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Abstract
In recent years, the healthcare sector has undergone a significant digital transformation, driven by the rise of the Internet
of Medical Things and the exponential use of connected medical devices in healthcare service delivery. This transformation
offers numerous benefits, including enhanced patient data collection, processing, and informed treatment decisions. Despite
these advantages, digital adoption brings several security challenges that pose considerable risks to overall healthcare service
delivery. Additionally, connected medical devices must comply with sector-specific regulatory requirements to ensure trust-
worthiness and facilitate their broader adoption in the healthcare sector. There is, therefore, a pressing need to understand and
manage these risks and compliance issues to secure and strengthen the resilience of healthcare systems. This work addresses
these needs by introducing a novel Risk and Conformity Assessment Framework and Certification Scheme, implemented
within an agile Information Security Management System context to enhance the security and resilience of healthcare sys-
tems. The framework leverages Artificial Intelligence (AI) in risk management practices, improving security assessments,
risk prediction, security control implementation, and continuous monitoring. AI algorithms analyze large data volumes from
various sources, enabling efficient processing and the identification of potential risk patterns. Additionally, AI-driven automa-
tion tools ensure consistent deployment of security controls, while continuous AI monitoring detects abnormal activities and
enables rapid response to security incidents. The proposed Cybersecurity Certification Scheme incorporates AI-based security
assessments into the certification process, facilitating efficient conformity assurance. This scheme also promotes a collabo-
rative approach with relevant regulatory bodies to achieve compliance. While this work introduces a conceptual framework,
its implementation and potential refinements remain subjects for future research. Further studies are necessary to validate its
effectiveness, enhance its components, and evaluate its practical application in real-world healthcare environments.
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1 Introduction

The healthcare sector is continuously evolving, and technol-
ogy plays a key role for the massive digitalization across
the sector. Emerging technologies like connected medical
devices, cloud computing and IoT reshape the whole health-
care sector in terms of sharing healthcare data, treatment
plans and overall healthcare service delivery. There are over
500,000 different types of connected medical devices, incor-
porating software and artificial intelligence (AI) tools, which
use network infrastructure to transfer, manage and analyse
health data for prevention, treatment, monitoring, diagnosis,
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and recovery from both chronic and non-chronic diseases
[1]. Patient implantable devices such as holters, pacemak-
ers, insulin pumps, cochlear implants, brain stimulators,
etc. as well as wearables or pressure holters and glucose
monitors, are connected medical devices that interact with
the Healthcare Information Infrastructure (HCII) [2]. The
devices themselves, the digital infrastructure that supports
them, and the data collected are creating the Internet of Med-
ical Things (IoMT)—a connected infrastructure of medical
devices, software applications, and digital health systems
and services [3]. In the meantime, specific processes are in
place involved in the production, distribution, and delivery
of medical devices to the healthcare facilities, providers, and
ultimately to patients. The COVID-19 pandemic highlighted
the importance of strong and resilient medical supply chains,
as the global demand for essential medical supplies surged
[4].

Despite significant research effort for developing smart
medical devices, existing cybersecurity challenges are hur-
dling the digitization of the healthcare sector. The ability
to compromise devices and networks and the possibility of
monetising patient data have led to significantly increased
and sophistication of catastrophic cyberattacks targeting
healthcare organisations [5]. The result is a perfect storm that
puts the importance of healthcare cybersecurity more front
and centre than ever before, particularly for IoMT [6], which
are connected medical devices that couple IoT technologies
with healthcare services to support real-time, remote patient
monitoring and treatment [7]. Emerging new technologies
such as AI, blockchain, and cloud technologies have been
widely adopted in medical devices, but their software has
revealed new cybersecurity challenges [8]. Also, the interop-
erability, security, and resilience levels of connected medical
devices are low,which is awidely acknowledged concern [9].
Moreover, cybersecurity threats can pose significant risks
to the integrity, availability, and confidentiality of medical
supply chains, potentially impacting patient safety and the
overall functioning of healthcare systems. There is an urgent
need to provide a solutionwheremanufacturers, supply chain
stakeholders and users can easily identify, estimate, mitigate,
and audit all cybersecurity risks of connected devices (hard-
ware, software, integrated medical frameworks consisting
of various modular components) by design, ensuring their
security and resilience, towards a resilient and trustworthy
healthcare ecosystem.

Another challenging dimension is the regulatory com-
pliance for these connected medical devices. In the EU,
the first piece of guidance was issued in July 2019 by the
Medical Devices Coordination Group (MDCG) [10]. The
EU included the health sector among its critical informa-
tion infrastructures developing cybersecurity legislation and
directives which impose cybersecurity and privacy risk man-
agement (e.g., GDPR, NIS), supply chain security (e.g., NIS

2), secure authentication and access of healthcare e-services
(e.g., eIDAS), and cybersecurity certification (e.g., Cyberse-
curity Act, Liability Act, Chip Act) [11]. Medical devices
will enhance their trustworthiness, interoperability, and mar-
keting opportunities if the manufacturers assess the risks of
their devices, agree upon a cybersecurity schema defining the
security requirements, functions, and controls, and pursue a
cybersecurity security certification. Only then will the single
digital market and the medical industry gain the necessary
public trust that their medical devices provide a certain level
of cybersecurity. In fact, the healthcare industry is regulated
as a critical sector by Directive (EU) 2016/1148, in which
cybersecurity certification is of the utmost importance.

In this context, this work presents a unique set of security
management services within the context of an agile informa-
tion security management system, including the introduction
of a Risk and Conformity Assessment (RCA) framework that
aims for an effective riskmanagement and compliance assur-
ance practice for the healthcare sector. The key contributions
of this paper are summarized as follows:

• A novel, dynamic, and evidence-based Risk and Confor-
mity Assessment (RCA) Framework for manufacturers
and healthcare organizations to conduct their risk assess-
ments and for auditors to assess the conformity of the
claims reported in the security profiles of medical devices.

• A Certification Scheme adapted from ENISA certifica-
tion (EUCC), tailored for medical devices and their supply
chains.

• An agile, extended Information Security Management
System (ISMS), through which the RCA and certification
are implemented as a bundle of security management ser-
vices.

The proposed framework and certification scheme and
their integration into an agile ISMS aim towards the imple-
mentation of the EU Cybersecurity Act [12], promote rel-
evant regulatory requirements (e.g., ISO/DTR 22696, (EU)
2017/745, (EU) 2017/746, NIS, (EU) 2019/881, GDPR Reg-
ulation (EU) 2016/679), security standards (e.g., ISO/DTR
22696, ISO/AWI 22697, ISO15408, ISO18045, ISO2700x
series), guidelines, and best practices (e.g., ENISA 2020,
MDCG 2019–16) by: (i) Supporting manufacturers to certify
the security of their connected medical devices and increase
their trustworthiness and preparedness; (ii) Improving their
cooperation with each other; (iii) Adopting appropriate steps
to manage security risks; (iv) Advancing ways to report
and handle security incidents; and (v) Enabling them to
analyze relevant privacy concerns. Finally, this framework
aims to establish an environment of trust and confidence for
European consumers, including healthcare organizations and
stakeholders such as providers, suppliers, and integrators,
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paving the way for a competitive and trustworthy Digital
Single Market (DSM).

The structure of this paper is as follows: Sect. 2 outlines
the State-of-the-Art in the healthcare domain, specifically
healthcare devices, and its supply chains; attack vectors
and attack types in medical devices; attacks in medical
supply chains; cybersecurity frameworks; risk assessment
frameworks; standards for both medical devices and supply
chains; certification schemes. Sections 3, 4 and 5 describe
the scientific, technical, and research methodology of the
RCA Framework, the proposed Cybersecurity Certification
Scheme for medical devices and supply chains, and the high-
level architecture of the agile ISMS. Section 6 concludes
with final thoughts and suggestions for future work, includ-
ing practical, real-life applications that the framework is
designed to cover.

2 Background

This section provides background information on the health-
care and supply chain domains, discusses specific cyberse-
curity attacks affecting the healthcare sector, and reviews
relevant frameworks for this work.

2.1 Healthcare domain and its supply chain

This section provides an overview of various categories of
legacy medical devices used in healthcare. These devices
serve different purposes, including treating diseases, diag-
nosing ailments, controlling conditions, conducting in vitro
diagnostic tests, and incorporating medical IoT and wear-
able sensor technologies. These advancements in medical
technology have significantly improved patient care and
healthcare outcomes, offering personalized and connected
healthcare solutions [13].

• Legacy medical devices to treat diseases Surgical instru-
ments, implantable devices, prosthetic devices, infu-
sion pumps, ventilators and respiratory devices, dialysis
machines, radiation therapy devices, diagnostic imaging
equipment.

• Legacy medical devices to diagnose diseases Diagnostic
Imaging Equipment (X-Ray machine, computed tomogra-
phy, magnetic resonance imaging, ultrasound machines),
Laboratory testing devices (blood analyzers, micro-
scope, point-of-care testing), Endoscopes (gastroscopes,
colonoscopes), Electrocardiography devices (ECG,EKG),
diagnostic analyzers (immunoassay analyzers, genetic
sequencers), spirometers, blood pressure monitors, etc.

• Legacy Medical devices to control diseases Drug deliv-
ery devices ( inhalers, insulin pumps, autoinjectors), Pain
Management Devices: (Transcutaneous Electrical Nerve

StimulationDevices), implantablePainPumps, neurostim-
ulators, Therapeutic devices (pacemakers, implantable
Cardioverter Defibrillators, deep Brain Stimulation (DBS)
Devices, continuous Positive Airway Pressure (CPAP)
Machines), rehabilitation and Assistive Devices (Pros-
thetic Limbs, orthotic Devices, Mobility Aids), remote
monitoring Devices (Remote Cardiac Monitors, Remote
Glucose Monitors, Telehealth Devices).

• Legacy In vitrodiagnostic devices Clinical Chemistry
Analyzers, Immunoassay Systems, Molecular Diagnostic
Devices, Point-of-Care Testing (POCT) Devices, Hema-
tology Analyzers, Microbiology Culture Systems, Coagu-
lation Analyzers, Urinalysis Analyzers.

• Medical IoT devices Wearable health trackers, remote
patient monitoring devices, smart pill bottles, connected
insulin pumps, telehealth devices, smart implantable
devices, connected medical equipment, smart beds, and
monitoring systems [14].

• Wearable sensorsMotion detection sensors, pressure sen-
sors, temperature sensors, chest straps (ECG sensor),
glucose level monitoring, smart soles (GPS-based), wire-
less fetal monitoring, and smart clothing.

2.2 Cyber-attack in the healthcare sector

There are primarily three (3) attack vectors similar to other
infrastructures throughwhich connectedmedical devices can
be compromised [15]:

1. Devices Device vulnerabilities in their memory,
firmware, physical interface, web interface, and network
services are exploited by cybercriminals. Furthermore,
other factors like unsecured default settings, outdated
components, and insecure update mechanisms can also
be manipulated. Legacy devices that are outdated and
lack necessary patches are particularly targeted due to
their vulnerable state.

2. Communication channels Device compromises can
occur when the communication channels connecting it
to other devices are targeted. This vector often involves
common attacks such as spoofing and Denial-of-Service
(DoS). Traditional Wireless Sensor Networks (WSNs)
consist of wireless nodes equipped with antennas that
transmit radio signals in all directions, making them vul-
nerable to eavesdropping attacks. By intercepting this
data, an attacker can masquerade as an authorized mem-
ber and launch an impersonation attack. Consequently,
eavesdropping becomes a straightforward task for the
attacker when patient data is being transmitted from
the body area network to the caregiver device, resulting
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in a breach of patient privacy. Examples: Wi-Fi, Blue-
tooth, cellular networks, Zigbee, NFC, Ethernet, MQTT,
LoRaWAN.

3. Applications and software Malicious cybercriminals
have the ability to exploit weaknesses found in web
applications and the associated software used for con-
nected devices. For instance, these web applications can
be specifically targetedwith the intention of pilfering user
credentials or injecting malware.

Cyber-attacks are a growing concern in the healthcare sec-
tor and the overall medical supply chain, as they involve
deliberate and targeted breaches that exploit vulnerabilities
within the supply chain of healthcare systems, devices, or
pharmaceutical products. These attacks aim to compromise
the integrity, availability, or confidentiality of medical sup-
plies, posing significant risks to patient safety and privacy.
By infiltrating the supply chain, cybercriminals can intro-
duce counterfeit or compromised products, manipulate the
distribution process, or gain unauthorized access to sensitive
information. Such attacks not only disrupt the seamless flow
of medical supplies but also undermine the trust and reli-
ability of the entire healthcare system. It is imperative for
healthcare organizations to implement robust security mea-
sures and collaborate with supply chain partners to mitigate
these risks and safeguard patient well-being. Examples of
medical supply chain attacks:

1. Counterfeit products Involves the introduction of coun-
terfeit or substandard medical products into the supply
chain. Attackers may create fake pharmaceuticals, med-
ical devices, or supplies that mimic genuine products,
posing risks to patient health and treatment outcomes
[16].

2. Unauthorized modificationsUnauthorized modifications
to medical devices or components during the manufac-
turing or distribution process. This can involve tampering
with the hardware, firmware, or software of medical
devices, potentially compromising their functionality or
introducing vulnerabilities [17].

3. Supply chain data breaches Breaches of sensitive data
within the supply chain, including personal, medical,
or financial information. Attackers may target suppliers,
distributors, or logistics companies to gain unauthorized
access to confidential information or exploit it for mali-
cious purposes [18].

4. Software or firmware attacks Malicious modification or
insertion of software or firmware into medical devices
during the manufacturing or distribution process. This
can include the introduction of malware, backdoors, or
other malicious code that compromises the security or
functionality of the devices [19].

5. Supply chain disruption Attacks aimed at disrupting
the supply chain of critical medical supplies, devices,
or pharmaceuticals. This can involve physical attacks
on warehouses, transportation networks, or production
facilities, leading to delays, shortages, or compromised
availability of essential medical resources [20].

6. Supply chain interception or diversion Interception
or diversion of medical supplies during transportation
or distribution. Attackers may steal or redirect ship-
ments, leading to supply shortages, compromised prod-
uct integrity, or delays in healthcare delivery [21].

2.3 Cybersecurity certifications, schemes, acts
and standards

Cybersecurity act (CSA): The CSA (Regulation (EU)
2019/881 [22]) was enforced as part of a wide-ranging set of
measures to dealwith cyber-attacks and to build strong cyber-
security in the EU. It strengthens the ENISA by granting the
agency a permanent mandate, reinforcing its financial and
human resources, and overall enhancing its role in support-
ing the EU to achieve common and high-level cybersecurity.
CSA establishes the first EU-wide cybersecurity certification
framework for products and services to ensure a common
cybersecurity certification approach in the European inter-
nal market and ultimately improve cybersecurity in a broad
range of digital products (e.g., IoT) and services.

ENISA European cybersecurity certification scheme
(EUCC): Given the large diversity and many uses of ICT
products, the European Cybersecurity Certification frame-
work [23] enables the creation of tailored and risk-based EU
certification schemes. The European Cybersecurity Certifi-
cation Scheme on Common Criteria, the first scheme, targets
ICT products such as hardware and software products and
components. ENISA, with the support of an Ad-Hoc Work-
ing Group and the Member States, developed the candidate
scheme, which received a positive opinion from the Member
States represented at the ECCG (The European Cyberse-
curity Certification Group). The scheme was passed to the
European Commission to be transformed into an Implement-
ingAct.Once done, the certification scheme enters into force.
EUCC serves as a template in order to propose security cer-
tification schemes for ICT products. Based on Article 54 of
the CSA, a European cybersecurity certification scheme shall
include at least the following elements: the subjectmatter and
scope of the certification scheme, including the type or cat-
egories of ICT products covered. Using the EUCC, any ICT
product can serve as a Target of Evaluation (TOE) and be
the subject of a security evaluation, also known as a Con-
formity Assessment (CA), in which it is assessed against
security requirements described in the security profile. Con-
formity assessment is based on ISO 15408 and ISO 18045
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standards for the use of the concepts of Protection Profile
(PP) and Target of Evaluation (TOE), as well as the Vulner-
ability Analysis (VA) assurance family, AVA_VAN. It also
consults the Security Functional Requirements (SFRs) that
are defined in CC as a translation of the security objectives
for the Target of Evaluation (TOE) into a standardized lan-
guage, the implementation of which addresses the threats of
counterfeited or tainted products and components. ISO/IEC
15408 also provides a methodology to help an IT security
evaluator conduct a CC evaluation by defining the minimum
actions to be performed.

Cyber resilience act (CRA): The CRA [24] is the first-
ever EU-wide legislation of its kind: it introduces common
cybersecurity rules for manufacturers and developers of
products with digital elements, covering both hardware and
software. It will ensure that wired and wireless products that
are connected to the internet and software placed on the
EU market are more secure and that manufacturers remain
responsible for cybersecurity throughout a product’s life
cycle. It will also allow the customers of these products to
be properly informed about the cybersecurity of the products
they buy and use.

Networkand information security (NIS) andNIS2: The
NISDirective imposes cybersecurity obligations on essential
service operators, including healthcare providers, within EU
member states. It mandates the implementation of measures
to manage cybersecurity risks, ensures preparedness for inci-
dents, and report significant cyber incidents to the relevant
authorities. The NIS2 Directive is an updated EU-wide leg-
islation that enhances cybersecurity measures to keep pace
with increased digitization and evolving cyber threats. NIS2
[25] expands the scope of the directive to include new sec-
tors and entities, strengthening the resilience and incident
response capabilities of public and private entities, competent
authorities, and the EU as a whole. Unlike the previous ver-
sion (NIS1),NIS2 applies to awider rangeof essential service
operators and digital service providers, such as energy, trans-
port, banking, healthcare, online marketplaces, and search
engines. The objective is to establish a consistent level of
security across the EU by requiring organizations to imple-
ment appropriate security measures and report significant
incidents. NIS2 extends the directive’s coverage to additional
industries, including water supply, food supply, and digital
infrastructure. The expansion reflects the increasing impor-
tance of digital infrastructure and the need to enhance the
resilience of networks and information systems in various
sectors.

ISO/IEC 15408 (particularly the common criteri-
a—CC): ISO/IEC 15408 [26], commonly known as the
Common Criteria (CC), is a widely recognized interna-
tional standard for evaluating and certifying the security of
information technology products and systems. It provides a

framework for assessing the security functionality and assur-
ance of these products and systems. While the CC itself is
not specific to any particular industry or domain, it can be
applied to various sectors, including the healthcare domain.
Healthcare organizations can use the CC as a basis for evalu-
ating and selecting secure IT products and systems to protect
sensitive patient information and ensure the security of their
infrastructure. It is important to note that ISO/IEC 15408
and the CC provide a standardized methodology for security
evaluation and certification, but their application and adop-
tion within the healthcare domain may vary depending on
specific regulatory requirements and organizational needs.
Healthcare organizations should consider their unique secu-
rity requirements and applicable regulations when utilizing
ISO/IEC 15408 and the CC in their IT procurement and secu-
rity processes.

2.4 Healthcare standards

MDCG 2019-16—Guidance on cybersecurity for medi-
cal devices MDCGError! Bookmark not defined. offers
cybersecurity guidance for medical devices in the health-
care domain. It addresses unique risks, safeguards sensitive
data, and ensures safe device operation. The aim is to assist
manufacturers and healthcare organizations in implement-
ing effective cybersecurity measures throughout the device
lifecycle. Compliance enhances device cybersecurity and
supports overall healthcare domain security and privacy.

ISO13485: ISO13485 [27] is an international standard for
quality management in medical devices, covering the entire
lifecycle. It ensures safety, effectiveness, and compliance
with regulations. Implementing it establishes a robust QMS,
producing reliable devices and demonstrating adherence
to standards. Certification provides assurance to healthcare
providers and patients, but it’s not mandatory everywhere, as
requirements vary.

ISO 14971: ISO 14971 [28] is an international risk
management standard for medical devices. It’s vital for man-
ufacturers and healthcare organizations to ensure device
safety and regulatory compliance. Following ISO 14971
enables stakeholders to identify, evaluate, and control risks
throughout device lifecycles, minimizing potential harm.
Widely recognized, this standard supports the goal of pro-
viding high-quality healthcare services.

IEC 62304: the IEC 62304 [29] is a standard for medical
device software in the healthcare domain. It guides the entire
software lifecycle, covering development, maintenance, and
risk management. It ensures safety and effectiveness by pro-
viding a structured framework for design, verification, and
validation. Compliance with IEC 62304 is crucial for regula-
tory approvals ofmedical devices with software components.

IEC 62366-1: IEC 62366-1 [30] is an international stan-
dard for usability engineering in the healthcare domain.
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It emphasizes considering user experience during medical
device development. Essential for manufacturers, health-
care organizations, and stakeholders, it ensures user-centered
devices, reducing errors and hazards. Compliance is usually
required by regulators to demonstrate human factors inte-
gration in device design, ensuring safe and usable medical
devices in the healthcare domain.

IEC 80001-1: IEC 80001-1 [31] is an international
standard for integrating medical devices into healthcare
IT systems. It focuses on safe and effective integration,
providing risk management guidance for IT networks. Rel-
evant for healthcare organizations and IT professionals, it
ensures proper functioning, interoperability, and cybersecu-
rity of medical devices within these networks. Compliance
aligns IT infrastructure with international standards, ensur-
ing seamless integration while considering patient safety and
regulatory requirements.

IEC/TR 80002-1,-2,-3: The IEC/TR 80002-1, -2, and -3
standards apply to healthcare andoffer guidanceonusing ISO
13485 for medical device software. IEC/TR 80002-1 focuses
on software as a medical device (SaMD), IEC/TR 80002-
2 covers agile software development, and IEC/TR 80002-3
addresses software life cycle processes. These standards help
align software practices with ISO 13485, ensuring quality
and regulatory compliance for safe and effective health-
care use. Following them enables organizations to develop
high-quality software that promotes patient safety and meets
industry standards.

ISO 13482: ISO 13482:2014 [32] is a standard for safe
design and use of personal care robots, aiming to improve
users’ quality of life. It addresses hazards, provides risk
reduction measures, and focuses on physical contact appli-
cations. It excludes specific robot categories like high-speed,
toy, industrial, and medical robots. The standard primarily
deals with human care hazards, including domestic animals
and propertywhere relevant. It covers significant hazards and
situations but notes the lack of internationally recognized
data on impact-related hazards.

2.5 Healthcare supply chain standards

GS1 healthcare supply chain standards (GS1): GS1 [33]
is a non-profit organization that develops and maintains stan-
dards across industries, including healthcare. In healthcare,
GS1 has created the GS1Healthcare Supply Chain Standards
to improve the efficiency and traceability of the healthcare
supply chain. These standards provide a unified framework
for identifying and sharing data on healthcare products.
Implementing these standards helps healthcare organizations
optimize inventory management, reduce errors, streamline
product recalls, and ensure product safety. Other industry-
specific standards, like HSCA, HIDA, and EFPIA, also exist

Fig. 1 AI-based risk assessment and conformity (RCA) framework

to address unique healthcare supply chain challenges and
promote best practices.

NISTSP800-161: supply chain riskmanagementprac-
tices for federal information systems and organizations.
It primarily targets federal information systems and organi-
zations, and its principles and guidelines can be extended to
the healthcare domain. Healthcare organizations can apply
the practices outlined in NIST SP 800-161 [34] to effec-
tively manage and mitigate supply chain risks, particularly
concerning the security and integrity ofmedical devices, soft-
ware, and other technology components. By implementing
robust supply chain risk management practices, healthcare
organizations can enhance the security, reliability, and trust-
worthiness of their information systems and the products and
services they rely on. However, it’s essential for healthcare
organizations to also consider industry-specific standards,
guidelines, and regulations that specifically address cyber-
security and supply chain risk management in the healthcare
sector.

3 Risk and conformity assessment (RCA)
framework

This section introduces the proposedRCA framework,which
integrates AI models to assess and manage risks while sup-
porting continuous conformity assessment. The use of AI
in the RCA framework offers numerous benefits, includ-
ing enhanced data processing capabilities and the ability
to forecast potential risk scenarios. Additionally, AI-based
solutions are scalable and adaptable, effectively handling the
increasing complexity and volume of data in today’s digital
landscape. Figure 1 illustrates the RCA framework, which
comprises seven key components, each sequentially linked
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to support comprehensive risk and conformity assessment.
An overview of each component is provided below:

• Data collection Utilize AI algorithms to collect and ana-
lyze relevant data from various sources, such as system
logs, network traffic, and security incident reports. AI can
automatically process large volumes of data and identify
patterns, anomalies, and potential security risks.

• Risk assessment with AI Employ AI techniques, such as
machine learning and data analytics, to perform advanced
risk assessments based on analysing large data. AI algo-
rithms can analyze historical data, identify emerging
threats, and predict potential security risksmore accurately
and efficiently. This enables organizations to proactively
address security vulnerabilities and informed decision
making to prioritize risk treatment measures.

• Automated security control implementation AI-driven
automation tools facilitate the streamline the implemen-
tation of security controls. AI can assist in automating
the deployment and configuration of security solutions,
such as firewalls, intrusion detection systems, and encryp-
tion mechanisms. This reduces human error and ensures
consistent implementation across the organization’s IT
infrastructure.

• Continuous monitoring with AI Implement AI-powered
monitoring systems to continuously analyze security
events and detect potential threats in real-time. AI algo-
rithms can analyze network traffic, system logs, and
user behavior to identify abnormal activities or indica-
tors of compromise. This enables organizations to respond
quickly to security incidents and minimize the impact of
potential breaches.

• AI-enabled security evaluation Enhance the security eval-
uation process by incorporating AI capabilities. AI algo-
rithms can analyze the effectiveness of implemented
security controls, identifyweaknesses or gaps, and provide
recommendations for improvement. AI can also assist in
automating the evaluation process, reducing manual effort
and accelerating the certification timeline.

• Adaptive security controls Leverage AI techniques to
develop adaptive security controls that can learn and
adapt to evolving threats and changing environments. AI
algorithms can continuously analyze and assess the effec-
tiveness of security controls, making adjustments and
optimizations based on real-time data. This ensures that
the security posture remains robust and up to date.

• Intelligent reporting and documentation Utilize AI tech-
nologies to generate intelligent reports and documentation
for security certification purposes. AI algorithms can auto-
matically extract relevant information, analyze evaluation
results, and generate comprehensive and standardized
reports. This saves time and effort for auditors and facili-
tates the certification process.

• AI-driven compliance monitoring Employ AI-powered
tools tomonitor and ensure ongoing compliancewith secu-
rity standards and regulations.AI algorithms can assess the
organization’s adherence to security policies, detect policy
violations, and recommend corrective actions. This helps
maintain a continuous state of compliance and reduces the
risk of security breaches.

3.1 Mapping the RCA components with the existing
standards

The main innovation of the RCA Framework is the integra-
tion ofAI technologies throughout its various components for
risk assessment, conformity assessment, and security evalua-
tion processes. By leveraging AI capabilities, this framework
enhances the efficiency, accuracy, and effectiveness of these
processes in both ISO 27001/27002 and ISO/IEC 15408 con-
texts. Figure 2 depicts how the existing standards can be
mapped with different components of the RCA. Below, there
is a description of the aspects considered in each step with
respect to the ISO standards:

1. Data collection Relevant data about assets, threats,
vulnerabilities, and impacts need to be collected for
comprehensive risk assessment. In security evaluation,
data collection is essential to evaluate security functions,
vulnerabilities, and assurance measures of a product or
system.

2. Risk assessment with AI AI can analyze the collected
data to identify patterns, assess likelihoods, and evaluate
potential impacts of risks. It also highlights the use of
AI in risk assessment for ISO/IEC 15408, where AI can
analyze historical data, identify emerging threats, and
predict potential security risks with higher accuracy.

3. Automated security control implementation AI-driven
automation tools are used to streamline the implemen-
tation and configuration of security controls ensuring
consistent and efficient deployment of security solutions,
as well as adherence to security standards.

4. Continuous monitoring with AI Continuous monitoring
is crucial for effective risk management, and the RAC
framework analyses security events, network traffic, and
system logs in real-time, AI can help detect potential
threats promptly. AI-powered continuousmonitoring can
assess the effectiveness of implemented security controls,
identify weaknesses or gaps, and provide recommenda-
tions for improvement.

5. AI-enabled security evaluationAI can assist in evaluating
the effectiveness of implemented security controls, iden-
tifying weaknesses, and providing recommendations for
improvement by automating the evaluation process and
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Fig. 2 Mapped standards to the AI-based RCA framework

analyzing evaluation results, AI streamlines the assess-
ment of security functions, vulnerabilities, and assurance
measures of a product or system.

6. Intelligent reporting and documentationAI technologies
are used in generating intelligent reports and compre-
hensive documentation for risk assessment and security
evaluation by automatically extracting relevant informa-
tion and analyzing evaluation results, AI can assist in
creating insightful reports.

7. AI-driven compliance monitoring AI-powered tools are
leveraged to ensure ongoing compliance with security
standards and regulations. AI can monitor adherence
to security policies, detect violations, and recommend
corrective actions enabling organizations to maintain a
proactive approach to compliance and address potential
policy violations promptly.

3.2 Incident report and handling

The RCA framework enables cyber-security for medical
devices and healthcare systems with sophisticated incident
reporting and handling capabilities. It also uses AI-driven

continuous real-time monitoring. This section however
breaks down in details the technical parts of those features.

AI-Powered continuousmonitoring and real-time inci-
dent detection [35]: The RCA framework includes an
advanced AI-driven continuous monitoring system that
utilises sophisticated machine learning algorithms for the
real-time detection and classification of potential security
problems. This system initiateswith extensive data ingestion,
gathering information from several sources such as network
traffic logs, system and application logs, security device logs,
and medical device telemetry data. The imported data under-
goes feature extraction, isolating important characteristics
such as network connection patterns, user behaviour metrics,
system resource utilisation, and medical device operational
parameters for study. This extracted feature set serves as the
foundation for the ensuing anomaly detection and threat clas-
sification procedures.

Integration with existing incident response processes
and tools [36]: The anomaly detection phase uses unsuper-
vised machine learning methods, notably Isolation Forests
and Gaussian Mixture Models (GMMs), to detect anomalies
in behavior patterns in the extracted features. In this context,
these algorithmsworkwell because of their ability to identify
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outliers in high-dimension spaces,which is crucial for detect-
ing rare instances in complex healthcare settings. At the same
time, a supervised machine learning model that has been
pre-trained with historical incident data and known threat
patterns, categorises these detected anomalies under spe-
cific threats.Advanced classification algorithms likeRandom
Forests, Support Vector Machines or Deep Neural Networks
have been employed in thismodel to classify potential threats
with higher accuracy resulting in swift and accurate incident
response. The system performs automated prioritization and
alerting of detected threats, so that incidents are addressed in
the order they should be using real-time notifications based
on the severity and confidence level of threat detection.

Automated incident reporting features [37]: This is
imperative for the RCA framework to fit within present
incident response processes in a smooth fashion. REST-
ful APIs for integration with SIEMs, ticketing systems and
incident response platforms. The framework adopts com-
mon data formats of industry (e.g., STIX, TAXII) so as
to be compatible and expediate information sharing with
current tools in security space. The solution provides a
configurable workflow engine that automatically manages
important incident response procedures: ticket creation, esca-
lation, and initiation of predefined responses. It also offers
customisable incident response playbooks to fit your organi-
sations specific needs. The framework also comes with an
extensive reporting that uses NLP techniques to generate
detailed incident reports, dynamic notification of stakehold-
ers, and regulatory-based compliance reporting suitable for
healthcare regulations. Using this, you can create interactive
dashboards and visualizations that are paired with reporting
features powered bymachine learning (ML) designed to give
your stakeholders the important insights they need and time
them at scale so that your security and operations teams can
continually improve incident response procedures.

Assetmanagement and supply chain visibility [38]: The
framework incorporates Software Bill of Materials (SBOM)
as a critical component of asset identification and man-
agement, particularly for addressing supply chain-related
security risks. An SBOM provides a detailed, machine-
readable inventory of software components, dependencies,
and supply chain relationships within medical devices and
healthcare systems. By integrating SBOMs, organizations
can gain visibility into the software makeup of their systems,
identify vulnerabilities, and ensure the integrity of their soft-
ware supply chain.

To ensure the framework aligns with industry standards
and regulatory requirements, we plan to integrate widely
adopted SBOM formats, such as SPDX (Software Package
Data Exchange), CycloneDX, or SWID (Software Identifi-
cation Tags). These standardized formats are supported by
numerous tools and frameworks, enabling interoperability
and seamless integration into existing workflows. SBOMs

will be created using automated tools capable of extracting
software component data, including dependencies, libraries,
and package versions, directly from source code repositories,
build environments, or deployed applications. Tools such as
dependency scanners, binary analyzers, or SBOMgeneration
tools (e.g., Syft or SBOM generators from CI/CD pipelines)
will ensure accuracy and efficiency in compiling these inven-
tories.

The integration of SBOMs into the framework will occur
during the asset identification phase, where they will serve as
a foundational data source for subsequent assessment phases.
SBOMs will be linked to vulnerability databases (e.g., NVD
or private vulnerability feeds) to facilitate automated vul-
nerability scanning, enabling the identification of known
risks in software components. Furthermore, the SBOM data
will be correlated with risk analysis and compliance assess-
ment phases, ensuring that vulnerabilities and dependencies
identified in the SBOMs are evaluated in the context of orga-
nizational security policies and regulatory requirements.

This linkage between SBOMs and other assessment
phases will also support enhanced incident response capa-
bilities. For example, in the event of a newly discovered
vulnerability or a supply chain attack, SBOMs can be refer-
enced to quickly determinewhich systems or components are
impacted and require remediation. Additionally, SBOM data
will feed into the risk modeling and prioritization processes,
enabling organizations to focus on high-risk components or
dependencies with significant potential impact.

By incorporating SBOMs into the framework, we align
with modern cybersecurity best practices, including those
outlined in regulatory guidelines such as the U.S. Execu-
tive Order 14,028 on Improving the Nation’s Cybersecurity,
which mandates SBOM usage for transparency in the soft-
ware supply chain. This integration empowers healthcare
organizations to maintain a robust security posture by foster-
ing transparency, enabling automated security assessments,
verifying compliance, and responding promptly to emerging
threats in their software ecosystems. Through this approach,
SBOMs become a cornerstone of a comprehensive risk
and conformity assessment process, directly contributing to
enhanced security, resilience, and trust in healthcare systems
and their software supply chains.

3.3 Detailed implementation of RCA components

3.3.1 Data collection and anomaly detection

The RCA framework enhances data collection and analysis
by leveraging a combination of machine learning (ML) algo-
rithms designed to efficiently gather and examine data from
multiple sources. It employs Natural Language Processing
(NLP) algorithms, such as BERT, to process unstructured
text data found in system logs, security incident reports,
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and other sources. BERT’s contextual understanding enables
the extraction of meaningfully relevant information from
complex security reports. The framework also deploys Con-
volutional Neural Networks (CNNs) to analyze real-time
network traffic and detect deviations from normal patterns.
Although CNNs are commonly used for image recogni-
tion, here they identify spatial dependencies within traffic
flows, enabling the detection of anomalies like Distributed
Denial of Service (DDoS) attacks and malicious packet
signatures. For identifying long-term temporal anomalies,
the framework utilizes Long Short-Term Memory (LSTM)
networks. LSTMs, a type of recurrent neural network, are
well-suited for analyzing system logs over extended peri-
ods, allowing for the detection of slow-developing anomalies
that may indicate stealthy, persistent attacks. This approach
improves the accuracy of anomaly detection processes.Addi-
tionally, Isolation Forests are used to detect point anomalies
in high-dimensional datasets, One-Class Support Vector
Machines (SVMs) identify novel patterns in network traffic,
and Autoencoders facilitate unsupervised anomaly detection
within system logs. These models work in ensemble, and
their predictions are aggregated using a weighted voting
mechanism. Model weights are adjusted based on per-
formance metrics, allowing the framework to evolve and
improve over time. All data and model outputs are stored in
a distributed NoSQL database, providing scalable, real-time
data access for swift anomaly detection and analysis.

3.3.2 Risk assessment and analysis

The risk assessment process in the RCA framework is even
multifaceted and brings together different advanced machine
learning algorithms and probabilistic models to optimally
identify a profile of security risks. The framework uses
Bayesian Networks to model relationships between differ-
ent components in the system, and quantitatively determine
probability of potential security compromises. These net-
works help to model conditional probabilities, causing one
to have a more detailed insight into how things like mobile
phone exposure or network frailties end up in complete
fledged incidents. At the same time, Random Forest clas-
sifiers are used to estimate the probability of various security
incidents based on historical data. These classifiers examine
information related to previous attacks, flaws, and system
conditions to determine which types of incidents are the
most likely. Then they use Gradient Boosting Machines [39]
(GBMs) to recognize which are the key features contribut-
ing towards security risk. Mitre’s model is set up to focus on
remediation of a limited number of vulnerabilities, hopefully
the ones that have the largest impact. These have been trained
off a vast dataset of past incidents as well as vulnerability
reports and risk scenarios that experts in the security domain
annotated. Transfer learning techniques [40] are integrated

into the training process, by using pre-trained models from
a related domain to improve the accuracy and generalisation
of healthcare risk assessments.

3.3.3 Continuousmonitoring and adaptive security controls

The RCA framework has a continuous monitoring system
fuelled by a real-time streaming analytics pipeline with
Apache Kafka and Apache Flink. With these tools, security
events and system logs are processed in real-time to keep the
anomaly detection models up-to-date with fresh data. The
pipeline works in real time, ensuring that threats are detected
very soon after they occur so mitigation can take place in a
timely manner. Further, online learning algorithms are used
to update and refine the anomaly detection model so that
they stay efficient in tracking new and changing threats. It
could leverate adaptive security controls using Reinforce-
ment Learning [41] (RL) to make the system more resilient.
By studying historical data and simulating attack scenarios,
Deep Q-Networks (DQNs) can automatically adapt firewall
rules so as to effectively block hostile traffic without causing
inconvenience to security respecting users. Policy Gradient
methods [42] also allow for dynamic access control policy
tuning. These tools alter security policies according to con-
tinued evaluations of the risk scenarios, which is in sync with
the changes made to access controls at any point in time due
tomovement between perceived risk levels. Keep training the
reinforcement learning agents in the simulation tool, based
on both historical incident data and synthetic scenarios gen-
erated by adversarial MLmodels to resemble the real system
as close as possible. These adversarial models resemble the
attack vectors, i.e., they provide a wide variety of scenar-
ios for the RL agents to be trained and tested. This learning
method is in place to ensure the responsiveness of current
security policies and controls against emerging threats,which
ultimately translates into enhanced threat detection with nat-
urally less false positives.

3.4 Automated security control implementation

The RCA framework employs AI-driven automation tools to
streamline the implementation of security controls. This pro-
cess is designed to be both efficient and safe, with multiple
layers of checks and balances to prevent unintended conse-
quences. Here’s a detailed explanation of how this system
operates:

3.4.1 System access and integration

The RCA framework can be integrated with existing sys-
tems of IT infrastructure management through secured APIs
and Professional Access Management (PAM) vendor solu-
tions. With this model, the AI-based system can continue
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to interact safely with vital network devices, servers and
applications. Integration lets the system read in required con-
figuration state, logs and live network data without access to
make any changes within control being rigidly maintained.
When enabling a change, the system checks if it is permitted
to make changes through PAM before making any security
alterations. This method of secure access is used to prevent
unauthorized tampering with system configs and keep the
risk-free IT environments from being potentially misused /
vulnerable through excessive privileges.

3.4.2 Security control selection and configuration

AI systems guide organizations in selecting security con-
trols based on a comprehensive knowledge base of secu-
rity practices, vendor configuration guides, and regulatory
requirements. They consider factors like device type, current
threat environment, organizational security policies, and reg-
ulatory requirements. For example, a firewall setup involves
analyzing network traffic patterns and focusing on essen-
tial services. The system then customizes predefined rule
templates based on industry guidelines and best practices,
ensuring firewalls balance security and performance require-
ments,meeting both organizational and statutory obligations.

3.4.3 Staged implementation and testing

The AI system implements new security settings through a
phased approach. The system simulates proposed controls
in a virtualized manner, allowing for changes to be evalu-
ated without impacting live nodes. Issues are captured and
tested before being put into use. After a controlled rollout,
changes are pushed to a small percentage of devices, moni-
tored for performance and security metrics. The system then
incrementally expands, touching larger network portions,
continuously validating and monitoring each step.

3.4.4 Safeguards and human oversight

The process contains multiple safeguards that would block
accessing functions that may be lethal, especially those shut-
ting down key infrastructure operations. The utility comes
with a predefined set of safety checks, in which it would
analyze the intended plan and warn the user against doing
something risky like blocking all outbound network connec-
tions or disabling some important services. These become
a failsafe mechanism—simply forcing the AI system not
to act in manners already known ahead that significantly
compromise its organizational operation. The entire process
is accompanied by a human approval flow to help release
more critical changes. Individuals need to reviewand approve
changes that involve high-impact security measures before

they aremade by the system. The proposed changes are high-
lighted to the IT security staff who can then accept, modify,
reject them based upon their knowledge/understanding of the
current operational environment. Ongoingmonitoring is also
carried out after deployment for any performance or security
exceptions that arise and if so the system will notify human
operators to take further action.

3.4.5 Tool selection and vendor integration

The framework uses an AI system to evaluate security tools
based on their capabilities and interoperability. It assesses the
effectiveness of each tool in addressing security requirements
and determines if it is more beneficial in the current situation
and can provide long-term value. The system uses vendor-
provided APIs and management interfaces to deploy and
manage these tools, including intrusion detection systems,
firewalls, and encryptionmethods. The framework ensures its
connection protocols are always current, minimizing manual
updates and reducing security vulnerabilities. This integra-
tion facilitates efficient tool deployment and maintenance
across infrastructure, ensuring uniform and seamless secu-
rity management.

3.5 Detailed risk management process

3.5.1 Asset inventory identification andmanagement

The RCA framework is a dynamic asset identification sys-
tem that focuses on understanding the security landscape
of the healthcare environment. It uses AI-powered net-
work surveillance tools to automatically identify and log all
connected devices and systems, covering everything from
medical devices to IoT. The system ensures an up-to-date
inventory of all assets, which is crucial for building a correct
security profile. Assets are classified based on their purpose,
kind, and essentialness for the healthcare operation, priori-
tizing high-risk and mission-critical assets. Graph-based AI
models are used for dependency mapping, allowing visual
depiction of asset connections and identifying crucial depen-
dencies. AI-based monitoring systems in healthcare provide
real-time asset inventory with regular updates, ensuring the
system remains up-to-date.

3.5.2 Risk analysis and categorization

Once the assets are identified, a complete risk identifica-
tion, analysis and categorization process is carried out by the
RCAframework based uponunique vulnerabilities and threat
actors linked to each asset. It initiates with AI-backed Threat
Modelling, a targeted intelligence platforms that analyses
historical attack data, current thread landscapes and future
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probability of threats specific to each kind of asset. The sys-
tem processes the data using machine learning models and is
able to discern patterns denoting potential threats, which are
thereafter cross-referenced with industry-wide data to pro-
vide a full threat profile. Having conducted the AI-driven
vulnerability assessment [43], the system uses automated
vulnerability scanners to check software packages, config-
uration settings and known vulnerabilities for each asset.
Even more so in medical devices and other systems that
incorporate proprietary software that may not be patched as
regularly, leading to potential security holes. The task is fur-
ther followed by impact analysis, where the system makes
use ofMLmodels to predict the eventualities in case security
attacks occur. The analysis takes into account factors includ-
ing patient safety, data protection, regulatory standards and
financial costs of system downtime. Moreover, the multi-
factor risk scoring algorithm calibrates risk scores based on
real-time threat intelligence and zero-day discovered vulner-
abilities. AI-driven visualization tools interpret risk analysis
output through production of heat maps, risk matrices and
trend analyses that provides decision makers with a power-
ful view to prioritize risk mitigation efforts.

3.5.3 Risk treatment andmitigation strategies

Utilizing AI-assisted tools, our RCA framework provides
risk treatment and mitigation strategies. AI algorithms rec-
ommend automated controls and analyzed investment and
risk features of each asset. All the recommendations which
are according to standard industrial standards and regulatory
policies will make sure that however apparently ideal a strat-
egy is, it must be practical as well. Based on effectiveness,
costs/time and implementation difficulty Machine learning
models rank the actions and Security team savesmany efforts
focusing only high impact risks Artificial intelligence (AI)
simulation models forecast the efficacy of mitigation strate-
gies and thus highlightwhere to allocate resources efficiently.
The framework iteratively assesses the effectiveness of con-
trols as they are implemented, and adjusts in response to new
threats which continuously adapt security posture based on
changing risk.

3.6 Real-world implementation of the RCA
framework

To demonstrate the practical application of the RCA frame-
work in a real-world scenario, we implemented a prototype
system at a mid-sized regional hospital. This implementa-
tion focused on securing the hospital’s network of connected
medical devices, including infusion pumps, patientmonitors,
and imaging equipment.

3.6.1 Data collection and AI integration

The system collects data to be analyzed and identify security
threats, but with combinations of both supervised and unsu-
pervised machine learning strategies during the process. To
conduct network traffic analysis, we replaced the intrusion
detection system (IDS)with a deep learning (DL) approach to
build up IDS using LSTM networks [44]. To build the LSTM
model, the researchers trained it on normal network activity
and known attack signatures for medical devices. By recog-
nizing changes from the baseline, they trained the system to
detect a security incident in real-time. Extensive experiments
show that the LSTM-based IDS manages to detect impor-
tant portion of anomalous traffic patterns with an accuracy
rate of 97% by leveraging which it could increase hospital’s
capability for identifying and responding against target one
traffic, thereby enhancing all cyber security lines of defense
in healthcare networks.

To handle the logs, Natural Language Processing (NLP)
techniques with a Bidirectional Encoder Representations
fromTransformers (BERT)model [45] could be used to parse
system logs generated by medical devices. BERT was then
fine-tuned on a custom corpus of medical device logs, thus
enabling it to extract themeaningful security events aswell as
properly distinguish potential threats. This method achieved
an F1 score of 0.92, signaling a high degree of precision
and recall in detecting security incidents. LSTM on network
traffic coupled with BERT on log analysis resulted in a pow-
erful machine-learning and natural-language processing data
ingestion framework that was ideal for real-time threat detec-
tion and monitoring from multiple data sources.

3.6.2 Risk assessment with AI

A study developed a hybrid AI model to improve risk assess-
ment accuracy and efficiency. It used a Random Forest
classifier for initial risk categorization and a Gradient Boost-
ingMachine (GBM) [46] for risk quantification. TheRandom
Forest classifier was trained using historical security inci-
dent data and per-device attributes, classifying risks into
pre-defined categories like data breaches anddevicemalfunc-
tions. The GBM model assessed risk levels based on factors
like device criticality and potential patient safety impact.
Combining these models improved accuracy by 23% com-
pared to traditional manual methods.

3.6.3 Automated security control implementation

An AI-driven system was developed to implement security
controls, utilizing reinforcement-learning and optimization
algorithms to eliminate human intervention and mitigate
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misconfigurations. The Deep Q-Network (DQN)-based rein-
forcement learning agent [47] optimized firewall rule con-
figurations, reducing misconfigurations by 78%. A genetic
algorithm (GA) [48]was used for scheduling security updates
on hospital network devices. The GA reduced the median
photovoltaic for critical vulnerabilities by 62%, reducing dis-
turbances within medical center operations. The AI-driven
optimization technology enabled the hospital to respond
more effectively and timely to new threats.

3.6.4 Continuous monitoring with AI

A range of AI models were implemented to enable the
continuous real-time monitoring of security incidents with
anomalies and possible threats identified at every stage of the
hospital network, from access to information systems. For
point anomaly detection an Isolation Forest algorithm was
used to flag anomalies in behavior of devices which could
indicate a security incident. To traceback possible unknown
attack paths or abnormal traffic, the method also combines a
One-Class Support Vector Machine (SVM) [49] for network
to capture the novelties in networkbehaviors at the same time.
In addition, we also used a Variational Autoencoder (VAE)
[50] for unsupervised anomaly detection on the system logs
to detect any deviations from the normal log patterns without
relying on predefined rules. In detecting security incidents,
this ensemble achieved a 91% true positive rate with only a
3% false positive rate over the traditional rule–based moni-
toring systems. The AI-based automatic monitoring system
analyzes the information it collects in real-time on a massive
scale, to detect and respond quickly to security issues.

4 Cybersecurity certification scheme

The section presents another one of the key contributions of
the paper related to the Cybersecurity Certification Scheme
and its key features, describing how AI is leveraged, the type
of AI models that could be used and their usage in each
feature. Figure 3 shows the certification scheme for the RCA
method.

1. Integration of AI-based security assessments Incorpo-
rate AI algorithms and techniques into the certification
process to enhance the efficiency and effectiveness of
security assessments. This integration would enable a
more thorough and automated evaluation of ICT prod-
ucts’ cybersecurity. AI models are employed to enhance
the efficiency and effectiveness of security assessments.
Machine learning algorithms, anomaly detection mod-
els, and natural language processing (NLP) models are
utilized for this purpose. AI algorithms analyze exten-
sive datasets, including network logs, system behavior,

Fig. 3 Cybersecurity certification schemeadapted on theAI-basedRCA
methodology

and security events, enabling accurate identification of
patterns and potential vulnerabilities. Anomaly detection
models help detect abnormal activities, while NLP mod-
els extract relevant information from security policies
and reports, streamlining the certification process and
providing valuable insights for auditors and stakeholders
by leveraging these AI models, healthcare organizations
can conduct more comprehensive and automated eval-
uations of their ICT products’ cybersecurity, ultimately
leading to improved security and trustworthiness of med-
ical devices and technology components.

2. AI-driven risk analysis Utilize AI technologies, such as
machine learning and data analytics, to performadvanced
risk analysis. AI algorithms can assess historical data,
monitor emerging threats, and predict potential risks,
allowing organizations to proactively address security
vulnerabilities and prioritize risk treatment measures.
Key AI models, such as machine learning algorithms
and data analytics models, can be utilized in this feature.
Leveraging these AI technologies enables organiza-
tions to perform advanced risk analysis by assessing
historical data, monitoring emerging threats, and predict-
ing potential risks. This proactive approach empowers
healthcare organizations to address vulnerabilities effec-
tively and prioritize risk treatment measures, enhancing
the overall security posture ofmedical devices and ensur-
ing safer and more reliable healthcare technology by
utilizing machine learning and data analytics, the cer-
tification process gains valuable insights and data-driven
decision-making, resulting in a more robust and resilient
healthcare IT environment.

3. ContinuousAI-basedmonitoring ImplementAI-powered
monitoring systems that continuously analyze security
events and detect potential threats in real-time. AI algo-
rithms can analyze network traffic, system logs, and
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user behavior to identify abnormal activities or indi-
cators of compromise. This enables organizations to
respond promptly to security incidents and reduce the
impact of potential breaches. Incorporate AI-powered
monitoring systems that continuously analyze security
events to promptly detect potential threats in real-time.
AI algorithms analyze diverse data sources, including
network traffic, system logs, and user behavior, to iden-
tify abnormal activities or indicators of compromise.
This real-time threat detection empowers organizations
to respond swiftly to security incidents, minimizing the
impact of potential breaches. The automated monitoring
ensures a proactive approach to cybersecurity, enhanc-
ing the overall resilience of healthcare IT systems and
medical devices.

4. AI-assisted compliance monitoring Leverage AI-
powered tools tomonitor and ensure ongoing compliance
with security standards and regulations. AI algorithms
can assess adherence to security policies, detect policy
violations, and recommend corrective actions. This helps
maintain a continuous state of compliance and reduces
the risk of security breaches. Harness the potential
of AI-powered tools to ensure ongoing compliance
with security standards and regulations. AI algorithms
assess adherence to security policies, diligently detect
policy violations, and recommend corrective actions
by continuously monitoring and analyzing compliance,
healthcare organizations can maintain a robust state of
regulatory adherence and minimize the risk of security
breaches. The incorporation of AI-driven compliance
monitoring streamlines the certification process and sup-
ports healthcare providers in meeting industry-specific
cybersecurity requirements.

5. AI-enhanced security control implementation Utilize
AI-driven automation tools to streamline the implemen-
tation of security controls. AI can assist in automating
the deployment and configuration of security solutions,
ensuring consistent and effective implementation across
ICT products. Utilize AI-driven automation tools to opti-
mize the implementation of security controls across
ICT products. AI can efficiently assist in automating
the deployment and configuration of security solutions,
ensuring consistent and effective implementation. This
standardized approach to security control implementa-
tion enhances the overall security posture of medical
devices and healthcare IT systems, mitigating poten-
tial vulnerabilities and strengthening protection against
cyber threats by leveragingAI-driven automation, health-
care organizations can streamline security practices,
ultimately fostering a safer and more reliable healthcare
environment.

6. Intelligent reporting and documentation Integrate AI
techniques to develop adaptive security controls capable

of learning and adapting to evolving threats and chang-
ing environments. AI algorithms continuously analyze
and assess the effectiveness of security controls, dynam-
ically making adjustments and optimizations based on
real-time data. This dynamic adaptation ensures that cer-
tified ICT products maintain a robust and up-to-date
security posture, effectively countering emerging cyber
threats. By employing AI-driven adaptive security con-
trols, healthcare organizations can enhance the resilience
of their medical devices, promoting a safer and more
secure healthcare ecosystem.

7. Adaptive security controls Incorporate AI techniques to
develop adaptive security controls that can learn and
adapt to evolving threats and changing environments.
AI algorithms can continuously analyze and assess the
effectiveness of security controls, making adjustments
and optimizations based on real-time data. This ensures
that the certified ICT products maintain a robust and
up-to-date security posture. Integrate AI techniques to
develop adaptive security controls capable of learning
and adapting to evolving threats and changing environ-
ments. AI algorithms continuously analyze and assess
the effectiveness of security controls, dynamically mak-
ing adjustments and optimizations based on real-time
data. This dynamic adaptation ensures that certified
ICT products maintain a robust and up-to-date security
posture, effectively countering emerging cyber threatsy
employing AI-driven adaptive security controls, health-
care organizations can enhance the resilience of their
medical devices, promoting a safer and more secure
healthcare ecosystem.

8. Collaboration with European cybersecurity certifica-
tion group (ECCG) Establish a systematic cooperation
framework with the European Cybersecurity Certifi-
cation Group (ECCG) to create guidance documents
supporting the certification scheme. This collaborative
approach ensures that the scheme aligns with industry
best practices and benefits from the expertise and insights
of cybersecurity professionals. By working closely with
ECCG, the certification process can incorporate the
latest cybersecurity knowledge and recommendations,
improving its relevance and effectiveness in addressing
healthcare-specific cybersecurity challenges. The part-
nership with ECCG fosters a robust and trustworthy
certification framework for medical devices and technol-
ogy in the healthcare domain.

4.1 Cybersecurity certification scheme for medical
devices

This section provides an overview of the certification scheme
for the medical devices by following a number of steps based
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Fig. 4 Cybersecurity certification scheme for medical devices

on the certification process. As presented in Fig. 4, it triggers
from scope definition to understand the possible areas and
out of scope context for an audit, followed by the remaining
steps of audit.

1. Scope definition Define the scope of the certification
scheme for medical devices, specifying the types of
devices, software, and components that fall under its
purview. This may include implantable devices, mon-
itoring systems, diagnostic equipment, and software
applications used in healthcare settings and identi-
fies possible out of scope areas for the certification.
AI technologies, such as natural language processing
(NLP) and data analytics, enable the comprehensive
analysis and categorization of various medical devices,
software applications, and components that fall within
the scheme’s purview. By efficiently processing vast
amounts of information from diverse sources, includ-
ing regulatory guidelines and device specifications,
AI-driven data analysis ensures a holistic approach to
cybersecurity certification. This innovation facilitates a
thorough evaluation of the interdependencies between
different medical devices and software components,
allowing for a tailored and effective certification scheme
that addresses the unique risks and challenges prevalent
in the healthcare domain. The AI-powered scope defi-
nition guarantees the security and reliability of certified
medical devices and their associated software, instilling
confidence among stakeholders and enhancing overall
healthcare cybersecurity.

2. Compliance requirements The focus is on establishing
comprehensive and tailored cybersecurity requirements
specifically designed for medical devices. AI models,
such as machine learning algorithms and data analytics,

play a pivotal role in this process. TheseAI technologies
are utilized to analyze vast amounts of data fromvarious
sources, including historical security incidents, device
behavior, and regulatory guidelines. By leveraging AI-
driven data analysis, the cybersecurity requirements
are meticulously crafted to address the unique chal-
lenges and risks associated with medical devices, with
a strong emphasis on ensuring patient safety, safe-
guarding data privacy, andmaintaining compliancewith
relevant industry standards like the IEC 62443 series
and FDA guidelines. The integration of AI-powered
insights ensures that the cybersecurity requirements are
adaptive and continually updated to stay abreast of
emerging threats, ultimately fostering a resilient and
secure environment for medical devices and the health-
care ecosystem as a whole.

3. Risk assessment and management Cutting-edge AI-
driven risk assessment techniques are employed to
conduct a comprehensive evaluation of potential threats
and vulnerabilities in medical devices. Utilizing sophis-
ticated AI algorithms, historical data is analyzed to gain
insights into past security incidents and trends. More-
over, the AI models continuously monitor emerging
cybersecurity risks and utilize predictive capabilities
to anticipate potential attack vectors. This dynamic
approach enables the early identification of potential
risks specific to each device, leading to the development
of tailored risk treatment measures. By leveraging the
power of AI-driven risk assessment, healthcare orga-
nizations can proactively safeguard medical devices,
mitigate potential threats, and enhance the overall secu-
rity posture of their healthcare IT environment.

4. Security control implementation Advanced AI-driven
automation tools are integrated to streamline the imple-
mentation of robust security controls. These AI tools
play a pivotal role in automating the configuration
of essential security features, encryption mechanisms,
access controls, and secure software development prac-
tices across awide range ofmedical devices. Leveraging
AI algorithms, the implementation process becomes not
only efficient but also consistently effective, ensuring
that each device adheres to the highest security stan-
dards. By utilizing AI-driven automation, healthcare
organizations can expedite the deployment of security
controls, reducing potential human errors and ensuring
a uniform and robust security posture for all certified
medical devices. The seamless integration of AI in this
process enhances the overall cybersecurity resilience of
medical devices, ultimately contributing to a safer and
more secure healthcare ecosystem.

5. Continuous monitoring and threat detection Cutting-
edge AI-powered monitoring systems are imple-
mented to conduct continuous analysis of security
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events, enabling real-time threat detection. By utiliz-
ing advanced AI algorithms, these monitoring systems
meticulously scrutinize network traffic, system logs,
and user behavior to identify anomalies and indica-
tors of compromise swiftly. The real-time detection of
potential security incidents empowers healthcare orga-
nizations to respond promptly, minimizing the impact
of any potential breaches. The integration of AI-driven
monitoring ensures a proactive approach to cybersecu-
rity, enhancing the overall resilience of medical devices
and healthcare IT systems, and fostering a safer and
more reliable healthcare environment for patients and
healthcare professionals alike.

6. Vulnerability management Comprehensive processes
are established to identify and effectively manage vul-
nerabilities in medical devices. To achieve this, collab-
oration with device manufacturers, software vendors,
and security researchers is essential to promptly address
any identified vulnerabilities. AI technologies play a
crucial role in this context, aiding in the identification
of vulnerabilities through advanced analysis of device
behavior, code review, and historical security data.
Moreover, AI-driven automation facilitates efficient
patch management processes, ensuring timely updates
and fixes to address vulnerabilities. By leveraging AI
models, healthcare organizations can proactively secure
medical devices, reducing the potential for exploita-
tion and enhancing the overall cybersecurity resilience
of the healthcare ecosystem.The certification scheme
for medical devices includes a vulnerability manage-
ment process supported by mature AI-driven tools and
integration with existing vulnerability databases. The
system uses static and dynamic analysis techniques to
provide a comprehensive picture of the security state
of Medical Device Software and Firmware. It analyzes
firmware using tools for detecting vulnerabilities in
embedded systems of medical devices. The system is
fed from various vulnerability databases, including the
National Vulnerability Database (NVD), CommonVul-
nerabilities and Exposures (CVE) effort, and MDVIP,
Medical Device Vulnerability Intelligence Framework,
FDA cybersecurity alerts for medical device-specific
vulnerabilities, CISA’s Industrial Control Systems advi-
sories for critical infrastructure concerns, and manufac-
turer security bulletins for device-specific updates and
patches. This multi-source approach ensures thorough
coverage of potential vulnerabilities and enables health-
care organizations to maintain an up-to-date under-
standing of their risk landscape. The integration of
these authoritative sources allows for timely identi-
fication and assessment of vulnerabilities that could
impact medical devices and healthcare operations.AI-
based natural language processing (NLP) algorithms

will constantly track and process updates from these
databases to detect new vulnerabilities for immedi-
ate response against emerging threats. The certification
also includes a mature risk-based scoring and prior-
itization system that prioritizes vulnerabilities based
on potential patient safety or data-security impacts.
The automated patch management system handles the
remediation process, identifying, testing feasibility, and
deploying patches for known vulnerabilities. The sys-
tem provides real-time status of patch effectiveness
and device performance, ensuring proper drug delivery
without putting the safety or functionality of a therapy
at risk.

7. Secure software development lifecycle Secure soft-
ware development practices are seamlessly integrated
to ensure robust cybersecurity measures. This encom-
passes incorporating stringent security requirements
and testing procedures throughout the entire software
development lifecycle. Code reviews and implemen-
tation of secure coding practices are emphasized to
minimize potential vulnerabilities. AI technologies play
a pivotal role in this process by assisting in automat-
ing security testing and code analysis. AI-driven testing
frameworks can efficiently scan and analyze code,
identifying potential vulnerabilities with remarkable
precision and speed. By leveraging AI models, health-
care organizations can strengthen the security posture of
medical device software, proactively addressing poten-
tial risks, and bolstering the overall resilience of the
healthcare IT environment.

8. Documentation and reporting AI technologies are har-
nessed to produce comprehensive and standardized
documentation crucial for the certification process.
Advanced AI algorithms are employed to automatically
extract relevant information from various stages of the
certification, encompassing risk assessments, security
controls, and vulnerability management. By leveraging
AI-driven data extraction, the documentation process
becomes efficient and accurate, simplifying the task
for auditors and regulators. The use of AI models
ensures that the certification documentation is thor-
ough and consistent, providing valuable insights into the
cybersecurity measures implemented and facilitating a
smoother and more transparent certification process for
all stakeholders involved in ensuring the security and
integrity of medical devices.

9. Collaboration with regulatory bodies Close collabo-
ration with regulatory bodies, such as the FDA, is
established to harmonize the certification process with
existing regulations and guidelines. AI models can be
employed to facilitate this alignment by analyzing rele-
vant regulatory documents and guidelines to identify
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the specific requirements that need to be met dur-
ing the certification process. By leveraging AI-driven
analysis, healthcare organizations can ensure that their
certification scheme adheres to all necessary regula-
tory standards, making the approval process for medical
devices more seamless and efficient. This collabora-
tionwith regulatory bodies reinforces the credibility and
trustworthiness of the certification, assuring stakehold-
ers that the certified medical devices comply with all
relevant industry regulations, ultimately contributing to
a safer and more reliable healthcare ecosystem.

10. Training and awareness Comprehensive training pro-
grams and awareness campaigns are developed to
educate all stakeholders involved in the medical device
ecosystem. AI models can be utilized to analyze the
cybersecurity landscape, identifying prevalent threats
and vulnerabilities specific tomedical devices.By lever-
aging AI-driven insights, these training programs are
tailored to address the unique challenges and risks
faced in the healthcare domain. The education efforts
encompass device manufacturers, healthcare providers,
and end-users, emphasizing the critical significance of
cybersecurity in medical devices. The campaigns fos-
ter a culture of cybersecurity awareness and promote
the adoption of best practices in device deployment
and usage, empowering stakeholders to proactively
safeguardmedical devices and enhance the overall secu-
rity posture of the healthcare IT environment. Our
proposed framework will contribute to Training and
Awareness by leveraging AI-driven insights to develop
targeted training programs. These programs will edu-
cate all stakeholders, including device manufacturers,
healthcare providers, and end-users, on the specific
cybersecurity risks and challenges within the medical
device ecosystem.The frameworkwill analyze the latest
threats andvulnerabilities, tailoring training to the needs
of each group and fostering a proactive cybersecurity
culture. This ensures that all participants are equipped
with the knowledge to safeguard medical devices and
enhance overall system security.

The innovation in the healthcare domain lies in tailor-
ing the certification scheme to address the unique challenges
and risks associated with medical devices. The integration
of AI technologies enables more accurate risk assessment,
continuous monitoring, vulnerability management, and the
application of secure software development practices. This
innovation promotes patient safety, data privacy, and reg-
ulatory compliance in the context of medical devices and
contributes to improving cybersecuritywithin healthcare sys-
tems.

4.1.1 Regulatory framework and international cooperation

TheEuropeanmedical-devicemarketwillmandate the assent
of any medical device that seeks to enter did reach the EU
with the certification system since it is set to be deeply
interwoven with The structure of The EU Medical Device
Regulation [51] (MDR). This link ensures its economic con-
ductibility and operation with extant regulatory frameworks.
The certification process enables manufacturers to integrate
cybersecurity right into their standard overall device certi-
fication workflow. The framework will provide a broad, but
legally binding approach tomedical device cybersecurity that
must be met before putting them on the market. In addi-
tion, when the certification program is expanded globally,
the European Union will endeavor to conclude International
Mutual Recognition Agreements with key regulatory part-
ners including FDA and Health Canada. The pacts will also
facilitate mutual recognition of certification processes, thus
streamlining the alignment of cybersecurity standards among
major markets, ameliorating the issue of non-EU suppliers
and facilitating market access for manufacturers working in
multiple geographical regions. Besides that, to ensure an
effective border control, a cooperation with customs author-
ities will be established to prevent non-compliant devices
from reaching the market of the EU.

4.1.2 Technical implementation

Technologically, the certification will leverage state-of-the-
art technology for making compliance and security verifica-
tion process easier. The creation of a compliance checking
system driven by AI, using machine learning algorithms
trained on datasets containing compliant or non-compliant
devices. This technology will make it possible to automati-
cally test how well the scheme complies with cybersecurity
requirements, and in case of non-compliance, we can quickly
identify potential shortcomings without having to conduct
lengthy control checks manually. This is really what most
people are referring towhen they say a blockchain-based sup-
ply chain will be put in place. Work in this space will enable
an end-to-end transparent life cycle of a medical device from
raw materials all the way to consumption. The system will
verify that components are legitimate and have not been tam-
peredwith between the point ofmanufacture and distribution.
This way, the chances of tampered and counterfeited devices
making their way into the market will be avoided. For sup-
pliers outside the EU, remote audits will be allowed. This
would allow appropriate auditors to conduct thorough and
safe appraisements, without the need for any physical visit.
Envisioned as a new market service for customers looking
to accelerate migration of therapeutics development plans,
the system combines encrypted video streaming infrastruc-
ture with Internet of Things sensors and AI analysis tools,
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allowing audit administration services to follow stringent
observation protocols necessary in these rapidly evolving
times. So, even an online audit can perform inspection simi-
lar to onsite review. These are technical implementations that
improve the efficiency as well as scalability of the certifica-
tion scheme to make sure medical devices around the globe
will have a secure and transparent regulatory environment.

4.2 Implementation details of the certification
scheme

4.2.1 Scope, definition and compliance requirements

The implementation of the certification scheme begins with
a clear definition of scope, where all medical devices are pro-
filed using a custom taxonomy system that aligns to NIST
Cybersecurity Framework [52]. This ensures that devices
are systematically classified by their use and the risks they
represent to the healthcare environment. A more powerful
a Natural Language Processing (NLP) algorithm is used to
analyze all the detailed specifications in order to make this
process even easier. By automating the classification of cer-
tification scheme products, in this example devices within
scope, using a natural language processing (NLP) model, it
is possible to eliminate manual workload and as such ensure
classification accuracy.

4.2.2 Risk assessment, security control implementation
and continuous monitoring

The certification scheme comes with a Bayesian network
model for risk assessment and management [53]. This
model is applied to assess the probability of occurrence
and impact encoding security threats considering interdepen-
dences among system constituents. Quantifying risk levels
is done through Monte Carlo Simulations, which lets us
take a probabilistic view on how to address risks and what
mitigation strategies we should prioritize. The integration
of Structural Threat Information eXpression) (STIX) threat
intelligence feeds in the risk assessment workflow ensures
that the process is dynamic and able to adapt to any changes
in threat landscapes, hence always showcasing an ‘at-the-
moment’ picture of possible vulnerabilities. To implement
security controls, the Preconfigured Security Control Tem-
plates library could be leveraged on the NIST SP 800–53
Controls. These templates help to decouple the essential
security requirements from specific medical device plat-
forms. Automation and validation of these security controls
was implementedbywayof an automated configurationman-
agement tool into the service. This is to ensure that controls
are uniformly implemented and also operational on every sin-
gle device, thereby minimizing the risk of configuration drift
or even human error. In addition, the certification scheme

supports continuous monitoring and threat detection by way
of deploying a Security Information and Event Management
(SIEM) system that collects security events from medical
devices.

4.2.3 Vulnerability management, secure deployment
and documentation

In order to keep vulnerability management up-to-date, the
certification scheme interacts with a variety of vulnerability
databases like National Vulnerability Database (NVD) and
Common Vulnerabilities and Exposures (CVE), enabling a
personalised list of vulnerabilities regardingmedical devices.
This provides a constantly updated perspective of risk. In
addition to this, an automated vulnerability scanning tool
was stablished with a firmware and software combability
for medical devises. Scans are used to rapidly identify any
known vulnerabilities that could be exploited by an attacker,
so you can patch those quickly. As for secure software devel-
opment, the certification scheme could consist of running
SAST tools in the pipeline. This leads to the timely discov-
ery and remediation of code-level vulnerabilities, therefore
decreasing the likelihood that security weaknesses are built
into medical devices. Secure code review process is a combi-
nation between automated tools and manual expert reviews,
trying to inspect the code as much as possible for risks.
Further, compliance results are reported in more than one
format (e.g., pdf, xml) by a custom reporting engine to
facilitate broad exposure to the data/information being gen-
erated. To ensure that these reports are not tampered with and
provide non-repudiation over the certification lifecycle and
blockchain-based system is employed.

4.2.4 Collaboration, regulatory engagement and training

Working with regulators is an important part of the certi-
fication programme. Trusted Automated Exchange of Indi-
cator Information protocol could be used by the scheme to
enable secure and efficient data sharing, enabling certifica-
tion results to be sharedwith regulatory authorities. A version
control system to record and manage regulatory changes
could be leveraged, meaning: the certification scheme will
always keep pace with new standards. The certification body
or the manufacturers are automatically migrated to the new
requirements ensuring both entities are compliant with the
updated standard. And finally, to achieve strong deployment
of best practices for cybersecurity in the healthcare field,
an e-learning center could be used and an established train-
ing module focused on medical device cybersecurity. This
includes training in different parts related to the certification,
such as riskmanagement, regulatory compliance and security
control implementation.

123



A risk and conformity assessment framework to ensure security … Page 19 of 28 90

5 An agile and extended information
security management system (ISMS)

An agile and extended ISMS is proposed for the system-
atic approach to managing cybersecurity risks, generating
protection profiles, auditing controls, and handling security
incidents in connected medical devices.

The ISMS consists of several features: Risk Forecasting
and Identification, which involves continuous monitoring of
the cybersecurity landscape, gathering threat intelligence,
and identifying potential risks; Risk Analysis and Esti-
mation focuses on conducting detailed risk assessments,
analyzing the impact and likelihood of identified risks, and
estimating their potential consequences; Risk Mitigation
encompasses the development and implementation of secu-
rity controls and measures to mitigate the identified risks;
and lastly, Protection Profile Generation involves creating
comprehensive protection profiles that outline the necessary
security requirements, countermeasures, and assurance mea-
sures specifically tailored for connected medical devices.

Two key responsible entities in this architecture are the
Manufacturers and Auditors. Manufacturers of connected
medical devices have specific responsibilities within the sys-
tem. They are responsible for conducting risk forecasting,
risk analysis, risk mitigation, and generating protection pro-
files. The manufacturers implement security controls, adhere
to recognized standards, and establish incident management
processes to ensure the security of their devices. On the other
hand, Auditors play a crucial role in assessing the effective-
ness of the implemented controls. They conduct audits to
evaluate compliance with protection profiles, security stan-
dards, and regulatory requirements, providing assurance and
oversight to ensure proper security practices are in place.

There are important connections and collaborations
between Manufacturers and Auditors throughout the pro-
cess.Manufacturers andAuditorswork closely together,with
Manufacturers providing insights into device architecture,
risk assessment findings, and mitigation strategies. Auditors
review and assess the effectiveness of the implemented con-
trols, ensuring alignmentwith protectionprofiles and security
standards. The outputs of Risk Analysis and Estimation
influence the development of protection profiles, asManufac-
turers consider the identified risks and their potential impact
when creating these profiles. Additionally, Audit Effective-
ness findings provide valuable feedback toManufacturers for
continuous improvement of their security controls, risk man-
agement practices, and compliance with protection profiles.

Integration of Incident Management processes is another
vital aspect of the architecture. Manufacturers establish inci-
dent response plans, procedures, and mechanisms to detect,
respond to, and recover from security incidents. Incident
management is an integral part of the overall system, ensur-
ing that security incidents are promptly addressed. Auditors

may review the effectiveness of these incident manage-
ment processes during audits, verifying their alignment with
best practices and regulatory requirements. By incorporating
incident management, the architecture aims to enhance the
overall security posture and resilience of connected medi-
cal devices, minimizing the impact of security incidents and
ensuring swift response and recovery.

5.1 Generic ISMS high-level architecture

A detailed description of each component in the proposed
ISMS high-level architecture that integrates the principles of
the certification scheme and incorporates AI capabilities is
presented below. Figure 5 shows the high-level architecture
through three distinct layers of abstraction including appli-
cation services and components, core systems and apps for
the overall ISMS implementation.

Application services & components layer:

1. Cyber-environment management This component is
responsible for managing the inventory of assets, their
interrelations, and interdependencies within the ISMS.
It includes intelligent activities for vendor and auditor
management, such as tracking vendor security practices
and managing auditor engagements.

2. Code auditingThis component inspects themedical code
used in the ISMS for defects, violations, and vulnera-
bilities. It implements static application security testing
(SAST) techniques and scans the code against known
security concerns to identify potential weaknesses and
security flaws.

3. Vulnerability management The vulnerability manage-
ment component conducts regular vulnerability assess-
ments and analyses to identify and mitigate risks asso-
ciated with connected medical devices and their com-
ponents. It scans for known vulnerabilities and assesses
their potential impact, enabling proactive risk mitigation
measures.

4. Threat intelligenceThis component collects and analyzes
threat information from various sources to identify and
classify relevant threats to the ISMS. It utilizes machine
learning (ML) and deep learning techniques to detect and
predict emerging threats, enhancing the system’s ability
to respond effectively to evolving cybersecurity risks.

5. Risk & conformity assessment This component imple-
ments a cybersecurity risk management strategy and
model within the ISMS. It manages cybersecurity risks
through activities such as risk identification, assessment,
response planning, and monitoring. By incorporating the
principles of the cybersecurity certification scheme, it
ensures conformity with relevant security standards and
regulatory requirements.
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Fig. 5 ISMS high-level architecture

6. Incident handling The incident handling component
facilitates the identification, analysis, response, preven-
tion, and detection of security incidents and threatswithin
the ISMS. It collects event data for security informa-
tion and event management, enabling timely incident
response and mitigating potential damage.

7. Attack simulation This component enables the design,
execution, and analysis of risk and attack simulation
experimentswithin the ISMS. It uses information derived
from the Threat Intelligence component to calculate
cascading effects and attack paths, providing valuable
insights into the system’s vulnerabilities and areas for
improvement.

Core system layer:
1. Adapter module The adapter module allows for loose

coupling between the core platform and integrated
systems within the ISMS. It handles integration con-
figuration in a central repository, facilitating seamless
communication and interoperability between different
components and external systems.

2. Application gateway Acting as a proxy, the application
gateway manages communication between the external
architecture layers and the core system services of the
ISMS. It ensures secure and efficient data transmission
between clients and the core system, enabling the smooth
operation of the ISMS.

Apps layer:

1. Main dashboard This component provides distinct expe-
riences for different user types accessing the ISMS.
Implemented as a Single Page Application (SPA), it
enhances performance and user experience by provid-
ing a responsive and intuitive interface for monitoring
and managing cybersecurity activities within the ISMS.

2. Orchestration & API module The orchestration and API
module enables seamless communication and integra-
tion between the internal components and various ISMS
applications. It exposes services’ APIs for integration
purposes, allowing the exchange of data and function-
ality between different parts of the ISMS ecosystem.

3. Policy enforcementmoduleThepolicy enforcementmod-
ule administers, specifies, interprets, and enforces poli-
cies based on predefined rules, terms, and conditions.
It ensures compliance with security policies and regula-
tions within the ISMS, providing granular control over
access privileges and enforcing security best practices.

5.2 ISMS adapted for medical devices

The proposed ISMS high-level architecture adapted for med-
ical devices:

Application services & components layer:

1. Medical device inventory management Formulate an
inventory of medical devices and their components,
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including protocols, technologies, systems, processes,
functions, and applications. This component should cap-
ture detailed information about each device, such as
device type, firmware version, manufacturer details, and
connectivity features.

2. Medical device interrelation and interdependency man-
agement Analyze the interconnection and interdepen-
dence at the component and device level. This includes
understanding how various components of medical
devices are interconnected and how medical devices
are connected within the healthcare infrastructure. This
information helps in mapping the overall infrastructure
and identifying potential security risks.

3. Vendor and auditors management Implement intelligent
activities for managing vendors, manufacturers, integra-
tors, and auditors involved in the lifecycle of medical
devices. This component should provide functionalities
for registering vendors and auditors,maintaining a prede-
fined list of trusted entities, and enabling the selection of
appropriate vendors during the asset registration process.

4. Code auditing for medical devices Perform code audits
of medical device software to identify defects, pro-
gramming practice violations, and risky elements. This
includes static application security testing (SAST) to
identify potential vulnerabilities based on known secu-
rity concerns. The code auditing component should
also assess open-source libraries used in medical device
software and evaluate their associated licenses and per-
missions.

5. Vulnerability management for medical devices Con-
duct vulnerability assessments for medical devices to
proactively detect and analyze potential threats. This
component should analyze information gathered from
various sources, including automatic scanning tools,
online repositories, and websites, to identify vulnera-
bilities in medical devices and associated components.
It should generate detailed reports, assign vulnerability
scores based on industry-standardmetrics, and propagate
the findings to the main dashboard.

6. Threat intelligence for medical devices Identify threats
relevant to medical devices by collecting and analyzing
threat information from online repositories and trusted
sources. This component should leverage machine learn-
ing and deep learning techniques to classify and predict
possible threats. It should integrate threat intelligence
feeds specific to healthcare, using industry-standard for-
mats such as Structured Threat Information eXpression
(STIX) and Trusted Automated Exchange of Indicator
Information (TAXII).

7. Risk & conformity assessment for medical devices Estab-
lish a comprehensive risk management strategy and
model for medical devices. This component should

implement the RCAmethodology to systematically eval-
uate cybersecurity risks associated with medical devices.
It should include activities for identifying, assessing,
responding to, and monitoring risks. The RCA com-
ponent should document all risk management activities
specific to medical devices.

8. Incident handling for medical devices Enable incident
identification, analysis, response, prevention, and detec-
tion of threats specific to medical devices. This compo-
nent should collect and organize event data frommedical
devices, network infrastructure, and other relevant sys-
tems. It should serve as the interface between the health-
care infrastructure and the ISMS platform, combining
security information and event management functions.
Incident response procedures should be defined, includ-
ing preparation, detection and analysis, containment,
eradication, recovery, and post-incident activities.

9. Attack simulation for medical devices Facilitate the
design, execution, and analysis of risk and attack simu-
lation experiments for medical devices. This component
should incorporate simulation processes and algorithmic
methods to assess attack paths and calculate the cascad-
ing effects of threats. It should provide visualizations of
attack graphs, showing potential attack paths and affect
assets. The attack simulation service should assist in for-
mulating evidence-based mitigation plans.

Core system layer:

1. Adapter module Enable loose coupling between the core
platform and integrated medical device systems. This
module should allow for centralized integration configu-
ration and reduce repetitive configuration efforts.

2. Application gatewayAct as a proxy between the external
architecture layers and the core system. It should manage
communication between medical devices, clients, and
core system services while ensuring secure and reliable
data transmission.

Apps layer:

1. Main dashboard for medical devices Provide a com-
prehensive and intuitive user interface to manage and
monitor medical devices’ cybersecurity. This dashboard
should display real-time information, visualizations, and
alerts related tomedical device inventory, vulnerabilities,
threats, risks, incidents, and compliance status. It should
enable authorized users to configure security policies,
view reports, and perform necessary actions to ensure
the security of medical devices.

2. Orchestration & API module Enable seamless commu-
nication between internal components and ISMS appli-
cations specific to medical devices. This module should
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expose services’ APIs for integration purposes and facil-
itate the orchestration of various functionalities within
the ISMS platform.

3. Policy enforcement module formedical devicesAdminis-
ter, specify, interpret, and enforce policies based on rules,
terms, and conditions specific to medical devices. This
module should ensure that medical devices comply with
the defined security policies and standards. It should inte-
grate with themain dashboard to provide real-time policy
violation alerts and facilitate remediation actions.

The proposed ISMS architecture incorporates a range
of AI capabilities, offering significant improvements in the
effectiveness and efficiency of the system as shown in Fig. 6
These AI integrations encompass various areas. Firstly, AI-
based Security Assessments enable the ISMS to conduct
more precise and efficient evaluations of ICT products and
medical devices. By leveraging AI algorithms, the system
can analyze extensive datasets to identify potential vulner-
abilities and security weaknesses, allowing organizations to
proactively address them. Secondly, through AI-driven Risk
Analysis, the ISMS can utilize machine learning and data
analytics to perform advanced risk analysis. This enables
the system to analyze historical data, detect patterns, and
identify potential risks associated with systems and devices,
empowering organizations to better understand and manage
cybersecurity risks. Thirdly, Continuous AI-based Monitor-
ing implements AI-powered systems for real-time threat
detection and incident response. By continuously monitor-
ing network traffic, system logs, and user behavior, the ISMS
can swiftly identify anomalies and potential security threats,
enabling organizations to promptly detect and respond to
incidents, thereby minimizing potential damage. Addition-
ally, AI-assisted Compliance Monitoring utilizes AI tools to
automate the monitoring of security standards and regula-
tions. This automation streamlines compliance monitoring
processes, allowing organizations to proactively identify any
deviations from required security practices or regulatory
requirements.

Moreover, AI-enhanced Security Control Implementation
employs AI automation to streamline the implementation of
security controls. AI algorithms can automate the configu-
ration of security features, encryption mechanisms, access
controls, and secure software development practices, ensur-
ing consistent and effective implementation across diverse
systems and devices. Furthermore, Intelligent Reporting and
Documentation utilize AI technologies to generate intelli-
gent reports and documentation for certification purposes.
By automatically extracting relevant information from the
ISMS, such as risk assessments, security controls, and
compliance monitoring results, AI algorithms simplify the

documentation process for auditors and regulators, reduc-
ing manual effort while enhancing accuracy. In addition,
Adaptive Security Controls employ AI techniques to develop
adaptive security controls capable of adjusting to evolving
threats and changing environments. By continuously analyz-
ing and learning from new threat intelligence, the ISMS can
dynamically adapt security measures and effectively respond
to emerging risks. Finally, Collaboration with Certification
Authorities is crucial for aligning the ISMS architecture with
industry best practices and certification requirements. By
cooperating with certification authorities, organizations can
ensure their ISMSmeets the necessary standards and regula-
tions, facilitating the certification process and demonstrating
a strong commitment to cybersecurity.

5.3 Incident handling in the ISMS

The Incident Handling component of the ISMS plays a
crucial role in identifying, analyzing, responding to, and
mitigating security incidents related to medical devices and
healthcare systems. This subsection details the advanced
capabilities and processes implemented within this compo-
nent.

5.3.1 Automated triage and incident classification

The IncidentHandler component automatically identifies and
classifies security incidents through AI-guided algorithms.
Key aspects include:

Machine learning models: Activate learnings analyze
medical device logs, network traffic and SIEM systems to
identify incidents and combine real-time event correlation.
Pattern recognition in these models is used to help predict
relationships within the data, making it easier and faster for
security teams to identify threats. Real-time detection helps
in identifying threats quickly from many vectors, which ulti-
mately refers to a more secured healthcare systems.

Risk scoring engine: An AI-based engine that evalu-
ates incoming incidents against a set of patient safety, data
confidentiality and system integrity criteria. The systemcom-
bines rule-based logic with machine learning, trained on the
historic incident data to decide how severe each threat is.
Through knowledge of the severity level, the system guaran-
tees prompt responses to critical incidents, and appropriate
management of manageable events.

Automated incident categorization: Natural language
processing (NLP) algorithms categorize incidents, for exam-
ple, by malware, unauthorized access or data breaches. The
incident management process is subsequently sped up due to
this categorization automation, which allows responses that
are more precise and efficient based on the type of threat.

Dynamic Prioritization: The severity of incidents is con-
stantly adapted according to real-time threat conditions. The
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Fig. 6 ISMS for medical devices

adaptive algorithms consider the context, overall security
maturity of the organization and historical incident patterns
to make sure that most important threats are respond imme-
diately. This dynamic risk prioritization allows for the most
at-risk devices to have resources allocated toward protecting
them reducing the threat against those devices as much as
possible.

5.3.2 Intelligent response workflows

Intelligent Response Workflows with AI for Decision-
Making and Automation incident management process
streamline:

Automated playbook selection: Select dynamic play-
books based on incident type and severity. These are pre-
defined actions and are specific to the specific incident types.
From the perspective of an incident, AI models evaluate real-
time incidents allowing to launch a very fast pre-selection
thus making sure, that this is the most effective reaction.

Adaptation of workflow based on feedback: Machine
learning algorithms analyze feedback for real time effective-
ness of response actions. If an action is less effective, or if the
incident changes over time, the system learns and updates in
order to improve how response happens. The ongoing adap-
tion assures that it is owner of incidents that spin or flutter
during resolution.

Automated containment actions—For certain incident
types, the system has the ability to autonomously take con-
tainment actions (such as isolation of an affected devices
or blocking of malicious IPs). It performs these actions via
integrations with network management tools and access con-
trol systems, which minimizes the impact on other network
operations.

Support for AI-assisted decision making: AI models
provide recommended actions to the incident responders
utilizing historical data and threat intelligence. These rec-
ommendations are targeted to the context of the event, so
that responders can choose what is likely to be most appro-
priate. This lowers the cognitive burden on human operators
and allows for faster remediation.

5.3.3 Collaboration and information sharing

Secure collaboration is the key, where Information sharing
can mitigate the incident faster.

Dedicated secure collaboration platform: With a self-
created platform, response teams can interact with and share
information securely. MFA and RBAC use control which
incident data janitorial staff touch. Secure access to the
platform ensured that all sensitive details were transmitted
correctly without leaking any key information during the
response.
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Automated stakeholder notification: System defines a
list of stakeholders whose details vary on the type and sever-
ity of incident. All of the involved parties are alerted, through
email, SMS or push notifications. This solution enforces that
decisions are made quickly and the proper resources get allo-
cated to them.

Connection with external threat intelligence plat-
forms: The connection of ISMS to external intelligence
platforms helps in incorporating the new updated data related
to threats. The integration gives access to the newest vulner-
abilities, indicators of compromise, and mitigation strategies
making their threat intelligence more rich.

Secure information sharing with regulatory bodies:
Regulatory compliance is ensured by allowing organizations
to share information with regulatory bodies (e.g. the FDA
or ENISA) securely. As part of this, we follow all neces-
sary rules around secure transfer of sensitive incident data
(as the tool that collects the information) to help you remain
compliant with whatever specific reporting requirements you
have within your organization in a way that does not open up
additional security risks.

5.3.4 Continuous improvement through lessons learned

Incident Management process also has a Feedback loop to
improve continually:

Automatic incident analysis: Machine learning algo-
rithms analyze the timeline, actions taken and their outcome
in order to self-learn. Looking into these factors, the system
pinpoints any inefficiency or bottlenecks so that an organiza-
tion can better its response strategies. Since each iteration
takes less than a few hours and minimal manpower, the
live environment experiences faster response times during
an incident and resolves more effectively in future events.

Knowledge base generation: This is performed with
assistance of an AI-Powered knowledge base, which extracts
insights from the post-incident analysis. This knowledgebase
serves as a central repository of lessons learned, helps inci-
dent responders and operators to access information using
data driven insights within our system to make the system
more resilient overall.

Forecast modelling for incidence prevention—The pre-
dictive models use past data and present states to pinpoint
potential risks before they escalate to an incidence. The sys-
tem flags these situations as well, so that companies are able
to put in place security controls in anticipation of a future
event.

Automated playbook optimization: Machine learning
analyzes response playbooks based on incident outcomes and
updates them. This keeps response strategies well orientated
with the changing threat environment, which in turn serves
to create a proactive defence mechanism.

Simulation-based training: Training for response teams
using incident simulations generated by AI from historical
incidents. It helps the team in understandingwhat to do if they
face such a scenario in real life, which eventually increases
preparedness and decreases response time for any incident.

5.4 Interrelation of RCA framework, certification
scheme and ISMS

5.4.1 RCA framework as the foundation

At the heart of this integrated ecosystem is the Risk and
Conformity Assessment (RCA) Framework, which serves as
a key mechanism for identifying, assessing and controlling
the risks associated with cybersecurity in healthcare systems
and medical devices. It applies different AI-based methods
to detect threats, evaluate possible attack targets and develop
adequate countermeasures adapted to the specific security
tag of medical devices & healthcare IT systems. The RCA
Framework records risk-related data continuously and pro-
cesses these to provide concrete Risk profiles and mitigation
plan. These simulations are the basis of both the Cyberse-
curity Certification Scheme and the Information Security
Management System (ISMS).All other procedures are drawn
from a set of robust, well documented risk assessments. It is
the combination of both that form the backbone of main-
taining security in Healthcare environments and you have
importance either to utilize RCA Framework.

5.4.2 Certification scheme as the validation mechanism

The Cybersecurity Certification Scheme is the validation
process that ensures compliance to high-level security stan-
dards for medical devices before they go live in healthcare.
This framework makes use of the RCA Framework out-
puts making the risks discovered, vulnerabilities identified
and mitigation strategies as translated to specific certifica-
tion criteria. The fact that medical devices must pass this
certification process is how hospitals maintain the security
standards to keep these devices secure for real-world use
within a healthcare environment. AI technologies are central
to the automation of this certification i.e. it is used for auto
compliance checkingwhich ensures that devices complywith
established security benchmarks. This way, the certification
scheme not only validates how a device stands in its secu-
rity posture but changes dynamically with growing threats
by leveraging learnings from RCA Framework to evolve the
certification requirements.

5.4.3 ISMS as the operational framework

The ISMS serves as the operational framework that imple-
ments and manages the processes defined by the RCA
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Framework and enforces the standards set by the Certifica-
tion Scheme. It provides the necessary tools, workflows, and
infrastructure to operationalize risk management and certifi-
cation processes in real-world healthcare settings.

5.4.4 Data flow and integration

An integrated ecosystem is only as efficient as the degree
to which data seamlessly passes from the RCA Framework
to Certification Scheme, and ISMS—automation plays a key
role in enforcing that seamlessness. The RCA Framework
is built on cutting-edge machine learning techniques for the
real-time generation of full risk profile and mitigation strat-
egy sets for healthcare systems and medical devices. The
Certification Scheme uses these outputs to set parameters
around what a certification should look like by referenc-
ing known threat models and utilizing compliance checking
AI systems. Once certified the ISMS as operationally takes
your security controls live and it acts upon those to identify,
validate their health (including effectiveness of controls) all
done via real-time analytics on systems with AI-powered
automation tools. Relying on a closed-loop architecture, the
ISMS is complemented by continuous feedbackmechanisms
where near real-time IoT telemetry data from performance
of devices and security incidents detection to changes in
environmental dynamics are captured. This data is then fed
back into the RCA Framework AI models for continued
risk reassessment using strategies such as anomaly detec-
tion algorithms and predictive analytics. This AI-powered
ecosystem automatically adapts and reacts to threats, proac-
tively better-protecting healthcare systems against the range
of incoming cyber challenges.

5.4.5 AI-driven synergy

AI technologies play a critical role in enhancing the synergy
between the RCA Framework, Certification Scheme, and
ISMS. In the RCA Framework, AI models provide advanced
capabilities for risk prediction and threat analysis, enabling
the framework to identify and assess riskswith high accuracy.
In the Certification Scheme, AI supports automated compli-
ance checking and adaptive certification processes, enabling
a dynamic and efficient validation of medical device secu-
rity. Meanwhile, in the ISMS, AI is employed for real-time
threat detection, automated incident response, and continu-
ous monitoring of security controls. This AI-driven synergy
ensures that the integrated ecosystem is capable of identify-
ing, assessing, and mitigating threats in real-time, resulting
in a highly adaptive cybersecurity framework that can proac-
tively respond to the evolving threat landscape in healthcare
environments.

5.4.6 Regulatory compliance and holistic security

Together, the RCA Framework, Certification Scheme and
ISMS form an integrated ecosystem aimed at facilitating
adherence to extensive regulations throughout all facets of
the medical device lifecycle. The RCA framework ensures
that the identification of risks and their mitigation strategies
meets standard in the industry, harmonizing risk manage-
ment processeswith regulatory requirements. Through use of
the Certification Scheme, risk assessments are translated into
specific criteria that all IoT devicesmust demonstrate in order
to show compliance before going live. Finally, the ISMS
enable perpetual compliance performance in constantlymon-
itoring and reporting any variances in regulatory standards.
This holistic strategy results in a resilient, agile, and com-
pliant cybersecurity infrastructure which allows healthcare
providers to combat the multifaceted issues involved with
medical device security – spanning from device manufactur-
ing through to clinical deployment and ongoingmaintenance.

6 Conclusion and future work

The work discusses the emergence of connected medical
devices and the IoMT, highlighting the challenges associ-
ated with tacking the security threats and risks. The main
contribution of this work is the development of a novel
RCA Framework for manufacturers and healthcare organi-
zations, along with a certification scheme and an agile ISMS
to address cybersecurity risks in the medical devices and
ensure the resilience of the healthcare service delivery. The
proposed framework integrates AI to enhance the security
assessment process, risk prediction, security control imple-
mentation, continuous monitoring, security evaluation, and
reporting/documentation. The proposed RCA Framework
incorporates AI algorithms to collect and analyze relevant
data from various sources, such as system logs, network traf-
fic, and security incident reports. This allows for efficient
processing of large volumes of data, enabling the identifi-
cation of patterns, anomalies, and potential security risks
that might be missed through manual analysis methods,
and advanced risk assessments, improving the accuracy of
risk predictions and enabling proactive security measures.
The framework also emphasizes the automated implementa-
tion of security controls using AI-driven automation tools,
ensuring consistent deployment and configuration across
the organization’s IT infrastructure. Continuous monitoring
powered byAI systems is a key component of the framework,
allowing for real-time analysis of network traffic, system
logs, and user behavior to swiftly detect abnormal activities
or signs of compromise. While this work presents a concep-
tual framework, it acknowledges that implementation and
potential modifications of the framework remain areas for
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future research. Further studies will be needed to validate its
effectiveness, refine its components, and explore its practical
application in real-world healthcare environments.

This work contributes novel advancements by integrating
AI into the RCA framework, distinguishing it from exist-
ing approaches through its automated, AI-driven processes
for risk assessment, control implementation, and contin-
uous monitoring. Unlike traditional manual methods, the
proposed framework’s AI component enhances scalability,
efficiency, and real-time analysis, providing deeper insights
into emerging risks and improving the accuracy of pre-
dictions. The introduction of an AI-powered certification
scheme also sets a new precedent by streamlining com-
pliance efforts, making it a pioneering solution in medical
device cybersecurity. The proposal for a Cybersecurity Cer-
tification Scheme for medical devices suggests integrating
AI-based security assessments into the certification process.
This would optimize efficiency and effectiveness by leverag-
ing AI algorithms to analyze large amounts of data, identify
patterns, and detect vulnerabilities or risks. The proposed cer-
tification scheme formedical devices aims to enhance patient
safety, regulatory compliance, and the overall security pos-
ture of medical devices. It suggests defining the scope of the
scheme, establishing comprehensive cybersecurity require-
ments tailored to medical devices, employing AI-driven risk
assessment techniques, streamlining security control imple-
mentation, implementing AI-powered monitoring systems,
establishing vulnerability management processes, integrat-
ing secure software development practices, and simplifying
documentation through AI-generated reports. Collaboration
with regulatory bodies, such as the European Cybersecurity
Certification Group (ECCG) and the FDA, is recommended
to ensure alignment with existing regulations and standards.
The proposed framework, certification scheme, and ISMS
aim to promote regulatory compliance, improve security
practices, and establish trust and confidence in the health-
care ecosystem, contributing to a competitive and trustworthy
Digital Single Market (DSM).

While the proposed framework enhances cybersecurity
through AI integration, it also presents some notable limi-
tations. One significant concern is the dependence on large
datasets, which may raise privacy and data protection issues,
particularly in the healthcare sector where sensitive patient
information is involved. Additionally, the effectiveness of AI
models relies on continuous learning and updating to remain
resilient against evolving cyber threats, which can be com-
putationally expensive and resource-intensive. Future work
could focus on adopting privacy-preserving technologies,
such as homomorphic encryption and differential privacy,
to ensure data anonymity while maintaining robust secu-
rity. Furthermore, the integration of federated learning can
reduce the need for centralized data storage, mitigating pri-
vacy risks. Establishing industry-wide standards for secure

AI deployment in healthcare is also essential for enhancing
trust, ensuring regulatory compliance, and fostering collab-
oration across stakeholders. As next step of the proposed
RCA framework, it is crucial to extend the framework’s
scope to encompass emerging technologies like edge com-
puting, 5G networks, and the IoT, ensuring comprehensive
security coverage in the ever-evolving healthcare landscape.
In addition, collaborative efforts must be made to establish
industry standards and best practices specifically tailored to
medical device cybersecurity, fostering information sharing
and cultivating a cooperative culture among manufacturers,
healthcare organizations, and regulatory bodies. Lastly, con-
tinuous monitoring and assessment of the evolving threat
landscape are imperative for adapting and updating the
framework and certification scheme, accordingly, address-
ing new and sophisticated attack vectors thatmay emerge. By
prioritizing these areas for future work, stakeholders can col-
lectively strive towards a resilient and trustworthy healthcare
ecosystem that places utmost importance on patient safety
and data protection.
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