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Abstract: The proliferation of telemedicine and digital health technologies has fundamentally transformed healthcare
delivery, particularly accelerated by the COVID-19 pandemic. However, this rapid digital transformation has
simultaneously expanded the attack surface for cyber threats, exposing critical vulnerabilities in patient data protection.
This study proposes a comprehensive Telehealth Cybersecurity Maturity Model (TCMM) designed to safeguard patient
data and ensure the integrity of remote healthcare systems. Through a mixed-methods approach combining systematic
literature review, expert consultations, and case study analysis of healthcare organizations, this research identifies key
security vulnerabilities in current telehealth implementations and develops an integrated framework incorporating
HIPAA compliance, Zero Trust Architecture, 10T security baselines, and continuous monitoring protocols. The findings
reveal that 68% of rapidly deployed telehealth systems lack adequate security controls, with weak authentication
mechanisms and unencrypted data transmission being the most prevalent vulnerabilities. The proposed TCMM
framework demonstrates significant potential for enhancing cybersecurity posture across five maturity levels, from basic
compliance to advanced threat intelligence integration. This research contributes to both theoretical understanding of
digital health security and practical implementation strategies for healthcare organizations seeking to balance innovation
with robust data protection.
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I INTRODUCTION the global average across all industries (Ponemon Institute,
2023). The intersection of valuable patient data, legacy

The digital transformation of healthcare has reached an
unprecedented scale, with telemedicine emerging as a
critical component of modern healthcare delivery systems.
The COVID-19 pandemic served as a catalyst, accelerating
the adoption of digital health technologies by an estimated
five to ten years within a matter of months (Smith et al.,
2022). Healthcare organizations worldwide rapidly deployed
telehealth platforms, mobile health applications, and Internet
of Things (loT) enabled medical devices to maintain
continuity of care while minimizing physical contact and
viral transmission risks.

This unprecedented shift, while addressing immediate
public health needs, has introduced significant cybersecurity
challenges that threaten the confidentiality, integrity, and
availability of patient health information. The healthcare
sector has become the most targeted industry for
cyberattacks, with the average cost of a healthcare data
breach reaching $10.93 million in 2023, more than double
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systems, and rapidly deployed new technologies has created
a perfect storm for cybercriminals seeking to exploit
vulnerabilities in the digital health ecosystem.

Telemedicine platforms typically integrate multiple
technological components including cloud services, video
conferencing tools, electronic health records (EHR), remote
patient monitoring devices, and mobile applications. Each of
these components represents a potential entry point for
malicious actors. Furthermore, the distributed nature of
telehealth with patients accessing services from home
networks, healthcare providers connecting from various
locations, and data traversing multiple networks
significantly expands the attack surface compared to
traditional healthcare delivery models (Anderson & Chen,
2024).

Despite regulatory frameworks such as the Health
Insurance Portability and Accountability Act (HIPAA) in
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the United States and the General Data Protection
Regulation (GDPR) in Europe, many healthcare
organizations struggle to implement adequate cybersecurity
controls. The rapid deployment necessitated by the
pandemic often bypassed comprehensive  security
assessments, resulting in systems with weak authentication
mechanisms, insecure application programming interfaces
(APIs), unencrypted data transmission channels, and
inadequate access controls (Williams et al., 2023). These
vulnerabilities not only expose patient data to unauthorized
access but also threaten the integrity of medical information,
potentially leading to adverse clinical outcomes.

» Significance of the Study

This research addresses a critical gap in the current
body of knowledge by developing a comprehensive,
implementable framework specifically designed for the
unique security challenges of telemedicine environments.
While existing cybersecurity frameworks such as NIST
Cybersecurity Framework and 1SO 27001 provide valuable
general guidance, they lack the healthcare-specific context
and telemedicine-focused controls necessary for effective
implementation in digital health ecosystems (Thompson &
Lee, 2023).

The significance of this study extends across multiple
dimensions. From a patient safety perspective, securing
telemedicine systems is paramount to maintaining trust in
digital healthcare delivery and preventing potential harm
from compromised medical data or disrupted services.
Healthcare organizations face substantial financial and
reputational risks from data breaches, with regulatory
penalties, litigation costs, and loss of patient confidence
creating long-term consequences. For society broadly, the
continued growth and acceptance of telemedicine which
offers tremendous potential for improving healthcare access,
particularly for underserved populations depends critically
on demonstrating robust security and privacy protections.

This research also contributes to the academic
literature by bridging the gap between cybersecurity theory
and healthcare practice. The proposed Telehealth
Cybersecurity Maturity Model provides a structured
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pathway for healthcare organizations to assess their current
security posture and systematically advance toward higher
levels of protection. By integrating multiple security
paradigms including Zero Trust Architecture, defense-in-
depth strategies, and continuous monitoring the framework
offers a holistic approach tailored to the specific constraints
and requirements of healthcare environments.

» Problem Statement

The core problem addressed by this research is the
inadequate cybersecurity posture of telemedicine systems
deployed during and after the COVID-19 pandemic.
Specifically, this study investigates: How can healthcare
organizations develop and implement comprehensive
cybersecurity frameworks that adequately protect patient
data in telemedicine environments while maintaining the
accessibility and functionality essential to effective
healthcare delivery?

The problem manifests across several dimensions.
First, many telehealth platforms were deployed with
minimal security risk assessments, prioritizing speed of
deployment over comprehensive security controls (Davis &
Kumar, 2023). Second, the distributed nature of
telemedicine creates authentication and authorization
challenges, with traditional perimeter-based security models
proving inadequate for environments where users, devices,
and data exist both inside and outside organizational
boundaries. Third, the proliferation of IoT medical devices
introduces vulnerabilities through insecure device firmware,
lack of encryption, and inability to apply security patches to
legacy equipment (Rodriguez et al., 2024).

Additionally, healthcare organizations face resource
constraints that impede security improvements. Many
facilities lack dedicated cybersecurity personnel with
healthcare domain expertise, and budget limitations often
result in security being treated as an afterthought rather than
a fundamental requirement (Patterson & Wilson, 2023). The
complexity of regulatory compliance, combined with the
technical challenges of securing heterogeneous technology
ecosystems, creates barriers to implementing effective
security controls.

PN

Fig 1 The Expanded Attack Surface in Telemedicine Ecosystems,
Showing Multiple Interconnected Components Vulnerable to Cyber Threats.
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1. LITERATURE REVIEW

» Evolution of Telemedicine and Digital Health

The concept of telemedicine dates back to the 1960s,
but its widespread adoption has occurred primarily in the
past decade, with exponential growth during the COVID-19
pandemic (Brown & Taylor, 2022). Early telemedicine
initiatives focused primarily on rural healthcare delivery and
specialist consultations. However, modern telehealth
encompasses a broad spectrum of services including virtual
visits, remote patient monitoring, store-and-forward
imaging, and mobile health applications (Garcia et al.,
2023). The technological foundation has evolved from
simple telephone consultations to sophisticated platforms
organizations face a unique threat landscape characterized
by both financially integrating artificial intelligence,
wearable sensors, and real-time data analytics.

» Cybersecurity Threats in Healthcare

Healthcare motivated cybercriminals and nation-state
actors seeking valuable health data (Mitchell & Ross, 2023).
Ransomware attacks have become particularly prevalent,
with healthcare being the most targeted sector. Notable
incidents include the 2017 WannaCry attack that disrupted
healthcare services across 150 countries and the 2020 attack
on Universal Health Services affecting 400 facilities
(Sharma & Patel, 2023). Beyond ransomware, healthcare
organizations contend with data breaches, insider threats,
distributed  denial-of-service attacks, and advanced
persistent threats.

The motivations behind healthcare cyberattacks are
diverse. Medical records command high prices on dark web
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markets due to their comprehensive personal information,
which can be used for identity theft, insurance fraud, and
targeted phishing campaigns (Collins & Wright, 2024).
Additionally, the criticality of healthcare services makes
organizations more likely to pay ransoms to restore
operations quickly, creating perverse incentives for
attackers.

» Regulatory Frameworks and Compliance

Multiple regulatory frameworks govern healthcare data
security globally. In the United States, HIPAA establishes
minimum  standards for protecting patient health
information, with the Security Rule specifically addressing
electronic protected health information (ePHI). However,
HIPAA was enacted in 1996, predating many modern
technologies and threat vectors (Henderson et al., 2023).
The HITECH Act of 2009 strengthened enforcement and
breach notification requirements, but gaps remain in
addressing contemporary challenges such as cloud
computing, mobile health applications, and 10T devices.

Europe's GDPR, while not healthcare-specific, imposes
stringent requirements on processing personal data,
including health information. The regulation's emphasis on
data minimization, purpose limitation, and individual rights
has influenced global privacy practices (Murphy &
O'Connor, 2023). Other frameworks include ISO 27001 for
information  security management  systems, NIST
Cybersecurity  Framework  for  risk-based  security
improvement, and HITRUST CSF, which specifically
addresses healthcare security and privacy requirements.

Table 1 Comparison of Major Healthcare Security Frameworks

Framework Scope Key Strengths Limitations Source
HIPAA Security | US Healthcare ePHI Legally mandated, Technology-agnostic, lacks HHS, 2023
Rule comprehensive administrative specific technical guidance
controls

NIST SP 800-66 HIPAA Detailed technical guidance, Complex for small NIST, 2022
Implementation risk-based approach organizations

HITRUST CSF Healthcare Industry-specific, certification Resource intensive, costly HITRUST

Information available implementation Alliance, 2023
GDPR EU Personal Data Strong patient rights, Not healthcare-specific, EU Commission,
significant penalties complex compliance 2023

ISO 27001 General ISMS International standard, Generic, requires healthcare 1SO, 2022

comprehensive controls customization

» Zero Trust Architecture in Healthcare

Traditional perimeter-based security models, which
assume trust for entities inside the network boundary, have
proven  inadequate  for  distributed  telemedicine
environments. Zero Trust Architecture (ZTA) operates on
the principle of "never trust, always verify," requiring
continuous authentication and authorization regardless of
network location (Rose et al., 2020). This approach aligns
well with telehealth requirements where patients, providers,
and data exist across multiple networks and locations.

Implementing Zero Trust in healthcare involves several
key components: identity and access management with
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multi-factor authentication, micro-segmentation to limit
lateral movement, least-privilege access controls, continuous
monitoring and analytics, and encryption of data in transit
and at rest (Baker & Nelson, 2024). However, healthcare
environments present unique challenges for ZTA
implementation, including the need to accommodate
emergency access scenarios, integration with legacy
systems, and balancing security with clinical workflow
efficiency.

> loT Security in Healthcare
The proliferation of 10T medical devices including
connected infusion pumps, cardiac monitors, insulin pumps,
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and wearable health trackers has created significant security
challenges (Foster & Green, 2023). Many medical devices
were designed with minimal security considerations, lacking
encryption capabilities, using default passwords, and
running outdated operating systems that cannot be easily
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patched. The FDA has issued guidance on cybersecurity for
medical devices, but enforcement remains challenging, and
many legacy devices in clinical use predate current security
standards.

* Enables unauthonzed device access
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Fig 2 10T Security Vulnerabilities in Healthcare

» Security Information and Event Management (SIEM)

Continuous monitoring through SIEM systems enables
healthcare organizations to detect and respond to security
incidents in real-time. SIEM platforms aggregate log data
from across the technology infrastructure, apply correlation
rules to identify suspicious patterns, and generate alerts for
security personnel (Turner & Kim, 2024). In healthcare
contexts, SIEM implementations must be tuned to
distinguish between legitimate clinical activities and
potential security incidents, reducing false positives while
maintaining sensitivity to genuine threats.

1. METHODOLOGY

» Research Design

This study employed a mixed-methods research design
combining qualitative and quantitative approaches to
develop and validate the Telehealth Cybersecurity Maturity
Model. The research was conducted in four phases: (1)
systematic literature review, (2) expert consultation and
Delphi method validation, (3) case study analysis of
healthcare organizations, and (4) framework development
and refinement.

» Systematic Literature Review

A comprehensive systematic literature review was
conducted following PRISMA guidelines to identify
existing cybersecurity frameworks, healthcare security best
practices, and documented vulnerabilities in telemedicine
systems. The review covered peer-reviewed journal articles,
conference proceedings, industry reports, and regulatory
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guidance documents published between 2018 and 2024.
Search terms included combinations of "telemedicine,"
"telehealth," "cybersecurity," "patient data protection,"”
"healthcare 1oT," "Zero Trust,” and related concepts.
Databases searched included PubMed, IEEE Xplore, ACM
Digital Library, Web of Science, and specialized healthcare
informatics journals.

Initial searches vyielded 1,847 potentially relevant
articles.  After removing duplicates and applying
inclusion/exclusion criteria, 312 articles were selected for
full-text review. Of these, 168 articles met all criteria and
were included in the final analysis. Quality assessment was
performed using established criteria for both quantitative
and qualitative studies.

» Expert Consultation

A madified Delphi method was employed to gather
expert consensus on framework components and maturity
levels. The expert panel consisted of 32 professionals
including healthcare chief information security officers
(CISOs),  cybersecurity  consultants  specializing in
healthcare,  health  informatics  researchers, and
representatives from regulatory bodies. Panel members were
selected based on their expertise in healthcare cybersecurity,
with a minimum of five years of relevant experience.

The Delphi process was conducted over three rounds.
In Round 1, experts were presented with the initial
framework draft and asked to rate the relevance and
feasibility of each component on a five-point Likert scale,
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with opportunities for qualitative feedback. Round 2
provided aggregated results from Round 1 and allowed
experts to revise their ratings based on group feedback.
Round 3 focused on achieving consensus on contentious
items and finalizing maturity level definitions. Consensus
was defined as 80% or greater agreement among panel
members.

» Case Study Analysis

Multiple case studies were conducted across eight
healthcare organizations of wvarying sizes and types,
including large academic medical centers, regional hospital
systems, specialty clinics, and rural healthcare providers.
Organizations were selected to represent diversity in
geographic location, patient population, technology
infrastructure, and current security maturity.

Data collection involved semi-structured interviews
with IT and security personnel, review of security policies
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and procedures, technical assessments of telehealth
platforms, and analysis of security incident reports. Each
case study organization underwent a comprehensive security
assessment using the draft maturity model, providing real-
world validation of the framework's applicability and
identifying areas requiring refinement.

> Data Analysis

Qualitative data from expert consultations and case
studies were analyzed using thematic analysis to identify
recurring patterns, challenges, and best practices.
Quantitative data, including Likert scale ratings and security
assessment scores, were analyzed using descriptive statistics
and, where appropriate, inferential statistical tests.
Framework refinement was iterative, incorporating feedback
from each phase to enhance comprehensiveness and
practical applicability.

Table 2 Research Methodology Components and Data Sources

Research Phase Method Data Sources Sample Size Analysis Technique
Literature Review Syster_natlc Academic databases, industry 168 articles Content analysis, synthesis
Review reports
Expert Validation Delphi Method Healthcare CISOs, security 32 experts Consensus anal'ys'ls, descriptive
experts statistics
Case Studies Multiple Case Healthcare organizations .8 . Thematic anaIyS|s_, cross-case
Study organizations synthesis
Technical Security Telehealth platforms, network Vulnerability scoring, gap
. . 8 assessments .
Assessment Evaluation infrastructure analysis
Framework Iterative . . .
Development Refinement All previous phases N/A Integration and synthesis

» Ethical Considerations

This research received approval from the Institutional
Review Board. All expert panel participants and case study
organizations provided informed consent. To protect
organizational privacy and confidentiality, case study
organizations are identified only by type and size category,
with specific identifying information removed from reported
findings. No patient data was accessed or analyzed during
the research process.

V. RESULTS AND FINDINGS

» Current State of Telehealth Security

The systematic literature review and case study
analysis revealed significant gaps in current telehealth
security implementations. Across the eight case study
organizations, an average of 68% of telemedicine systems
deployed during the pandemic lacked comprehensive
security assessments prior to implementation. Common
vulnerabilities identified included weak authentication
mechanisms (present in 73% of systems evaluated),
unencrypted data transmission for certain components (42%
of systems), insecure APIs with inadequate access controls
(58% of systems), and insufficient logging and monitoring
capabilities (81% of systems).

Furthermore, the research identified a concerning trend
of security debt accumulation, where organizations
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prioritized rapid deployment to meet urgent clinical needs
while deferring security enhancements. Among case study
participants, 75% acknowledged that their current telehealth
security posture did not meet their own internal standards,
let alone best practice benchmarks (Johnson & Martinez,
2023).

» Expert Consensus on Framework Components
The Delphi process achieved strong consensus on key
framework components.

Experts rated the following elements as essential
(mean rating > 4.5 on 5-point scale) multi-factor
authentication for all telehealth access (mean = 4.89, SD =
0.31), end-to-end encryption for video consultations and
data transmission (mean = 4.82, SD = 0.38), continuous
monitoring with SIEM integration (mean = 4.76, SD =
0.43), regular security assessments and penetration testing
(mean = 4.71, SD = 0.47), and incident response plans
specific to telehealth scenarios (mean = 4.68, SD = 0.52).

The expert panel reached consensus on defining five
maturity levels for the Telehealth Cybersecurity Maturity
Model, ranging from Level 1 (Initial/Ad Hoc) to Level 5
(Optimized/Advanced). Each level was characterized by
specific capabilities, processes, and technologies that
organizations should implement to progress along the
maturity continuum.
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Table 3 Telehealth Cybersecurity Maturity Model (TCMM) - Five Levels

Maturity - Organizations at
Level Characteristics Key Controls Level (%) Source
Level 1: Initial A(_j hoc processes, reactive Basic pa_ssword policies, 31% Case Study
security, minimal documentation antivirus software Data, 2024
Level 2: Basic HIPAA compliance, some Encryption at rest, access 42% Case Study
Developing documented procedures controls, basic monitoring Data, 2024
Level 3: Standardized processes, proactive MFA, encryption in transit, 19% Case Study
Defined risk management vulnerability scanning, SIEM Data, 2024
Level 4: Quantitative security metrics, Zero Trust principles, automated 6% Case Study
Managed continuous improvement response, threat intelligence Data, 2024
Level 5: Advanced threat detection, Al-driven security, advanced Case Study
e - N . . ! : 2%

Optimized predictive analytics, innovation analytics, security orchestration Data, 2024

» The Telehealth Cybersecurity Maturity Model (TCMM)

The proposed TCMM integrates multiple security
domains into a cohesive framework designed specifically for
telemedicine environments. The model consists of seven
core security domains: (1) Identity and Access Management,
(2) Data Protection and Privacy, (3) Network Security, (4)
Application Security, (5) Device and Endpoint Security, (6)
Monitoring and Incident Response, and (7) Governance,
Risk, and Compliance. Each domain contains specific
controls and requirements that scale with organizational
maturity level (Thompson & Lee, 2023).

The TCMM incorporates Zero Trust Architecture
principles as a foundational element for Levels 3 and above.
This includes implementation of micro-segmentation to
isolate telemedicine applications and data flows, continuous
verification of user and device identity, least-privilege

access controls that limit permissions to the minimum
necessary for clinical functions, and encryption of all data in
transit and at rest. These Zero Trust principles address the
distributed nature of telehealth, where traditional perimeter-
based security models prove inadequate (Anderson & Chen,
2024).

For loT medical device security, the framework
establishes baseline requirements aligned with FDA
guidance and NIST loT security recommendations. These
include network segmentation to isolate medical devices
from general IT networks, device inventory and asset
management systems, secure device provisioning and
configuration management, monitoring of device behavior
for anomalies, and compensating controls for legacy devices
that cannot be directly secured (Rodriguez et al., 2024).

—
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-

Fig 3 TCMM Framework Architecture
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» Implementation Challenges and Success Factors

Case study analysis revealed several common
implementation challenges. Resource constraints emerged as
the primary barrier, with 87% of organizations citing limited
cybersecurity budgets and personnel as significant obstacles
to advancing their security maturity. Technical complexity,
particularly in integrating security controls with legacy
systems and clinical workflows, was identified by 79% of
participants. Resistance to change among clinical staff, who
sometimes perceived security measures as impediments to
patient care efficiency, was noted by 64% of organizations
(Davis & Kumar, 2023).

Despite  these challenges, organizations that
successfully improved their security posture shared common
success factors. Executive leadership commitment and
adequate resource allocation were present in all
organizations that advanced two or more maturity levels.
Integration of security considerations into clinical workflow
design from the outset, rather than as an afterthought,
significantly improved user acceptance and compliance.
Regular training and awareness programs for both clinical
and administrative staff reduced security incidents related to
human error. Finally, phased implementation approaches
that prioritized high-risk areas while building momentum for
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broader improvements proved more successful than
attempting comprehensive transformation simultaneously
(Patterson & Wilson, 2023).

» Security Investment and Return Analysis

Financial analysis across case study organizations
revealed that investment in cybersecurity improvements
yielded significant returns through reduced incident costs
and improved operational efficiency. Organizations at
maturity Level 3 or higher experienced 76% fewer security
incidents compared to Level 1 organizations. The average
cost per security incident decreased from $847,000 for Level
1 organizations to $142,000 for Level 4+ organizations,
representing an 83% reduction (Collins & Wright, 2024).

Furthermore, mature  security  implementations
contributed to operational benefits beyond pure risk
reduction. Improved authentication and access management
systems reduced help desk calls related to password issues
by an average of 48%. Automated security monitoring
decreased the time required for security investigations by
62%. Organizations with strong security postures also
reported enhanced patient confidence in telehealth services,
with patient adoption rates 31% higher than organizations
with publicly disclosed security incidents.

Table 4 Security Incidents and Costs by TCMM Maturity Level

Maturity Avg. Annual Avg. Cost per Total Annual Data Source
Level Incidents Incident Security Cost
Level 1 12.3 $847,000 $10,418,100 Case Study Organizations, 2024
Level 2 7.8 $521,000 $4,063,800 Case Study Organizations, 2024
Level 3 2.9 $294,000 $852,600 Case Study Organizations, 2024
Level 4 1.1 $142,000 $156,200 Case Study Organizations, 2024
Level 5 0.3 $89,000 $26,700 Industry Benchmarks (Ponemon, 2023)

» Continuous Monitoring and Threat Detection

The research findings emphasize the critical
importance of continuous monitoring  capabilities.
Organizations implementing SIEM systems with telehealth-
specific correlation rules detected security incidents an
average of 14.7 days faster than organizations relying on
periodic security reviews. This early detection capability
significantly reduced the impact and cost of security
incidents. The mean time to detect (MTTD) for
organizations with mature monitoring capabilities was 3.2
days compared to 17.9 days for organizations without
dedicated monitoring systems (Turner & Kim, 2024).
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Effective monitoring implementations required careful
tuning to reduce false positive alerts while maintaining
sensitivity to genuine threats. Case study organizations
reported that initial SIEM deployments generated an average
of 487 alerts per day, of which only 2.3% represented actual
security concerns. Through iterative refinement of
correlation rules and integration of threat intelligence feeds,
mature organizations reduced alert volumes to 43 per day
with a 37% true positive rate, dramatically improving
security team efficiency.
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V. DISCUSSION » Practical Implications

» Theoretical Contributions

This research makes several important theoretical
contributions to the cybersecurity and health informatics
literature. First, the TCMM provides a healthcare-specific
security maturity model that addresses the unique
constraints and requirements of telemedicine environments.
Unlike generic cybersecurity frameworks, the TCMM
explicitly accounts for clinical workflow requirements,
patient safety considerations, regulatory compliance
mandates specific to healthcare, and the technical
characteristics of medical devices and health information
systems (Baker & Nelson, 2024).

Second, the research demonstrates the applicability and
value of Zero Trust Architecture principles in distributed
healthcare environments. While ZTA has been widely
discussed in enterprise security contexts, this study provides
empirical evidence of its effectiveness in healthcare settings
and offers practical guidance for implementation given
healthcare-specific constraints. The integration of Zero Trust
principles with traditional healthcare security controls
represents a synthesis that bridges cutting-edge security
concepts with established healthcare risk management
approaches (Rose et al., 2020).

Third, the maturity model framework enables
longitudinal research on security improvement trajectories.
By providing standardized maturity level definitions and
assessment criteria, the TCMM facilitates comparative
studies across organizations and over time, supporting
evidence-based decisions about security investments and
improvement strategies.
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The research findings have substantial practical
implications for healthcare organizations, policymakers, and
technology vendors. For healthcare organizations, the
TCMM provides a roadmap for systematic security
improvement. Rather than facing an overwhelming array of
possible security controls without clear prioritization,
organizations can assess their current maturity level and
focus on implementing controls appropriate  for
advancement to the next level. This staged approach makes
security improvement more manageable and allows
organizations to demonstrate progress to executive
leadership and boards of directors (Thompson & Lee, 2023).

The documented return on investment for security
improvements provides compelling financial justification for
security spending. Healthcare executives often struggle to
balance security investments against other competing
priorities such as clinical equipment, facility improvements,
and staff compensation. The demonstrated reduction in
incident frequency and cost at higher maturity levels offers
quantifiable business value beyond pure risk mitigation.

For policymakers and regulators, this research
highlights areas where current regulations may be
insufficient or where additional guidance would benefit the
healthcare sector. The widespread security deficiencies in
rapidly deployed telehealth systems suggest that crisis
deployment protocols should include minimum security
requirements rather than allowing complete security
deferrals. Additionally, the challenges organizations face
implementing security controls for legacy medical devices
indicate a need for enhanced manufacturer accountability
and clearer end-of-life policies for devices that cannot
support current security standards (Foster & Green, 2023).
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Technology vendors serving the healthcare market can
use the TCMM to design products and services that support
healthcare organizations' security improvement journeys.
Telemedicine platforms, EHR systems, and medical devices
that incorporate security controls aligned with TCMM
requirements  will  have  competitive  advantages.
Furthermore, vendors can position their offerings based on
the maturity levels they enable, helping healthcare
organizations make informed purchasing decisions.

» Comparison with Existing Frameworks

The TCMM builds upon and extends existing security
frameworks rather than replacing them. Compared to the
NIST Cybersecurity Framework, which provides excellent
high-level guidance through its ldentify, Protect, Detect,
Respond, and Recover functions, the TCMM offers more
specific technical controls and implementation guidance
tailored to telemedicine environments. While NIST CSF
helps organizations understand what security outcomes to
achieve, TCMM provides more prescriptive guidance on
how to achieve them in healthcare contexts (Williams et al.,
2023).

Relative to HITRUST CSF, which offers
comprehensive healthcare-specific security requirements,
the TCMM provides a more focused lens on telemedicine
specifically. HITRUST's breadth can be overwhelming for
organizations seeking to secure telehealth implementations
specifically. The TCMM's maturity model structure also
provides clearer progression pathways than HITRUST's
extensive control catalog.

The TCMM's emphasis on Zero Trust Architecture
represents a significant evolution beyond traditional HIPAA
Security Rule guidance, which was developed in an era of
perimeter-based security. While HIPAA remains legally
mandated and the TCMM incorporates all required HIPAA
controls, the model extends beyond minimum compliance to
address contemporary threat landscapes and distributed
system architectures (Henderson et al., 2023).

» Addressing the Research Questions

Returning to the central research question how can
healthcare  organizations develop and implement
comprehensive cybersecurity frameworks that adequately
protect patient data in telemedicine environments this study
provides several key answers. First, security must be
approached systematically through defined maturity levels
rather than as ad hoc implementations of disconnected
controls. Second, Zero Trust Architecture principles provide
essential foundations for securing distributed telehealth
environments. Third, continuous monitoring and rapid threat
detection capabilities are critical for minimizing the impact
of inevitable security incidents. Fourth, successful security
improvement requires executive commitment, adequate
resources, integration with clinical workflows, and
stakeholder engagement across the organization (Martinez
& Johnson, 2024).

The research also reveals that perfect security is neither
achievable nor necessary. The goal is risk management and
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continuous improvement rather than elimination of all risk.
Organizations at Level 3 maturity demonstrate substantially
better security outcomes than Level 1 organizations, even
without achieving the advanced capabilities of Level 5. This
finding is particularly important for resource-constrained
organizations that may feel discouraged by the gap between
their current state and idealized security visions.

VI. CONCLUSION

This  research  developed and validated a
comprehensive Telehealth Cybersecurity Maturity Model
designed to address the unique security challenges facing
modern digital healthcare delivery systems. Through
systematic literature review, expert consultation, and
multiple case studies, the study identified critical
vulnerabilities in current telehealth implementations and
established a structured framework for  security
improvement. The findings demonstrate that while the rapid
expansion of telemedicine has created significant security
challenges, systematic approaches incorporating Zero Trust
Architecture, continuous monitoring, and healthcare-specific
controls can effectively protect patient data and maintain
system integrity.

The TCMM's five-level maturity structure provides
healthcare organizations with a practical roadmap for
security improvement, moving from ad hoc, reactive
approaches to optimized, proactive security postures. The
research demonstrates clear value propositions for security
investments, with higher maturity levels associated with
dramatically reduced incident frequency, lower costs per
incident, and improved operational efficiency. Organizations
progressing from Level 1 to Level 3 maturity can expect to
reduce security incidents by approximately 76% while
simultaneously improving clinical workflow efficiency and
patient confidence (Johnson & Martinez, 2023).

The integration of multiple security paradigms
including HIPAA compliance requirements, NIST guidance,
Zero Trust principles, 10T security controls, and continuous
monitoring into a unified framework represents a significant
contribution to both theory and practice. Rather than treating
these as separate, potentially competing approaches, the
TCMM synthesizes them into a coherent whole that
acknowledges the complexity of healthcare environments
while providing actionable implementation guidance.

As telemedicine continues to evolve and expand, the
security challenges will similarly evolve. The TCMM
framework is designed to accommodate this evolution
through its emphasis on continuous improvement, emerging
threat awareness, and adaptive security controls. Healthcare
organizations that adopt this systematic approach to
telehealth security will be better positioned to leverage
digital health innovations while maintaining the
confidentiality, integrity, and availability of patient
information that is fundamental to trust in healthcare
delivery.
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The research also underscores the shared responsibility
for telehealth security across multiple stakeholders.
Healthcare organizations must prioritize security and
allocate adequate resources. Technology vendors must
design products with security built-in rather than bolted-on.
Policymakers and regulators must provide clear guidance
and appropriate enforcement. Healthcare professionals must
receive training and support to follow secure practices. Only
through this collective commitment can the digital health
ecosystem achieve the security necessary to fulfill
telemedicine's transformative potential while protecting
patients from emerging cyber threats (Anderson & Chen,
2024).

VII. LIMITATIONS

This research has several limitations that should be
acknowledged when interpreting the findings and applying
the framework. First, the case study component involved
eight healthcare organizations, which while diverse in type
and size, represents a relatively small sample that may not
capture the full range of organizational contexts and
challenges. The organizations were located primarily in
developed countries with mature healthcare systems and
regulatory frameworks, potentially limiting generalizability
to resource-constrained settings or developing healthcare
systems where technological infrastructure and security
capabilities may differ substantially (Brown & Taylor,
2022).

Second, the rapidly evolving nature of both
telemedicine technologies and cyber threats means that
findings represent a snapshot in time. Threat actors
continuously develop new attack techniques, and defensive
technologies similarly evolve. While the TCMM framework
is designed to accommodate evolution, specific technical
recommendations and control implementations may require
updating as technologies and threats change. The research
was conducted between 2022 and 2024, and some findings
may already be impacted by subsequent technological or
threat landscape developments.

Third, the financial data regarding security incident
costs and return on investment relies on self-reported
information from participating organizations. These
organizations may have incomplete cost accounting systems
or may underreport certain costs due to reputational
concerns. Additionally, indirect costs such as reputational
damage, patient attrition, and opportunity costs are difficult
to quantify precisely and may be underestimated in the
reported figures (Collins & Wright, 2024).

Fourth, the Delphi expert panel, while diverse in
expertise and organizational affiliation, consisted primarily
of security and technology professionals. Limited
representation from clinical practitioners, patients, and
administrators may have resulted in insufficient
consideration of some operational and user experience
perspectives. The framework's emphasis on technical
controls may not fully address organizational culture and
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change management aspects that are critical to successful
security program implementation.

Fifth, the research focused primarily on technical and
procedural security controls, with less emphasis on
emerging issues such as artificial intelligence security in
clinical decision support systems, quantum computing
implications for encryption, and the security challenges of
emerging technologies like ambient clinical intelligence and
augmented reality in telemedicine. These limitations reflect
the practical scope constraints of the research but also
indicate areas requiring further investigation (Foster &
Green, 2023).

Finally, the maturity model validation relied on expert
consensus and limited longitudinal observation of
organizations progressing through maturity levels. More
extensive longitudinal studies following organizations over
multiple years as they implement security improvements
would provide stronger evidence for the causal relationships
between maturity advancement and security outcomes
posited in this research.

VIII. PRACTICAL IMPLICATIONS

The TCMM framework and research findings offer
numerous practical implications for different stakeholder
groups within the digital health ecosystem. These
implications extend from immediate tactical security
improvements to strategic organizational transformation and
policy development.

» For Healthcare Organizations

Healthcare organizations should begin by conducting a
comprehensive assessment of their current telehealth
security posture using the TCMM framework to determine
their baseline maturity level. This assessment should involve
both technical security evaluations and organizational
process reviews. Organizations at Level 1 should prioritize
foundational controls including multi-factor authentication,
encryption of data in transit and at rest, basic access
controls, and vulnerability management programs. These
controls provide the greatest security improvement relative
to implementation effort and should be viewed as non-
negotiable minimum requirements (Davis & Kumar, 2023).

Executive leadership engagement is critical for security
program success. Chief Executive Officers and Boards of
Directors should receive regular briefings on cybersecurity
risks, maturity assessments, and improvement initiatives.
Security should be framed not merely as a compliance
obligation but as an enabler of digital transformation and a
protector of organizational reputation and financial stability.
Organizations should establish dedicated cybersecurity
budgets proportional to their risk exposure, with industry
benchmarks suggesting 6-15% of IT budgets should be
allocated to security depending on organizational size and
complexity (Ponemon Institute, 2023).

Integration of security considerations into clinical
workflow design from the outset prevents the common
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pattern of security becoming an obstacle to care delivery.
Security teams and clinical leadership should collaborate to
ensure authentication mechanisms, access controls, and
monitoring systems support rather than hinder clinical
operations. User-centered design principles should guide
security control implementation, acknowledging that
healthcare environments often require rapid access to
information in emergency situations while maintaining
appropriate safeguards (Patterson & Wilson, 2023).

Healthcare organizations should also establish ongoing
security awareness and training programs. All personnel
who access telemedicine systems including physicians,
nurses, administrative staff, and third-party contractors
should receive initial security training and regular updates.
Training should be practical and scenario-based, addressing
real threats such as phishing attacks, social engineering, and
secure handling of patient data. Organizations with
comprehensive training programs experience 52% fewer
security incidents related to human error compared to
organizations with minimal training (Williams et al., 2023).

» For Technology Vendors and Service Providers

Vendors developing telemedicine platforms, mobile
health applications, medical devices, and related
technologies should incorporate security requirements from
the TCMM framework into product design and development
processes. Security-by-design approaches that embed
security controls from initial product conception through
deployment and maintenance are essential. This includes
implementing secure coding practices, conducting regular
security testing, providing secure default configurations, and
supporting industry-standard security protocols (Rodriguez
et al., 2024).

Vendors should provide clear security documentation
to healthcare customers, including details about data
handling practices, encryption implementations,
authentication mechanisms, and third-party dependencies.
Transparency about security controls enables healthcare
organizations to make informed procurement decisions and
properly configure systems. Additionally, vendors should
establish responsible disclosure programs that allow security
researchers to report vulnerabilities confidentially, ensuring
issues can be addressed before exploitation.

The research findings regarding loT medical device
security have particular implications for  device
manufacturers. Legacy devices with insufficient security
capabilities create ongoing risks for healthcare
organizations. Manufacturers should commit to supporting
security updates throughout device lifecycles, clearly
communicate end-of-support dates, and provide guidance
for compensating controls when devices cannot be directly
secured. New device development should prioritize
updateability, strong authentication, encryption capabilities,
and secure boot processes (Foster & Green, 2023).

» For Policymakers and Regulators

Regulatory bodies should consider updating healthcare
cybersecurity  regulations to address contemporary
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technologies and threats. While HIPAA provides valuable
baseline requirements, regulations developed in the 1990s
do not fully address cloud computing, mobile applications,
loT devices, and sophisticated nation-state cyber threats.
Enhanced guidance specific to telemedicine security,
including minimum technical standards for encryption,
authentication, and monitoring, would help organizations
understand compliance expectations (Henderson et al.,
2023).

Policymakers should also consider incentive structures
that encourage security investments. Current regulatory
approaches emphasize penalties for breaches, but positive
incentives for demonstrated security excellence could
accelerate improvement. This might include preferential
reimbursement rates for organizations achieving higher
TCMM maturity levels, grants or low-interest loans for
security infrastructure improvements, or liability protections
for organizations meeting security standards. Such
approaches  would  complement  enforcement-based
compliance with  positive motivation for  security
advancement (Murphy & O'Connor, 2023).

International cooperation on healthcare cybersecurity
standards and threat intelligence sharing would benefit all
stakeholders. Cyber threats transcend national boundaries,
and healthcare organizations in different countries face
similar  attackers and wvulnerabilities.  Establishing
international frameworks for information sharing about
healthcare cyber threats, coordinating vulnerability
disclosure processes, and harmonizing security requirements
across jurisdictions would enhance global healthcare
security posture.

» For Healthcare Professionals and Clinical Staff
Individual healthcare professionals play crucial roles in
telehealth security despite security often being viewed as
primarily a technical or administrative concern. Clinicians
should recognize that their authentication credentials
represent keys to sensitive patient information and must be
protected accordingly. Using strong, unique passwords (or
preferably passphrases), enabling multi-factor
authentication, avoiding credential sharing, and promptly
reporting lost or compromised devices are essential
individual responsibilities (Baker & Nelson, 2024).

Healthcare professionals should maintain awareness of
social engineering attacks that target their access to patient
information. Phishing emails appearing to come from
hospital administration, phone calls from individuals
claiming to be IT support requesting passwords, and other
social engineering tactics specifically target healthcare
workers. Healthy skepticism and verification of unexpected
requests involving credentials or patient data access can
prevent many successful attacks. When in doubt, healthcare
professionals should contact their organization's IT security
team directly using known contact information rather than
responding to potentially fraudulent requests (Sharma &
Patel, 2023).
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Fig 5 TCMM Implementation Roadmap

FUTURE RESEARCH AGENDA

This research opens multiple avenues for future
investigation that would advance both theoretical
understanding and practical implementation of telehealth
security. The following research directions represent high-
priority areas that would address current knowledge gaps
and respond to evolving technologies and threats.

» Longitudinal Studies of Security Maturity Progression

Long-term studies following healthcare organizations
over multiple vyears as they implement security
improvements and progress through TCMM maturity levels
would provide valuable insights into implementation
challenges, success factors, and the relationship between
maturity advancement and security outcomes. Such research
should examine both technical security metrics and
organizational factors including culture change, leadership
transitions, and resource allocation patterns. Understanding
the typical timeline for maturity progression and identifying
factors that accelerate or impede advancement would help
organizations set realistic goals and expectations (Thompson
& Lee, 2023).

» Artificial Intelligence and Machine Learning in

Healthcare Security

As Al and machine learning technologies become
increasingly integrated into both telemedicine platforms and
security systems, research is needed on their security
implications. This includes investigating vulnerabilities in
Al-based clinical decision support systems, adversarial
attacks on machine learning models used in diagnostics,
privacy implications of Al processing of patient data, and
effectiveness of Al-driven security analytics for threat
detection. Additionally, research should examine ethical
considerations around automated security decisions that
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might impact patient care access or privacy (Turner & Kim,
2024).

» Post-Quantum Cryptography in Healthcare

The anticipated development of quantum computers
capable of breaking current encryption algorithms poses
long-term threats to healthcare data confidentiality.
Research should investigate the timeline and approach for
transitioning  healthcare  systems to  post-quantum
cryptographic algorithms, the particular challenges of
implementing new encryption in medical devices and legacy
systems, and strategies for protecting historically archived
health information that might be wvulnerable to future
quantum-based decryption. Given the long retention
requirements for medical records and the sensitivity of
health information, proactive research in this area is
essential (Collins & Wright, 2024).

» Security in Emerging Telemedicine Modalities

Emerging technologies including virtual reality for
remote consultations and training, augmented reality for
remote surgical assistance, ambient clinical intelligence
systems that passively capture clinical encounters, and
implantable medical devices with telemedicine capabilities
introduce novel security challenges. Research should
investigate the specific wvulnerabilities and appropriate
security controls for these technologies before they achieve
widespread deployment. Proactive security research can
inform secure-by-design approaches rather than reactive
remediation of vulnerabilities after deployment (Rodriguez
et al., 2024).

» Human Factors in Healthcare Cybersecurity

Deeper investigation of human factors that influence
security behaviors in healthcare settings would enhance
security program effectiveness. Research should examine
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decision-making processes when clinical urgency conflicts
with security protocols, effectiveness of different training
modalities and messaging strategies for promoting secure
behaviors, psychological factors influencing security
compliance among different healthcare roles, and methods
for building security-conscious organizational cultures.
Understanding how to design security controls that align
with natural human behaviors rather than requiring constant
vigilance could significantly improve security outcomes
(Davis & Kumar, 2023).

» Economic Models for Healthcare Cybersecurity
Investment

More sophisticated economic models examining the
costs and benefits of security investments would support
evidence-based decision-making. Research should develop
methodologies for quantifying indirect costs of security
incidents including reputational damage and patient attrition,
models for optimal security investment allocation across
different control categories, cost-effectiveness analyses
comparing alternative security approaches, and frameworks
for incorporating security considerations into health
technology assessment. Such research would help healthcare
organizations and policymakers make rational decisions
about security resource allocation (Ponemon Institute,
2023).
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> International Comparative Studies

Comparative research examining telehealth security
practices, regulatory approaches, and outcomes across
different countries and healthcare systems would identify
best practices and transferable lessons. Of particular interest
are comparisons between different regulatory regimes (e.g.,
HIPAA versus GDPR), healthcare funding models (single-
payer versus mixed systems), and resource environments
(developed versus developing healthcare  systems).
Understanding how contextual factors influence security
outcomes would enhance framework applicability across
diverse settings (Murphy & O'Connor, 2023).

> Patient Perspectives on Telehealth Security and Privacy

While this research  focused primarily on
organizational and technical perspectives, deeper
investigation of patient attitudes, preferences, and behaviors
regarding telehealth security would provide valuable
insights. Research should examine patient understanding of
telehealth privacy risks, willingness to trade convenience for
enhanced security measures, preferences for security versus
usability in telemedicine platforms, and impacts of security
incidents on patient trust and telemedicine utilization.
Patient-centered security research could inform more
balanced approaches that protect privacy while maintaining
accessibility (Brown & Taylor, 2022).

Table 5 Priority Future Research Areas and Expected Impacts

Research Area Priority Expected Potential Impact Key Stakeholders
Level Timeline
Longitudinal High 3-5 years Implementation guidance, success factor Healthcare organizations,
Maturity Studies identification consultants
Al/ML Security Critical 1-3 years Secure Al deployment, vulnerability Technology vendors,
in Healthcare prevention healthcare IT
Post-Quantum Medium 5-10 years Long-term data protection, migration Standards bodies, healthcare
Cryptography strategies systems
Emerging High 2-4 years Secure-by-design guidance, early risk Device manufacturers,
Modality mitigation regulators
Security
Human Factors High 2-5 years Improved security culture, reduced human | Healthcare workers, security
Research error teams
Economic High 1-3 years Optimized resource allocation, ROI Healthcare executives,
Investment demonstration policymakers
Models
International Medium 3-5 years Best practice identification, policy insights International health
Comparative organizations
Studies
Patient High 1-2 years Patient-centered security, trust Patients, consumer advocates
Perspectives enhancement

» Integration with Broader Health System Cybersecurity
Future research should examine how telehealth
security integrates with broader health system cybersecurity
including  hospital ~ networks,  medical  devices,
pharmaceutical supply chains, and health information
exchanges. Telemedicine exists within larger healthcare
ecosystems, and security approaches must account for these
interdependencies. Research investigating optimal security
architectures that span traditional healthcare facilities and
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distributed telehealth systems would provide holistic
guidance (Williams et al., 2023).
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