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Abstract

Interoperable HealthTech ecosystems
composed of electronic health records (EHRSs),
medical devices, health information exchanges
(HIEs), mobile health (mHealth) apps, cloud
services, and analytics platforms deliver great
opportunities for coordinated care and
innovation but also dramatically increase the
attack surface for cyber threats. Traditional
perimeter-based defenses are inadequate for
these distributed, data-centric environments.
Zero-Trust Architecture (ZTA), which enforces
“‘never trust, always verify” principles with
continuous authentication, least privilege, micro
segmentation, and pervasive telemetry,
provides a rigorous, adaptable security model
for HealthTech interoperability. This article offers
a comprehensive, scholarly treatment of ZTA
applied to interoperable health ecosystems: we
synthesize core ZTA principles and reference
frameworks (notably NIST SP 800-207 and
follow-on guidance), map ZTA components and
operational controls to health-specific
technologies (FHIR APIs, SMART on FHIR
authorization, medical device telemetry, HIEs),
provide a practical, phased implementation
roadmap, propose metrics for evaluation,
analyze regulatory and privacy implications
(HIPAA, HITECH), and discuss deployment
challenges and mitigation strategies.
Throughout we emphasize measurable, risk-

based decision making, human factors, and
paths to clinical and organizational adoption.
This manuscript is intended for security
architects, clinical informaticians, Health IT
leaders, and researchers working on secure
interoperability in healthcare.

Keywords: zero trust architecture, healthcare
security, interoperability, FHIR, SMART on
FHIR, identity and access management, micro
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1. Introduction

Healthcare information systems are undergoing
rapid transformation: cloud migration, API-first
interoperability (notably HL7 FHIR), proliferation
of connected medical devices and wearables,
and third-party health apps expand both the
clinical value of data and vulnerability to cyber
threats. Past high-impact breaches and
ransomware incidents underscore the fragility of
legacy perimeter defenses in a world where
devices, users, and data routinely operate
outside enterprise boundaries. Zero-Trust
Architecture (ZTA) reframes security: it removes
implicit trust from network position and instead
enforces continuous verification and fine-
grained, context-aware access to resources.
This model is well aligned with the data-centric
and highly regulated nature of healthcare, but
practical application requires mapping ZTA
concepts to the specific protocols, standards,
and workflows of HealthTech ecosystems.
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In this article we develop a rigorous, end-to-end
guide for implementing ZTA to secure
interoperable HealthTech ecosystems. We
ground our recommendations in authoritative
ZTA frameworks (e.g., NIST SP 800-207 and
follow-on guidance) and in interoperability
standards (FHIR, SMART on FHIR), and we
provide actionable design patterns, evaluation
metrics, and governance controls that address
the unique clinical, regulatory, and operational
constraints of healthcare delivery organizations.
Key contributions:

. A conceptual mapping of ZTA components to
healthcare interoperability primitives (APls,
device telemetry, HIES).

. A phased implementation roadmap (assess —
design — pilot — scale — sustain) with control-
level guidance.

. A control matrix of technical, operational, and
governance measures tailored for HealthTech.

metrics and measurement
approaches for maturity, risk reduction, and
clinical impact.

. Discussion of regulatory, ethical, and human-
factor considerations required for successful
adoption.

Where we make normative claims about ZTA
principles and core architecture, we reference
foundational guidance such as NIST SP 800-
207.

2. Background: HealthTech Interoperability
and Threat Landscape

2.1. Interoperability landscape in healthcare
Interoperability today is driven by standards and
policies that enable programmatic exchange of
health data across systems. HL7’s Fast
Healthcare Interoperability Resources (FHIR)

has become the de-facto standard for RESTful,
resource-centric APl exchange in modern
Health IT architectures, and SMART on FHIR
provides an OAuth2/OpenlID Connect profile for
third-party apps to obtain scoped access to
FHIR resources. These APIs enable richer,
faster integrations for EHRs, HIEs, clinical
decision support, remote monitoring, and
patient-facing apps. However, ubiquitous APIs
also create widely distributed access surfaces
that must be protected with fine-grained access
controls and continuous monitoring.

2.2. Threats and failure modes unique to
HealthTech ecosystems

HealthTech ecosystems face a broad threat
spectrum: ransomware and extortion attacks on
clinical IT, exfiltration of patient records for
identity theft, compromise of medical devices
(potentially impacting patient safety), supply-
chain attacks against third-party apps and
libraries, and misuse of APIs that expose
sensitive PHI. Additionally, clinical workflows
often demand availability and low latency, which
complicates aggressive security controls. The
combination of high value data, safety
consequences, and legacy medical systems
creates adversary incentives and defensive
complexity unique to healthcare.

2.3. Why perimeter defenses fail

Perimeter defenses assume trust for systems
within the network and focus controls at network
edges; this model breaks down when systems
and users are mobile, cloud services are used,
third-party apps are granted APl access, or
compromised insiders exist. Zero trust
addresses these shortcomings by centering
security on resource access and context-aware
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policy enforcement rather than fixed network
locations. NIST’s ZTA guidance (SP 800-207)
articulates this shift and provides core
components and logical architectures useful for
guiding healthcare deployments.

3. Zero-Trust Principles and Architectural
Building Blocks

3.1. Core ZTA principles

At a high level, ZTA rests on several interlocking
principles:

Never trust, always verify. All access requests
are authenticated and authorized based on
user, device, workload, and environmental
context regardless of network location.

Least privilege. Access is granted with the
minimum  permissions required, enforced
dynamically and with short-lived credentials.
Micro segmentation and resource-centric
controls. Networks are segmented at fine
granularity and policies attach to resources
rather than network zones.

Continuous monitoring and adaptive policy.
Telemetry informs ongoing authorization
decisions, and policies adapt to observed risk
(e.g., anomalous behavior triggers re-
authentication or session termination).
Assume breach; plan detection and
recovery. ZTA assumes breaches are possible
and emphasizes detection, containment, and
rapid recovery.

The above are distilled from foundational ZTA
guidance and are directly applicable to
healthcare scenarios where data sensitivity and
clinical availability must be balanced. NIST
Publications

3.2. Logical components of a healthcare ZTA

NIST SP 800-207 defines several logical
components; we map them to healthcare
analogues:

Policy Decision Point (PDP) central or
distributed policy engines that evaluate access
requests based on attributes (identity, device
posture, data sensitivity, clinical role). In
healthcare, PDPs should integrate with clinical
role directories and consent management
systems to enforce patient preferences and
regulatory constraints.

Policy Enforcement Point (PEP) API
gateways, FHIR proxies, micro segmentation
enforcement points, and ZTNA connectors that
enforce PDP decisions at runtime. For FHIR
APls, PEPs perform token introspection, scope
checks, and RBAC/ABAC evaluations.
Continuous Diagnostics and Telemetry
centralized logging, SIEM/XDR, anomaly
detection, and device telemetry that feed risk
signals into PDPs. Telemetry should include API
access logs, device posture, and application
behavior.

Identity and Access Management (IAM)
identity providers (IdPs), multi-factor
authentication (MFA), credential lifecycle
management, and delegated access models
(SMART on FHIR’s OAuth2 scopes). IAM is the
cornerstone of ZTA in HealthTech.

Data Protection Services encryption (in transit
and at rest), tokenization, field-level encryption
for PHI, and privacy-preserving analytics. Data
protection must align with HIPAA and local
regulations.

Device and Workload Posture Services
mobile device management (MDM), device
attestation, and software bill of materials
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(SBOM)-based integrity checks for medical
devices and edge gateways.

These components must be orchestrated so
that every request to access a health resource
whether from an EHR user, a clinician’s mobile
app, a medical device, or an analytics workload
is assessed and authorized dynamically.

4. Mapping ZTA Controls to Health
Interoperability Technologies

This section provides concrete mappings
between ZTA controls and common
interoperability components.

4.1. FHIR APIs and SMART on FHIR
Authentication/Authorization: Use
OAuth2/0IDC with strong IdPs, short-lived
access tokens, refresh token policies, and
mandatory MFA for high-risk operations.
SMART on FHIR scopes should be narrowly
defined (e.g., patient/Observation.read), and
PEPs must enforce scope checks on each
request. Token introspection and revocation
endpoints should be integrated into the
PDP/PEP flow.

API| Gateway as PEP: Route all inbound and
outbound FHIR API traffic through an API
gateway that performs TLS termination,
authentication, scope validation,
request/response schema validation, rate
limiting, and anomaly detection. The gateway
must emit rich telemetry to the continuous
monitoring pipeline. FHIR Build

Fine-grained ABAC: Adopt attribute-based
access control (ABAC) for clinical scenarios that
depend on dynamic context (e.g., caregiver
relationship, emergency access). Patient
consent particulars and legal basis for sharing

should be treated as attributes in PDP
evaluation.

4.2. Medical devices and loT endpoints
Device Identity and Attestation: Equip
devices with cryptographic identities (X.509 or
similar) and attestation capabilities. Gateways
or device proxies should mediate access from
devices into the clinical network and the cloud,
validating firmware integrity and posture before
granting access.

Micro segmentation: Segment device traffic by
device class and clinical function; apply network
policies that constrain devices to the minimal
endpoints required. Segmenting at the
application layer using API-level controls is
preferred when network segmentation alone is
insufficient.

4.3. Cloud services and hybrid environments
ZTNA and Cloud Access: Use ZTNA
connectors and SASE patterns to enforce
access to cloud workloads. Apply workload
identities (not human credentials) using short-
lived certificates and workload identity
federation.

Supply-chain and Third-party Apps: Require
third-party apps to authenticate via registered
client credentials, supply SBOMs, and accept
conditional access policies (e.g., IP, device
posture). App registration and consent flows
must be auditable and revocable.

4.4. Health Information Exchanges (HIEs)
and portals

Data Minimization & Scoping: Enforce
minimal disclosure through the PDP for HIE
queries; only the data elements necessary for
the clinical use case should be returned.
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Consent and Legal Basis Enforcement:
Consent management systems should be
integrated into authorization decisions; PDPs
must be capable of evaluating consent
granularity and legal constraints (e.g., state laws
restricting data uses).

5. Implementation Roadmap:
Assessment to Sustainment

A practical, phased implementation mitigates
operational disruption and balances clinical
availability.

5.1. Phase 0 Governance and stakeholder
alignment

Establish a cross-functional ZTA steering group
(security, clinical leadership, informatics, legal,
procurement).

Define measurable objectives (risk reduction
targets, mean time to detect (MTTD) / mean
time to remediate (MTTR), compliance posture).
Inventory assets: APls, EHR integrations,
device classes, third-party apps, and data flows
(data mapping). This inventory is the
foundational input to a ZTA program.

5.2. Phase 1 Assess and prioritize

Conduct threat modeling and attack-surface
analysis for prioritized systems (e.g., EHR APIs,
telehealth gateways, remote monitoring
devices).

Score assets by clinical criticality and sensitivity
of data to prioritize mitigations.

Baseline current maturity using a ZTA maturity
model (e.g., CISA’s maturity model) and identify
capability gaps.

5.3. Phase 2 Design and proof of concept
(PoC)

From

Select an initial use case with bounded scope
(e.g., securing FHIR API access for a patient
portal or a specific HIE connection).

Design logical architecture: IdP integration, API
gateway/PEP, PDP policy constructs, telemetry
pipeline, device posture checks, and incident
response workflows.

Implement PoC with measurable acceptance
criteria (e.g., successful enforcement of ABAC
policies, telemetry completeness, negligible
latency impact).

5.4. Phase 3 Pilot and validate in clinical
operations

Run pilot with live traffic but controlled failover
and clinician oversight.

Validate clinical safety by running concurrent
control paths (allowlist and audit) before
enforcement in production.

Assess clinical workflow impacts and iterate
(usability, latency, exception handling).

5.5. Phase 4 Scale and integrate

Harden operational processes: policy lifecycle
management, identity lifecycle automation,
onboarding/offboarding playbooks.

Integrate ZTA telemetry with clinical SIEM and
patient safety monitoring to detect potentially
hazardous interference (e.g., unexpectedly
terminated device telemetry).

Expand to additional systems, medical device
classes, and partner ecosystems.

5.6. Phase 5 Sustainment and continual
improvement

Establish continuous control validation, red-
team exercises, and automated compliance
audits.
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Regularly update policies to reflect changes in
clinical practice, regulations, and threat
landscape.

Maintain stakeholder engagement and user
training programs.

6. Technical Controls and Best Practices
Below we describe specific technical controls,
their rationale, and practical deployment advice
for HealthTech settings.

6.1. Strong ldentity and Authentication
Enterprise IdP with federated trust
(SAML/OIDC) for clinician and staff identities;
integrate with workforce directories and HR
systems for automated
provisioning/deprovisioning.

Patient identities and consented access:
Support federated logins for patients with
appropriate identity proofing and consent
capture. For third-party apps, require explicit
app registration and OAuth client credentials.
SMART on FHIR provides a standard model for
delegated app access.

MFA and risk-based authentication: Enforce
MFA for elevated privileges and for external
access; use risk signals (device posture,
location, time) to apply adaptive authentication.
6.2. Fine-grained Authorization (RBAC —
ABAC — PBAC)

Begin with role-based access control (RBAC) to
cover common clinical roles, then transition to
ABAC or policy-based access control (PBAC)
that considers attributes: clinical role, patient
relationship, data sensitivity, time, and
emergency context.

Represent policies in machine-readable formats
and manage them through versioned policy
repositories.

6.3. APl and Gateway Protections

APl Gateway as central PEP: validate
schemas, perform authorization checks, rate
limit, and apply threat protection (injection,
malformed payloads). Emit detailed telemetry to
PDP and detection systems.

Mutual TLS and service authentication for
server-to-server interactions; use short-lived
certs and automated rotation.

6.4. Micro segmentation and Network
Controls

Use software-defined networking and micro
segmentation to enforce application-level
policies; segment device classes and workloads
by trust level and clinical function.

For cloud workloads, employ workload identity
and cloud provider native policy engines as
enforcement points.

6.5. Device Posture and Attestation

Device posture checks (OS patch level,
configuration baseline, known vulnerabilities)
should be computed by device posture services
and used in authorization decisions.

For constrained medical devices, deploy edge
gateways or proxies that attest device health on
behalf of the device.

6.6. Continuous Monitoring, Detection, and
Response

Build a telemetry pipeline that aggregates API
logs, device telemetry, IdP events, EDR/XDR
signals, and clinical system logs.

Use behavioral analytics and ML-augmented
detection to identify anomalies while minimizing
false positives that could disrupt care.

Define automated containment actions mapped
to clinical risk tiers (e.g., temporarily throttle API
access vs. full session revocation).
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6.7. Data
Enhancements
Encryption in transit and at rest; apply field-
level encryption for high-sensitivity PHI
elements.

Tokenization and pseudonymization when
datasets are used for analytics and research.
Consent-aware data flows: ensure PDP
enforces data use limits according to patient
consent and legal bases.

7. Evaluation Metrics, Testing, and Validation
7.1. Security and operational metrics
Maturity metrics: ZTA capability maturity
model score (per domain: identity, telemetry,
enforcement, micro segmentation, data
protection).

Security KPIs: MTTD, MTTR, number of
unauthorized access attempts blocked, percent
of APl calls validated by PEP, % of high-
sensitivity data flows protected.

Clinical KPlIs: API latency percentiles, clinician
task completion time, frequency of access
denials requiring escalation (false positives),
clinical downtime incidents attributable to ZTA
enforcement.

7.2. Testing approaches
Adversary emulation and

Protection and Privacy

red teaming:

simulate likely threat scenarios (APl key
compromise, device spoofing, lateral
movement) to validate detection and

containment.

Chaos engineering for security: controlled
fault and policy-failure injections to ensure fail-
safe behavior that does not endanger clinical
operations.

Penetration testing and API fuzzing: regularly
exercise gateways and FHIR endpoints.

User acceptance testing (UAT) with clinicians
to validate workflows and minimize clinical
friction.

7.3. Validation with real-world datasets
Where possible, use anonymized telemetry and
synthetic data to validate policies and detection
without exposing PHI. Data minimization and
privacy controls must be applied during
validation.

8. Regulatory,
Considerations
8.1. HIPAA, HITECH, and regional privacy
laws

ZTA implementation must ensure compliance
with HIPAA rules regarding PHI confidentiality,
integrity, and availability. Technical safeguards
(access control, audit controls, integrity controls,
transmission security) align closely with ZTA
controls;  however, organizations  must
document risk assessments, implement
business associate agreements (BAAs) with
third parties, and maintain breach notification
processes.

8.2. Consent and patient rights

Authorization policies must incorporate patient
consent and legal constraints (e.g., state laws
governing behavioral health data sharing).
PDPs should be capable of evaluating consent
artifacts at runtime.

8.3. Safety and clinical governance

Controls must be designed to avoid unintended
clinical interruption. A layered approach audit-
only, advisory, and finally enforced policies for
high-impact areas reduces the risk of premature
enforcement causing patient harm.

8.4. Equity and bias

Compliance, and Ethical
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Access decisions must be transparent and
auditable to ensure they do not inadvertently
discriminate against patient groups (e.g., by
denying access due to device availability or
geographic location). Governance should
include equity reviews of policy outcomes.

9. Implementation Challenges and Risk-
Mitigation Strategies

9.1. Legacy medical devices and constrained
endpoints

Challenge: many devices cannot support
modern authentication or telemetry.
Mitigation: deploy secure edge gateways and
device proxies that provide identity, attestation,
and protocol translation while preserving device
functionality.

9.2. Clinical workflow friction

Challenge: clinicians require rapid, often
emergency-level access; overly strict policies
can impede care.
Mitigation: implement break-glass protocols
with robust auditing; design emergency
escalation policies that are fast, logged, and
trigger post-event review.

9.3. Third-party app ecosystem complexity
Challenge: numerous third-party apps with
varying maturity.
Mitigation: enforce strict app registration,
require  SBOMs, adopt contractual security
SLAs, and make use of PDP policies to limit app
permissions and lifetime of tokens.

9.4. Data volume and telemetry cost
Challenge: ZTA requires extensive telemetry
that can be costly to collect and store.
Mitigation: tier telemetry by risk and use
intelligent sampling, compression, and event-
driven logging for low-risk flows.

9.5. Governance and change management
Challenge: policy proliferation and drift.
Mitigation: adopt policy lifecycle management
tools, version control, policy testing frameworks,
and cross-functional governance boards.

10. Case Studies and Worked Examples
10.1. Securing a patient portal FHIR
integration (worked example)

Scenatrio: A health system exposes a FHIR API
to patient apps for access to labs and
medications.

Implementation highlights:

Register apps with the IdP, require client-based
authentication for confidential apps; require
proof of developer identity and SBOM for public
apps.

Enforce SMART on FHIR scopes with minimal
required permissions; where possible use
patient-scoped tokens (not system tokens).
Route all calls through an API gateway PEP;
gateway performs schema validation, scope
checking, and emits telemetry to SIEM.
Implement ABAC rules for exceptional access
(e.g., clinician acting on behalf), with break-
glass mechanisms and retrospective audit.
Outcome metrics: reduced lateral movement
risk, ability to revoke app access promptly, and
improved auditability with minimal latency
impact.

10.2. Medical device telemetry gateway
Scenario: Remote monitoring devices publish
telemetry to a cloud analytics service.
Implementation highlights:

Devices authenticate using device certificates
managed by an MDM/loT hub; gateway
validates firmware attestation.
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Data is pseudonymized at ingestion; analytics
use tokenized identifiers for model training; raw
PHI is stored in a gated, encrypted repository.
PDP enforces which analytics workloads can
access re-identification mappings, logged with
justification for audit.

Outcome metrics: improved device integrity
posture, auditable access to patient-identifying
data, and compliance with research
governance.

11. Future Directions and Research
Opportunities

Standards evolution for attribute-rich
authorization in FHIR: research and
standardization of machine-readable policy
constructs and consent artifacts to simplify PDP
integration with clinical rules.
Privacy-preserving telemetry and analytics:
applying differential privacy and federated
learning to allow cross-institutional threat
detection without exposing PHI.

Automated policy synthesis from clinical
workflows: using process mining to derive
minimally disruptive access policies aligned with
clinician behavior.

Improved medical device identity standards:
secure on-device key storage and remote
attestation models designed for constrained
healthcare devices.

Al-augmented detection tuned for
healthcare signals: tailored behavioral models
that understand clinical cadence and reduce
false positives in clinical environments.

12. Conclusion

Zero-Trust Architecture presents a compelling
and practical framework to secure interoperable
HealthTech ecosystems by shifting controls to

resource-centric, context-aware enforcement.
When thoughtfully implemented integrating
strong identity and authorization, API-centric
PEPs, microsegmentation, device attestation,
and continuous telemetry ZTA can significantly
reduce cyber risk while preserving clinical
availability. Successful adoption requires cross-
functional governance, phased rollouts,
clinician-centered design to avoid workflow
disruption, and alignment with regulatory and
privacy obligations. The future of secure
interoperability will be shaped by continued
standardization (e.g., FHIR security profiles),
privacy-preserving analytics, and
operationalization of adaptive, policy-driven
access control across the HealthTech
ecosystem. Foundational guidance such as
NIST SP 800-207 and HHS guidance provide an
authoritative  starting point for  health
organizations embarking on ZTA transformation.
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