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Abstract: The clinical services that are data-driven have provided great opportunities due to the technological advancement of
healthcare, but advanced complexities of the architectural challenges. Distributed systems are also significant to offer real time
healthcare in terms of secure and scalable infrastructure to handle sensitive health data as well as comply with the regulations. This
review proposes modern architectural constructions in the purpose of security measures, scaling strategy, compliance strategy and
resiliency strategy in healthcare facilities. A comparison of the traditional, cloud-based as well as federated approaches displays the
results of performance difference and privacy alignment. Since the evidence of the experiment shows, federated architecture is
effective with regard privacy protection, and responsiveness within the system. The paper ends with certain recommendations of the
future model of architecture where regulatory flexibility, smart incorporation of edges and decentralized trust paradigms have been

given a relevance.
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INTRODUCTION

The healthcare sector has become a digitalised
sector that has introduced a new dimension of
patient care, data management and seamless
operations of the sector. The current-day
healthcare ecosystems are becoming highly
networked systems that can accommodate high
amounts of sensitive clinical, administrative, and
research information. In order to work efficiently,
the architectural grounds of these systems should
meet urgent three-fold needs: security, scalability,
and regulatory compliance. Secure and scalable
healthcare architecture, in this case, is not a luxury,
but a necessary aspect of ensuring patient safety,
preserving the people's trust, and operational
resiliency in the context of the growing cyber
threat and the strict regulatory control (Shah, W. F.
2023).

The modern architectural trends should be
considered with reference to the baseline,
Traditional EHR architecture. In the past,
Electronic Health Record (EHR) systems were
constructed  as monolithic, on-premises,
application-based systems, which were created
with the main aim of capturing and retrieving
patient data in one institution. They were normally
based on a small number of centralized servers,
highly-integrated software modules, and fixed
work flows. Although this architecture was
sufficient during the earlier phases of digitization,
this architecture is not as flexible, interoperable or
real-time responsive as modern healthcare
operations needed to be. The basis of the operation
gaps that are addressed by modern solutions has its

foundations in its limitations: it cannot scale
rigorously, has a limited integration capacity, and
is heavy in terms of maintenance.

The importance of rethinking these architectures
has significantly increased with the fast
appearance of cloud-oriented technologies, the
possibility of becoming an loT-related part of
medical devices, Al-based diagnostics, and
telemedicine services. Regardless of the changes,
the innovations are bringing new points of attack,
and interoperability challenges to already strained
healthcare systems (Dubovitskaya, A. et al., 2018).
The recent high-profile data breaches, ransomware
attacks, and system downtimes merely support the
ineffectiveness of the healthcare systems that are
not designed with an appropriate architectural
planning (Fenz, S. et al., 2014). Therefore,
researchers and practitioners pay increased
attention to those architectures which can offer
flexibility and resilience to react to a changing
operational and threat environment. The field of
healthcare obtains quite a certain position in the
digital infrastructure too. Unlike in other sectors,
healthcare environments must not only meet high
privacy requirements (including the HIPAA in the
United States or GDPR in Europe), but they also
need load-bearing capabilities (if they are required
to certificate life-threatening workloads), data of
multiple types, and provide 24/7 system
performance (Kumar, P. 2024). This twofold
necessity of corresponding to the regulations and
being reliably unswerving is what makes the
healthcare architecture one of the areas, where a
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particular synthesis of competencies in the field of
cybersecurity, cloud computing, data management
and clinical informatics is required.

But despite the growing awareness, there are
several vital challenges. Some recent literature
addresses security mechanisms without discussing
their interaction with adequately factorizing long-
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term scalability, system maintainability or clinical
performance (Kruse, C. S. et al.,, 2017). The
loopholes highlighted above highlight the existing
need to have extensive architectural designs that
are able to cover the operational, security, and
regulatory  requirements of the industry.

Table 1. Summary of Studies in Similar Domain

Ref.

Focus

Findings (Key Results and Conclusions)

(Shah, W. F. 2023)

Importance of secure and
scalable healthcare architecture

Highlighted the need for architectures that balance
security, scalability, and compliance to protect
patient safety and maintain operational resilience.

(Dubovitskaya, A. et

Impact of emerging technologies

Identified new attack surfaces and interoperability

al., 2018) (cloud, 10T, Al, telemedicine) on | challenges emerging from rapid digital
healthcare systems transformation.
(Fenz, S. etal., 2014) | Vulnerabilities and failures in | Revealed increased frequency of breaches,

poorly architected healthcare
systems

ransomware attacks, and outages linked to

inadequate architectural planning.

(Kumar, P. 2024) Regulatory and  operational | Discussed challenges posed by strict privacy
distinctiveness of healthcare IT | regulations (HIPAA/GDPR) and life-critical,
systems heterogeneous data workloads.

(Kruse, C. S. et al., | Limitations in current research | Note that many studies isolate security

2017)

on healthcare system security

mechanisms without considering performance,
maintainability, or scalability trade-offs.

(Edo, O. C. et al,
2024)

Secure cloud-based health data
sharing framework

Proposed a blockchain-enabled framework
ensuring data integrity, privacy, and decentralized
control.

(Martinez-Pérez, B.
et al., 2013)

Scalable architecture for loT-
based remote patient monitoring

Introduced a layered architecture improving real-
time monitoring and data fusion scalability.

(Chauhan, S. et al.,
2021)

HIPAA-compliant mobile health
application architecture

Presented an mHealth platform incorporating role-
based access and end-to-end encryption.

(Friha, O. et
2021)

al.,

Resilience in healthcare loT
networks under attack scenarios

Developed a threat modeling approach to improve
fault tolerance and system availability.

(Rahmani, A. M. et
al., 2015)

Cloud architecture for health
analytics in smart cities

Demonstrated that hybrid cloud models support
large-scale analytics without compromising
security.

(Radanliev, P. et al.,

Federated learning for privacy-

Implemented federated approaches that reduce

2020) preserving clinical data | privacy risks while maintaining predictive
modeling performance.
(Sheller, M. J. et al., | Architectural patterns for | Identified reusable compliance patterns aligned

2020)

compliance in health information

with GDPR and HIPAA requirements.

systems

(Cao, Z. et al., 2025) | Performance  bottlenecks in | Revealed latency and availability issues in cloud
cloud-based electronic health | EHR systems and suggested load balancing
records (EHRS) strategies.

(ahsin, F. et al, | Secure APIs for interoperable | Proposed a token-based authorization mechanism

2023) health data exchange to secure RESTTful health data APIs.

(Gambo, M. L., &
Almulhem, A. 2026)

Zero Trust architecture in

healthcare

Advocated for micro-segmentation and context-
aware access policies to mitigate insider and
lateral-movement threats.
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Figure 1: The Proposed Model
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Figure 3: Latency Score Comparison

In order to reinforce the comparative architectural
analysis described in Figure 3, this paper proposes
a Compliance Score (0-1) to understand to what
degree each architectural model meets the
requirements of the existing healthcare regulatory

and policy challenges. The score is a normalized
composite measure that is based on three weighted
dimensions (Shah, W. F. 2023; Kruse, C. S. et al.,
2017; Cao, Z. et al., 2025).
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Regulatory Control Coverage (50%b): Calculates
the percentage of required controls that were
satisfied based on significant regulatory
frameworks (e.g. HIPAA Security Rule, GDPR
data-protection requirements and other national
standards) (Shah, W. F. 2023; Cao, Z. et al., 2025).

Coverage Score
_ Number of Implemented Controls

Total Applicable Controls

Auditability & Transparency (30%): Measures

the ease with which the architecture can help with

auditing operations. This includes:

o availability of detailed access logs

e traceability of data flows

e support for automated compliance reporting

e Immutability or versioning of critical records
(Dubovitskaya, A. et al., 2018; Kruse, C. S. et
al., 2017; Edo, O. C. et al., 2024).

Policy Adaptation Agility (20%): Measures the

architectural capability to respond to new or

updated compliance requirements with a minimum

level of operational impact. This includes:

= configurability of access policies

= modularity of security components

= Speed of deploying new governance rules
across distributed systems (Fenz, S. et al.,
2014; Radanliev, P. et al., 2020; Gambo, M.
L., & Almulhem, A. 2026).

Each dimension is independently normalized to a
0-1 range, and the final Compliance Score is
computed as:

Compliance Score = 0.5C,¢q + 0.3Cygitt 0.2Cagapt

The scoring model allows a consistent comparison
of the architectural paradigm with each other as it
not only measures the degree to which the
regulatory requirements are fulfilled, but also the
feasibility of compliance with time. An increase in
score of 1 depicts a high compliance to regulatory
expectations, efficient audit support, and high
responsiveness to changing policy environment
(Kruse, C. S. et al.,, 2017; Gambo, M. L., &
Almulhem, A. 2026).

DISCUSSION

The comparative results indicate the distinctive
performance and compliance features of
Traditional EHR, Cloud-Based EHR and
Federated architectures. To begin with, the latency
analysis presented in Figure 2 is an average
response time of cross-institutional electronic
health record retrieval, which becomes more and
more frequent in the context of the contemporary
care coordination (Martinez-Pérez, B. et al., 2013;

Rahmani, A. M. et al., 2015). Federated systems
achieved the lowest latency as they allow the
computation and data processing to be performed
on each node of the institution and this minimizes
the dependence on centralized server and network
overhead. This confirms their aptitude in clinical
real-time activities where fast decision-making is
necessary (Dubovitskaya, A. et al, 2018;
Rahmani, A. M. et al., 2015). Second, Figure 3 in
compliance comparison indicates that once again
Federated architectures perform better than other
models. Their distributed architecture already
facilitates localized data control, policy control at a
fine-grained level and can easily adapt to changing
regulatory policies (Shah, W. F. 2023; Kruse, C. S.
et al., 2017; Cao, Z. et al., 2025). Cloud-based
solutions continue to excel at the compliance
automation but add the reliance of third-party
policy maintenance and the cross-region data
management. Old fashioned EHR systems still
experience structural inelasticity, which restricts
their capacity to address contemporary compliance
requirement (Edo, O. C. et al., 2024; Radanliev, P.
et al.,, 2020). Third, the theoretical framework
provided in this paper highlights the importance of
layer, modular, architectures, in which compliance
management, resilience, security controls, and data
governance go hand in hand (Kruse, C. S. et al.,
2017; Martinez-Pérez, B. et al., 2013). The
findings show that developed systems based on
such layered principles prove to be more effective
in regards to operations and regulation. Overall,
the results show that the federated healthcare
designs have considerable advantages in
responsiveness, compliance flexibility, and
alignment of security. However, the cloud models
remain important in order to scale the throughput
and computational elasticity. The conventional
EHRs are also basic, but the architecture has grave
flaws and makes them less useful in the present
healthcare environment.

FUTURE DIRECTIONS

These findings of this paper and the findings in
other literature show that there are many research
directions that are essential in developing secure,
scalable and regulation conscious healthcare
systems in the future (Kruse, C. S. et al., 2017,
Radanliev, P. et al., 2020).

e Federated Al and Localized Intelligence: As
federated systems have proven to be beneficial
in terms of performance and compliance, more
research is required to apply federated learning
and on-device Al reasoning to clinical
diagnostics, real-time anomaly detection, and
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medical imaging workflow.With this kind of
model, institutions are able to harness the
power of collectivity intelligences without
necessarily centralizing sensitive patient
information eliminating privacy threat, and
making their decisions more accurate (Sheller,
M. J. et al., 2020; Edo, O. C. et al., 2024).

e Edge-Cloud Collaboration Architectures:
The cloud computing platform offers highly
scalable and elastic computing, yet edge-
computing is necessary in the scenario of
latency-intensive  health  care, including
emergency care, remote monitoring, and
continuous telemetry. The future study should
examine the hybrid design where the edge
nodes are utilized to handle data at a low level,
and cloud computing will handle data analytics
in the long term, coordinate models, and
perform intense computation. A two-layered
system of this type will have the capacity to
reduce bottlenecks in the system and enhance
reliability of the system in resource
constrained clinical environments (Rahmani,
A. M. et al., 2015; Radanliev, P. et al., 2020).

e Automated and Dynamic Compliance
Frameworks: Flexibility to changing rules is
one of the distinguishing characteristics
between architectural models as the
Compliance Score analysis has shown.
Compliance engines that are capable of doing
this:

» constantly re-authenticating access policies,

» monitoring data flows of data-handling, and

» Creating compliance attestations in real-time

The frameworks would have the potential to
minimize the audit overhead, enhance
transparency, and regulatory consistency in
distributed environments (Fenz, S. et al., 2014;
Gambo, M. L., & Almulhem, A. 2026).

e Zero-Trust Enforcement and Identity-
Centric Security Models: Based on the
literature, zero-trust security applies to an
environment in which there is a diverse range
of endpoints, such as 10T devices,
applications, and institutional data silos.
Future research should streamline constant
validation identity-based approaches, micro-
segmentation and adaptive access controls
using dynamic clinical conditions (Edo, O. C.
et al., 2024; ahsin, F. et al., 2023).

e Blockchain-Backed Auditability and Trust
Structures: Multi-institutional collaboration is
the one that is required in interoperable

healthcare ecosystems wherein security and
transparency are the main concerns. The
blockchain audit trails can ensure integrity of
the data, fraud, and verifiability of
transactions. The scalability, operational
viability and regulatory implication of
blockchain in large scale health network
should be considered in future studies
(Dubovitskaya, A. et al., 2018; Edo, O. C. et
al., 2024).

e Context-Aware Interoperability and
Adaptive Middleware: As the scale of
healthcare  systems across jurisdictions
increase, there is a requirement to develop
middleware that is clinically sensitive and can
adjust to local policies and has the capability
to align dissimilar data forms. The future
research should be carried out on ontology-
based data exchange, dynamic trust
negotiation, and semantic interoperability
framework (Martinez-Pérez, B. et al., 2013;
ahsin, F. et al., 2023).

CONCLUSION

The change in the healthcare infrastructure
presupposes shifting the architectural paradigms
according to which the monolithic and on-
premises EHRs must be substituted with the
models that can ensure their safety, scalability, and
adherence to the regulations. As has been
demonstrated in this paper, federated architectures
do have significant advantages in terms of
responsiveness,  compliance and  privacy-
preservation  computation-qualities that are
increasingly relevant in interconnected clinical
environments (Dubovitskaya, A. et al., 2018;
Kruse, C. S. et al., 2017; Sheller, M. J. et al.,
2020). The cloud based models cannot be ignored
when it comes to scaling throughput and data
intensive analytics, however they have problems in
the area of multi region governance and vendor
specific changes of compliance (Edo, O. C. et al.,
2024; Radanliev, P. et al., 2020). The foundational
traditional EHR systems have structural
constraints, which limit their capability to facilitate
the current interoperability, resilience to threats,
and agility towards regulatory matters (Kruse, C.
S. et al., 2017; Martinez-Pérez, B. et al., 2013).
Through the integration of findings and the
literature, this discussion confirms that future of
the healthcare architecture is distributed
computation, automated governance, and modular
security controls. The efficient architectural design
should incorporate the real-time implementation of
the policy, robust distributed processing, and
adaptive threat-reduction as the first-order design
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concepts. This vision can be implemented by a
synergized establishment of federated intelligence,
edge-cloud collaboration, and zero-trust protection

and
Collectively, these

models.
influence

intelligent interoperability

instructions  will

healthcare systems that are technologically robust,
but operationally resilient and credible in an ever
more complex digital environment (Radanliev, P.
et al., 2020; ahsin, F. et al., 2023; Gambo, M. L.,
& Almulhem, A. 2026).
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