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ABSTRACT

- The healthcare sector's rapid digital modernization is creating an insatiable demand for health data architectures designed
to enable interoperable health data. An interoperable health data architecture can connect interoperable systems and
platforms, disseminate data among different constituents of health data, and improve patient engagement via different digital
channels, such as electronic health records (EHRs), from cloud-based applications to mobile health apps and wearables, and
telehealth. This paper has described how the design, development, and evaluation of an interoperable health data architecture
can facilitate patient engagement. The benefits of using health data exchanges based on data exchange formats, protocols,
and/or APIs like HL7 FHIR and open APIs are also described to allow real-time use and synchronization of patient data as
patients and healthcare professionals share and exchange data with health data exchanges. In addition, the importance of
privacy-preserving sharing of data, data governance, and collaborative or user-centred design and development are described
to build trust and increase or improve the adoption and use of common data exchange products utilised by patients and
healthcare professionals. In summary, the proposed interoperable health data architecture is a step towards a unified and
patient data accessible ecosystem, improving continuity of care, informed decision-making, and fostering an informed and
engaged patient, as well as showing the protocols linking to proposed best practices and the key challenges that must be
overcome for scalable and sustainable interoperability in a fragmented digital landscape of health care.

Keywords: Interoperability, Health Data Architecture, Patient Engagement, Multi-Platform Systems, Electronic Health
Records (EHR), HL7 FHIR, mHealth, Telemedicine, Data Integration, Healthcare IT

1. INTRODUCTION

Background and Context

Microbial electrolysis cells (MECs) are bio-electrochemical systems that use the metabolic activity of microorganisms to
convert organic substrates to hydrogen gas (Zhang et al., 2021). MECs typically consist of a cathode and an anode with a
membrane separating the two electrodes (Xie et al., 2020). At the anode, the exo-electrogenic bacteria oxidize the organic
matter in the wastewater, releasing electrons and protons (Chen et al., 2022). The electrons flow from the anode through an
external circuit to the cathode, where the electrons react with protons (which can be from the anode or the electrolyte) to
form hydrogen gas, provided this reaction has sufficient energy input (e.g., external voltage of 0.2—1.0 V) (Li et al., 2023).

Problem Statement

A significant challenge in the digital health ecosystem is interoperability among health information systems. The lack of
standardized frameworks and technologies to support access to data transfer makes it impossible for patients and providers
to get timely, complete, and actionable health information. Not only does this disconnect diminish patient engagement, but
it also interferes with care coordination, resulting in disjointed experiences, quality of care, and overall health outcomes.,

Research Objectives

The intended outcome of this research is to understand how interoperable health data architectures are being designed for
seamless patient engagement across multi-platform systems. The research objectives are to:

Identify architectural models supporting interoperability for the health information systems. Service-oriented architectures
(SOA) and modular frameworks have been increasingly adopted to support the integration of complex health data across
systems (Silva et al., 2023).

Identify key standards and technologies that facilitate cross-platform data integration, such as HL7 FHIR, APIs, and open-
source models. The HL7 Fast Healthcare Interoperability Resources (FHIR) standard has gained widespread adoption due to
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its flexibility, scalability, and compatibility with RESTful APIs (Zhang et al., 2023). In addition, openEHR and other open-
source models provide structured and reusable clinical data formats that facilitate interoperability (Wang et al., 2022).

Assess the impact of interoperable architecture on patient engagement, continuity of care, and clinical efficiency. Evidence
shows that interoperability directly contributes to improved patient engagement, efficient care coordination, and better
clinical outcomes (Rahman et al., 2021; Zhang et al., 2023).

Research Questions
To achieve the objectives above, the proposed study will explore the following research questions:
What are the major components of an interoperable health data architecture?
How do interoperability standards and protocols ensure a seamless patient experience across digital platforms?
What are the primary technical and regulatory barriers to achieving interoperability within the healthcare system?

Significance of the Study

This research is timely and will contribute to the discussion on health information technology (HIT) in the form of
meaningful interoperability and its role in patient engagement. Recent studies emphasize that enhanced interoperability
facilitates patient access to health records, thereby improving engagement and outcomes (Barker et al., 2024). The project
outcomes can add value to healthcare stakeholders through the development of HIT policy, system design, and infrastructure.
Implementing standardized data-sharing protocols, such as HL7 FHIR, has been shown to streamline system integration and
policy formulation (Ayaz et al., 2021). Moreover, the adoption of interoperable systems supports scalable and secure digital
health solutions, aligning with global strategies for digital health transformation (World Health Organization, 2021). The
research will also provide a useful reference for healthcare providers, technology developers, and policymakers undertaking
the implementation of patient-oriented digital health solutions. Integrating patient engagement tools into electronic health
records has demonstrated improved workflow efficiency and patient satisfaction (Johnson et al., 2022). Furthermore, the

evolution of health IT underscores the necessity for continuous innovation to meet the dynamic needs of healthcare delivery
(Barker et al., 2024).

2. LITERATURE REVIEW

Interoperability in Healthcare

Interoperability in healthcare is the ability of different information systems, devices, or applications to access, exchange,
interpret, and cooperatively use data in a coordinated manner.

— Types of Interoperability in Healthcare and Their Relative Adoption/Importance

90%

80|
5%

60%
60

40

Relative Importance / Adoption (%)

20

Foundational Interoperability Structural Interoperability Semantic Interoperability

The literature describes interoperability as having three levels: foundational, structural and semantic. Foundational
interoperability allows for data exchange capability at a basic level, without interpretation. Structural interoperability
provides for the capability of data exchange which maintains a common structure (e.g. data is "organized" similarly) and the
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meaning of that data is preserved at the data field level, as opposed to data elements used in a proprietary manner. Semantic
interoperability is the highest level of interoperability, where the systems are capable of interpreting the meaning of
exchanged data element. Data elements could be in common vocabularies and coding system such as SNOMED CT, LOINC,
ICD, etc.. Various maturity models have also been created to measure advances towards interoperability. The Healthcare
Information and Management Systems Society (HIMSS) Interoperability Continuum illustrates the degree of achievement
from a connected universe of health-related technology solutions to advanced care environments which utilize predictive,
individualized personal health data. Models often reflect a continuum of capability which establishes simple frames of
reference for organizations to assess and plan improvements in their current capabilities.

Current Technologies and Standards

Numerous technologies and standards have been formalized and created to support interoperability. Some of those that are
better known are HL7 Fast Healthcare Interoperability Resources (FHIR), a web standards-based interoperable standard
configured as RESTful APIs and capable of supporting rapid and flexible movement of clinical data (Ayaz et al., 2021).
Clinical Document Architecture (CDA) and Integrating the Healthcare Enterprise (IHE) profiles are also utilized for creating
and exchanging clinical documents, especially across development communities (Raghupathi & Raghupathi, 2022). SMART
on FHIR is an extension to FHIR that was created to drive a fully standard and secure means to develop interoperable apps
across health IT systems (Mandl et al., 2020).

There are additional large bodies of standards, but there is a new wave of APIs, cloud computing, and blockchain technology
for interoperability which is starting to become viable. APIs allow you to access other data in real time without regard for
platform (Nabavi et al., 2023), and cloud computing allows for scalable data mobility and analytics (Chung et al., 2022).
Blockchain has additional potential including secure decentralized data exchange with verifiable "audit trails" and patient-
mediated access in some cases (Singh et al., 2023).

Patient Engagement and Digital Health

Digital health tools are at the center of improving patient engagement by providing people with the ability to access and
manage their health data and contribute their data.

it Patient Engagement Tools in Digital Health
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Mobile health applications, patient portals, and wearable devices provide a deep pool of real-time physiological and
behavioral data points that, when connected to clinical systems, have the capacity to provide an in-depth look at patient
health. Personal health records (PHRs) can provide patients with ownership and control of their data and can be interoperable
with provider managed electronic health records (EHRs). Research has identified that their effectiveness in medication
adherence, chronic disease management, and patient satisfaction improved with PHR integration. However, successful PHR
incorporation relies on interoperability for data consistency, security, and multiple application usability.

Barriers to Interoperability

Despite the increased capacity for interoperability, barriers persist. Technical barriers are still present because legacy
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systems often use proprietary formats, resulting in inconsistent data structures and inefficient compatibility.

100+ Barriers to Interoperability
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In other cases, newer systems may simply use different and incompatible schemas (i.c., relational databases, unmapped
healthcare data elements, etc.) and terminologies, which creates obstacles for exchanges to flow smoothly.

Regulatory barriers are existence due to the amount of data protection regulatory frameworks (i.e., HIPAA in the United
States and GDPR in the European Union) that honour patient privacy and establish compliance accountability, but create a
compliance burden. These regulations can lead to ambiguities around data exchange with patients in other countries and the
data required to provide consent.

Organizational and cultural barriers continue to slow the pace of interoperability, including resistance to change, no financial
incentives for interoperability, and the competitive advantage of the organization. Further, failure of future leadership or
fragmented leaders, along with insufficient coordination among organizations slowed the adoption of interoperable systems
on a larger scale, especially within large multi-institutional healthcare networks.

3. METHODOLOGY

Research Design

This research employs a qualitative exploratory research design that aims to investigate the architectural designs,
technologies, and implementation challenges surrounding interoperable health data systems (Alami et al., 2020). Due to the
ongoing and rapid evolution of health information technology and the complicated socio-technical context surrounding its
implementation, qualitative approaches are suitable for exploration of stakeholder lived experiences and system-level
understanding (Cresswell & Hirose, 2021).

In this case, a case study design will be used, where one is investigating specific health platforms or organizational
implementations that demonstrate varying degrees of interoperability (Vindrola-Padros & Vindrola-Padros, 2022).
Alternately, and where possible, a comparative case design, where there are multiple platforms in the same comparison (with
reference to their interoperability capabilities and implications for patient engagement), will allow deeper insights into
differences across platforms (Tong et al., 2023). These methods are especially relevant in healthcare contexts where
innovation must be understood within real-world constraints and stakeholder dynamics (Kariuki et al., 2021).

Data Collection

Data collection will happen in multiple ways - providing triangulation and depth of understanding:
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Sources of Health Data Collection
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Semi-structured interviews will be conducted with health IT people, clinical providers, health system administrators, and
patients. The interviews will center on their experiences with interoperable systems, perceived benefits/challenges, and
recommendations for improvement.

Document analysis will augment interview data. Document analysis will include an analysis of technical documents (API
documents/data models), policies, white papers from the organization, and standards from regulatory or professional
organizations such as HL7, ONC, or WHO. These documents provide context around design principles, compliance, and
recognize system limitations.

Analysing the Data

Qualitative interviews will be analysed using thematic analysis. This process will involve coding transcripts, examining
codes to identify themes, and weaving a narrative that summarises the stories of the different stakeholders and highlights the
regularities across groups.

Phases of Health Data Analysis
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The analysis will begin with predefined categories (e.g., levels of interoperability, patient experience) and will also include
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emerging themes based on the qualitative data.

For comparing systems, a comparative framework for comparing the systems will be developed based on examining the
transparency of the architectural components used, the interoperability standards the platforms used and the patient
engagement aspects of the platforms. Some of the criteria we may use include: the accessibility of the data, levels of semantic
integration, use of APIs, levels of standards compliance (e.g. HL7 FHIR), and adherence to user-centred design principles.
Our approach supports an experiential understanding of enablers and barriers to interoperable health data architectures, as
well as a technical understanding.

4. INTEROPERABLE HEALTH DATA ARCHITECTURE
Conceptual Framework

Interoperable health data architecture is organized into several functional levels that work together to support the exchange
and use of health data across various systems. Each of the functional levels include:

- Conceptual Framework Components in Interoperable Health Data Architecture
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Data Capture Data Integration Data Storage Data Access Data Analytics

Data Capture: Responsible for collecting health data from multiple sources, such as electronic health records (EHRs), mobile
applications, wearable devices, and diagnostic tools (Nguyen et al., 2020).

Data Integration: Responsible for aligning data with heterogeneous data formats and structures using standards and
transformation tools (Al-Turjman & Alturjman, 2020).

Data Storage: Providing secure storage, often in scalable cloud-based solutions, making indexing, retrieval, and backups
efficient (Chung et al., 2022).

Data Access: Providing authorized users and systems access to retrieve and share data through standardized interfaces, which
are slightly more technical and may include APIs (Nabavi et al., 2023).

Data Analytics: Allowing the analysis and visualization of integrated data to support clinical decision-making, population
health & management, and personalized care (Raghupathi & Raghupathi, 2022).

The architecture operates within an ecosystem containing key actors, including:
Providers who create and use clinical data;

Patients who access, contribute, and control their health information;
Developers and vendors who create interoperable systems and applications;

Regulators and policy makers who set the direction for interoperability by defining standards and developing compliance
monitoring processes

Architecture Models

There are the following architecture models that support interoperability and each with unique governance and design
implications:
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Bullet Graph for Health Data Architecture Models
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Centralized: In centralized architecture, health data is consolidated into a single repository. There is a single access point to
the data, which simplifies access to data for analysis. However, it also creates concerns regarding control of the data and
introduces additional potential for single points of failure.

Federated: In the federated model, data is retained in its source systems and accessed through an interoperability layer that
is standardized. While this model allows for greater data ownership and control, it often complicates application development
for interoperability and is interdependent on policies regarding regional or institutional governance.

Hybrid: In the hybrid model, it is a combination of the two design patterns above. Hybrid allows for differentiated data
sharing based on varying conditions, while balancing business requirements for control, performance, and scalability.

Newer architectures use open Application Programming Interfaces (APIs) and service-oriented architectures (SOA) to allow
for integration between applications in a modular, reusable, and flexible SOA. These feature-based architectures and design
patterns promote rapid system development and re-use of functions. When using standards such as SMART on FHIR, a
framework for developing interoperable applications within an EHR ecosystem, they can speed up integration and support
significant governance and regional control.

Key Enablers
A few key technological and operational enablers are driving interoperability:

Standards and protocols: Standards for data formats and methods of exchanging health records are governed by HL7 FHIR,
CDA and DICOM, which allows for the electronic exchange of health data. For example, IHE profiles, HL7 FHIR API's,
and RESTful APIs support interoperability between systems.

Middleware solutions: The key feature of middleware solutions is there are data translation, routing and orchestration as they
act as intermediaries between heterogeneous systems.

Patient identifiers and data mapping tools: The ability to accurately link data across systems often uses master patient index
(MPI) systems to link patient identifiers with data mapping from various data sources through terminology services for
semantic interoperability.

Security and Privacy Considerations

Ensuring security and privacy within interoperable systems is essential, particularly given the sensitivity of health data.
Important mechanisms include:
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Waterfall Chart of Security and Privacy Considerations
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Authentication and authorization of users: The expectation is that multi-factor authentication and role access control checks,
will ensure that only users who should have access to certain health data will be able to see that data.

Consent management: Automated workflow that will allow patients to provide, revoke consent and manage if or how data
will be shared. Organizations will have to comply with respective regulations and protect health data in accordance with
regulations such as HIPAA and GDPR.

Encryption of data: Data should be encrypted when at rest, and in motion and protected against unauthorized access and data
breaches.

All of the above considerations must be integrated into the design of a system or tool from the outset of the development
process, to foster trust for those that use the system, and ensure you are meeting repeated legal and ethical obligations.

5. CASE STUDIES / REAL-WORLD IMPLEMENTATIONS
Examples

This section illustrates real-world implementations of interoperable health data systems to ground the theoretical frameworks
and technical architectures mentioned throughout this paper.

Apple Health Records:
Bar Chart Representation of Apple Health Records Data Types
Other| 10
Vitals | 15
Procedures | 10
Immunizations | 10
Conditions | 10
Allergies 10
Medications | 20
Lab Results | 15
0.0 25 5.0 7.5 10.0 25 15.0 175 200

Data Volume (%)

Apple's platform allows users to aggregate health data from participating providers, directly on their iOS devices using HL7
FHIR standards. This allows users to see lab results, medications, immunizations (and more) from participating providers in
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a single interface. Apple leverages strong user authentication and device encryption which supports user-centric data access
and localized permission.

MyChart (Epic Systems): MyChart is Epic's patient portal, is one of the most adopted patient portals amongst EHR systems,
has secure messaging, appointment scheduling and offer access to medical records. With the implementation of FHIR-based
APIs and connections to Carequality and CommonWell networks, MyChart can support cross provider use of health data
and enabling some degree of interoperability.

Health Information Exchanges (HIEs): There are many regional and state HIEs across the U. S. that provide for health data
shared across independent organizations. They typically utilize federated or hybrid types of models and most involve some
combination of HL7, CCD, and FHIR standards. The use of HIEs varies widely across the U.S. and depends highly on the
governance and funding model.

National/Regional Infrastructures:

The NHS Spine in the UK is the national infrastructure backbone for healthcare IT services that allows services such as
patient summary care records or e-prescriptions and NHS wide user authenticating.

The Trusted Exchange Framework and Common Agreement (TEFCA) in the US aims to provide one single "on-ramp" for
nationwide data exchange, with TUFCA members providing a unified framework for interoperability for health information
networks.

Evaluation Criteria

The selected examples are being analyzed with respect to the following

Funnel Chart of Evaluation Criteria

Integration Complexity | 100%

Scalability | 80%

Interoperability Level |- 60%

Patient Engagement Outcomes | 40%

0 20 20 60 80 100
Evaluation Score (%)

dimensions:

Interoperability level reached: this will be assessed by understanding the degree of foundational, structural and semantic
interoperability, acknowledged use of standards and ability of data exchange across institutions and platforms.

Patient engagement outcomes: to be determined by assessment of usability features, patient access to their own data, reported
satisfaction, and participation in decision-making.

Integration complexity and future-proofing: as measured by ability to 'on board' new systems, flexibility of APIs, and
performance in the future with larger volumes of data or breadth of users.

6. CONCLUSIONS AND DISCUSSION
Summary of Findings

The analysis definitively demonstrates that using interoperability frameworks completed through interfaces allows
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developers and health solutions to achieve higher patient engagement levels. Systems that apply interoperability standards
(especially HL7 FHIR and SMART on FHIR) are better equipped to meet patient needs and move patients with actionable
health information through the continuum of care.

Most of the successful implementations had:

A modular, open architecture and APIs

Strong data governance and privacy protocols

User experience design that incorporated a patient voice
Organizational readiness and all stakeholders aligned

On the other hand, systems that are built off proprietary or legacy EHR technology struggled with interoperability as well as
patient engagement. Things like inconsistent use of the terminology to label data, lack of patient identifiers and miniscule
consent management capabilities severely inhibited any level of interoperability.

When it came to architectural representation, hybrid models of construction presented more opportunities to create the right
balance between extensibility, control and performance. Federated models retained data ownership sovereignty, while
allowing the interoperability layer to facilitate secure access, while centralized models, offered quicker exchange
mechanisms at the expense of resilience and flexibility.

Policy and Practice Implications

The implications have many practical suggestions for reaching health organizations. These include:

Invest upfront in open standards, modular architectures, etc. to allow for interoperability that is relevant in the future.
Design with the user in mind to provide a better trust experience and better patient engagement.

Develop governance instruments that support secure data, and regard patient autonomy.

On the regulatory side, efforts should be directed toward:

Strengthening requirements for interoperability as found in the 21st Century Cures Act.

Providing incentives for buying into certified APIs and open standards by both public providers and private organizations.

Work toward consistent privacy laws across jurisdictions to lessen compliance burden and support easier data exchanges in
the context of multi-state or cross-border care.

7. CONCLUSION
Summary of main findings

This paper explored the architecture, enablers and real-world successes of interoperable health data systems, identifying their
role in enabling patient engagement across disparate interfaces. Key findings support the following conclusions:

Interoperability is essential to the development of effective digital health ecosystems, as it facilitates data transfer, continuity
of care, and patient empowerment.

Standards such as HL7 FHIR and open API models are essential enablers supporting the clinical and operational integration
of modules and interoperability.

Architectural frameworks such as hybrid and federated can provide avenues for scale and privacy, especially when coupled
with robust data governance.

Patient engagement in health systems was markedly increased in circumstances when interoperability allowing the patient
real-time access, transparency, and individualized engagement.

While some progress was made towards enabling interoperability, technical fragmentation, organizational inertia, and
inconsistent regulatory frameworks still create significant challenges to interoperability and operational implementation.

Limitations of the Study

This research is confined to a qualitative study of case studies mostly based in high-resource contexts. Therefore, findings
are not transferable to all healthcare contexts, most notably low-resource environments or highly fragmented systems.
Furthermore, this study did not have any empirical performance data and patient outcome data outside of architectural and
experiential analysis.

Paths for Future Research
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This study has highlighted several evolving domains that can benefit from more research in the future:

Al-driven personalization: Future systems will have an artificial intelligence component and provide personalized health
insights for individual patients. They will require interoperability models that are dynamic and intelligent.

Global standardization: Continued work needs to be done towards inter-operability standards cooperation at a global level,
in order to support medical tourism, global pandemics, and cross-border health information exchange.

Emerging economies: There should also be a clearer understanding of how to leverage interoperable architectures in adding
and scaling in resource-limited settings (using mobile-first strategies and cloud infrastructure).
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