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Background/Objectives: Artificial intelligence (Al) is revolutionizing the healthcare industry, improving diagnoses, treatments, and
clinical processes. However, its integration poses significant cybersecurity risks, including data breaches, algorithmic opacity, and
vulnerabilities in Al-controlled medical devices. This narrative review analyzes these threats and evaluates blockchain technology as
a potential mitigation strategy within a Clinical Risk Management framework.

Methods: The literature search was conducted on PubMed, Scopus, and Web of Science, considering peer-reviewed publications from
2000 to January 2025. 1,204 articles were identified. Inclusion criteria included studies on cybersecurity risks in healthcare, blockchain
applications in the clinical setting, and regulatory references (eg, General Data Protection Regulation). Conference abstracts, non-
English articles, and non-peer-reviewed contributions were excluded. To ensure methodological rigor, the Scale for the Assessment of
Narrative Review Articles criteria were applied.

Results: The thematic analysis highlighted recurring critical issues: difficulties with informed consent, unauthorized access to
sensitive data, and systemic vulnerabilities in hospital digital infrastructures. Blockchain presents a promising solution thanks to its
decentralization, immutability, and transparency. Integration with smart contracts enables dynamic consent management, secure data
sharing, and real-time monitoring of medical devices. Permissioned networks improve traceability and regulatory compliance, while
Layer 2 solutions and optimized consent protocols address scalability challenges.

Conclusion: Despite its potential, blockchain adoption faces obstacles: high costs, regulatory rigidity, and poor acceptance among
healthcare professionals. The review highlights the need for pilot projects, interdisciplinary collaboration, and regulatory updates for
effective integration. Combining Al and blockchain in Clinical Risk Management can transform clinical risk management from
reactive to proactive, improving patient safety, data governance, and accountability.
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Introduction

Definition and Origins of Clinical Risk Management

Clinical Risk Management (CRM) is a cornerstone of modern healthcare, focusing on the prevention of adverse
events—unintentional and potentially avoidable harm—by addressing systemic complexities beyond individual
errors.' It emphasizes an interdisciplinary approach that combines risk analysis, continuous training, and techno-
logical innovation to improve patient safety.” CRM promotes the use of advanced systems for error reporting and
sentinel event detection, alongside standardized procedures and causal analysis techniques like Root Cause
Analysis to identify and mitigate risks effectively.”* The integration of technologies such as artificial intelligence
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and digital information systems enhances the ability to monitor, assess, and respond to clinical risks with greater
speed and precision.” The conceptual foundation of CRM dates back to the 1970s and 1980s, focusing on reducing
medical errors and their impact on patients, particularly critical incidents such as surgical and medication errors.
These early efforts highlighted the need for systematic approaches to improve safety. The 1999 report “To Err is
Human” by the Institute of Medicine revealed the widespread nature of avoidable harm, bringing patient safety to
the forefront of healthcare priorities.® Initially, CRM efforts concentrated on identifying adverse events through
error reporting systems and implementing standardized processes to reduce error frequency and severity, while
improving communication among healthcare professionals.” By the early 21st century, CRM had evolved to
incorporate systemic models that considered interactions between human factors, organizational processes, and
technology. This marked a shift from reactive to proactive strategies aimed at anticipating and preventing risks.
Over the past two decades, significant advancements have included the introduction of tools like Failure Mode,
Effects and Criticality Analysis (FMECA) and Root Cause Analysis, which have improved the evaluation of
clinical processes and identification of critical points. Additionally, the integration of Artificial Intelligence (Al)
into CRM has enabled early identification of risks and errors, further enhancing patient safety measures.®

The Concept of Error in Healthcare

Clinical risk management (CRM) extends beyond patient safety by promoting a culture of learning and shared
responsibility. A “no-blame culture” encourages addressing errors in a constructive rather than punitive manner,
addressing systemic problems rather than individual errors.”'! This approach promotes transparency and collaboration,
reducing underreporting and improving system safety.'>"'* Balancing non-punitiveness with accountability requires clear
policies and leadership support.'>'® Healthcare errors, which are inevitable in complex environments,'® can be classified
as slips (errors in execution), mistakes (errors in planning) and lapses (errors in memory).??* James Reason highlights
active errors, which have a direct impact on patients, and latent errors, embedded in systems and processes, which require

systemic analysis to address root causes.”'**

Artificial Intelligence in Healthcare: Opportunities and Risks

Artificial Intelligence (AI) has become an essential tool for many healthcare professionals, with applications ranging
from administrative management to advanced diagnostics. The healthcare sector has enthusiastically adopted this
innovation, improving many aspects of patient care.”> The European Union, aware of the potential risks, has chosen to
contribute scientifically to ensure the protection of patients and their families, addressing the dangers associated with the
use of intelligent systems in clinical practice.”® Al offers significant advantages in hospitals, increasing the speed and
accuracy of diagnoses.”” Algorithms can process huge amounts of data quickly, facilitating the work of doctors and
improving the quality of care. Intelligent systems support healthcare professionals, such as in real-time monitoring of
vital parameters, with the ability to alert in case of significant variations, allowing timely interventions. Another
application concerns the management of chronic diseases, with algorithms suggesting lifestyle changes or therapeutic
adjustments for better control of the pathology.”®?° In addition, Al facilitates access to care, allowing telemedicine and
remote diagnosis, especially in disadvantaged areas.’® However, despite the obvious advantages, the indiscriminate use
of these systems can generate problems. Intelligent systems can be subject to “hallucinations”, producing incorrect or
inaccurate outputs, which requires careful supervision of the generated responses.’’ Real-life incidents show that
generative Al poses unique cybersecurity risks in healthcare, including data leaks, algorithm manipulation, and deepfake
misuse, highlighting the need to integrate targeted mitigation strategies into clinical risk management frameworks.*> The
introduction of Al in healthcare implies unconventional risk management and risk managers must develop new
mitigation strategies to address emerging risks.*® If algorithms operate in isolation, the risks are limited, but complex
problems arise when intelligent systems must communicate with each other, managing complex tasks and exchanging
data, with the risk of error propagation.’* The integration of Artificial Intelligence (AI) in healthcare should be under-
stood not only as a technological innovation, but as part of a broader paradigm shift known as Industry 4.0. This fourth
industrial revolution is characterized by the convergence of cyber-physical systems, Internet of Things (IoT), cloud
computing, and Al, enabling smart, autonomous, and interconnected environments across sectors—including healthcare.
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As highlighted by Ersoy (2022), Industry 4.0 transforms production and service models by digitizing and integrating
the entire value chain, improving agility, efficiency, and decision-making capabilities. In healthcare, this translates into
enhanced diagnostic precision, predictive analytics, and real-time monitoring systems. Al, in this context, is not an
isolated tool but a core component of a systemic transformation that affects clinical workflows, patient engagement, and
data governance.®® Moreover, Tehci & Ersoy emphasize that Industry 4.0 extends beyond manufacturing to include
marketing and service delivery, promoting models such as customer-oriented and just-in-time production. These
principles align with the evolution of healthcare toward patient-centered care, where Al-driven systems support
personalized treatment, remote monitoring, and ethical data management. Incorporating the conceptual framework of
Industry 4.0 allows for a more comprehensive understanding of AI’s role in healthcare, particularly in relation to
cybersecurity, interoperability, and clinical risk management.*®

The emergence of Al and blockchain technology have introduced a new management dimension to the clinical
governance landscape, while Al, with its ability to analyze large volumes of data and support clinical decisions, has
the potential to implement quality of care, it also raises concerns about data security, to the transparency of
algorithms and the protection of privacy. On the other hand, blockchain technology offers features such as
decentralization, immutability, and transparency, which can help enhance cybersecurity and sensitive data manage-
ment in healthcare. Therefore, the use of Al technologies, with the security profile guaranteed by blockchain, can
lead to advanced risk management, ensuring regulatory compliance on the one hand and supporting the implementa-
tion of more robust controls within complex healthcare contexts on the other. Clinical Risk management is a solid
basis for the integration of Al and blockchain in healthcare, the frameworks of this discipline, and particularly
Enterprise Risk Management, can guide the implementation of these emerging technologies in a secure way, In this
sense, blockchain presents itself as a risk mitigation strategy, capable of conferring security, Transparency and
regulatory compliance in clinical data management and cybersecurity.’’ > The traditional classification of clinical
errors is based on consolidated categories, such as errors of commission, omission, diagnosis and execution, tools
that have historically made it possible to identify the causes of adverse events and to propose corrective interven-
tions, but the introduction of artificial intelligence systems has brought to light new types of errors that do not
always lend themselves to being framed in traditional models, errors that can result from algorithmic biases, lack of
transparency in predictive models, malfunctions of automated systems, or complex interactions between operators
and technology, and therefore require a review and expansion of traditional categories to include technological and
systemic factors. In this context, the “no-blame culture” of Clinical Risk Management, with its focus on seeing
mistakes as opportunities for learning and improvement and not as opportunities to attribute individual blame, aligns
perfectly with the challenges posed by Al-related incidents and cybersecurity risks, because it allows for the
adoption of systems-based analysis, by holistically assessing the interactions between people, processes and
technologies, identifying vulnerabilities and critical points and promoting solutions that strengthen the entire system,
ensuring safety, reliability and sustainability of clinical practices even in the presence of complex technological
tools.

The objective of this study is to examine the risks associated with cyber-attacks and personal data breaches arising
from the integration of artificial intelligence in the healthcare sector and propose blockchain technology as a potential
solution to mitigate these risks.

Materials and Methods

This is a narrative review aimed at analyzing the available literature on Al-induced cybersecurity risks in healthcare
and the potential of blockchain technology as a possible solution to mitigate such risks. The bibliographic search was
carried out by consulting the PubMed, Scopus and Web of Science databases, taking into consideration publications
between the beginning of the 2000s and January 2025. This time interval was chosen because it represents the period
in which the first clinical applications of artificial intelligence in healthcare appeared and, at the same time, the first
critical issues related to IT security and data protection emerged. The time span allows us to analyze the evolution of
the topic, from the initial stages of implementation to the most recent mitigation strategies based on advanced
technologies such as blockchain.
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The search string applied for the preparation of this review is as follows:

(artificial intelligence’ OR AI) AND (healthcare OR ‘health care’ OR medical OR clinical) AND (cybersecurity OR ‘data
privacy’ OR ‘information security’ OR ‘data breach’ OR ‘data protection’) AND. (blockchain OR ‘distributed ledger OR DLT
OR GDPR)

This search was conducted on January 10, 2025, to ensure inclusion of the most recent and relevant studies. The
screening of the articles was conducted by three reviewers with different levels of experience in the field of Clinical Risk
Management: a junior researcher, a professional with intermediate experience and a senior expert.*’ The initial search
yielded 1,204 results, which were then screened for duplicates. After removing duplicate entries, 902 unique records
were retained for further analysis.

Articles addressing issues related to cybersecurity in healthcare, the applications of blockchain technology in the
healthcare sector and regulatory frameworks were included in the study. On the other hand, works that focus exclusively
on the use of blockchain in non-healthcare contexts were excluded, unless they offered useful guidance on security
mechanisms applicable to healthcare. In addition, only articles published in peer-reviewed journals, systematic reviews,
and high-impact conference proceedings were considered, while conference abstracts and publications written in
languages other than English were excluded.

In order to ensure the methodological rigor of this narrative review, the SANRA (Scale for the Assessment of
Narrative Review Articles) criteria were applied. SANRA is a validated six-item tool designed to assess the quality of
narrative reviews, focusing on the following dimensions: justification of the article, clarity of stated objectives, appro-
priateness of literature sources, quality of data presentation, depth of scientific reasoning, and relevance to clinical
practice.

Given the narrative nature of this study, SANRA was employed to support transparency and consistency in the
synthesis of literature and the discussion of findings. The manuscript meets all six criteria, confirming its relevance,
scientific robustness, and practical applicability in the context of healthcare risk management and cybersecurity.*'
Cybersecurity risks were summarized through a thematic analysis, which made it possible to identify recurring patterns
in the literature, including the vulnerability of interconnected medical devices, issues related to informed consent and
critical issues in the protection of sensitive data.

Results

Risks Related to Cybersecurity

Data Privacy and Informed Consent in Al Integration

The increasing use of artificial intelligence (AI) in healthcare, accelerated by the media wave, has raised concerns about
data privacy, confidentiality and the protection of patients’ rights.*? These risks include the exposure and potential misuse
of sensitive data, which could lead to violations of individual rights and non-medical uses of personal information.*?
Informed consent continues to represent an extremely delicate aspect in the context of the integration of artificial
intelligence in healthcare, since it remains essential that the patient is placed in a position to understand sufficiently to be
able to express an informed decision regarding the use of their personal data, however the extreme heterogeneity and
complexity of Al systems makes this goal very difficult to achieve in concrete terms.

A significant example is represented by Large Language Models, which are increasingly used not only to provide
decision-making support to the clinician but also to interact directly with the patient through forms of automated
communication, but these are systems that work according to opaque logics, the so-called “black box” models, which
generate answers on the basis of statistical correlations and not explicit or fully knowable rules, and this determines an
objective difficulty in being able to explain in a clear and transparent way how these models work, what data are used and
how a certain decision is reached, with an inevitable reduction in the degree of decision-making autonomy of the patient
himself.**

A similar problem also concerns diagnostic and predictive models based on deep learning algorithms, now widely
used in radiology, oncology and even genomics, which are based on the need to have enormous amounts of clinical data
and on constant training, so it becomes evident that patient data can be reused according to the improvement of the
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algorithm itself, A circumstance that raises complex questions both from an ethical and legal point of view, as it becomes
particularly difficult to explain these aspects in an exhaustive and understandable way, especially if we consider that the
methods of processing and the objectives of use of data can change over time.*’

A further critical issue is represented by the dynamic and adaptive character that many of these algorithms possess, as
their performance does not remain static but evolves progressively according to the new data acquired, and this leads to
the consequence that informed consent can no longer be understood as a single and conclusive act, but rather as
a continuous process, which would require periodic updates in order to ensure that the patient maintains effective
awareness of changes in the use of their data and the potential risks that arise from them.

Finally, the combination of generative Al systems with automated diagnostic tools introduces a further level of risk,
which takes the form of the possibility of generating inaccurate content or inadequately verified interpretations, the
phenomenon of the so-called “hallucinations” in LLMs is an example, with potentially significant repercussions on the
therapeutic choices that follow.*® Therefore, being able to guarantee the patient a sufficient understanding of these risks
becomes extremely complex and makes it necessary to rethink consent models, which should be clearer, more flexible
and supported by simplified and truly accessible forms of communication.*’

Cybersecurity Risks in Healthcare Systems

The risk of cyber-attacks, as well as the unauthorized use of data, is a huge concern, with issues including privacy
violations, identity theft, and the potential targeting of medical devices controlled by Al systems,*® and in particular the
use of interconnected medical devices, managed by smart systems, has introduced new vulnerabilities in the healthcare
sector, devices such as pacemakers, insulin pumps and imaging equipment are particularly vulnerable to threats such as
ransomware and denial of service (DoS) attacks, as their connectivity makes them susceptible to unauthorized access.*’
These risks can be grouped into three main categories, data access risks, device operation risks and system-level risks.

Unauthorized Access to Data

Among the risks of data access are unauthorized access to highly sensitive clinical information, privacy violations, identity
theft, blocking of hospital IT systems as a result of ransomware that prevents access to patient data, a further example concerns
unauthorized access to radiology reports through portable devices connected to the hospital network, which demonstrates how
data compromise can have direct and immediate impacts on clinical management and treatment decisions, and yet another
example can be the possibility that malicious actors, exploiting vulnerabilities in IT systems, access or extract electronic health
records containing detailed information on diagnoses, ongoing drug treatments, medical history and personal data of patients,
data that, once compromised, not only jeopardizes confidentiality but can be used to manipulate procedures, influence
prescriptions or even sold on the illicit market of health information, demonstrating how data security is not just a technical
issue, but can have direct and dramatic consequences on the lives and health of patients, And this applies to every type of
healthcare facility, in fact, the lack of adequate controls or protocols can transform every single connected device, every single
electronic record, into a potential vehicle of real, immediate risk, which can materialize in clinical, legal, ethical damage,

showing how fragile the boundary between auxiliary technology and technology that can become dangerous is.”*>*

Risks Related with the Operation of Devices

Risks related to the operation of devices, on the other hand, include unauthorized alteration of the operation of Al-
controlled medical devices, changes in the dosages delivered by insulin pumps, variations in the signals transmitted by
pacemakers, exposure of devices to ransomware and DoS that can compromise the continuity of care, an additional
example in this category is unauthorized interference in automatic ventilation systems in intensive care, which could
generate errors that are immediately dangerous for patients.

In this context, the first episode of an alleged cybermurder in Diisseldorf, Germany, in September 2020, is particularly
alarming, marking a key moment in the history of cybersecurity and contemporary healthcare, the city’s university
hospital suffered a ransomware attack that prevented access to system data until a ransom was paid, as a result of the
attack the hospital’s computer systems were blocked making it impossible to access medical data and To manage new
emergencies, among the patients who arrived, a woman in critical condition for heart problems was transferred to another
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hospital about 30 kilometers away, unfortunately the timing of the transfer was crucial and the patient died before
receiving the necessary treatment, the German authorities opened an investigation for manslaughter since the link
between the cyber attack and the death of the patient appeared clear.

This event marked a significant change, highlighting how vulnerabilities in IT systems can have direct and lethal
impacts on people’s lives, the Diisseldorf case raised important ethical and legal questions by emphasizing the urgency of
greater vigilance on the security of IT systems in crucial areas such as healthcare, it also highlighted the need to adopt
stronger cybersecurity measures and risk management strategies to protect the digital infrastructures from increasingly
sophisticated threats, this dramatic episode represents not only a warning about the potential effects of cybercrime but
also a reminder of the shared responsibility between health institutions, technology providers and governments, so that
technology, while improving patient care, does not turn into an additional risk.”*>°

System-Level Risks in Healthcare Settings

In addition to risks related to individual devices or access to data, another crucial aspect to consider are system-level
risks, ie those vulnerabilities that emerge from the set of IT infrastructures of a hospital or healthcare organization and
their interconnection, and these risks do not concern a single device or a single medical record, but the entire digital
ecosystem, and precisely for this reason they can have pervasive, immediate, direct consequences on patient safety,
because it only takes a weak point, an outdated server, an old workstation or obsolete software to compromise the entire
system, and these are not abstract theories, but concrete, everyday scenarios, in which the lack of updates or adequate
protocols opens the door to unauthorized intrusions, malware, ransomware and all kinds of cyber attacks.’®

The main risks at the system level include, for example, the use of obsolete software and hardware, which no longer
receive security updates, leaving the door open to intrusions, malware or ransomware, in practice even if all the latest
devices are secure, an old generation server or workstation can become the weak point of the entire system, a practical
example can be represented by a laboratory that uses a ten-year-old radiological archiving system, no longer supported by
the manufacturer, a cyberattack that affects that system can block access to all patient images, making any urgent
diagnosis or intervention impossible and turning what should be a fundamental aid into a dangerous obstacle.

Another risk concerns the lack of secure interoperability between different systems, because modern hospitals have
hundreds of different applications, devices, platforms that need to communicate with each other: electronic health
records, medication management systems, ICU monitoring devices, imaging systems, laboratories and so on, and if
the interfaces are not designed with uniform security criteria, A vulnerability in a small component can propagate and
compromise the entire network, a practical example can be a ventilator connected to a multi-parameter monitor, an
attacker penetrating through the monitor can theoretically interfere with the automatic ventilation of patients, causing
immediate risks to their lives and turning what should be an essential support into a potential tool for damage.

Other system-level risk factors include humans and available resources, staff who are not adequately trained in
cybersecurity, weak passwords, improper use of portable devices or USB sticks, lack of sufficient staff or budget for
updates and ongoing maintenance of IT systems, all of which increase the likelihood that a vulnerability will be exploited
and that the impact of the attack will be very severe, as in the case of hospital system shutdowns during critical
emergencies, or slowdowns in care that can turn into immediate damage for patients.

In summary, system-level risks show how healthcare security cannot be limited to protecting individual devices or
data, but must address the entire network, digital infrastructures, considering the complexity, interconnection, interaction
between people, software, devices, procedures and protocols, only in this way is it possible to reduce the probability of
catastrophic incidents and really protect patients’ health, Because technology, if not managed safely, can transform from
an ally to a concrete danger, and these are not theoretical abstractions, but real, concrete risks, which every hospital, large

or small, public or private, must face on a daily basis.’®>’

The Role of Blockchain in Safeguarding Healthcare Data

Some studies highlight the need for ethical and transparent integration of Al technologies, in compliance with the
European Union’s General Data Protection Regulation (GDPR), to ensure that data is used safely and in line with
regulations, reducing the risk of system failures or algorithmic bias.”® Another significant risk concerns privacy
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violations related to the use of big data. Many healthcare facilities have already faced data protection issues during cyber-
attacks; some of them have shared or stored sensitive healthcare data on publicly accessible servers, resulting in
unauthorized exposure of the information. Although data used for research purposes must be anonymized, elements
such as treatment dates, medical notes or personal information are not always removed.’’ This type of exposure
represents a significant risk, especially with the use of Al, which requires large amounts of data to function effectively.
Unauthorized access to healthcare data can also facilitate insurance fraud, highlighting the vulnerability of these
infrastructures.®® The growing interconnectivity of healthcare systems, driven by the adoption of advanced technologies
and the integration of artificial intelligence, has inevitably exposed the sector to increasingly sophisticated and recurring
cyber risks. For example, 624 cyber-attacks against hospitals and healthcare systems were recorded in 2023, more than
double the 304 in 2022,°" with devastating impacts on data security and operations of healthcare facilities. The effects of
these breaches go beyond the simple loss of privacy, healthcare data, considered among the most sensitive and valuable
information, are a primary target for cybercriminals who can use them for illicit purposes such as fraud, blackmail or
sales on the dark web.®® Such data leaks can also generate a sense of distrust towards healthcare institutions, pushing
patients to forgo or delay treatments for fear of further breaches. As seen in the Dusseldorf case, cyber-attacks do not
only impact privacy, but can have direct consequences on the operational efficiency of hospitals, when IT systems are
rendered unusable by ransomware or other forms of malware, doctors and healthcare professionals are unable to access
electronic medical records, diagnostic results and patient monitoring tools, this paralysis can delay diagnoses and
treatments, compromising patient safety. But cyber-attacks also have high costs, healthcare facilities often have to pay
ransoms to regain access to their data or invest significant resources to restore systems and improve cyber security.®>¢4
These costs, combined with losses resulting from service disruption, can put the economic sustainability of healthcare
organizations at risk, especially those already under financial pressure. To address this growing threat, it is essential that
healthcare systems take a proactive approach to cyber security, including the implementation of advanced monitoring
tools, continuous staff training and the creation of incident response plans; Indeed, only through a combination of
cutting-edge technologies and integrated risk management will it be possible to protect not only data, but also the health
and trust of patients.®> Obtaining informed consent for the use of patient data is a topic of intense ethical debate. Patients
typically consent to the use of data upon admission for therapeutic or administrative purposes, such as billing. However,
when data is used for research or non-therapeutic purposes, separate consent is required. If data has been anonymized, the
GDPR no longer applies, allowing healthcare facilities to use such data without further legal restrictions.®® However,
while anonymized data should theoretically be protected, there are concerns that combining this information with other
sources could identify individuals.®” Among the proposed solutions are strengthening the security of cloud storage
systems and raising awareness among healthcare professionals about the risks associated with these technologies, in
order to create a healthcare environment compatible with the safe and responsible use of Al. The growing complexity of
the sector requires collaboration between researchers, policy makers and healthcare professionals to develop stricter
regulations and more effective security mechanisms, preventing privacy violations and ensuring the ethical and safe use
of Al in healthcare. Although GDPR does not apply to anonymized data, concerns remain about the possibility of re-
identifying individuals through the combination of such data with other sources, a risk that requires further regulatory
and technical interventions. Addressing the challenges of health data security and management requires innovative
technological solutions, with blockchain emerging as one of the most promising (Figure 1). Table 1 provides a structured
overview of Al-induced cybersecurity threats and their corresponding blockchain-based mitigation strategies (Table 1).

Smart Contracts Data Security

Blockchain in
Healthcare

Regulatory Compliance Interoperability

Figure | Main applications of blockchain in healthcare, with focus on data security, interoperability, smart contracts, and regulatory compliance.
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Table | Mapping Al-Induced Cybersecurity Threats to Blockchain-Based Solutions

Cybersecurity Threat

Description

Blockchain-Based Solution

Data Privacy Violations

Unauthorized access, misuse, or sale of
sensitive patient data

Immutable audit trails and permissioned access control
ensure traceability and data integrity

Informed Consent Complexity

Difficulty in explaining Al systems and data
usage to patients

Smart contracts enable dynamic, transparent consent
management and version tracking

Al “Black Box” Decision-Making

Lack of transparency in algorithmic outputs

Blockchain logs algorithmic decisions, enabling
retrospective analysis and accountability

Ransomware Attacks on Hospital Systems

Blocking access to critical medical data and
systems

Decentralized data storage and distributed consensus
reduce single points of failure

Manipulation of Al-Controlled Medical Devices

Unauthorized changes in device behavior (eg,
insulin pumps, ventilators)

Real-time monitoring via smart contracts and immutable
logs of device activity

System-Level Vulnerabilities

Obsolete software, weak interoperability, and
human error

Blockchain ensures secure interoperability and enforces
protocol compliance across systems

Insurance Fraud and Data Re-identification

Use of anonymized data to identify individuals
or commit fraud

Cryptographic hashing and pseudonymization reduce re-
identification risks

Lack of Accountability in Clinical Operations

Difficulty in attributing responsibility for

Blockchain links actions to authorized nodes, enabling

clinical decisions

precise attribution and auditability

Solutions and Innovations

The Blockchain Technology

Blockchain represents an unalterable register of transactions or data verified and certified in the presence of a distributed
control.® The two pillars of this technology are accountability, or the possibility of a rigid control, and data protection,
which can include anonymization or pseudonymization. Blockchain was born in the field of cryptocurrencies but its
application potential extends to many sectors, including healthcare. It represents in all respects a distributed digital
register, subject to encryption and based on peer-to-peer communication in which new data can be inserted, but without
deleting or overwriting them.®” In any case, such changes can only be made through the shared consensus between the
participants in the register itself, the network is also able to resist any external attacks.”® So the advantage of this system,
in addition to high security, is to guarantee communication and sharing by authorized participants without the need for
central control.”!

The fundamental constituents of a blockchain are the node, or main participant of the blockchain, the block, or
essential unit that makes up the chain in which the registration of the acquired data takes place, the ledger, which
represents the shared register on which the information is accumulated, the transaction, that is the exchange of data
between the nodes, which will have to verify their nature and insert them into the block once validated. The hash
functions, which mathematically encode communication into alphanumeric codes, represent the cryptographic connection
system between the blocks, a block is defined as valid when its hash is lower than a specific value defined as “target”.”>"*
In the healthcare sector, blockchain also represents a distributed ledger that can guarantee the security, transparency and
integrity of clinical data.”*’> Healthcare blockchains are generally “permissioned”, meaning access is limited to
authorized users only. Nodes are hospitals, clinics, laboratories, doctors, patients and regulatory bodies. The healthcare
transaction occurs by adding the results of a diagnostic test to the medical record or electronic medical record, the
hospital (authorized node) creates a transaction that includes the healthcare data, digitally signing it and the patient can be
involved at various levels to authorize access or even just the modification of the data. At this point, the transaction is
hashed to generate a unique alphanumeric identifier, the Digest, which guarantees the integrity and authenticity of the
transaction itself, the sending node proceeds to digitally sign the transaction with its private key. The healthcare
transaction is distributed to the nodes of the network where it is verified against the predefined rules of the blockchain.
In the validation and recording phase, nodes validate the transaction and enter it into a block, at which point the health
data is recorded and becomes accessible to all authorized nodes.”®®' Integration with smart contracts further expands the
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potential of blockchain. These self-executing programs enable the automation of complex processes, such as secure data
sharing between entities, automatic payment of insurance claims, or management of access authorizations.** % By
automating these procedures, management times are reduced and errors or breaches are minimized, improving overall
operational efficiency.

In terms of interoperability, the decentralized architecture of blockchain enables seamless connection between
different healthcare systems. Solutions such as private or hybrid blockchains are particularly suited to this sector,
offering an optimal balance between security, access control and scalability. These systems can facilitate distributed
management of electronic health records (EHR), ensuring secure and continuous access to data between hospitals,
providers and patients. However, the challenge of scalability remains, which is crucial for large-scale implementation in
healthcare systems. Emerging technologies such as sharding or layer 2 solutions (eg, Lightning Network) are paving the
way for greater transactional capacity without sacrificing security or decentralization.®> Furthermore, regulatory com-
pliance requires a joint effort by governments, the technology industry and healthcare providers to define clear standards
for interoperability and security. When we refer about Layer 2 we mean all those solutions that are used to move a large
number of transactions outside the main layer, therefore no longer all on-chain and from time to time they are brought
back to the chain with anchors, ie proofs, and this is done with mechanisms such as state channels or rollups. So, for
example, if there is a laboratory that continuously sends data to an electronic medical record, it is not possible to write
every result directly to the blockchain because, therefore, through an L2 channel, hundreds of updates can be made in real
time and occasionally writing a hash or a test packet on the chain so as to guarantee auditability but without blocking the
network. As far as Lightning Networks are concerned, these were born in the Bitcoin world but the concept also applies
in healthcare, ie we are talking about a network of payment channels where it is possible to make very fast micro-
payments at reduced costs without writing on the chain every time, in healthcare the principle can be applied for example
to IoMT devices that transmit data and if there was a micro-reimbursement model for each telemetry stream then through
the channels there is it could do everything in real time and only closing infrequently on the main layer, therefore, less
friction and more scalability. Therefore, blockchain represents a significant technological advancement in healthcare data
management. Its ability to ensure integrity, transparency and security, combined with advanced tools such as smart
contracts and innovative consensus protocols, makes it a strategic solution to address the challenges of healthcare
digitalization. Consensus protocols are those rules that are used by nodes to agree on what the true state of the registry is,
in healthcare, considering the tightness of the timing, permissioned systems are preferred that use, for example,
Byzantine Fault Tolerance, a property of a system that allows it to continue to function correctly even if some of the
participating nodes behave arbitrarily or maliciously (the so-called “Byzantine faults”) or Raft, An easy-to-control
consensus algorithm. For example, Hyperledger Fabric uses Raft for the ordering service so as to achieve a fast finality,
high throughput and control over who participates ie payer hospitals and so on. In some decentralized medical record
systems, the Tendermint is used, which is Byzantine Fault Tolerance and has low latency and deterministic purpose,
fundamental characteristics for clinical flows.

Blockchain in Clinical Risk Management Processes

The increasing digitalization of healthcare systems has made Clinical Risk Management processes, ie the management of
clinical risks within hospitals and healthcare facilities, increasingly vulnerable to issues related to data security,
regulatory compliance and the reliability of clinical information. In this scenario, the adoption of blockchain technology
is configured as an advanced and powerful tool to mitigate risks, improve incident tracking and ensure the transparency,
auditability and immutability of audit trails.®®

Clinical Governance

The blockchain, thanks to its decentralized, encrypted and immutable structure, allows every clinical or operational event
to be recorded in a secure and transparent way, from the patient’s entry to the administration of the most complex
treatments. This permanent record creates a digital audit trail that cannot be changed retroactively, making reliable
information immediately available for clinical risk assessment. In practice, it makes it possible to continuously and
systematically monitor the use of connected medical devices, drug administrations, diagnostic procedures and any health
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intervention, promptly identifying anomalies, deviations from protocols or risk situations, and allowing the healthcare
team to activate preventive interventions in real time, before negative effects can be caused on patients trails.®¢

Adverse Event Tracking

Smart contracts, real self-executable programs integrated into the blockchain, automate and secure risk management
processes and clinical incidents. For example, a smart contract can automatically record an error in the administration of
a drug, immediately generate an alert to the responsible personnel, initiate review and correction protocols, and ensure
that the event is recorded in an immutable and verifiable log. All this drastically reduces the risk of human error,
accelerates the response to adverse events and allows the construction of a complete and permanent database, essential
for retrospective analyses, to identify recurring patterns and to continuously optimize Clinical Risk Management
processes.”’

Audit Trail and Data Control

Permissioned networks, ie blockchain networks in which access is strictly limited to authorized nodes, make it possible to
precisely establish who can view or modify clinical information. This is crucial to ensure compliance with regulations
such as GDPR and to protect patient data from unauthorized access or manipulation. Each transaction or change is
permanently recorded and associated with the unique identifiers of authorized nodes, thus creating a transparent, secure
and auditable audit trail. In this way, every clinical decision, every intervention and every data update can be
reconstructed with pinpoint accuracy, allowing risk managers to identify operational vulnerabilities, critical situations
and emerging trends.®®

Operational Implementations and Use Cases

In a hospital context, a permissioned blockchain can automatically record all drug administrations, surgeries and
diagnostic procedures, generating an immutable register accessible only to authorized operators, a useful tool both for
the assessment of clinical risks and for internal audits, regulatory checks or regulatory inspections. In the case of
connected medical devices, such as insulin pumps or automatic ventilators, smart contracts can constantly monitor
critical parameters, generating real-time alerts if anomalies or unauthorized changes are detected. This approach not only
protects patients from potential errors or malfunctions, but also provides valuable data for predictive analysis, risk
modeling, and the definition of more effective and evidence-based Clinical Risk Management protocols. The integration
of blockchain into Clinical Risk Management processes makes it possible to transform hospital digital infrastructures
from potential points of vulnerability into active clinical governance tools, tools capable of monitoring, tracking and
verifying each process in real time. The combination of smart contracts and permissioned networks improves security,
transparency, traceability and regulatory compliance, reduces errors, accelerates incident response and contributes to
more effective, reliable and evidence-based clinical risk management. In this way, technology becomes not only a data
protection tool, but a real strategic support to ensure patient safety and the overall quality of care provided.

Although many medical devices are integrated into IoT ecosystems today, not all of them require a continuous
connection to the network or the cloud, and in this context, edge computing is configured as an effective architectural
solution to address the security and latency challenges typical of IoT. Edge computing allows data to be processed
directly on or in its immediate vicinity, reducing reliance on the core network, minimizing latency, and limiting exposure
to potential external threats. A concrete example is represented by the multi-parameter monitors used in intensive care,
which detect vital parameters such as blood pressure, oxygen saturation, heart rate in real time; In an edge architecture,
this data can be processed locally to generate immediate clinical alerts (such as tachycardia or hypoxia), without having
to wait for transmission to the cloud. In addition, edge computing makes it possible to implement predictive models
directly on the device, for example to anticipate the risk of clinical deterioration, improving the timeliness of interven-
tion. Looking ahead, the integration between blockchain and edge computing could outline a hybrid model: blockchain
would ensure the traceability and integrity of clinical data, while edge computing would ensure its decentralized and
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secure processing, with advantages in terms of operational efficiency, resilience and privacy protection.®*™®
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Pilot Applications of Blockchain for Complex and Scalable Healthcare Systems

The growing focus on the digitization of healthcare systems has led to the experimentation of different blockchain
platforms, all aimed at ensuring greater security, transparency and efficient management of clinical data, addressing some
of the main challenges related to the scalability of distributed systems. It is important to underline that these initiatives,
although promising and innovative, still largely remain experimental and have not been fully implemented on a large
scale, making the field extremely dynamic and constantly evolving. Among these, SCALHEALTH has explored the
integration of Internet of Medical Things (IoMT) devices by leveraging Hyperledger Fabric, decentralized storage and
optimized consensus mechanisms to manage large volumes of clinical data in real time; the network, in this solution, is
organized on two separate blockchains, one dedicated to health data and the other to financial transactions, with the aim
of improving both efficiency and overall security of the system.’?

Similarly, MedRec, developed by MIT, aims to manage distributed electronic health records through the use of smart
contracts and modular structures, allowing controlled and secure access to patient data and ensuring network scalability
even in hospitals with large volumes of users, thus addressing the complexities of multi-hospital contexts.”?

Another significant platform is Patientory, which uses a permissioned private blockchain to ensure the security of
clinical data; the modular architecture adopted allows new nodes to be added and growing data flows to be managed
without compromising stability and performance, offering a concrete example of how to address scalability problems in
complex and interconnected healthcare contexts.”® Finally, MediLedger focuses on traceability and compliance in the
pharmaceutical supply chain: through smart contracts and the use of off-chain data, it is able to handle large volumes of
transactions and scale across multiple dimensions, including the number of participants, the volume of transactions and
the type of products, showing how blockchain can support complex and interconnected systems in a secure and
controlled manner.”

Overall, these experiences show how, even in the experimental phase, blockchain is trying to balance security,
transparency and the ability to manage large amounts of clinical data; The adoption of modular architectures, permis-
sioned networks and optimized consensus mechanisms represents a first concrete step towards the construction of more
secure, resilient and efficient digital health infrastructures, capable of effectively addressing the scalability challenges

related to the increasing complexity of modern clinical systems.”®"

Discussion

Integration Between Al and Blockchain: Opportunities and Security Challenges

The findings from this review confirm that the central theme is not simply identifying the potential of Al and blockchain
in healthcare, but also fully understanding how these technologies interact with each other and the real implications for
data security, clinical risk management, and operational sustainability. While artificial intelligence has introduced
undeniable advantages in terms of predictive capacity, diagnostic automation, and decision support, it has also opened
up vulnerability scenarios that no longer fit into traditional categories. For example, the continuous adaptability of
algorithms that modify behavior based on data, thus shifting the very concept of informed consent from a static act to
a dynamic process. Then there are the risks deriving from the presence of interconnected IoMT devices that can become
targets for ransomware and DoS attacks with immediate impacts on patient safety.

All this, not to mention the systemic risks associated with obsolete or unevenly protected hospital infrastructure,
where a single flaw can compromise the entire digital ecosystem with dramatic consequences. In this context, blockchain
presents itself as a technology that, at least in theory, appears to offer solid solutions because it introduces immutability,
traceability, and distributed consensus mechanisms that guarantee integrity and transparency, as well as the possibility of
integrating smart contracts to automate authorizations and secure sharing of clinical data. However, all this works in
models and pilot projects, while the reality of a national healthcare system with millions of transactions per day requires
a serious approach to scalability and interoperability. It’s unthinkable to write every clinical event on the main chain
without saturating the system. Solutions like Layer 2, which allow large transaction volumes to be moved off the main
chain with periodic on-chain anchors, or the use of models derived from the Lightning Network, become indispensable.
Although originally developed for Bitcoin micropayments, it demonstrates how payment channels can be adapted for
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microtransactions linked to the IoMT. Reducing latency and costs and ensuring operational continuity, while on the
consensus front, energy-intensive and slow algorithms like Proof-of-Work cannot be used, but permissioned protocols
like Raft or BFT are needed to ensure rapid finality, high throughput, and resilience, as demonstrated by the experience of
Hyperledger Fabric with Raft or Tendermint in decentralized EHR systems. If the consensus algorithm slows down the
network, clinical security is jeopardized rather than improved. Therefore, the key message emerging from this analysis is
that blockchain can truly be a mitigation strategy for the risks introduced by Al, but only if architectures are designed
based on privacy-by-design, with scalable models and protocols suited to clinical flows, accompanied by regulatory
updates and significant infrastructure investments. Without these, the promise of security risks remaining confined to
white papers and not becoming a concrete reality in hospital settings.

Integration of Al and Blockchain: Potential and Regulatory Challenges

The use of innovative technologies such as Al and blockchain in healthcare represents a radical change in healthcare
paradigms to improve care and operational efficiency. The integration of these two technologies offers enormous
potential to improve the healthcare sector, in particular, Al with its ability to analyze large amounts of data and identify
complex correlative patterns, can improve the functionality of blockchain. For example, machine learning algorithms can
be used to optimize smart contracts, computer programs that are automatically executed when certain conditions are met,
encoded and recorded on a blockchain. At the same time, blockchain technology can reduce the risks related to the use of
Al by ensuring a safer and more transparent environment in which to operate, ensuring data integrity and traceability of
algorithmic decisions. It is clear that the technical complexity of combining these two technologies is considerable,
requiring high interdisciplinary skills.

However, integrating these technologies means being ready to face significant challenges, among which are risks
related to privacy, cybersecurity and regulatory compliance issues. In particular, the GDPR represents a global bench-
mark in terms of regulations related to the protection of personal data. However, the rapid technological advancement,
and at the same time the risks that derive from it, imposes the need to broaden the scope of the regulation itself. For
example, the GDPR does not fully consider the complexities related to decentralized data management, a significant
characteristic of blockchain. Another problem is related to the fact that in accordance with the European Regulation,
personal data should be processed transparently, guaranteeing users the right to rectification and erasure of the same,
these fundamental principles clash with the concept of immutability of blockchain registers in which each modification is
recorded as a new block without erasing previous information.

Privacy-by-Design, GDPR Gaps and Implementation Barriers

This creates a considerable limit in the application of the GDPR which, therefore, requires a regulatory update to include
specific guidelines that regulate the use of blockchain in the healthcare sector while ensuring compliance with the
principle of privacy by design. This concept refers to an approach to personal data protection that integrates privacy
protection as a priority from the early design stages, rather than treating it as an afterthought. The use of a blockchain is
well integrated into this approach, in fact the cornerstones of the privacy-by-design system are proactivity, automated
setting of the maximum level of privacy protection, integration of the data protection concept into the design plan,
comprehensive functionality, avoiding unnecessary compromises, end-to-end security, ie data protection throughout the
lifecycle, visibility and transparency of data processing practices, and centrality of user interests.

Another major shortcoming of the GDPR is that it does not comprehensively address the problem of re-identification
of anonymous data through combination with other sources, also known as data triangulation, a growing risk in the era of
big data where more and more and artificial intelligence, where multiple information can be combined to trace the
identity of a subject. Another limitation of the GDPR is its difficult application in technologically advanced contexts such
as hospitals, where data management is often complex and involves a variety of actors. In this sense, the use of
technologies such as blockchain requires significant resources, including advanced IT facilities, a specific training plan
for healthcare and technical staff, and dedicated cybersecurity teams.

At the moment, the GDPR does not provide for the existence of incentives or operational guidelines that facilitate this
type of compliance through an investment plan, thus leaving healthcare organizations to manage these challenges on their
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own. However, even in the case of regulatory compliance, GDPR compliance for healthcare facilities could be expensive.
This could obviously favor the phenomenon of the digital divide, favoring larger healthcare companies, which can afford
to implement advanced technological solutions, to the detriment of smaller ones, which instead risk being excluded from
the benefits of innovation. Finally, the Regulation, in its current state, is not flexible enough to address emerging
situations such as cyber homicide or insurance fraud. This is the case of the ransomware attack against the University
Hospital of Diisseldorf in 2020, following which, due to the operational paralysis of the IT system, a woman died and
was forced to be diverted in an emergency situation to another distant healthcare facility.

In fact, the GDPR does not provide specific measures for the protection of interconnected medical devices, which in
the age of Al represent a highly critical point for patient safety. However, there remain a number of challenges that the
healthcare system will have to address before it can systematically integrate Blockchain. First of all, one of the
fundamental issues is related to the high implementation costs, since the adoption of these technologies requires
significant investments in IT infrastructure, technical expertise and staff training. At first, smaller healthcare facilities
may suffer the effects of this expense, however, in the long term this would be offset by a reduction in the possible costs
related to data breaches and cyber-attacks.”®"’

Furthermore, another issue is represented by the scalability problems in a context with a very high data volume such
as that of the national healthcare system. As already seen, possible solutions could be represented by sharding, which
divides the work on multiple nodes, or by layer 2 technologies that could improve transactions. Any interoperability
problems between blockchain and the healthcare system could be overcome thanks to a close collaboration between
technology developers and healthcare professionals. Finally, the last obstacle that should not be underestimated would be
the acceptance of this new technology by healthcare professionals and patients. In this sense, continuous training and
awareness programs would be necessary.

Implications for Clinical Risk Management and Conditions for Adoption

One aspect that is clear is that the integration of Al and blockchain is not limited to being a technological option, but
becomes a structural issue for Clinical Risk Management, because CRM is no longer simply the system for detecting and
managing adverse events, but must transform into a dynamic framework capable of intercepting IT vulnerabilities and
algorithmic criticalities. In this sense, blockchain, with its ability to generate immutable audit trails, can become the tool
that allows us to overcome one of the historical weaknesses of risk management systems: the difficulty of achieving
complete and unalterable traceability of clinical operations and access authorizations. This point is not only technical but
also ethical and legal, because when it comes to professional responsibility and accountability, having distributed and
verifiable registers means being able to attribute every action to the authorized node without ambiguity, and this radically
changes the way we conduct audits and root-cause analysis, reducing the margin of hidden errors or under-reporting.

At the same time, it’s important to consider that the effectiveness of this approach depends on the stakeholders’
perception and role. Patients demand transparency and control over their data. They want to know not only who uses it
but also for what purposes, which requires dynamic and understandable consent dashboards. Clinicians, for their part,
cannot be burdened with additional complexity, and therefore solutions must be seamlessly integrated into operational
flows. This requires specific training, and it’s important to understand that cybersecurity is not an IT issue but
a component of patient safety. Then there’s IT, which must design secure permissioned networks, implement Raft or
BFT protocols, and ensure interoperability between legacy systems and new platforms. Management must evaluate costs
and ROI, because blockchain infrastructures require significant investments and, without public incentives, risk widening
the gap between large and small healthcare facilities. Finally, regulators must update the regulatory framework, over-
coming conflicts between immutability and the right to be forgotten, between decentralization and the obligation to
rectify, and introducing clear guidelines on how to apply the privacy-by-design principle. In distributed networks that
never delete data but evolve it through versions.

From an operational perspective, the results of this review indicate three main gaps: the first concerns scalability,
because without L2 solutions, sharding, and off-chain, blockchain cannot handle the volumes of healthcare transactions;
the second is compliance, because the current GDPR was not designed for a distributed world, generating application
uncertainty; the third is socio-technical acceptance, because even the best architecture fails if doctors and patients do not
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Figure 2 Interactions between Al, blockchain and the healthcare system, highlighting benefits (security and data traceability) and challenges (cost, compliance and
professional acceptance).

adopt it. This requires an integrated approach that combines technology, training, governance, and incentives. In other
words, it’s not enough to say that blockchain and Al can coexist to increase security; we must create the conditions for
this to happen in practice. This means adopting modular, interoperable, and economically sustainable models, and above
all, governed by clear and shared policies. Without governance, technology remains merely a theoretical exercise
(Figure 2).

Conclusion

Final Considerations

The integration of advanced technology such as Blockchain in the healthcare sector is one of the epochal challenges that
will arise in the near future. However, the increasingly widespread use of intelligent systems in the healthcare sector
requires the use of futuristic technologies in order to prevent new emerging risks. In any case, to strategically address
these challenges, it is necessary to maximize their positive impact. The use of blockchain can ensure security,
transparency and traceability of healthcare data, however, it seems necessary to comply with operational recommenda-
tions such as providing economic incentives to finance its use, an update of the regulatory framework, specifically the
GDPR, and the promotion of a training program for healthcare and non-healthcare personnel. From a future-oriented
perspective, it is essential for the healthcare sector to adopt a proactive, ethical and patient-centric approach, the
introduction of technologies such as blockchain can help ensure a safer and more resilient healthcare system. The
success of this process will depend on the ability to integrate emerging technologies into an increasingly systemic and
dynamic risk management framework. A central element that emerges from this review is the concrete contribution that
can derive from the integration between blockchain and artificial intelligence to the strengthening of Clinical Risk
Management practices. In this context, the integration between blockchain and artificial intelligence does not only
represent a technological opportunity, but a structural evolution of Clinical Risk Management, in particular, blockchain
with its ability to generate immutable audit trails, automate processes through smart contracts and ensure the traceability
of algorithmic decisions, makes it possible to address historical CRM critical issues such as data fragmentation and the
difficulty in attributing responsibility. These tools, when applied systemically, enable proactive management of clinical

risks, improve transparency and professional accountability, and strengthen patient safety in digitized settings. In this
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scenario, CRM is no longer just a reactive system but evolves into a dynamic and predictive framework, capable of
intercepting technological and behavioral vulnerabilities in real time. To translate this potential into concrete applications,
it is necessary to promote pilot tests in hospital environments, in the light of the evidence that has emerged, it seems
strategic to promote the launch of blockchain-based pilot projects within hospital contexts, projects that should focus on
areas with high clinical impact such as the secure management of health data, the monitoring of IoMT devices, the
automation of adverse event reporting processes and interoperability with legacy systems. It is essential that these trials
are always accompanied by multidisciplinary assessments, bringing together clinical, technical, ethical and legal
expertise, and by public incentives aimed at supporting adoption, especially in smaller facilities. Only through controlled
tests will it be possible to verify the effectiveness, sustainability and acceptability of these technologies in the real
context, transforming what today remains a theoretical promise into a real operational value for the health system.

Limitations of the Study and Future Prospects

The present work has been developed as a narrative revision because this methodological choice has proved to be the
most consistent with the complex and constantly evolving nature of the topic addressed. In fact, this approach has been
particularly suitable for dealing with topics that are not yet consolidated and that involve multiple disciplinary areas, as is
the case with the interaction between artificial intelligence, blockchain and clinical risk management. To maintain an
adequate level of methodological rigor, the SANRA scale was used, which serves to assess the quality of narrative
reviews on the basis of six fundamental parameters which are the justification of the theme, the clarity of the objectives,
the description of the bibliographic sources, the presentation of the data, the scientific discussion and the clinical
relevance. The methodology has been described in such a way as to make clear the application of these criteria.

The main limitation of the study is related to the fact that the technologies under analysis, in particular artificial
intelligence and blockchain, evolve at an extremely high speed. In fact, innovations in this field proceed so rapidly that
some sources and even some solutions that have been discussed here have been outdated in a short time. For this reason,
it is essential to constantly update both the literature and the proposed mitigation strategies, so as to ensure that the
contents maintain real practical applicability in the clinical setting.

On the basis of the evidence that has emerged, it seems appropriate that future studies focus on some lines of in-depth
study that can consolidate and strengthen the integration of emerging technologies in the health context. First of all, it
would be useful to systematically compare the effectiveness of the different blockchain solutions that have already been
tested in the clinical field to understand which of these are the most suitable to ensure security, interoperability and
sustainability. Another point that deserves attention is the impact of artificial intelligence on the quality of clinical
decisions and also on the informed consent process because the growing autonomy of algorithms requires ethical and
methodological reflection on how to ensure transparency and comprehensibility towards patients.

At the same time, it will be necessary to think of regulatory models that are more flexible and more suitable for the
decentralized management of health data, overcoming current rigidities and arriving at a regulation that truly accom-
panies technological innovation. Technological risk assessment also requires the use of interdisciplinary frameworks that
combine clinical, IT, legal and ethical skills, in order to address new vulnerabilities with a systemic approach. Finally, an
aspect that is often underestimated but which is of fundamental importance concerns the perception and acceptance of
these technologies by professionals and patients. Understanding what the resistances, expectations and training needs are
will be essential to encourage an adoption that is conscious and shared. All these lines of research can contribute to
building a safer and more sustainable healthcare ecosystem, capable of integrating technological innovations while
always maintaining an ethical vision that puts the person at the center.
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