patient demographics (Patient Resource), clinical observations (Obser-
vation Resource), medical conditions (Conditions Resource) and medications
(Medications Resource). As of the latest FHIR version R5, there are cur-
rently 157 FHIR Resources that can be exchanged individually or assembled
into larger structures such as Documents and Bundles [48]. FHIR also sup-
ports the use of external terminologies (such as SNOMED-CT) and profiles,
allowing information to be tailored to particular use cases while still building
on a common base standard.

CDS Hooks and SMART on FHIR

While FHIR provides a standardized way to structure and exchange health-
care data, it does not by itself specify how external CDSS or applications
should be integrated into clinical workflows. To address the needs associated
with advancements in AI and to facilitate integration of AI-based application
and CDSS, complementary specifications based on HL7 FHIR have emerged.
These include the CDS Hooks and SMART on FHIR specifications, where the
challenge is not only to exchange data, but also to ensure that model outputs
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can be triggered, accessed, and presented in a clinically meaningful way [49],
[50], [51].

The HL7 CDS Hooks specification enables a clinical system, such as an
EHR, to invoke (or call) an external CDSS at predefined points in a clini-
cal workflow. This is achieved through so called hooks, which represent an
event-driven integration mechanism that allows external CDS services to be
triggered at specific moments, such as when a patient overview page is opened,
a medication is prescribed, or an order is initiated. The external service re-
ceives contextual information about the current workflow state and can return
suggestions, warnings, recommendations, or links to additional actions, based
on the contextual information and how the CDSS has been implemented [49].

SMART on FHIR addresses a related but complementary need. Rather
than focusing on event-driven hooks, SMART on FHIR provides a framework
for securely launching third-party applications within or alongside HITs [50].
This makes it possible to build interoperable applications that can securely
integrate into existing systems. This approach offer more advanced user inter-
action than is typically possible through lightweight decision-support messages
alone.

Together, CDS Hooks and SMART on FHIR are highly relevant to recent
developments in digital health and AI-based CDSS [52]. The two specifica-
tions should not be seen as competing alternatives, but as complementary
mechanisms for integrating interoperable digital services into healthcare sys-
tems.

In the context of this thesis, HL7 FHIR alongside CDS Hooks and SMART
on FHIR Specification is particularly relevant for two reasons. First, it is
a well-established standard supported by a strong international community,
including major technology companies [46], [53], [54], healthcare organiza-
tions, and national initiatives across Europe [15], [55]. Second, it plays a
central role in enabling interoperability in healthcare and exemplify the type
of standards-based integration mechanisms that a Digital Health Sandbox
may need to accommodate when simulating, testing, and evaluating digital
health innovations [56].
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3.4.2 Other Interoperability Approaches and Implementation
Frameworks

HL7 FHIR represents only one part of the broader interoperability landscape.
Given the complexity of healthcare interoperability, no single technology or
standard is sufficient on its own. Instead, multiple tools, standards, and ap-
proaches need to be combined. This is where Integrating the Healthcare Enter-
prise (IHE) becomes particularly relevant. IHE is an initiative by healthcare
professionals and industry, aiming to improve healthcare interoperability [57].
Through its integration profiles and testing initiatives, such as Connectathons,
IHE focuses on how existing standards can be combined and operationalized.

3.5 Interoperability Challenges in Practice
Although several standards, frameworks and interoperability initiatives, in-
teroperability challenges in healthcare persist at multiple levels.

One recurring challenge concerns data mapping and transformation, where
data originating from one system often need to be translated before they can
be reused in another context [58]. Returning to the telephone game anal-
ogy introduced earlier, this can be compared to two people speaking different
languages. For them to understand each other, mechanisms are needed to
translate between the two languages while preserving the meaning of the mes-
sage. Similarly, healthcare systems may require mappings between different
data structures, formats, and terminologies to correctly exchange and inter-
pret information (Figure 3.3).

However, data mapping is not a trivial task. If performed incorrectly, there
is a risk that semantic meaning is misinterpreted or misaligned, which may in
turn affect downstream decision support, simulation, analytics, and ultimately
patient safety [59]. Although several tools exists to facilitate this process [60],
[61], data mapping is not the only problem. Other recurring interoperability
challenges include vendor lock-in, legacy systems that are difficult to inte-
grate [62], contextual misalignment between systems and workflows, and gov-
ernance, privacy, and access-related constraints [63]. These challenges may
arise at different stages of the innovation and implementation process and are
not always easy to anticipate. One way to structure and analyze them is to
relate them to different interoperability levels. Doing so helps clarify where in
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Figure 3.3: Example of how two systems need data mapping or data translation
before they can understand each other. Even after mapping, there is
a risk for semantic loss (Created with GPT-5.6 Sol, 2026).

the interoperability chain (and thus where in the software development lifecy-
cle) a particular challenge emerges, what type of misalignment it represents,
and which kinds of mitigation strategies may be required (Figure 3.4).

3.6 Testing and Validation of Healthcare
Interoperability

Because interoperability has remained a challenge in healthcare for several
decades, with problems arising at different levels and stages of development,
a range of testing and validation approaches have been developed [64]. These
include various sandboxes, conformance and integration tests, profile valida-
tion tools, and more recent collaborative interoperability initiatives such as
Connectathons. Tools such as the HL7 FHIR Validator [65], open-access test-
ing tools such as Touchstone and Crucible [66], test kits provided by Inferno
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Figure 3.4: Example of various interoperability issues appear at different interop-
erability levels. Each interoperability level can be related to various
stages the software development cycle, such as design, development,
test and maintenance.

[67], and the open-source testbed Gazelle developed by IHE-Europe [68], [69],
all support various aspects of interoperability testing. Furthermore, large-
scale testing initiatives such as IHE Connectathons and Argonaut project [70]
have also contributed significantly to improving technical interoperability be-
tween systems by enabling vendors and organizations to come together and
test specific interactions under controlled conditions.

Although these approaches are valuable, they also have limitations [66].
They primarily assess whether particular messages (FHIR Resources), APIs,
or transactions conform to predefined specifications. Typical aspects ad-
dressed by these tools are: "Does the server support the right FHIR REST
interactions?", "Does it return the expected status codes/content types?" or
"Does it conform to the required FHIR profile(s) in an implementation guide?".
Although these approaches are valuable, they do not necessarily reveal how
a digital innovation behaves when embedded within a broader clinical work-
flow. Nor do they, in an accessible manner, support the transition from early

29



Chapter 3 Interoperability and Digital Health Foundations

idea and prototyping to evidence generation, validation, and eventual clinical
implementation.

Taken together, the preceding sections illustrate that the barriers preventing
successful implementation of digital health innovations rarely arise from a
single technical issue. Existing tools typically address individual parts of this
challenge, but rarely provide an environment in which these aspects can be
investigated together.

3.7 How to Bridge the Gap
Imagine that you have developed an AI-based CDSS. You have collected
data, trained and validated the model on external datasets, documented the
methodology, and published the results in a well-recognized scientific journal.

Now what?
For many digital health innovations, this is where the journey ends. Al-

though idea may be scientifically sound, as we have seen in preceding chapters,
considerable work often remains before it can be used in clinical practice.

When these steps are not addressed, promising innovations risk remaining
as prototypes, publications, or isolated research projects. This represents not
only a loss of time and financial resources, but also of valuable knowledge,
expertise, and innovation potential that could otherwise have contributed to
improving healthcare.

This creates a central tension in contemporary digital health innovation.
Although a wide range of interoperability standards, tools, frameworks, and
testing approaches are available, it remains far less clear how they should be
combined and applied in practice when a digital health innovation is to move
beyond early prototyping.

This creates a need for environments that do more than verify isolated in-
terfaces or technical conformance. There is a need for environments that can
support users from different professional backgrounds in moving from early
ideas and prototyping to structured validation, evidence generation, and vali-
dation, while also accommodating interoperability, workflow realism, and the
documentation demands associated with healthcare innovation. It is within
this context that the work presented in this thesis is positioned. More specif-
ically, it motivates the development of Virtuality - Care Process Simulator, a
simulation environment to bridge this gap.
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Frameworks, concepts and Project Outcomes Guiding the
Research

“The best way to have a good idea is to have lots of ideas, and
throw away the bad ones.”

— Linus Pauling

My research is somewhat different from what is traditionally expected in
many scientific disciplines. In a conventional setting, one typically starts
with an idea, formulates a hypothesis, and then designs experiments, tests,
or calculations to evaluate whether that hypothesis holds. Empirical data are
collected, analyzed, and used to either support or reject the initial assumption.

However, within the field of applied digital health and software architecture,
this approach is often not sufficient—or even feasible.

The systems being studied are not isolated phenomena that can easily be
controlled or reproduced in a laboratory setting.

As a result, research in this domain often shifts from purely hypothesis-
driven experimentation towards the design, development, and evaluation of
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solutions in realistic—but controlled—environments. Rather than asking only
“is this hypothesis true?”, the question becomes: how can we design systems
that work in practice, under real-world conditions, without introducing unac-
ceptable risk?

These type of questions reflect ongoing discussions within the Care@Distance
research team at Chalmers Univeristy of Technology.

4.1 Building Upon and Extending Existing
Knowledge

The work presented in this thesis builds on a broader research trajectory
within the Care@Distance research group. Over more than a decade, the
group has investigated digital health solutions for remote and prehospital
care, including simulation-based environments [71], prehospital clinical de-
cision support [72], and the effects of information technology on clinical work
and care processes [73]. Together, these studies contributed practical and con-
ceptual knowledge about the challenges of developing digital tools that are not
only technically feasible, but also clinically useful.

A recurring question in this work has been how promising research outputs
can be moved beyond the stage of prototypes, algorithms, and scientific pub-
lications. For example, AI-based models such as the On Scene Injury Severity
Prediction (OSISP) trauma algorithm, developed within the Care@Distance
research group, raised questions that extended far beyond model performance
alone. How should such models be packaged and governed? How should in-
tellectual property, data access, and responsibility be handled? How can the
model be integrated with existing clinical systems and workflows, while meet-
ing regulatory requirements? And how can it be tested in a way that supports
trust, safety, and eventual clinical use?

Similar questions motivated the need for more structured approaches to
innovation and implementation. Within the research group, this led to the
development of frameworks and concepts such as VIPHS, MAIN, and ASAP,
which all address different aspects of how digital health innovations can be ma-
tured, evaluated, and moved closer to clinical use. Although these frameworks
were developed in different project contexts, they share a common concern:
the need for staged validation, cross-disciplinary collaboration, and early at-
tention to implementation conditions.
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Building on these experiences, this thesis takes the next step by investigat-
ing how such ideas can be operationalized in a technical environment. Before
introducing Virtuality in detail, the following sections therefore describe the
key models, frameworks, and concepts that have shaped its development.

Three central frameworks are considered:

• VIPHS (Verified Innovation Process for Healthcare Solutions)
— explains why a structured and stepwise validation process is necessary.

• ASAP (Acute Support Assessment and Prioritizing) — describes
how systems should be designed, emphasizing principles such as data
fusion, AI, interoperability, and user interaction.

• MAIN (Model for AI Utilization) — defines what AI utilization
in healthcare should look like at a conceptual and strategic level, em-
pathizing the need for a practical bridge from research to clinical imple-
mentation.

Together, these frameworks provide a foundation that have informed the
development of Virtuality.

4.1.1 Verified Innovation Process for Healthcare Solutions
(VIPHS)

The challenges described in the previous sections—where digital health initia-
tives fail to move beyond pilot stages or struggle during clinical implementa-
tion—are not unique to this thesis. Similar observations have been reported
in previous research, and learning outcomes from several failed transforma-
tion and implementation initiatives point in the same direction. To overcome
common barriers, the Care@Distance research team has developed the Veri-
fied Innovation Process for Healthcare Solutions (VIPHS), a stepwise model
developed to support digital health innovation from idea to clinical use [16]
(Figure 4.1).

VIPHS was developed through case studies in prehospital care and is based
on service design principles (iterative, collaborative, and human-centred). The
model addresses a key gap in digital health: the lack of structured guidance
for how to test, validate, and implement new solutions when both technology
and clinical workflows are affected.
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Figure 4.1: The VIPHS model describes a step-wise approach, where each step and
associated outcomes create blueprints on how to proceed [16]. Used
with permission.

At its core, VIPHS describes a step-wise process where innovation pro-
gresses through increasingly realistic environments—from early analysis and
laboratory testing, to simulation, pilot studies, and eventually broader clinical
deployment. Each step produces a “blueprint” that documents findings and
reduces uncertainty before moving forward to the next step. This reflects an
important idea: validation in healthcare is not a single event, but a continuous
and iterative process. In this sense, VIPHS helps explain why a structured,
stepwise approach is needed when it comes to maximizing clinical utilization
of digital healthcare innovations.

4.1.2 Acute Support Assessment and Prioritizing (ASAP)
Concept

If VIPHS establishes the why, the Acute Support Assessment and Prioritizing
(ASAP) Concept—developed within the Care@Distance research initiative in
2022—provides important guidance on how Virtuality should be designed and
implemented. ASAP is a generic concept that promotes open-source soft-
ware, modularity and standardized tools to support data fusion (aggregat-
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ing data from various sources), development, and implementation of CDSS,
AI, telemedicine, and innovative user interaction in healthcare applications
(Figure 4.2). Guided by the ASAP concept, Virtuality was developed using
appropriate tools to support these desired capabilities.

Figure 4.2: The Acute Support Assessment and Prioritizing (ASAP) Concept, il-
lustrating how data aggregation can be supported by open-source soft-
ware, modularity and standardized interfaces.

4.1.3 Model for AI Utilization (MAIN)
In 2022, Bengt Arne Sjöqvist, Professor Emeritus at Chalmers University of
Technology, introduced and started to develop the Model for AI Utilization
(MAIN) concept and framework.

MAIN is a conceptual framework that outlines how AI-based solutions can
be effectively integrated into healthcare systems by aligning technological ca-
pabilities with clinical needs, organizational structures, and user contexts.

To achieve this, MAIN adopts a triple-helix perspective, emphasizing the
importance of interaction between key stakeholders—such as healthcare providers,
technology developers, and academic research— to increase the likelihood that
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academically driven medical technology research, and in particular AI-based
CDSS, will achieve utilization and upscaling in industry and healthcare. In
this sense, MAIN can be seen as an organizational and collaboration model
which highlights that successful AI utilization requires more than accurate
algorithms. It requires innovations to be packaged and adapted in a way that
provides opportunities to transfer research results into regulatory-approved
products and solutions.

However, MAIN does not prescribe a specific implementation process. Rather,
it identifies critical dimensions such as data availability, system integration,
intellectual properties and CE marking, thereby framing the conditions and
criteria necessary for achieving clinical impact. In relation to Virtuality, MAIN
provides a broader perspective on where digital health innovations should ul-
timately lead and what is required to get there.
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CHAPTER 5

Development of Virtuality

“Everything in software architecture is a trade-off.”
— Mark Richards & Neal Ford

Up to this chapter, we have discussed various factors influencing the need
for a dedicated testing environment. In this chapter, I will describe more in
detail how Virtuality was developed.

5.1 Design Rationale and Objectives
Imagine a healthcare environment in which new ideas could emerge directly
from clinical practice. An environment in which solutions are rapidly shaped
by needs identified within daily work and in which digital innovations can be
iteratively refined, tested, and validated by cross-disciplinary teams without
compromising patient safety, data integrity, or regulatory requirements.

While iterative development and early user involvement are common in
many other industries, the healthcare landscape makes such approaches con-
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siderably more difficult. Stricter regulatory requirements, concerns around
patient safety and data protection, and an increasing reliance on large-scale,
monolithic systems have all reduced the capacity for local experimentation
and rapid innovation. At the same time, healthcare professionals rarely have
the time, organizational support, or technical resources required to actively
participate in the iterative development and evaluation of new digital solutions
[74].

However, recent advances in AI have fundamentally changed the conditions
for innovation [75], making it possible to transform ideas into functional pro-
totypes faster and with fewer technical barriers than before. One of the main
objectives with Virtuality is to support healthcare in taking advantage of this
leap, by ensuring that promising innovations and research outcomes do not
stall at the prototype stage.

5.2 The "How"
The development of Virtuality did not begin with a specific technology stack
or software platform. Instead, the process was inspired by a Design Science
Research (DSR) approach [76], starting with a collection of concepts, frame-
works, and lessons learned from previous research projects, which together
helped shape the objectives and requirements of the platform. Later phases
involved iterative design and implementation of the platform, followed by ar-
tifact (Virtuality) validation.

Paper A and B started this process [43], [77] by influencing where to look
and gave a solid understanding of which technologies can be used and how
they could be combined.

Rather than selecting a single framework or architectural paradigm, Vir-
tuality was conceptualized as a synthesis of these experiences. The ambition
was to create an environment capable of supporting the complete innovation
lifecycle, from concept exploration and prototyping to simulation, validation,
and pre-deployment validation.

5.2.1 Virtuality - The first prototype
The development of Virtuality began in 2022, when the Care@Distance re-
search group had only a preliminary vision of what such an environment might
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eventually become. At that stage, Virtuality was not yet regarded as a com-
prehensive Digital Health Sandbox, but rather as an initial attempt to create
a digital environment in which healthcare innovations, based on the ASAP
Concept, could be explored and evaluated before clinical deployment.

The first prototype was developed in the context of the Autumn Leaves
project, a triple-helix collaboration between academia, healthcare, and indus-
try aimed at creating an interoperable IoMT platform for the management of
falls among older adults. The project involved multiple actors, data sources,
and technical systems, and quickly exposed practical challenges related to
healthcare interoperability. Accessing, sharing, and integrating data across
organizational and technical boundaries proved difficult, and questions arose
regarding which standards, technologies, and architectural approaches were
most appropriate for enabling interoperability in practice. These challenges
were not unique to the project, but have also been widely reported in the dig-
ital health and interoperability literature, including concerns about sharing
valuable data, limited awareness of how data will be used, and a lack of un-
derstanding of the benefits of interoperable data sharing [78]. Together, these
challenges and insights made it clear that there was a need for a simulation
environment, with easier access to synthetic data and enhanced control over
applications and technologies. Without such an environment, we saw a clear
risk that future innovation work would stall. These early experiences became
an important driver behind the development of Virtuality.

Technically, the first prototype was implemented as a web-based application
using NuxtJS for the frontend, FastAPI for the backend, and PostgreSQL for
data storage. Compared with later versions of Virtuality, the prototype was
relatively simple. Its development was guided by six patient personas defined
within the Autumn Leaves project, each representing a typical patient group
encountered in prehospital or home care settings. The central idea was that
data, regardless of origin (including data from sensors and third-party service
providers), should be able to enter a common environment where they could
be processed, combined, and evaluated in relation to a clinical use case. In this
way, the prototype provided an initial basis for exploring how heterogeneous
data sources and digital functionality could be brought together within a
shared environment.

Although the prototype emerged from the Autumn Leaves project, it was
later also used in early work related to the OSISP trauma model and its
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evaluation. In that context, it provided an initial environment in which an AI-
based model could be presented and assessed in a more realistic digital setting.
Compared to running the model in isolation on a standalone machine, this
use case highlighted additional requirements beyond data integration alone,
including the need to package AI models as reusable services, present outputs
through a user-facing application, and evaluate such functionality in relation
to clinical workflows and user interaction. It was also during this work that I
began to look more closely at standards and specifications such as HL7 FHIR,
CDS Hooks, and SMART on FHIR.

At the same time, the work with the first prototype made clear that the
initial implementation was not sufficient. It was closely tied to a limited
number of use cases, had not been developed from a formalized set of design
requirements, and provided only limited support for orchestration and reuse
of components. The environment also lacked several of the mechanisms later
considered necessary for a reusable simulation platform, including more sys-
tematic support for modular integration, scenario configuration, persistence,
and traceability. In addition, the project exposed a number of practical barri-
ers that slowed the innovation process, including dependencies on third-party
vendors, limited control over access to external data sources, and the need to
develop supporting applications and interfaces largely from scratch. Together,
these challenges highlighted the need for a more structured and reusable envi-
ronment in which healthcare innovations could be integrated, configured, and
evaluated with greater technical and organizational independence.

Despite these limitations, the first prototype played an important role in
the development of Virtuality. It helped communicate the concept to collabo-
rators, supported early stakeholder feedback, and, perhaps most importantly,
revealed practical and architectural challenges that would shape a set of re-
quirements for the second generation of Virtuality.

5.2.2 System Requirements
The preceding chapters, including the first Virtuality prototype, identified
recurring challenges related to healthcare interoperability, translational im-
plementation, and the evaluation of AI-enabled digital health innovations.
These challenges formed the starting point for the design requirements of Vir-
tuality, which later informed the development of the second prototype. How-
ever, the requirements were not derived from the literature alone. They were
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gradually refined throughout the research process and informed by several
complementary sources, including the frameworks presented in the preced-
ing chapter, learning outcomes from earlier research projects, limitations of
available testing environments, discussions and practical experience from the
Care@Distance research group.

Several of the requirements were also shaped by design-oriented work carried
out in parallel with the development of Virtuality. In particular, two master’s
thesis projects supervised within the work of this thesis contributed important
insights into how a simulation environment should be structured, visualized,
and made usable for different stakeholders [79], [80]. Through interviews, field
studies, and iterative design work, these projects provided input on what users
perceived as meaningful simulation functionality and how such functionality
could be represented in a graphical user interface (GUI).

In addition, practical implementation work related to the OSISP trauma
model and its integration into an interoperable solution intended for use in
research involving ambulance personnel [81]. That work highlighted challenges
related to packaging AI models, integrating them with surrounding systems,
preparing user-facing applications, and making such solutions usable in realis-
tic healthcare contexts. These experiences provided concrete insights into the
kinds of functionality, flexibility, and traceability that Virtuality would need
to support.

At the same time, in 2024, while the second Virtuality prototype was start-
ing to emerge, the AI Act, with the aim to foster trustworthy AI in Europe,
was published in the Official Journal of the European Union [14], marking a
significant milestone in the regulation of AI within the European Union.

Taken together, these insights, experiences and emerging regulatory direc-
tions shaped the design and development of the second prototype.

Table 5.1: Functional and non-functional requirements for Virtuality. Each re-
quirement has been informed by one or several sources.

ID Requirement Description Informed by

Simulation and usability

R1 Process-driven
simulation

The primary unit of simulation shall be a
complete healthcare process rather than an
isolated application, API, or algorithm.

VIPHS [16]; scien-
tific literature; mas-
ter’s thesis projects
[79], [80]

Continued on next page
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ID Requirement Description Informed by

R2 Real-world fi-
delity and flexi-
bility

The environment shall support realistic rep-
resentations of clinical workflows, stakeholder
interactions, system dependencies, and oper-
ational constraints.

VIPHS [16];
Care@Distance
research project
outcomes

R3 Iterative experi-
mentation

The environment shall support rapid modifi-
cation, repetition, and refinement of simula-
tions.

VIPHS [16]; master’s
thesis projects [79],
[80], Care@Distance
research project out-
comes

R4 Rapid setup and
use

Users shall be able to configure and execute
simulations with minimal technical effort and
within a short time frame.

master’s thesis
projects [79], [80];
Care@Distance
research project
outcomes

R5 Multi-
stakeholder
accessibility

The environment shall support collaboration
between clinicians, researchers, developers,
managers, auditors, and policymakers.

MAIN; VIPHS [16];
EU AI Act; master’s
thesis projects

R6 Location inde-
pendence

The environment shall not depend on dedi-
cated physical facilities or co-located partici-
pants.

MAIN, ASAP

Interoperability and platform architecture

R7 Standards-first
interoperability

All inter-component communication and data
exchange shall support established healthcare
interoperability standards.

MAIN, VIPHS,
ASAP; master’s
thesis projects [79],
[80], research within
Care@Distance [43],
[77]

R8 Modularity,
reuse, and exten-
sibility

Simulation components shall be reusable
across scenarios, projects, and organizations,
and new components shall be addable without
modifying the core platform.

ASAP; master’s
thesis projects [79],
[80]; Care@Distance
research project
outcomes

R9 Synthetic data
support

The environment shall support the genera-
tion, management, and use of synthetic data,
while allowing integration of real-world data
when appropriate.

ASAP; re-
search within
Care@Distance
[82]; master’s the-
sis projects [79],
[80], Care@Distance
research projects

Governance, validation, and deployment

R10 Regulatory align-
ment

The environment shall support evaluation
activities aligned with relevant regulatory
frameworks and standards.

MAIN; EU AI Act;
VIPHS [16]

R11 Persistence and
reproducibility

Simulation configurations, inputs, outputs,
and execution states shall be persistently
stored.

Simulation practice;
reproducibility prin-
ciples; AI evaluation
needs

Continued on next page
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ID Requirement Description Informed by

R12 Auditability and
traceability

The environment shall maintain a complete
record of simulation events, data flows, user
actions, and system decisions.

EU AI Act; MAIN

R13 Deployability and
environment flex-
ibility

The environment shall support deployment
across different technical and organizational
settings.

R14 Security and ac-
cess control

The environment shall provide role-based ac-
cess control, authentication, authorization,
and data protection mechanisms appropriate
for healthcare and regulatory use.

GDPR; healthcare
security require-
ments; AI gover-
nance expectations

These requirements guided the design and implementation of Virtuality
and are reflected in the architectural components described in the following
sections.

5.3 Virtuality - The Second Prototype
While the first prototype helped establish the technical foundations of Virtu-
ality, several fundamental questions remained unanswered. How should users
interact with the platform? What does a healthcare simulation actually look
like in practice? How can complex healthcare processes be represented in
a way that is understandable for both clinicians and technical stakeholders?
Most importantly, what is a simulation, and which steps should a user go
through to create one?

To explore these questions, two master’s thesis projects were initiated in
2025 under my supervision. Rather than focusing on technical implementa-
tion, the projects focused on the user experience and visual design of Vir-
tuality. The objective was to better understand how simulations should be
represented, configured, and executed within the platform. Also, their insights
were further used to iterate the requirements in Table 5.1.

The projects approached the challenge from two different perspectives. One
group focused on falls among elderly patients receiving home care [79], while
the second group focused on traffic accident scenarios [80]. These scenarios
were deliberately chosen because they represent two different types of health-
care processes with different characteristics. The fall scenario emphasized
long-term monitoring, home-based care, and preventive interventions, whereas
the traffic accident scenario focused on acute care, emergency response, and
time-critical decision-making. Together, the projects were intended to com-
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plement one another and provide broader insight into how Virtuality could be
designed to support diverse healthcare contexts.

Design questions explored in the master’s thesis projects

• What should constitute a simulation within Virtuality?

• What information should be required before a simulation can be
executed?

• How should users connect data sources, applications, and AI ser-
vices?

• How can complex healthcare processes be visualized in an intu-
itive manner?

• How much technical detail should be exposed to different user
groups?

Through workshops, iterative prototyping, and stakeholder discussions, the
students explored how users could construct simulations without requiring
programming knowledge. One of the most important outcomes was the re-
alization that users naturally viewed simulations as compositions of reusable
components rather than traditional software systems. Clinicians often de-
scribed healthcare processes as a sequence of actors, decisions, and information
exchanges, while technical stakeholders tended to think in terms of applica-
tions, services, and data flows [79], [80]. Interestingly, both perspectives could
be represented using the same visual metaphor: connecting modular compo-
nents together to form a complete workflow. They further helped identify
the user journey required to move from an empty workspace to a completed
simulation, laying the groundwork for the Scenario Engine and user interface
implemented in the second prototype and described more in detail in Chapter
6.

The integration work surrounding the OSISP trauma model also contributed
significantly to the design of Virtuality. During development, several practical
questions emerged. What if a clinical scenario needed to be adjusted? Or what
if we wanted to simulate a scenario in which certain clinical data became
available only later in the care process?? How would these changes influence
application behavior, user interactions, and the overall execution of the clinical
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workflow?
Addressing these questions highlighted the need for a flexible and modu-

lar architecture that allowed individual components to be added, replaced,
or reconfigured without redesigning the entire system. These insights led to
the development of the Building Block concept, a plug-in-based architecture
inspired by the process of assembling reusable LEGO® bricks onto a com-
mon baseplate. This concept later became one of the central architectural
principles of Virtuality.

5.3.1 Virtuality Starting to Take Form
While first prototype established the technical foundations of Virtuality, the
master’s thesis projects provided the first concrete visions of how users could
interact with the platform. Together, these efforts transformed Virtuality
from a conceptual architecture into a more tangible and user-centered design.

Informed by the concepts developed through the two master’s thesis projects,
the second prototype of Virtuality was initiated. Several important insights
emerged from these projects.

Key design insights from the master’s thesis projects

• Simulation was understood as a care process rather than
a technical system. Participants rarely described simulations in
terms of databases, APIs, or interoperability standards. Instead,
they understood them as workflows composed of actors, events,
technologies, and outcomes.

• Different stakeholder groups required different views of
the same simulation. Clinical users preferred patient-centred
and process-oriented views, whereas technical users focused more
on data flows, integrations, and system behaviour.

• A single representation was not sufficient. The findings sug-
gested that the same simulation needed to be represented through
multiple synchronized views, each tailored to the needs of a par-
ticular stakeholder group.

• Interoperability needed to be supported without expos-
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ing unnecessary technical complexity to all users. The
projects highlighted the need to make data exchange, integration,
and system orchestration visible to technical users while keeping
the interaction model understandable for clinical and non-technical
stakeholders.

• Simulation environments must support both acute and
longitudinal care scenarios. The contrast between home-care
fall scenarios and traffic accident scenarios showed that Virtuality
needed to accommodate both long-term monitoring and preventive
workflows, as well as time-critical emergency care processes.

5.3.2 Development Begins
When implementation of the second prototype began, the emergence of AI-
powered no-code and low-code development platforms significantly accelerated
the development process. Ideas that previously would have required substan-
tial software engineering effort could now be visualized, prototyped, and iter-
atively refined much faster. This made it possible to focus more attention on
architecture, usability, workflow design, and integration logic rather than on
low-level implementation details.

For Virtuality, this marked an important shift. The first prototype had
mainly functioned as an exploratory integration platform and proof of con-
cept. With the support of Large Language Model (LLM)-based development
tools, the second prototype could evolve more rapidly into a broader virtual
testing environment with richer functionality and a more ambitious architec-
tural scope.

At the same time, AI-assisted software development introduces several risks.
Recent studies have highlighted problems such as technical debt accumulation,
reduced code ownership, hallucinated or inconsistent code, and uncertainty re-
garding the long-term maintainability of AI-generated software [83], [84], [85].
Although a growing body of work discusses prompt engineering, documen-
tation, manual review, and testing as possible mitigation strategies, there is
still limited evidence on how to build sustainable and maintainable systems
as AI-assisted codebases grow over time [83], [84], [85].

These concerns were particularly relevant in the development of Virtual-
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ity. Unlike a generic prototype or research demonstrator, Virtuality was
intended to support healthcare-oriented simulation, interoperability, AI in-
tegration, and eventually regulatory-aligned evaluation. In such a setting,
architectural drift, hidden technical debt, weak traceability, or unpredictable
code generation are not minor inconveniences. They risk undermining the
platform as a whole. For that reason, several countermeasures were taken.
Some of these were inspired by the emerging literature on AI-assisted devel-
opment, while others grew out of iterative prompting, practical development
work, and established software architecture principles [86], [87].

Together, these measures aimed to preserve deterministic behaviour, archi-
tectural consistency, and traceability while still benefiting from the speed of
AI-assisted implementation.

Architectural safeguards applied during AI-assisted develop-
ment of Virtuality

• Deterministic, schema-driven core. The system was built
around explicit and validated structures, including FHIR R4/R5
bundles, ontologies, and schema-validated contracts. LLMs were
used as supporting tools, for example for mapping assistance and
synthetic data generation, but were not allowed to control valida-
tion logic or core execution paths.

• Explicit architectural constitution. Architectural decisions,
core contracts, and stable interfaces were documented explicitly
and treated as governing artefacts during development. This was
intended to reduce drift across development sessions and main-
tain continuity when AI-assisted changes were introduced incre-
mentally.

• Frozen architectural surfaces. Certain critical components and
interfaces were treated as stable boundaries that could not be mod-
ified without explicit review. These included core data exchange
interfaces, authentication boundaries, persistence mechanisms, and
other components central to interoperability and system integrity.

• Automated architectural fitness functions. Architectural
constraints were encoded as executable checks and run continu-
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ously during development. These checks enforced rules related to
layering, data access boundaries, validated inputs, access control,
and separation of responsibilities across the platform.

• Layered enforcement of compliance. Architectural compli-
ance was not left to manual discipline alone, but was enforced
through several layers, including local checks during development,
pre-commit validation, and continuous integration. This reduced
the risk that inconsistent or unsafe changes would silently enter
the codebase.

• Deterministic validation and reporting. Compliance-related
artefacts, such as regulatory classifications, simulation pipeline
journals, and structured evaluation outputs, were generated
through deterministic template- and metadata-driven logic. This
was important for reproducibility and auditability.

Taken together, these measures meant that the development of Virtual-
ity was of an AI-assisted nature, rather than an AI-governed one. LLMs
were used to accelerate implementation, but the overall architecture remained
constrained by explicit contracts, deterministic validation, and documented
governance mechanisms. In the context of this thesis, this was important not
only from a software engineering perspective, but also because a simulation
environment intended to support healthcare innovation must itself be designed
in a way that preserves traceability, reproducibility, and trust.

5.4 Architectural Synthesis of Virtuality

The preceding sections described how Virtuality emerged from a combination
of factors. Rather than presenting every technical detail of the resulting im-
plementation, this section summarizes the core architectural ideas that were
shaped through the work reported in this thesis and in the included papers.

A more detailed and formal description of Virtuality’s architecture, design
principles, and evaluation is provided in Paper G.
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5.4.1 Architectural Overview
At a high level, Virtuality can be described as a process-oriented simulation
environment, in which healthcare simulations are composed from reusable
software components and executed within a controlled, standards-based envi-
ronment (Figure 5.1).

Figure 5.1: Conceptual architecture view of Virtuality showing the main platform
components.

The hybrid architecture, based on the ASAP concept, consists of a core
platform surrounded by modular and isolated Building Blocks that can be
added, configured, and connected depending on the purpose of the simulation
(Figure 5.3). These Building Blocks are divided into three main categories:
Providers, Services, and Consumers that communicate over an event-driven
FHIR-based communication layer. Providers represent sources of data, such
as sensors, synthetic data, databases, and APIs. Services represent processing
functionality that acts on incoming data, for example AI-based CDSS, trans-
formation logic, orchestration services, or routing components, and Consumers
represent user-facing applications through which simulation participants in-
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teract with the simulated workflow, such as dashboard applications, or other
interfaces used by clinicians, patients, or other stakeholders (Figure 5.2).

Similar to building with LEGO, a user of Virtuality can combine multiple
Building Blocks to expand a simulation in different ways. A simulation can
be extended vertically by adding additional Building Blocks of the same type,
or horizontally by combining Building Blocks of different types to represent
more complex healthcare workflows (as illustrated in Figure 5.2).

Figure 5.2: Illustration of the Building Block concept in Virtuality. Simulations
are composed from modular Providers, Services, and Consumers that
can be connected to represent a healthcare process.

Users assemble simulations through the Scenario Engine, a graphical user
interface with a visual drag-and-drop canvas, by selecting Building Blocks
from a shared library, connecting them into a simulation pipeline, and defin-
ing the context in which the simulation should operate. This context may in-
clude environmental conditions, organizational constraints, security settings,
or assumptions about the healthcare process being simulated. To enable such
composition, each Building Block adheres to well-defined data contracts and
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interfaces based on the HL7 FHIR R4/R5 standard.

Figure 5.3: High-level architectural view of Virtuality illustrating the hybrid ar-
chitecture of Virtuality.

Inspired by the stepwise model in the VIPHS framework, Virtuality aims
to to maximize clinical utility and utilization by supporting mechanisms for
interoperability validation, documentation, and controlled execution. This is
achieved through a pipeline validation and conformance checks layer, where
the platform validates that selected building blocks are structurally compati-
ble, that expected data exchanges can be supported, and that the simulation
configuration can be reproduced (Figure 5.3).

This overall architecture reflects the dual role of Virtuality. On the one
hand, it functions as a design-time environment in which simulations can
be created, configured, and validated. On the other hand, it functions as a
run-time environment in which participants interact with the resulting appli-
cations (Consumer building blocks) and workflows under conditions intended
to resemble realistic healthcare settings.
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5.4.2 Validation and Execution Mechanisms

One of the most important architectural ideas in Virtuality is the use of Build-
ing Blocks as the primary abstraction for representing simulation components.
This concept emerged gradually during the development of the platform and
was influenced by both practical implementation work and the master’s thesis
projects described earlier in the chapter. Across these activities, it became
increasingly clear that clinical users tended to view a simulation as a series of
patient-centric events. The Building Block model provided a way to bridge
this perspective by offering a common abstraction that could be understood
both conceptually and technically.

However, the ability to visually connect Building Blocks is not sufficient on
its own. Building Blocks may appear compatible at a conceptual level while
still failing when connected in practice. Data may be represented differently,
required fields may be missing, assumptions about timing or workflow may
be inconsistent, and systems may support different subsets of a standard.
For Virtuality to function as a meaningful simulation environment, the plat-
form must also determine whether the simulation is structurally coherent, and
whether its execution can be reproduced.

To address this, Virtuality incorporates a set of complementary validation
and execution mechanisms that operate between simulation design and run-
time execution on the top layer in Figure 5.3. These mechanisms are re-
ferred to as SHACL-based Architecture and Pipeline Enforcement (SHAPE),
Reproducible Architecture for Pre-deployment Interoperability Determination
(RAPID), and Serialized Execution Artifact Lock (SEAL). These mechanisms
are not new technologies in themselves. Instead, they combine existing stan-
dards and tools in a new way to support validation and conformance checks
for Building Blocks and data pipelines in Virtuality. In particular, Virtu-
ality relies on semantic web technologies, including ontologies expressed in
OWL (Web Ontology Language), which support representation of domain
knowledge and inference over incomplete data, and SHACL (Shape Constraint
Language), which provides a constraint language for validating data against
predefined structural and semantic rules[88].
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SHACL-based Architecture and Pipeline Enforcement (SHAPE)

The first mechanism, SHAPE, focuses on structural and semantic consistency.
Its purpose is to determine whether the simulation has been assembled in a
way that is meaningful according to the ontology and architectural rules of
the platform. In practice, this includes checking whether the selected Building
Blocks are assigned appropriate roles, whether required relationships between
components are present, and whether the overall simulation structure is co-
herent before execution. After passing SHAPE - validation, the validation
continues with the next step, RAPID.

Reproducible Architecture for Pre-deployment Interoperability
Determination (RAPID)

The second mechanism, RAPID, focuses on interoperability validation. Its
role is to assess whether the selected Building Blocks can actually exchange
the information required by the simulation pipeline. Rather than assuming
interoperability only because two components both claim FHIR compliance,
RAPID evaluates the expected inputs and outputs contracts of the connected
components and checks whether the necessary resources, fields, structures,
and terminologies are available across the pipeline. Once RAPID - validation
has been confirmed, the process continues with SEAL.

Serialized Execution Artifact Lock (SEAL)

The third and last mechanism, SEAL, is concerned with controlled execution
and reproducibility. Once a simulation has been validated by SHAPE and
RAPID, SEAL creates a frozen execution representation containing the rele-
vant configuration, selected components, mappings, and execution settings re-
quired to run the simulation in a reproducible way. This is important because
one of the ambitions of Virtuality is not only to support experimentation, but
also to allow simulations to be revisited, compared, and audited afterwards.

Taken together, SHAPE, RAPID, and SEAL combine and operationalize
existing technologies in a novel way to support validation of process-based
healthcare simulations (Figure 5.4). Their role is not limited to checking iso-
lated technical artifacts, such as profile conformance, data structures, or API
integrations. Instead, they evaluate the simulation as a whole, including the
complete Building Block pipeline, the relationships between its components,
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and the environmental and execution configurations under which the simu-
lated healthcare process is intended to operate.

Figure 5.4: How SHAPE, RAPID and SEAL relate and work (Created with GPT-
5.6 Sol, 2026).

5.5 From Building Blocks to Executable
Simulations

Before a simulation can be executed, the user first selects the type of simu-
lation to create (e.g., trauma, stroke, home healthcare). This selection deter-
mines which Environment Setup and Building Blocks that become available
within the Scenario Engine and the Building Block Library. In this way, users
are presented only with components that are relevant to the selected simula-
tion context.

If a required Building Block is not already available, it can be created using
the Building Block Builder, a guided configuration process that assists the user
in creating interoperable and reusable Building Blocks needed for Virtuality
to understand how the new component should behave.

During this process, the user specifies:
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the Building Block type (e.g., Provider, Service, or Consumer), the semantic
class or role (e.g., Persona, Wearable, Medical Device, Laboratory System),
supported terminology systems, the required input and output data, and the
corresponding FHIR resources and mandatory fields that define the Building
Block’s data contract.

The semantic role is particularly important because it determines how the
Building Block is classified within the ontology. This makes it possible for the
SHAPE validation mechanism to infer relationships between Building Blocks,
and to identify incompatible connections and missing data fields.

When the user initiates the simulation (e.g., by clicking on "Build Simula-
tion"), the SHAPE mechanism validates that each Building Block satisfies its
semantic constraints and that all required relationships are consistent with the
ontology. The RAPID mechanism subsequently verifies that all declared FHIR
data contracts can be satisfied throughout the scenario, ensuring that down-
stream Building Blocks receive the information they require before execution
begins. Only when these validation steps have been successfully completed is
the scenario considered executable.
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CHAPTER 6

Example Use Cases of Virtuality

“Just because something doesn’t do what you planned it to do doesn’t
mean it’s useless.”

— Thomas Edison

As discussed by Richards and Ford in Fundamentals of Software Architecture
[89], software architecture is fundamentally shaped by trade-offs. This reflects
an important conclusion throughout this thesis: there is rarely a single correct
way to design or implement a digital health platform. Instead, architectural
decisions involve balancing different qualities, constraints, and practical needs.

This also raises the question of how Virtuality should be evaluated. Within
the scope of this PhD, Virtuality as a platform was not formally evaluated
through a usability study. Although some aspects of the GUI were informed
by earlier Master’s thesis projects, the technical foundation of the platform has
not been evaluated in isolation. Instead, its suitability and applicability have
been explored through several example use cases within the Care@Distance
group.
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In this thesis I present two example use cases to demonstrate how Virtuality
can be used in different contexts to support the development, simulation, and
evaluation of digital health applications.

The two use cases highlight different aspects of the platform. The first
focused on the evaluation of the On-Scene Injury Severity Prediction (OSISP)
model, an AI-based CDSS intended to support prehospital trauma triage [90].
The second focused on the development of a web-based voting application
that enabled neurologists to assess synthetic stroke images and videos, with
the goal of generating labeled data for future AI development. Together, the
examples illustrate Virtuality’s applicability, flexibility and modularity.

6.1 Use Case 1: Trauma Triage
The first use case was focused on evaluating the OSISP model in a realistic
prehospital setting. OSISP is an AI-based CDSS designed to support ambu-
lance personnel during the assessment of adult trauma patients by predicting
whether a patient is severely injured and may require transport to a trauma
center [90].

To evaluate the usability and clinical applicability of the OSISP model, a
user study involving 34 Emergency Medical Services (EMS) personnel was
conducted. The original simulation study was initially set up and executed
using the first prototype of Virtuality. Afterwards, the same simulation was
recreated in the second prototype of Virtuality, where a simulation pipeline
consisting of five interoperable Building Blocks was configured (Figure 6.1). I
refer to this recreated setup as the OSISP replica simulation.

The purpose of the OSISP replica simulation was not to repeat the original
user study, and no real users were involved in this second setup. Instead,
the aim was to examine whether the second prototype of Virtuality could
support the same simulation scenario in a more structured, reusable, and
configurable way through the Building Block architecture. In other words, the
OSISP replica simulation was used to explore whether the architectural ideas
of the second prototype could successfully recreate and support a previously
developed simulation scenario.

In the OSISP replica simulation, three Provider Building Blocks were con-
figured to represent three different patient personas. Each patient profile con-
tained unique demographic and clinical characteristics, including age, gender,
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6.1 Use Case 1: Trauma Triage

injury mechanism, and physiological parameters. The personas were designed
to represent different trauma scenarios and severity levels.

A Service Building Block was configured to represent the OSISP model and
exposed standardized interfaces for receiving patient information and return-
ing predictions. To create this Service Building Block, the developer guide
provided within the Virtuality platform was followed. This allowed the model
to be wrapped in a RESTful API adhering to the CDS Hooks specification.

The Consumer Building Block consisted of a web-based trauma triage ap-
plication, accessed through a tablet, enabling potential participants to review
patient information, perform assessments, and interact with the OSISP pre-
dictions (Figure 6.3). The graphical user interface (GUI) of the application
was informed by the Master thesis conducted with the Care@Distance research
group [91].

Figure 6.1: Virtuality simulation pipeline, accessed through the Scenario Engine,
used to recreate the OSISP evalutaion study. The pipeline consists
of three Provider Building Blocks representing patient data, one Ser-
vice Building Block representing the OSISP decision support logic, and
one Consumer Building Block providing the user-facing trauma triage
application. When the simulation was executed, the Consumer Build-
ing Block was exposed as a web application through a pipeline-specific
URL.
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The idea with this simulation setup was for users to selected one of the
available patient personas (represented by one of the three Patient Persona
Provider Building Blocks) and performed a trauma assessment using the Con-
sumer application. The selected patient data were routed through the simu-
lation pipeline to the OSISP service, which generated a prediction that was
subsequently displayed in the user interface.

Figure 6.1 illustrates the simulation pipeline, while Figure 6.2 presents the
data flow between the different Building Blocks. Figure 6.3 shows the trauma
triage application (Consumer Building Block).

While Figure 6.1 emphasizes the structural composition of the simulation
through the Card view, it does not fully show how information moves between
the components during execution. For that reason, Virtuality also provides a
complementary Data flow view, illustrated in Figure 6.2.

Figure 6.2: Data flow between Building Blocks during the trauma triage simula-
tion.

The view in Figure 6.2 presents the same simulation from a different per-
spective and allows the user to inspect how data routing and interactions
between Building Blocks have been configured within the simulation pipeline.
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The final perspective is the one seen by the participants of the simulation
study. Rather than interacting with the pipeline view, participants access
the simulation through the Consumer Building Block, which is exposed as a
web-based trauma triage application on a tablet (Figure 6.3).

Figure 6.3: Web-based trauma triage application representing the Consumer
Building Block. The selected patient persona is displayed in the header
(Patient 2). The pop-up window emulates the call to the external OS-
ISP CDSS and presents the model prediction to the participant.

Figure 6.3 shows this participant-facing interface, where users can review
the patient case, perform their assessment, and receive the corresponding
OSISP output. Behind the scenes, both the data flow and the decision logic
execute according to the configuration defined in the Scenario Engine and
the underlying simulation pipeline. However, these internal mechanisms are
never exposed directly to the simulation participants themselves. Instead,
participants interacted only with the Consumer Building Blocks, represented
by a trauma triage application in this case (shown in Figure 6.3).
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6.2 Use Case 2: Stroke Neglect Study
To further demonstrate the flexibility of Virtuality, a second use case was
conducted in collaboration with researchers investigating stroke neglect (sim-
ulation pipeline in (Figure 6.4). Unlike the previous use case, this study
involved real users and aimed to generate labeled data that could later be
used to develop an AI-based CDSS for stroke.

Figure 6.4: Virtuality simulation pipeline used in the stroke neglect study.

The objective was to develop a web-based voting application (Consumer
Building Blocks represented as Voting Apps in Figure 6.4) that enabled four
neurologists to independently assess synthetic stroke images and videos (Provider
Building Blocks represented by Stroke NIHSS Videos and Stroke/Non stroke
images in Figure 6.4). For each case, the neurologists were asked to deter-
mine whether the patient exhibited signs of stroke and whether the observed
symptoms indicated left-sided neglect, right-sided neglect, or no neglect.

Using Virtuality, separate Building Blocks were created following the de-
veloper guidelines in Virtuality (with copy-paste templates). After creation,
they appeared in the Building Block Library and were subsequently added to
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the pipeline (Figure 6.4).
Two Provider Building Blocks were used to store the synthetic image (PNG-

files) and video datasets (MP4). A Service Building Block was configured to
retrieve cases from the available datasets, randomize their presentation order,
and divide the resulting cases into two independent assessment batches (Data
Filter Service Building Block in Figure 6.4).

Two Consumer Building Blocks were then configured as web-based voting
applications (Figure 6.6). Although the applications provided identical func-
tionality, they received different randomized batches generated by the Service
Building Block (Figure 6.5). This enabled the neurologists to evaluate differ-
ent subsets of cases while maintaining a consistent assessment workflow across
all participants.

Figure 6.5: Data flow between Building Blocks in the Stroke Neglect study.

When a neurologist logged in to the application (Figure 6.6), the Service
Building Block selected content from the available datasets and delivered the
corresponding image or video to one of the voting applications. The neu-
rologist’s assessment was subsequently recorded and stored for later analysis
through the admin-login page, which was managed by my college.

This use case demonstrates how Virtuality can be used not only for eval-
uating AI-based systems but also for supporting data collection workflows
and collaborative annotation studies. Furthermore, it illustrates how Service
Building Blocks can encapsulate study-specific logic, such as randomization
and batch generation, while Consumer Building Blocks provide independent
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user interfaces for interacting with the resulting datasets. By reusing exist-
ing Building Blocks and configuring new simulation pipelines, I was able to
rapidly iterate a specialized solution without modifying the underlying Virtu-
ality architecture.

Figure 6.6: The resulting voting application represented by the Voting App Con-
sumer Building Block in Figure 6.4

The two use cases presented in this chapter illustrate different ways in which
Virtuality can be instantiated in practice. The two use cases illustrate an
important architectural characteristic of the platform: although the first im-
plementation of a new simulation may require the creation and configuration
of several Building Blocks from the ground up, these components become
reusable assets once added to the shared library.

This means that subsequent simulations can potentially be assembled more
efficiently by reusing and adapting existing Building Blocks rather than start-
ing from scratch. In the stroke neglect case, for example, the voting applica-
tion, the filtering service, and the data provider components can in principle
be reused for future studies involving other image or video datasets, alter-
native annotation tasks, or modified voting and labeling procedures. More
broadly, the examples show that Building Blocks are not intended as fixed,
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one-off components, but as configurable modules designed to be adjusted and
recombined across different simulation contexts. In this way, each new use
case contributes not only a specific application, but also additional reusable
capabilities that strengthen the Virtuality platform for future research and
innovation work.

6.3 Other Use Cases: Traffic and Defense
Medicine

Although the use cases presented in this chapter focus on healthcare, the
Scenario Engine also allows users to navigate between different domains. This
reflects the ambition to make Virtuality’s modular architecture applicable
beyond healthcare, for example, to traffic safety and Mass Casualty Incident
(MCI) simulations (Figure 6.7).

Figure 6.7: A consumer application illustrating a simulated mass-casualty scenario
with emergency resources, evacuation routes, and real-time incident
information.
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CHAPTER 7

Overview and Motivation of Included Studies

“I may not have gone where I intended to go, but I think I have
ended up where I needed to be.”

— Douglas Adams

As described earlier, the work presented in this thesis did not emerge from
a single predefined hypothesis or a linear sequence of events. Instead, it has
been shaped by iterative work addressing real, practical challenges observed
in previous research projects and triple helix collaborations. The work has
also been guided by learning outcomes experienced from cross-disciplinary
collaborations, AI implementation efforts, regulatory drivers, research, and of
course, from the frameworks discussion in Section 4.

Consequently, each study included in this thesis has contributed a piece of
understanding that gradually shaped the development of Virtuality. Together,
they represent a progression from problem identification to conceptualization,
design, and implementation.
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7.1 From Interoperability Challenges to Practical
Needs

In my first project as a PhD student, the Autumn Leaves project, the ambition
was to aggregate and standardize data from multiple heterogeneous sources in
order to improve decision precision and enhance care delivery in the context
of falls among elderly. Early in the project, it became clear that this was
not straightforward. I already knew that interoperability is a complex topic
and that many different standards, tools, and architectural approaches can
be used to achieve it. However, it was less clear how others had approached
similar challenges in practice, particularly in the context of IoMT solutions
in home care and prehospital care. I therefore wanted to better understand
how interoperability had been addressed in the literature, which technologies
had been used, and how these had been combined to achieve various levels of
interoperability. This motivated the first two papers in the thesis, Paper A
and Paper B.

Paper A presented the protocol for a scoping review, and Paper B com-
pleted the review and synthesized existing research on interoperable IoMT
platforms for home care and prehospital settings. Paper B showed that IoMT
interoperability depends on a broad and fragmented ecosystem technologies,
tools and standards. Many of the reviewed studies focused on lower levels
of interoperability, such as connectivity and data exchange in smaller net-
works, typically Local Area Networks (LAN) and Personal Area Networks
(PAN). Fewer addressed how these technologies could support higher levels
of interoperability. The review also made clear that achieving higher levels of
interoperability often requires combining multiple technologies and standards
across different layers rather than relying on any single solution [77].

Through Paper A and Paper B, I gained a much clearer picture of the
fragmented interoperability landscape surrounding IoMT and digital health
platforms. At the same time, the findings raised a broader concern. If the
interoperability landscape is difficult to navigate even for researchers and tech-
nical experts, how can healthcare organizations make informed decisions about
procurement and implementation initiatives, in contexts where such decisions
may affect patient safety and care delivery?

This question motivated Paper C, which shifted the focus from technical
solutions to the organizational processes through which interoperability am-
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bitions are translated into practice. Paper C examined challenges in speci-
fying interoperability requirements during procurement of health information
systems (HIS). The paper showed that organizations often struggle to formu-
late concrete and measurable interoperability requirements, particularly when
needs are cross-disciplinary and technical expertise is unevenly distributed
across stakeholders. In other words, even when interoperability is recognized
as important, it can still be difficult to express what should actually be pro-
cured, implemented, or evaluated [92].

Taken together, Papers A, B, and C revealed a gap between the technical
possibilities of interoperability and the practical realities of using it in health-
care. On the one hand, these papers provided valuable insights into the kinds
of standards, tools, and interoperability mechanisms that a platform such as
Virtuality should support. On the other hand, they also highlighted that clin-
ical users, researchers, and healthcare organizations need practical ways to
explore, test, and evaluate such solutions without being entirely dependent
on external vendors or highly specialized technical expertise. This became an
important motivation for Virtuality: not only to support interoperability at
a technical level, but also to provide an environment in which new solutions,
requirements, and integration strategies could be explored in a way that is
more accessible and practically useful for healthcare stakeholders.

7.2 Conceptualizing a Simulation Environment
Building upon the insights from Papers A, B, and C, the next phase of the
research shifted from identifying interoperability challenges toward exploring
how such challenges might be addressed in practice. If interoperability is
difficult to achieve, difficult to specify in procurement, and difficult to evaluate
before implementation, then there is also a need for environments in which
new solutions can be tested, configured, and discussed under more realistic
but still controlled conditions.

This motivated Paper D, which was the first paper to introduce the concept
of Virtuality - Virtual Care Process Simulator. The paper proposed a Digital
Health Sandbox approach in which synthetic data, interoperable applications,
and configurable simulation scenarios could be combined to recreate realistic
healthcare situations.

Paper D was therefore an important conceptual shift in the thesis. Rather
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than focusing primarily on how to achieve interoperability, the paper focused
on what kind of environment would be needed to work with interoperability
in practice. This phase also marked the first more systematic effort to re-
view and position existing solutions relevant to Virtuality, including digital
sandboxes, synthetic data environments, and simulation-based approaches in
healthcare. In this sense, Paper D marked the transition from understanding
the interoperability problem space, towards beginning to formulate a practical
response to it.

7.3 Addressing Information Exchange and Data
Representation Challenges

As Virtuality evolved from concept toward design and implementation, practi-
cal challenges related to information exchange and data representation emerged.
One of the first major challenges was related to integration work of the OS-
ISP model. Since the OSISP model had been developed before Virtuality,
the AI-model expected the input data to be provided in a specific format.
Its syntactic and semantic expectations were therefore not aligned with HL7
FHIR, which was used as the main communication layer in Virtuality. This
meant that the model could not simply be integrated into the platform with-
out first transforming its expected inputs and outputs into FHIR-compatible
representations.

This work involved translating between the data structures expected by the
OSISP model and the FHIR resources used within Virtuality, that is, data
mapping. Working with these mappings quickly made it clear that this is
not a trivial task. It raised questions about how model inputs should best
be represented in FHIR, how semantic meaning could be preserved across
systems, and how the quality of a mapping could be assessed and validated.

These experiences motivated Paper E, which investigated challenges asso-
ciated with the quality of FHIR data mapping. The review showed that data
mapping often relies heavily on manual work and subjective interpretation,
and that validation methods are inconsistent and often insufficiently described
[93]. It also highlighted the limited methodological support available for as-
sessing mapping quality in a systematic way. These findings aligned closely
with the challenges encountered during the integration of the OSISP model,
and were further supported by four independent FHIR experts consulted as
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part of the review.
The need for a more systematic and practically usable approach to data

mapping was then pursued further in Paper F. Whereas Paper E focused
on the quality challenges associated with FHIR mapping, Paper F examined
how mapping processes could be facilitated in practice and how implementers,
clinicians, and researchers can be supported in this work. This became par-
ticularly important in the context of Virtuality, where the ambition was not
only to support technically correct transformations, but also to make mapping
more accessible for users who may not have extensive prior FHIR expertise.
In the context of emerging AI-based CDSS, the challenge is not limited to
mapping clinical observations or administrative data, but may also involve
representing information about AI models themselves, including training, val-
idation, bias, intended use, and human oversight. This is particularly relevant
in light of emerging regulatory frameworks such as the AI Act, which place
increasing emphasis on transparent and traceable AI systems. However, many
of these concepts do not map easily to existing core FHIR resources. For that
reason, ongoing work is being carried out to formalize a dedicated implemen-
tation guide intended to support this process, although at the time of writing
it remains in an early draft stage.

Taken together, Papers E and F contributed to the development of function-
ality in Virtuality aimed at making transformation to FHIR more accessible,
including graphical support for configuring mappings in a way that is more
transparent and usable for implementers, clinicians, and researchers.

7.4 From Concept to Practical Implementation
The final phase of the research focused on turning the insights gained in
the earlier papers into something more concrete and practically useful. As
described previously, this has been an iterative process in which functionality
has been developed, revised, changed, and refined over time. In that sense,
Virtuality will probably never be “finished”. New functionality will continue
to be added as healthcare needs change, as new technologies emerge, and as
regulatory requirements evolve.

Paper G presents the design and architecture of Virtuality as an interoper-
able simulation platform where systems, applications, devices, synthetic data,
and AI models can be connected and evaluated within realistic healthcare
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workflows [94]. In many ways, this paper represents the point at which the
different strands of the thesis come together. The earlier papers had iden-
tified interoperability challenges, procurement barriers, mapping difficulties,
and the need for a process-oriented simulation environment. Paper G brings
these insights together in the form of a concrete platform description. In other
words, Paper G acts as a bridge between the conceptual work and the prac-
tical implementation, showing how the ideas developed throughout the thesis
were translated into Virtuality.
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CHAPTER 8

Summary of included papers

“Seven papers, countless iterations, and one question: What is the
result?”

— Mattias Seth

This chapter provides a summary of the included papers that has shaped
this thesis, and the development of Virtuality.

8.1 Paper A (Scoping review protocol)

Seth M, Jalo H, Högstedt Å, Medin O, Björner U, Sjöqvist BA, Cande-
fjord S Technologies for Interoperable Internet of Medical Things Platforms
to Manage Medical Emergencies in Home and Prehospital Care: Protocol for
a Scoping Review JMIR Res Protoc 2022;11(9):e40243 doi: 10.2196/40243
PMID: 36125863 PMCID: 9533201
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Summary
Paper A established the conceptual foundation for the thesis by defining the
interoperability within Internet of Medical Things (IoMT). In the paper, IoMT
was further defined as an infrastructure of interconnected medical devices, sen-
sors, applications, and supporting systems that communicate over the Inter-
net to enable remote monitoring, data exchange, and clinical decision support
across distributed care settings (Figure 8.1 and Figure 8.3).

Figure 8.1: Example of events and data being transferred through systems in home
care and prehospital care settings. CC BY 4.0.

Within this context, interoperability was framed as a prerequisite for safe
and effective care processes, referring not only to the ability of systems to
exchange information, but also to do so in a predictable, standardized, and
meaningful way. To structure this complexity, Paper A conceptualized inter-
operability through a six-level model, highlighting that interoperability chal-
lenges can arise at multiple levels (Figure 8.2).

In parallel, the paper introduced an IoMT reference model to describe the
main building blocks of IoMT platforms and to support later mapping of
technologies, standards, and protocols to different layers of interoperability
(Figure 8.3). In this way, Paper A did not merely outline a review protocol,
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Figure 8.2: The IoMT interoperability model defined in the protocol, consisting
of Device, Network, Syntactic, Semantic and Cross-domain Interoper-
ability. CC BY 4.0.

Figure 8.3: IoMT was defined using a five-level protocol stack. CC BY 4.0.
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but laid the conceptual groundwork for the remainder of the thesis.

Author contributions
I had the main responsibility for designing the study and drafting the manuscript.
All co-authors contributed to the refinement of the review protocol and revised
the manuscript critically.

8.2 Paper B (Scoping review)
Seth M, Jalo H, Högstedt Å, Medin O, Sjöqvist BA, Candefjord S Tech-
nologies for Interoperable Internet of Medical Things Platforms to Manage
Medical Emergencies in Home and Prehospital Care: Scoping Review J Med
Internet Res 2025;27:e54470 doi: 10.2196/54470 PMID: 39847768 PMCID:
11803335

Summary
Paper B completed the scoping review outlined in Paper A and provided a
structured overview of technologies, standards, and tools used to support in-
teroperability in Internet of Medical Things (IoMT) platforms for home-based
care and prehospital care. Building on the six-level interoperability model and
the five-level IoMT reference model defined in the protocol, the paper mapped
how previous studies addressed interoperability challenges across device, net-
work, syntactic, semantic, cross-platform, and cross-domain layers.

A total of 2949 records were identified across the database searches, and
after screening and snowballing, 158 studies were included in the final syn-
thesis. Of these, 30 studies describing concrete IoMT platform development
efforts. These studies were examined in greater detail to identify the en-
abling technologies and standards used in practice. The review showed that
interoperability in IoMT depends on a broad and fragmented ecosystem of
communication technologies, standards, middleware, and tools. Among the
30 platform-development studies, the most frequently reported technologies
included cloud computing (19/30, 63%), Representational State Transfer Ap-
plication Programming Interfaces (REST APIs; 17/30, 57%), Wi-Fi (17/30,
57%), gateways (15/30, 50%), and JavaScript Object Notation (JSON; 14/30,
47%). Technologies supporting real-time communication, such as Message
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Queuing Telemetry Transport (MQTT; 7/30, 23%) and WebSocket (7/30,
23%), were commonly used to enable emergency alerts, time-sensitive mes-
saging, and streaming of patient data (Figure 8.4). By contrast, technologies
more closely associated with higher levels of interoperability were reported less
frequently, including Substitutable Medical Applications and Reusable Tech-
nologies on Fast Healthcare Interoperability Resources (SMART on FHIR)
(2/30, 7%), Blockchain (2/30, 7%), openEHR (2/30, 7%), and Kubernetes
(3/30, 10%).

Figure 8.4: Occurrences of common technologies addressing interoperability in In-
ternet of Medical Things (IoMT) platforms for prehospital care and
home-based care, grouped by application area (each color). CC BY
4.0.

The review also highlighted that most identified solutions focused primarily
on lower interoperability layers, such as connectivity, messaging, and data ex-
change. In the material, 17 of the 30 examined platform-development studies
(57%) were judged to primarily emphasize lower levels of interoperability. In
addition, among the 25 studies from which interoperability challenges were
extracted, the most frequently reported challenges related to the volume and
complexity of data (13/57 challenge occurrences, 23%), latency (12/57, 21%),
privacy and security (12/57, 21%), proprietary protocols (8/57, 14%), seman-
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tic heterogeneity (8/57, 14%), and poor connectivity (4/57, 7%).
To distinguish between platforms and research primarily focused on lower

levels of interoperability and those addressing higher levels, the paper mo-
tivated the complementary term Internet of Medical Systems (IoMS), with
IoMT understood as a subset of this ecosystem.

Author contributions

I had the main responsibility for the study design, literature review process,
data extraction, synthesis of the results, and drafting of the manuscript. Au-
thor HJ contributed to the screening. All co-authors contributed to the inter-
pretation of the findings and revised the manuscript critically.

8.3 Paper C (Full Conference paper)

Seth M, Jalo H, Lee E, Bakidou A, Medin O, Björner U, Sjöqvist BA, Can-
defjord S. Reviewing Challenges in Specifying Interoperability Requirement
in Procurement of Health Information Systems. Stud Health Technol Inform.
2024 Jan 25;310:8-12. doi: 10.3233/SHTI230917. PMID: 38269755.

Summary

Paper C examined challenges in specifying interoperability requirements dur-
ing procurement of health information systems (HIS). Through thematic anal-
ysis of 152 included peer-reviewed articles and public documents, the paper
identified six recurring challenges: conflicting needs, knowledge gaps, diffi-
culties in formulating concrete requirements, changing or incomplete require-
ments, premature specification of requirements, and insufficient stakeholder
communication. The findings showed that lack of technical expertise and diffi-
culties in clearly describing needs and requirements were among the most fre-
quently shared challenges, highlighting that interoperability in procurement is
not only a technical issue but also a challenge of communication, governance,
and interdisciplinary competence.

78



8.4 Paper D (Full conference paper)

Author contributions
I was primarily responsible for the design of the study, the literature review
and analysis, and the drafting of the manuscript. All co-authors contributed
to the interpretation of the findings and revised the manuscript critically.

8.4 Paper D (Full conference paper)
Apelgren F, Seth M, Jalo H, Sjöqvist BA, Candefjord S
Introducing Virtuality – Virtual Care Process Simulator: A Concept Utiliz-
ing Synthetic Data and a Digital Health Sandbox for Care Process Simulations
Published in Proceedings of the 18th International Joint Conference on Biomed-
ical Engineering Systems and Technologies (BIOSTEC 2025), Volume 1
pp. 1127–1135, 2025
DOI: https://doi.org/10.5220/0013401300003911

Summary
Paper D introduced Virtuality, a conceptual framework for realistic simula-
tion of healthcare processes in a digital environment by combining synthetic
health data, third-party applications, and a Digital Health Sandbox (DHS).
A small review of existing sandbox and simulation solutions suggested a gap
in healthcare simulation environments. The paper therefore addressed the
need for safe and realistic environments in which digital health innovations
can be verified, validated, and refined before clinical trials and real-world im-
plementation, while reducing dependence on sensitive patient data. A central
contribution was the conceptual design of the DHS around four interoperable
building blocks—Providers, Services, Consumers, and a Scenario Engine—
that together enable configurable simulations of healthcare workflows. The
concept was illustrated through two representative use cases, namely fall de-
tection in home care and stroke assessment in prehospital care.

Author contributions
I had the main responsibility for the conceptualization of the DHS and archi-
tecture description, including the Concept section. I also revised the manuscript.
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8.5 Paper E (Scoping review)

Seth M, Apelgren F, Bakidou A, Lundgren P, Blomberg H, Sjöqvist BA,
Candefjord S
FHIR Data Mapping Quality Assessment: A Scoping Review and Suggested
Requirements for Future Pre-Mapping Frameworks
Accepted for publication in Computational and Structural Biotechnology Jour-
nal. Manuscript number: CSBJ-D-26-00542

Summary

Paper E examined how the quality of Fast Healthcare Interoperability Re-
sources (FHIR) data mappings is currently assessed and what gaps hinder
reliable and reproducible mapping practices. Through a scoping review of 39
included studies, screened from 742 unique records, the paper showed that
mapping quality assessment remains fragmented and largely dependent on
manual post-mapping review. Manual review was the dominant validation ap-
proach (31/39, 80%), while automated validators were reported less frequently
and were mainly used to assess structural conformance of the generated FHIR
resources rather than the correctness of the source-to-target mapping itself.
Coverage was the most commonly reported quality dimension (28/39, 72%),
followed by structural conformance (20/39, 51%) and semantic correctness
(16/39, 41%). Terminology accuracy (13/39, 33%) and completeness (11/39,
28%) were identified less frequently, while inter-rater reliability (4/39, 10%)
and retrievability (3/39, 8%) were rarely addressed. Based on the identified
gaps and challenges, the paper proposed seven conceptual mapping quality
dimensions and six requirements for future pre-mapping quality assessment
frameworks, which were subsequently refined through consultation with four
FHIR experts.

Author contributions

I was responsible for study design, selection, conducting the questionnaire
and collecting FHIR expert feedback, synthesizing the result, and writing the
manuscript. Manuscript revised with help from all co-authors.
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8.6 Paper F (Framework paper - early draft)

Seth M, Apelgren F, Bakidou A, Lundgren P, Blomberg H, Sjöqvist BA,
Candefjord S.
Introducing FHIR Mapping Assessment and Performance Score (F-MAPS) –
A Pre-Mapping Quality Assessment Tool

Summary

Paper F builds directly on the challenges identified in Paper E and aims to
move the work one step further by focusing on how FHIR data mapping can
be facilitated in practice. Whereas Paper E examined mapping quality as
a research problem, Paper F aims to focus on the development of a more
systematic approach for supporting FHIR mapping processes.

In the paper, I explore how mapping workflows can be structured, docu-
mented, and assessed in a way that reduces ambiguity and supports more
transparent transformation of heterogeneous data into FHIR-compatible rep-
resentations. One ambition is for mapping work to not remain a hidden tech-
nical activity performed solely through ad hoc solutions or manual interpreta-
tion, but should instead be supported through clearer processes, visual guid-
ance, and explicit mechanisms for validation and quality assessment. In the
context of Virtuality, this work will hopefully contribute to the development
of functionality intended to help platform users to configure mappings more
systematically and to make the transformation process easier to understand
and reproduce. The article is still an early draft, but the concept and ambition
is clearly defined.

Author contributions

I am responsible for the conceptualization and design of the framework, the
implementation-oriented analysis, and the drafting of the manuscript. All
co-authors contributed to the refinement of the framework and revised the
manuscript critically.

81



Chapter 8 Summary of included papers

8.7 Paper G (Architecture and design paper)
Seth M, Apelgren F, Bakidou A, Lundgren P, Blomberg H, Sjöqvist BA,
Candefjord S From Concept to Implementation: Design and Architecture of
Virtuality — A Virtual Care Process Simulation Environment

Summary
Paper G presents the design and architecture of Virtuality as an interoperable
simulation environment for digital health innovation.

A central contribution of the paper is the architectural formalization of Vir-
tuality as a process-oriented simulation environment rather than a traditional
isolated sandbox. In Virtuality, synthetic data, third-party applications and a
Digital Health Sandbox are combined to allow Virtuality function as a build-
time environment (users design and constructs simulations) and a run-time
environment (participant interact with the configured simulation). This dual
focus allows users to construct and run simulations, by combining reusable
Building Blocks representing data providers, services, and user-facing applica-
tions. These can be configured into executable healthcare workflows through
a Graphical User Interface (GUI), referred to as the Scenario Engine. The
hybrid system architecture, inspired by layered - and plug-in architectures sup-
ports not only the integration of heterogeneous systems, but also simulation
design, scenario configuration, execution, persistence, and traceability.

The paper also describes several of the mechanisms introduced to sup-
port interoperability, reuse, and validation within the platform. These in-
clude standards-based communication through HL7 FHIR, architectural sup-
port for modular and extensible Building Blocks, and platform mechanisms
such as SHAPE, RAPID, and SEAL, which together support validation, or-
chestration, traceability, and reproducibility of simulations. By combining
existing technologies—including semantic web technologies, interoperability
standards, synthetic data, and modular software components—in a new way,
Virtuality extends beyond isolated interface testing and instead enables evalu-
ation of complete healthcare processes consisting of multiple interacting com-
ponents and contextual conditions.

In the context of the thesis, Paper G represents the practical synthesis of
the research journey. It formalizes how the challenges identified in earlier
papers were translated into architectural principles, design requirements, and
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implemented functionality.

Author contributions
I had the main responsibility for the architectural design of Virtuality, the
synthesis of the design requirements, and the drafting of the manuscript. All
co-authors contributed to the refinement of the platform concept and revised
the manuscript critically for important content.
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CHAPTER 9

Conclusions and Final Remarks

“The best way to predict the future is to invent it.”
— Alan Kay

This thesis argues that the main challenge in translating digital health inno-
vations into clinical practice is not technical functionality or interoperability in
isolation, but the absence of practical environments in which interoperability,
workflow integration, data transformation, and evaluation can be addressed
together. Through a progression of studies on IoMT interoperability, procure-
ment processes, FHIR data mapping, and healthcare simulation, the thesis
has shown that digital health innovations must be understood as components
embedded within larger care processes, organizational conditions, and data
ecosystems.

From this perspective, the central contribution of the thesis is the design
and implementation of Virtuality, a process-oriented simulation environment,
consisting of synthetic data generation mechanisms, integration of third-party
application and a Digital Health Sandbox, that together intend to support
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simulation, testing, and evaluation of interoperable digital health innovations.
Additionally, an important finding of this research is that the concept of

a Digital Health Sandbox often captures only part of the functionality re-
quired to support digital health innovation. Consequently, Virtuality evolved
into a broader Digital Health Simulation Environment, of which the sandbox
represents one central capability.

In conclusion, the thesis contributes both a conceptual reframing of what a
Digital Health Sandbox for healthcare should support, and a concrete archi-
tectural instantiation of how such an environment can be realized.

Based on these findings, the research questions can be answered as follows.

9.1 Answering the Research Questions

RQ1. What characterises the current landscape of digital health innovations
and the interoperability-related challenges that arise across their
development, procurement, integration, and use in healthcare settings?

The thesis shows that one of the main challenges in digital health innovation
is the difficulty in navigating available tools for interoperability and opera-
tionalizing interoperability requirements.

These challenges arise not only from technical complexity, but also from
fragmented responsibilities, uneven expertise across stakeholder groups, and
the challenge of translating clinical and organizational needs into system re-
quirements. One important implication of this thesis is therefore that digital
health innovations cannot be meaningfully evaluated in isolation from the
wider care processes, stakeholder contexts, and implementation conditions in
which they are intended to operate.

Another important finding is that existing interoperability tools, validation
mechanisms, and healthcare sandboxes primarily address isolated parts of
the innovation process. Many focus on message validation, standards compli-
ance, application testing, or individual interoperability layers, while providing
limited support for evaluating digital innovations as complete healthcare pro-
cesses. At the same time, the thesis shows that expectations on Digital Health
Sandboxes and testing environments are increasing, while there appears to be
a lack of concrete examples demonstrating how these expectations can be
translated into practical implementation

86



9.1 Answering the Research Questions

RQ2. What design requirements, architectural principles, and core
components are needed for a Digital Health Sandbox in which digital health
innovations can be integrated, simulated, tested, and evaluated prior to
clinical deploy- ment?

A central conclusion of the thesis is that a Digital Health Sandbox should
not be viewed solely as an environment for executing simulations. Rather, it
should provide an ecosystem surrounding the broader innovation and testing
process, supporting the preparation, design, integration, execution, validation,
and evaluation of digital health innovations. Simulation studies represent one
important use of such an environment, but the same underlying capabilities
can also support other activities. The thesis has shown that one way to achieve
this, is to use modular and process-oriented technologies and processes to
separate the build-time environment from the runtime.

To be practically useful in healthcare, the Digital Health Sandbox must also
be user-friendly and accessible for anyone, while simultaneously supporting
different stakeholder perspectives, potentially through no-code or low-code
interfaces. This can enable clinical users to rapidly set up, adapt, and iterate
on simulations without relying entirely on technical developers. The sandbox
should also support synthetic data, integration of third-party applications,
and functionality for investigating interoperability across several levels, from
technical connectivity and data exchange to semantics, workflows, governance,
security, and regulatory requirements.

To implement these capabilities, the Digital Health Sandbox can benefit
from a hybrid architecture that combines strengths from several architectural
paradigms, including layered architecture, modular design, and plug-in capa-
bilities. Within such an architecture, quality attributes such as reusability,
configurability, transparency, auditability, accessibility, and reproducibility
become especially important in a healthcare context. These qualities should
not only guide the design of the platform, but also be reinforced through
validation mechanisms that check the full simulation setup.

Finally, the thesis indicates that a Digital Health Sandbox should include
concrete functionality to support practical healthcare innovation work, such as
data mapping capabilities, synthetic data generation for mimicking IoMT, and
automated generation of documentation, reports, and user feedback needed
for evaluation, refinement, and potentially regulatory compliance.
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RQ3. How can the identified requirements, architectural principles, and
interoperability mechanisms be instantiated in a working Digital Health
Sandbox, and how can such an environment be demonstrated through
realistic healthcare use cases?
The thesis demonstrates that the identified principles can be instantiated in
practice through the development of Virtuality, a web-based Digital Health
Sandbox for simulation and evaluation of interoperable digital health inno-
vations. Its web-based design supports cross-platform accessibility, allowing
users to access the environment through a standard web browser without in-
stalling dedicated software. This also lowers the technical barrier for involving
users from different organizations and technical environments.

Virtuality was implemented as a modular platform in which reusable Build-
ing Blocks can be assembled into simulation pipelines through a Scenario
Engine, while a common interoperability layer supports data exchange, vali-
dation, orchestration, persistence, and controlled execution.

The practical feasibility of this architecture was demonstrated through mul-
tiple use cases. In one use case, Virtuality was used to evaluate the workflow
integration of the OSISP trauma triage model in a realistic prehospital simu-
lation involving EMS personnel. In another, the platform was used to rapidly
configure a voting application for neurologists to assess synthetic stroke videos
and images in order to generate labeled data for future AI development. To-
gether, these examples show that Virtuality can be used both to evaluate
AI-enabled decision support systems and to support the development of new
digital health applications and research workflows. Although the thesis does
not claim that Virtuality is a finished or fully validated platform, it does show
that the proposed architectural principles can be operationalized in a con-
crete environment capable of supporting realistic and configurable simulation
of digital health innovations prior to clinical deployment.

9.2 Final Remarks and Future Outlook
Although Virtuality is still evolving, the work presented in this thesis suggests
that the platform, in its current form, addresses a real and important need in
digital health innovation. Across the included studies, as well as in the prac-
tical use cases and surrounding project activities, it became increasingly clear
that researchers, developers, clinicians, and healthcare organizations need bet-
ter ways to explore, test, and refine digital health innovations before they are
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introduced into clinical practice. In that sense, the relevance of Virtuality
lies not only in its technical architecture, but in the type of work it makes
possible.

The practical use cases presented in this thesis, together with its use in
ongoing projects, indicate Virtuality is applicable beyond a single application
or study context. The platform has already been used to support various
use cases, and future simulations are already being prepared (such as traffic
safety simulations). At the same time, several actors have recognized a broader
potential in Virtuality, not only as a platform for testing and evaluation, but
also for onboarding, training, and requirements gathering, interestingly, not
only in healthcare contexts.

Virtuality should also not be understood as a replacement for living labs,
test beds, or real-world evaluation. Rather, it has the potential to comple-
ment such environments by providing a digital and configurable space in which
innovations can be explored before moving into more resource-intensive and
clinically sensitive settings. In that sense, Virtuality could eventually be de-
ployed locally within hospitals or innovation environments, allowing clinicians,
researchers, and innovators to collaboratively test and refine new digital solu-
tions in a more iterative and accessible way.

It should also be acknowledged that the general idea behind Virtuality is
not entirely new. Related environments, sandboxes, and simulation tools have
been proposed in healthcare and in adjacent domains [95]. Furthermore, re-
quirements for sandbox-based environments are also beginning to emerge more
explicitly, not only from technical and research perspectives, but increasingly
from regulatory and innovation-oriented initiatives [19], [95]. However, what
distinguishes Virtuality is not a single isolated feature, but rather the way in
which several needs are brought together in one environment.

At the same time, Virtuality is far from finished. Several parts of the
platform remain to be expanded, refined, and formally evaluated. Future
work should therefore focus not only on extending the technical capabilities
of the platform, but also on studying how it is used in practice by different
stakeholder groups. This includes more systematic evaluation of usability,
usefulness, and adoption, broader support for different types of healthcare
workflows.

To summarize, I believe that Virtuality has the potential to become increas-
ingly relevant in the highly regulated and complex healthcare landscape. At
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the same time, I also hope that Virtuality can serve as an illustrative example
of how future testing environments may be designed, and provide ideas, guid-
ance, and practical inspiration for how tomorrow’s healthcare innovations can
be brought one step closer to clinical use and patient benefit.
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