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Abstract

This study develops a conceptual framework to enhance the security and functionality of Electronic  g|ockchain: Metaverse:
Health Records (EHRs) in response to advancing healthcare needs. Objectives include strengthening ' '

data protection against both traditional and quantum cyber threats, increasing system resilience, and EHRs;

improving user experience and operational efficiency. Methods/Analysis involve a novel  Security;

combination of Advanced Encryption Standard (AES) and quantum cryptographic algorithms Post-Quantum Computing.
CRYSTALS-Dilithium and CRYSTALS-Kyber within a hybrid blockchain architecture to secure

EHRs. Decentralized Autonomous Organizations (DAOs) are incorporated to decentralize control

and reinforce security, while artificial intelligence and metaverse integration facilitate user

engagement and streamline operations. Findings indicate that this hybrid blockchain model, Article History:

enhanced with quantum-resistant cryptography and decentralized governance, significantly

improves EHR security. Al and the metaverse contribute to user interaction and operational flow.  Received: 31 August 2024
Novelty/lm_provemen_t _Iles in integrating hyb_rld blockchal_n, quantum cryptography, Al, and the Revised: 23 November 2024
metaverse into a unified framework, effectively addressing current and future healthcare data

management challenges. This multi-layered approach represents a significant advancement over  Accepted: 09 December 2024
existing systems by bolstering EHR security, user engagement, and operational capabilities. Published: 01 February 2025

1- Introduction

In today’s technology-driven world, healthcare relies heavily on data to deliver high-quality care and make informed
decisions. The advent of electronic health records (EHRs) and big data analytics has provided healthcare institutions
with unprecedented patient data access. However, this wealth of information also brings with it significant security
concerns. Protecting the privacy and security of healthcare data is of utmost importance due to the potential consequences
of unauthorized access or breaches. Healthcare data includes sensitive details such as patients' and caregivers’ identities
and comprehensive medical histories. Therefore, implementing robust security measures to safeguard this information
from cyber threats and breaches is critical and urgent. Historically, healthcare information systems have been vulnerable,
leading to security breaches that present significant challenges (Figure 1). The increasing number of data breaches in the
healthcare sector underscores the urgent need for stringent security protocols. Recent statistics reveal that the healthcare
industry is a prime target for cyberattacks, with hospitals accounting for 30% of data breaches. In 2021, 50 million
Americans experienced breaches in their protected health information, a threefold increase within three years;
furthermore, the average healthcare data breach in 2023 exposed over 215,000 records [1]. Moreover, the security
measures in healthcare systems are often hindered in providing a secure environment for patients and professionals
vulnerable to cyber threats. These conventional systems typically use classical encryption methods and store data that
exposes EHRs to the risk of breaches, unauthorized access, and tampering. The emergence of quantum computing
worsens these weaknesses since quantum computers can break classical encryption methods currently considered secure.
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Figure 1. Current Healthcare Requirements Amidst Traditional Healthcare Challenges

Considering the sensitive nature of healthcare information, including medical data, it is crucial to implement advanced
security protocols. Safeguarding the confidentiality, integrity, and accessibility of EHRs is essential for upholding
confidence and protecting health [2]. This requires adopting advanced encryption techniques resistant to quantum attacks
and utilizing data storage solutions like blockchain technology to ensure robust security against present and future threats
[3]. Another primary concern with traditional healthcare information systems is their restricted focus on patient
engagement. Patients usually have a neglectable or passive role in their healthcare data and need more control of their
medical information. These traditional systems overlook the chance to involve patients in their treatment, which could
enhance outcomes and patient satisfaction [4]. Additionally, conventional health records systems often restrict patients'
access to their data, making it easier for them to view their records or share them with specialists without permission
from their primary caregivers. This lack of transparency can make it challenging for patients to make decisions about
their healthcare or seek opinions. Moreover, these systems rarely facilitate real-time communication between patients
and healthcare providers. Activities like scheduling appointments, asking follow-up questions post-consultation or
receiving health updates generally require communication channels, causing delays and inefficiencies. Furthermore,
traditional healthcare information systems typically follow a one-size-fits-all approach that does not consider patient
needs, such as personalized treatment plans or targeted health maintenance reminders.

This pattern highlights the importance of strengthening security measures in traditional healthcare data systems. As
a response, numerous studies have incorporated cutting-edge technologies like blockchain, metaverse and artificial
intelligence (Al) [5-7] to support the security and engagement of healthcare data systems. For instance, blockchain has
been applied to establish tamper-proof records, which can significantly reduce access and data manipulation. An example
of this is using blockchain to manage consent logs and treatment records securely, ensuring their integrity and
transparency [8]. Similarly, Al has been utilized to identify abnormal patterns and potential breaches by analyzing real-
time data access logs and network traffic and offering warnings before significant harm occurs.

Despite these advancements, significant research gaps still need to be addressed [9]. Current literature on Electronic
Health Records security largely focuses on traditional encryption methods and centralized database systems [10, 11],
which are increasingly vulnerable to cyber threats and lack scalability for the anticipated impact of quantum computing.
While some studies have explored blockchain and artificial intelligence for EHRs, they often address only single-layer
security solutions and do not integrate quantum-resistant cryptography or decentralized governance models effectively.
Furthermore, few studies have examined user engagement and interoperability with legacy healthcare systems in areas
with limited technological infrastructure.

Page | 162



Emerging Science Journal | Vol. 9, No. 1

This research addresses these gaps by developing a multi-layered approach that combines quantum-resistant
cryptography, a hybrid blockchain structure, and Decentralized Autonomous Organizations (DAOs) to safeguard EHRSs.
By integrating CRYSTALS-Kyber and CRYSTALS-Dilithium, our approach strengthens resilience against quantum
attacks, an area not fully explored in healthcare data management. Additionally, the inclusion of DAOs and metaverse
elements enhances user autonomy and interaction, creating a secure, user-centred experience that addresses both current
and future healthcare challenges. Our proposed framework, therefore, fills an essential gap in EHR security by offering
a comprehensive solution that addresses scalability, interoperability, and quantum resistance advancing EHR security
beyond existing models.

Additionally, implementing integrated solutions in healthcare environments presents a considerable challenge in
terms of scalability. Moreover, regulatory frameworks that can adapt to rapid technological progress are necessary to
safeguard data privacy and security effectively. Lastly, the implications of using technologies, including patient consent
and data ownership issues, must be explored meticulously, as it is crucial to align technological progress with ethical
healthcare practices.

To address these challenges, this study aims to explore the following research questions:
e How does a hybrid blockchain handle sensitive and less sensitive health data?

¢ How do combined contemporary technologies such as blockchain, Al and metaverse enhance patient health service
delivery?

¢ How does combining classical and post-quantum cryptography enhance security and resist new-age cyber threats?

Keeping this in mind, in this paper, we propose a novel theoretical architecture intending to create and assess a
healthcare environment that improves the security and effectiveness of managing healthcare data. This is achieved by
using a design incorporating elements of the metaverse and employing advanced cryptographic techniques. The proposed
architecture aims to tackle issues related to data privacy, security and accessibility in healthcare through the following
contributions:

1) Integration of a Hybrid Blockchain Structure: The core element of this proposition involves creating and evaluating
a framework that efficiently separates sensitive and nonsensitive health data. The framework integrates a
permissionless blockchain for critical information to ensure transparency and traceability while implementing a private
blockchain for susceptible data to prevent unauthorized access.

2) Integration of Metaverse in Healthcare: This initiative examines the metaverse's possibilities for delivering
healthcare services, such as consultations and treatments, within a decentralized autonomous organization (DAO)
setup. It explores using avatars for healthcare professionals and patients to introduce interaction models alongside
integrating Al-driven diagnostics and treatment planning in a virtual environment.

3) Strengthening Data Security with Post Quantum Cryptography and Advanced Encryption Standard: Employing
post-quantum cryptographic methods and AES to protect EHRs and imaging data like MRI and X-rays from potential
future quantum cryptographic threats involves assessing the effectiveness of these techniques in real-world healthcare
scenarios.

4) Assessment of User Interface Accessibility: This involves evaluating how easy it is for users to interact with devices
like smartphones, computers, VR headsets, and tablets when accessing healthcare services. It also involves looking at
how engaged users (patients) are and how practical the interface is in a healthcare environment.

5) Patient Engagement and Reward Systems: Investigating how reward systems in virtual reality environments can
influence patient engagement and commitment to following treatment plans. This includes examining how incentives
can be designed to encourage patients to take a role in managing their healthcare.

The rest of the paper is organized as follows: Section 2 overviews classical healthcare systems' challenges. Section 3
highlights relevant studies on blockchain-based security in healthcare, EHRs, and the Al metaverse and discusses their
limitations. Section 4 presents the background of our proposed solution, incorporating blockchain, Al, DAO, and the
metaverse. Section 5 details our approach to each layer, explaining the different elements involved. Section 6 outlines
the workflow of our proposed system, including specific steps and a use-case scenario. Section 7 presents the benefits
of our system, while Section 8 discusses its various aspects and implications. Section 9 compares our proposed solution
to traditional and existing studies. Finally, Section 10 provides challenges and addresses some implemented solutions,
and Section 11 outlines the main directions for future research.
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2- Shortcomings of Classical Healthcare Information Systems
2-1-Paper-Based Records Challenges

For centuries, healthcare professionals have relied on paper-based records to document patient information, such
as medical histories, treatment plans, diagnoses, and follow-up care. These records are typically stored in files or
folders within healthcare facilities. One of the benefits of using paper records is their simplicity and accessibility.
They do not require technology or digital skills, making them suitable for areas with limited access to electricity or
modern IT systems. Some healthcare professionals appreciate the hands-on approach of reviewing a patient's history
through physical records, providing a tangible way to manage sensitive information. However, paper -based systems
have various drawbacks. One significant drawback of paper records is their susceptibility to damage during disasters
such as floods or fires. Over time, the information may deteriorate, making it challenging to ensure accuracy, which
requires handling and storage. The large volume of paper records also presents an obstacle to healthcare facilities
operating; the number of records accumulates, leading to the need for storage space and high overhead costs.
Managing these records becomes more labour-intensive over time, necessitating staff and resources to maintain a
filing system.

Moreover, transferring paper records between departments or facilities is slow and ineffective. It involves
duplicating or transferring documents, which consumes time and raises the risk of loss or misplacement. These delays
could be critical in emergencies where swift access to data is crucial for effective treatment. Retrieving information
from paper systems often involves sorting through files, causing delays in data access and potentially disrupting
diagnoses and treatment plans. The manual search process also heightens the chances of misfiling or losing records.
Moreover, inputting information into paper records increases the likelihood of errors. Illegible handwriting can lead
to misunderstandings regarding medication dosages, allergies, or medical histories. Furthermore, the absence of
forms and reliance on notes can result in incomplete or inconsistent record-keeping, potentially leaving out crucial
details, heightening mistakes like these and putting patients at risk. This may result in treatments causing legal
troubles for healthcare providers.

2-2-Electronic Health Records Challenges

Electronic Health Records, or EHRs, mark immense progress in handling medical information. Converting paper
records into format EHRs makes storing, accessing, and updating patient data easier, ultimately enhancing healthcare
services' efficiency. Despite their advantages, EHR systems encounter obstacles that impact their implementation and
functionality. An electronic health record is a rendition of a patient's paper chart. These real-time records are patient-
focused and grant authorized users secure access to information. While an EHR includes patients' medical histories and
treatments, it goes beyond data typically recorded in healthcare facilities to offer a more comprehensive view of patient
care. EHRs are designed to extend beyond the organization that compiles the data by sharing information with healthcare
providers like laboratories and specialists involved in a patient's treatment process. The key advantages of EHRs include
streamlining records in form to simplify data management across various healthcare providers. Additionally, EHR
platforms enable healthcare professionals to collaborate on treatment plans, thereby reducing errors in medical practices
and enhancing the overall quality of care.

Despite their advantages, EHRs face numerous challenges. Patient data is susceptible, making EHRs vulnerable to
data breaches and unauthorized access. Securing EHRs is crucial, requiring encryption techniques and strict access
controls. A key obstacle with EHR systems is their lack of standardization, which impacts interoperability and the
ability of systems to exchange and interpret shared data accurately. With interoperability, the full benefits of EHRs
can be fully realized since data cannot be seamlessly shared across platforms or among healthcare providers.
Furthermore, centralization in EHRs involves storing or managing data in a location under one entity. This raises
concerns about monopoly control, points of failure, the potential misuse of information and increased vulnerability to
cyber-attacks. Centralization may also create bottlenecks when accessing or processing data, impacting healthcare
services' efficiency.

Moreover, usability and adoption pose another challenge. The complexity of EHR systems can lead to usability issues
that result in resistance from healthcare professionals. This resistance can hinder the adoption rates of EHR systems and
diminish their benefits.

3- Advanced Solutions Adopted for Healthcare Security

3-1-Related Studies

Research has emphasized improving healthcare systems' security and effectiveness by incorporating advanced
technologies. Table 1 highlights the main advancements in this area, including the incorporation of blockchain,
artificial intelligence, and the metaverse. This section explores this area's key progressions, applications, and
limitations.
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Table 1. Relevant Studies Related to Healthcare/EHRSs Security Using Blockchain and Advanced Technologies

Paper Contribution Method Results Challenges
The authors proposed a system using blockchain technology to manage - Zk-Rollups environment _Imoroved Securit
Ma & Zhang electroqic m_gdigal records, aiming to overcome the iss‘ugs of data protection  _ gyart contracts p Yy - ]
2024) [12 and availability in the healthcare sector. This system utilizes zero knowledge -Enhanced  scalability and - Requirement for key exchange
(2024) [12] rollups (ZK-Rollups) to improve the effectiveness and safety of data - Zk-Snarks efficiency

Benaich et al.
(2024) [13]

Awan et al.
(2024) [7]

Kang et al.
(2023) [14]

Alli et al. (2023)
[18]

Liu et al. (2024)
[16]

Guduri et al.
(2024) [17]

Chenetal.
(2023) [18]

Singh et al.
(2022) [19]

Benaich, et al.
(2023) [20]

Jiang et al.
(2022) [21]

Mishra et al.
(2022) [22]

Zhang et al. [23]

Kumar et al.
(2022) [24]

Zou et al. (2021)
[25]

exchanges.

The authors proposed a blockchain-based solution to secure EHRs using the
Algorand blockchain, decentralized identifiers and PPoS consensus

The authors developed a framework for incorporating digital twins into the
Metaverse in healthcare, focusing on ensuring data synchronization and
security.

The authors proposed a user-centric privacy-preserving framework for
healthcare metaverses based on decentralized Federated Learning (FL) and
blockchain.

The authors introduced a hybrid deep learning approach using homomorphic
encryption and consortium Blockchain designed for the Industrial Internet of
Medical Things (I110MT) to tackle the security issues surrounding Electronic
Medical Records. This model combines HE with the 1loMT system to ensure
statistical and machine-learning processes on encrypted EMR data.

The authors developed a blockchain-based remote smart healthcare system
that ensures healthcare data security and achieves the minimum Age of
Information.

The authors proposed a blockchain-based lightweight encryption combined
with federated learning to address scalability and trust in EHRs systems.

The authors introduced an innovative searchable encryption scheme for
cloud-assisted EHRs. This scheme mitigates privacy concerns about
searching for sensitive data in the cloud. By leveraging blockchain and hash-
proof chains, the system allows for public verification of search results
without relying on a trusted authority. Additionally, it supports dynamic
datasets, providing enhanced security through a unique hidden data structure.

The authors proposed an architecture designed to protect privacy in
healthcare by incorporating Blockchain and Federated Learning
technologies. This novel architecture integrates Blockchain-based cloud
platforms to enhance security and privacy in healthcare systems. By utilizing
Federated Learning, the architecture supports large-scale machine learning
applications, allowing users to utilize trained models without sending their
data to the cloud, thereby preserving data privacy.

The authors proposed a blockchain-based method combined with an
Advanced Encryption Standard and zero-knowledge proof protocol to ensure
the security of health records.

The authors proposed a scheme that enhances EHR security by enabling the
confidential transmission of treatment information and leveraging
blockchain to ensure data integrity and traceability. It also supports fine-
grained attribute revocation in ciphertext management, which improves key
generation and decryption performance while reducing computational
overhead compared to other algorithms.

The authors introduced an innovative consortium blockchain-based EHR
storage model for cloud-assisted healthcare. This model integrates EHR
operations into a consortium blockchain to ensure the confidentiality,
integrity, and correctness of outsourced EHRs. It utilizes collaborative multi-
cloud storage to enhance durability and availability and organizes
transactions by EHR type to enable efficient block deletion.

Using blockchain technology, the authors proposed a secure e-health system
for managing patient EHRs. This system employs pairing-based
cryptography to create tamper-proof records, safeguarding EHRs from
tampering or unauthorized access. These secure records are integrated into
blockchain transactions, ensuring their verifiability and protection against
illegal modifications. Furthermore, the system incorporates secure payment
protocols through blockchain-based smart contracts for diagnostic and
storage services.

The authors introduced a secure data-sharing framework for the industrial
healthcare system to transform healthcare data and improve attack detection.

The authors developed a blockchain-based system called SPChain to
enhance the sharing and privacy of electronic medical records. This system
accelerates data retrieval and incentivizes healthcare institutions to
participate through a distinctive reputation mechanism.

- Ethereum main network

- Inclusion of Pure Proof of Stake consensus
- Algorand Blockchain

- ChaCha20-Poly1305

- Token-based Access control

- The inclusion of Blockchain technology, Web
3.0 functionalities, and cutting-edge consumer
gadgets for experiences and data safeguarding.

- User-centric privacy-preserving framework
using decentralized, federated learning for
healthcare metaverses

- Hierarchical cross-chain architecture

- Employment of Age of Information (Aol) as a
data-freshness metric

- Presented a contract theory model based on the
Area of Information (Aol) within Prospect Theory
(PT), to encourage sharing sensing data in a way
that prioritizes the user's perspective.

Consortium Blockchain
Homomorphic encryption

Pre-trained hybrid deep learning model in the
cloud

- Blockchain layer (energy-efficient DPoS-based
cooperative game achieving Nash equilibrium)

-Sensing communication layer (Energy-aware
Whittle Index-based Algorithm

- Smart contracts

- Proxy re-encryption
- Ethereum blockchain
- Decentralized cloud

- Hash-proof chain
- Blockchain

- Cloud platforms

- Blockchain

- Federated learning

- Token-based access control

- Ethereum Blockchain

- Smart contracts

- Advanced Encryption Standard
- Zk-Snarks

-Attribute-based encryption

- Consortium blockchain

- Smart contracts
- Pairing-based cryptography

- Permissioned blockchain
- Smart contracts
-Zero-knowledge proof protocol)

-Deep learning (stacked sparse variational
autoencoder and self-attention-based bidirectional
long short-term memory model)

- Proxy re-encryption
- Blockchain

-Improved Security
-Fast transactions (6,5 seconds)

- Enhancement of data
synchronization efficiency by
20%.

- Optimization resource usage
by 15%.

-Simplifies secure and private
decision-making and data
analytics for users in healthcare
metaverses.

-Improved efficiency

- Resistance to collusion and
phishing attacks

- Secure statistical and machine
learning operations on
encrypted medical data

- High efficiency
- Low end-to-end latency

- Low energy consumption
- Improved security

- Enhanced security

- Robust data protection

- Granular access over data
access

- Enhanced security

- Improved security
- Low costs
- Enhanced privacy

- Decentralization
- Tamper-resistant
- Transparency

- Enhanced data security
- Enhanced interoperability

- Tamper-proof records
- Improved Security

-Robust  security
various threats

against

- Promotes security of medical
data sharing

- Scalability
- Interoperability

- Implementation challenges of
VR, AR and loT

- Challenges related to sensing
data security and freshness

- Centralized servers connected
to the cloud can be vulnerable
to DDoS attacks.

- Latency issues
- Scalability challenges

- High computational requirements
- Complexity of federated learning

- High computational requirements
- Latency

-Management complexity

- Interoperability challenges
- Transactions delays

-Network consensus delays

- High energy consumption
- Scalability issues
- Regulatory issues

- Scalability challenges

- Integration complexity
- High costs

- Requirement of specialized
knowledge

- Energy consumption

Page | 165



Emerging Science Journal | Vol. 9, No. 1

3-2-Limitations

Despite the progress in managing and securing healthcare data, research gaps still hold back the potential of safe and
effective healthcare systems. This section delves into these gaps thoroughly, looking at the shortcomings in research and
the areas that need exploration. While many studies have delved into blockchain, artificial intelligence and the Internet
of Medical Things in healthcare, they often focus on one technology at a time. The synergies from combining these
technologies have yet to be fully explored. We need frameworks that combine blockchain, Al and IoMT to create
solutions. This involves building systems that smoothly integrate technologies to boost data security, patient involvement
and system efficiency. Moreover, the absence of electronic health records systems poses challenges for interoperability
among healthcare providers and systems; this lack of uniformity results in data silos that hinder the sharing of health
information. Establishing protocols and frameworks for EHR systems is crucial to support interoperability efforts.
Research should concentrate on establishing accepted standards that enable exchanges of health data across diverse
platforms and organizations.

Furthermore, integrating technologies into healthcare often needs to be improved due to usability challenges and the
complexity associated with learning systems. Research studies should explore how well people in the healthcare sector
accept technologies with a focus on creating user interfaces and offering proper training to healthcare professionals. By
understanding what factors influence users' willingness to adopt these technologies, we can design systems more likely
to be embraced by the end users. Additionally, the rapid progress of healthcare technologies raises regulatory issues,
especially concerning data privacy, patient approval and ownership. It is essential to develop frameworks that can keep
up with advancements by addressing ethical concerns related to patient approval and data ownership while ensuring that
new technologies comply with existing privacy laws. Some current solutions rely either on security approaches or
quantum cryptography, which can create vulnerabilities. Traditional methods are becoming more susceptible to quantum
attacks, whereas post-quantum methods are still developing and may not cover all security aspects effectively. A
combined approach using both post-quantum cryptographic methods is necessary to ensure security measures. Research
efforts should concentrate on integrating these methods to capitalize on their strengths for protection against both present
and future threats. Addressing these research gaps is vital for enhancing the management and security of healthcare data.

4- Background of the Proposed Approach

This section introduces our healthcare system design, combining pioneering technologies to enhance care and patient
interactions. The core of this design incorporates layers that merge a user interface with advanced devices such as
smartphones, tablets, computers, and VR headsets to provide users with easy access and immersive experiences. This
interface connects to an application layer deeply integrated into the Metaverse. Al-driven healthcare assistants, a reward
system, and a decentralized autonomous organization work together to create an interactive healthcare environment. To
ensure the security of health information, a robust blockchain layer is utilized with private and public chains and tailored
to different data sensitivity levels. Additionally, the storage layer employs post-quantum cryptography for ultimate data
protection against existing and future cyber threats. Together, these components establish a health ecosystem that
prioritizes user engagement and has the potential to transform healthcare delivery and patient care management.

4-1-Blockchain Technology

Blockchain technology has become a game changer in healthcare, especially when handling and safeguarding
sensitive information [26, 27]. Unlike centralized databases, blockchain broadcasts data across a network of computers,
reducing the chances of a point of failure and boosting data security. This decentralization prevents any entity from
having control over the entire database, thereby enhancing trust among users. Once a transaction is logged on a
blockchain, it cannot be removed (Figure 2). This unchangeable record of information ensures that medical records
remain unaltered, strengthening the data's credibility and promoting trust between patients and healthcare providers.
While providing patient privacy, blockchain also offers transparency in transactions, which can be particularly beneficial
in scenarios like tracking drug supply chains for authenticity verification or managing health insurance claims openly.
Moreover, blockchain revolves around a distributed ledger that logs all transactions across a network of computers called
nodes. Each node stores a ledger copy, ensuring network consistency and validation. This architecture eliminates the
need for an authority, reducing susceptibility to attacks or fraud. Furthermore, data on the blockchain is safeguarded
using encryption methods to protect health information from unauthorized access. Every block includes a hash of the
preceding block, forming a solid chain that cannot be tampered with undetected. This aspect is crucial for adhering to
data protection laws and upholding patient confidentiality.

Different types of blockchains vary in accessibility, control, and usage. Public blockchains are known for their
decentralization level, allowing anyone to participate and see transactions, ensuring transparency and security. However,
they often encounter challenges related to scalability and privacy. On the other hand, private blockchains are controlled
by an entity or a group, offering greater privacy and efficient performance but sacrificing some decentralization and
transparency. Hybrid blockchains combine the features of both private blockchains, providing a solid solution for
managing healthcare data (Figure 3).
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Each block contains the hash of the previous block.
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Figure 3. Characteristics and Benefits of Hybrid Blockchain

They offer the needed privacy for information while ensuring transparency and immutability for public health records
and research data. This balance makes blockchains suitable for the healthcare sector by addressing security and efficiency
needs while supporting compliance with regulations. Through blockchain technology, healthcare institutions can
enhance data security, promote interoperability, and encourage trust and collaboration within the healthcare field. This
is demonstrated in the comparative Table (Table 2).

Table 2. Primary Differences Between Blockchain

Attribute

Public Blockchain

Private Blockchain Hybrid Blockchain

Accessibility
Decentralization
Security
Data Privacy

Control

Immutability

Scalability

Transparency

Regulatory Compliance

Interoperability

Cost

Open to anyone
Highly decentralized
Very high
Low

No single entity control
Strong
Limited
High
Challenging
High privacy concerns

Potentially high

Restricted to specific participants Public elements are open and accessible, and private ones are restricted
Centralized control
High
High
Controlled by one entity

The public blockchain is decentralized, and the private blockchain is controlled.
Public ensures integrity; private ensures confidentiality

Sensitive data private, non-sensitive data public

Control over private, decentralized public governance

The public blockchain provides immutability, and the private ensures security and

Strong control.

Public blockchain handles broad and large data, while private blockchain

Generally scalable processes sensitive data.

Limited Public transparent, private confidential
Easier The public blockchain helps compliance, and the private ensures data privacy.
Limited The public_blockchain shares broadly, while the private blockchain maintains
secure sharing
Optimized Public blockchain reduces broad costs; private one optimizes sensitive data.

4-2- Metaverse Technology

The concept of the metaverse, a connected world utilizing augmented reality (AR) and virtual reality (VR), has the
potential to support the security of health records and manage healthcare data effectively. Medical professionals can
establish safe environments for storing and retrieving electronic health records within this realm. The metaverse uses
AR and VR technologies to enable real-time interactions between patients and healthcare providers. Virtual consultations

Page | 167



Emerging Science Journal | Vol. 9, No. 1

and medical simulations can be conducted within controlled settings to safeguard health information during these
engagements. These virtual environments have firm access controls to ensure authorized individuals can access or
modify health records. Moreover, the metaverse facilitates the development of training programs for healthcare
practitioners. These programs simulate real-life scenarios in a setting that offers an environment for training without
compromising patient data security. This does not enhance the expertise of healthcare providers, but it safeguards health
records throughout the training process.

The structure of the metaverse has the potential to transform healthcare by boosting security, managing data
effectively and improving interactions. The foundational Infrastructure Layer uses high-speed internet like Wi-Fi 6 and
5G to back services, remote monitoring and safe data transfer. The Human Interface Layer integrates cutting-edge
interfaces such as voice-activated systems, smart glasses and tactile feedback to facilitate hand access to information and
real-time display during medical procedures. The decentralization layer ensures the confidentiality and security of health
records through the storage and access of data by employing secure distributed databases and Al assistants. The Spatial
Computing Layer utilizes AR and VR for simulations, training sessions, and virtual consultations to enhance precision
and interactivity. Meanwhile, the Creator Economy Layer encourages creating and sharing content to nurture an
environment for healthcare professionals. Moreover, the Discovery Layer enhances the accessibility of healthcare
services and information through search tools while offering personalized recommendations for patients. Lastly, the
Experience Layer emphasizes patient engagement by incorporating gamification elements, social media support and
immersive experiences for health therapy. By harnessing the capabilities of the metaverse, healthcare institutions can
enhance health record security, reinforce confidentiality, and promote the sharing of healthcare data.

4-3- Al Assistance

Artificial intelligence is paramount in improving healthcare, especially security and data management. Al-driven
systems can analyze volumes of data to detect security risks, safeguarding the privacy and confidentiality of EHRs. By
adopting machine learning algorithms, Al can spot abnormal patterns and behaviours that may signal cyber threats,
allowing for rapid and effective measures against security breaches is instrumental in automating information encryption
and decryption processes within environments, ensuring that only authorized individuals can access sensitive data.
Sophisticated Al platforms also oversee access controls to ensure healthcare professionals view permitted data.
Additionally, Al enables communication between patients and providers through natural language processing (NLP) and
voice recognition technologies, preserving the confidentiality of interactions. Furthermore, Al-powered predictive
analytics aid in pinpointing weaknesses in healthcare IT systems, enabling updates and fixes to prevent security
vulnerabilities. Moreover, Al strengthens patient authentication procedures by incorporating verification methods like
recognition and fingerprint scanning to ensure that only legitimate users gain entry into healthcare platforms.

Figure 4 explains how artificial intelligence is used in healthcare, from when a patient provides information to when
Al assists in decision-making. At the beginning, there is the Environment where a patient shares their symptoms and
medical history, asking questions like "Do | need to consult a specialist based on my symptoms and medical history?
If yes, which specialist should | see?" The Al Health Assistant analyzes this information using natural language
processing to understand the patient's query and relevant data. It suggests, "Considering your symptoms and medical
history alongside guidelines, it's advisable to consult with a cardiologist.”
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Figure 4. Example of Al Health assistant in the Healthcare Domain
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Moving on to the Perception phase, various medical data such as MRI scans, blood tests, X-rays and other inputs are
gathered. These inputs undergo preprocessing steps like normalization and noise reduction before feature extraction.
Sophisticated machine learning models such as networks (CNNs) for image analysis and recurrent neural networks
(RNNs) for sequential data are employed to analyze these inputs for patterns and correlations. This process is crucial for
transforming data into insights that aid in decision-making. Subsequently, in the Brain section lies Storage, where
memory and knowledge are stored. Patient information is stored in memory, which includes records, while the
knowledge base houses medical guidelines, clinical trial data and treatment protocols. The brain's operations utilize a
variety of machine learning and deep learning algorithms to learn from data and extract information. Essential methods
involve supervised learning for forecasting outcomes based on labelled data, unsupervised learning, and uncovering
hidden patterns. Decision-making employs algorithms like decision trees and reinforcement learning to create treatment
plans. Planning and reasoning modules utilize these algorithms to optimize treatment strategies in line with standards.

When taking action, the Al generates reports using NLP to convert data into easily understandable text for humans.
This involves providing recommendations and follow-up instructions. The Al assistant integrates with tools like EHR
systems and medical platforms via API calls, ensuring data exchange and care coordination. The embodiment aspect
entails interacting with devices like sensors and robotic surgery systems, enabling real-time data processing to improve
patient care. This framework e illustrates how Al is integrated into healthcare by showcasing the flow from input to Al-
driven recommendations and actions. The technical processes prioritize accuracy, efficiency and personalized care,
ultimately enhancing healthcare delivery.

4-4- Decentralized Autonomous Organizations

The incorporation of DAOSs in the healthcare sector has emerged as a brilliant method to boost patient involvement,
simplify healthcare procedures and enhance data protection. A DAO (Figure 5) uses smart contracts on a blockchain,
facilitating decision-making, transparent operations and automated reward systems. This groundbreaking structure
nurtures an atmosphere where patients, healthcare professionals and other parties can interact smoothly and securely.
DAOs distribute the management of electronic health records across entities to ensure all entities have complete control
over the data. This distribution helps reduce the risks associated with data breaches and improves data integrity and
stakeholder trust. Additionally, a vital aspect of a healthcare DAO is its incentivization system. This mechanism
encourages engagement, data sharing, and adherence to treatment plans by granting tokens or rewards via blockchain
technology for specific actions such as participation in clinical trials. Patients who contribute their data or participate in
clinical trials can earn tokens as compensation. Moreover, patients following their treatment plans consistently can
receive tokens to promote health outcomes. Besides, patients sharing their health information with researchers or
healthcare providers can be motivated through token rewards promoting advancements in medical research driven by
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Figure 5. Decentralized Autonomous Organization Process and Applications

Moreover, the DAO's transparency guarantees that every transaction and choice can be easily traced on the
blockchain. This openness helps establish trust among patients, healthcare professionals, and other involved parties,
allowing them to confirm the legitimacy and equity of reward allocation independently. Additionally, The DAO
promotes patient engagement by including patients in decision-making and incentivizing their involvement, leading to
a patient-focused approach. Patients are no longer recipients of care but active contributors to their healthcare experience.

e DAO reward system

A Decentralized Autonomous Organization is a unique entity governed by rules encoded in a computer program. It
is characterized by its transparency, member control, and independence from authority. DAOs are typically built on
technology, ensuring openness and safety. The reward system within a DAO is designed to motivate participants for
their contributions and align their interests with the organization's objectives. The DAO reward system combines three
types of rewards: tokens for contributions, reputation points for enhancing influence, and a blend of token-based and
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reputation-based rewards to balance incentives with community engagement. This innovative reward system is a key
feature of a DAO, as it encourages active participation and ensures that all stakeholders' interests are aligned with the
organization's goals.

Token-based Rewards: Participants in a DAO earn tokens as rewards that can be utilized within the ecosystem or
traded externally.

Reputation-based Rewards: Participants accumulate reputation points that boost their standing within the
organization and may benefit them.

Hybrid Rewards: These reward systems combine token-based and reputation-based systems to balance incentives
and community involvement.

In EHRSs, the DAO reward system offers advantages over traditional centralized setups. Its scalability, transparency,
heightened security measures and cost-effectiveness position it as a solution for managing health records while
motivating contributions.

o Scalability: By utilizing DAOs' automated aspects, healthcare institutions can enhance data management and build
participant trust, improving healthcare outcomes. DAOs' scalability is inherent in their design, allowing many
individuals to engage and contribute without bottlenecks. Scalability can be grasped through network effects, where
the network's value grows as more participants join. With increasing data and users, the system can accommodate
this growth by adding capacity and redundancy to each node.

e Transparency: Regarding transparency, all transactions and reward distributions in the DAO are securely recorded
on the blockchain. Hash functions uphold the DAQ's transparency. Each transaction undergoes hashing before
being included in a block that links back to blocks, creating a chain known as the blockchain.

The hash function H(xX) = y ensures that any alteration in transaction data will modify the hash value, making
tampering evident, where X is the transaction data, and y is the hash output.

e Security: The DAO Reward System leverages the blockchain's cryptographic security features to safeguard data
and rewards effectively. Public key cryptography safeguards data using private keys for encryption and decryption:

o Epuwiic (Message)=ciphertext
o Dyrivae (Ciphertext)=message
Each participant possesses these keys, with the key used for encrypting data and the private key for decrypting it.

¢ Decentralization: In a DAO Reward System, control is distributed among participants without relying on an
authority. Decentralization minimizes the risk of a point of failure, as demonstrated in distributed systems theory,
where the system remains operational even if some nodes fail. Consensus algorithms like Proof of Stake ensure
agreement among participants.

e Automation: Automation is integral to DAO Reward Systems, where smart contracts automate reward distribution
based on predefined rules. Smart contracts execute themselves based on code instructions. They utilize statements
to trigger actions: (if (condition) then (action)). For instance, if a participant's data contribution is validated, they
receive a reward. These contracts aim to enhance cost efficiency by reducing the reliance on middlemen and cutting
down transaction expenses.

o Cost-efficiency: In DAO, reward systems and disintermediation are crucial in analyzing transaction cost reduction.
This concept involves eliminating intermediaries to facilitate transactions among parties. As the number of
intermediaries n approaches zero, the overall transaction cost C decreases according to the formula: C = k x (1-n),
where Kk represents a factor related to the base transaction cost.

The reward system of DAO brings multiple advantages compared to reward systems, especially in the healthcare
field. Unlike centralized reward systems, DAO reward systems are easily scalable, allowing them to efficiently manage
the amounts of data generated in healthcare. They offer transparency by recording every transaction and distributing
rewards on the blockchain, enabling all participants to verify data integrity and operations. Security is significantly
improved by ensuring that sensitive health records remain protected from access. The decentralized nature of DAOs
eliminates the risk of a point of failure. Reduces reliance on a central authority, increasing system reliability and
resilience. Automation via contracts reduces burdens, cuts costs, and guarantees prompt reward distributions without
manual interference. Moreover, decreasing intermediaries leads to cost-effectiveness, making the system financially
viable. These advantages collectively enhance trustworthiness, efficiency and security when managing electronic health
records and establishing a foundation for incentivizing contributions and maintaining data integrity. Table 3 presents the
primary advantages of DAO reward systems over centralized reward systems. The DAO reward system usually provides
benefits compared to the centralized reward system, especially regarding scalability, transparency, decentralization,
automation, cost-effectiveness, and engaging participants. While the centralized system is secure and can enhance
decision-making processes, it lacks flexibility, transparency, and efficiency.
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Table 3. Comparative Table of DAO and Centralized Reward Systems

Technical Benefits DAO Reward System  Traditional Centralized Reward System
Scalability v

Transparency

>

Security
Decentralization
Automation
Cost Efficiency
Real-time reward distribution
Reduced administrative overhead
Enhanced trust among participants
Immutable transaction records
Improved decision-making processes
Lower risk of fraud and manipulation
Improved participant engagement
Efficient use of resources

R RN SR SRR R P RN RS
X X X X A X X X X X X X < x

Flexibility in reward structures

4-5- Security Mechanisms: Post-Quantum Cryptography and Advanced Encryption Standard

In our proposed solution, ensuring security is the primary concern. To tackle the changing landscape of cybersecurity
risks with the rise of quantum computing, we utilize a mix of post-quantum cryptography (PQC) and traditional
symmetric encryption. This strategy establishes a forward-looking security framework. By merging the capabilities of
quantum algorithms, like CRYSTALS-Kyber and CRYSTALS-Dilithium, with the widely recognized Advanced
Encryption Standard (AES), we guarantee a comprehensive shield against present-day and future cyber threats.

4-5-1- Quantum Resistance: CRYSTALS-Kyber and CRYSTALS-Dilithium

The security of EHRs is a primary concern in today's healthcare systems. Traditional encryption methods, which have
long been essential for data security, face challenges with the rise of quantum computers. These advanced systems can
break classic encryption algorithms, risking health information. Moreover, quantum computers use principles like
superposition and entanglement from quantum mechanics to perform calculations faster than traditional computers can
manage. This speed threatens traditional encryption techniques such as RSA (Rivest Shamir Adleman) [28], Elliptic
Curve Cryptography (ECC), and Diffie Hellman Key Exchange. Shors algorithm, created by mathematician Peter Shor,
allows quantum computers to factor numbers and solve logarithm problems efficiently. This breakthrough means that
quantum computers could decrypt data protected by RSA and ECC, making these traditional encryption methods
outdated. In response to this quantum threat, post-quantum cryptography has emerged as a field of study.

Post-quantum encryption focuses on creating encryption methods that can withstand attacks from both quantum
computing systems. These methods are crafted to function on computers while fending off the threats of quantum
computers. Post-quantum encryption includes a range of building blocks rooted in challenges thought to be complex for
quantum machines to crack. There are four quantum cryptographic algorithms, each utilizing various complex
mathematical challenges to safeguard against quantum attacks. These categories include lattice-based cryptography,
code-based cryptography, hash-based cryptography and multivariate quadratic equations. Each category has advantages
and drawbacks, making them suitable for various applications and scenarios. Our solution integrates CRYSTALS-Kyber
and CRYSTALS-Dilithium to enhance security at every system level, effectively safeguarding against quantum threats.

e CRYSTALS-Kyber:

CRYSTALS-Kyber represents a reliable method for securing key exchange in the quantum era. It leverages lattice
problems like Learning With Errors (LWE) to prevent quantum attacks [29]. Regarding its foundation, Learning With
Errors poses a challenge: deriving the vectors from a matrix A, secret vector s, and error vector e, given (A, As + e),
proves computationally difficult. This difficulty stems from the Equation:

As+e=b (mod q) Q)

CRYSTALS-Kyber enables secure, resilient key exchanges against potential quantum threats in quantum
cryptography. Kyber is an algorithm created for key encapsulation methods (KEMs) in post-quantum cryptography. It
forms a component of the CRYSTALS suite, known for emphasizing structures based on lattices to resist potential threats
from quantum computers. Kyber works as a key encapsulation method through three significant steps represented in
Figure 6:
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Figure 6. Steps of Key Encapsulation Method

Step 1: Key Generation
o, while the private key remains confidential for decryption.

e Utilizing Lattice-Based Structures: Kyber generates keys using lattice-based structures. Specifically, it utilizes
a form of a module lattice, deemed efficient and secure for quantum cryptography.

Step 2: Encryption Process

e Generating Random Seed: A random Creating Private Keys: In Kyber, the generation process involves
generating public and private keys. This is achieved by selecting polynomials and using them to calculate the
keys. The public key is used for encryption, and a seed is produced to facilitate the creation of the ciphertext.

e Sampling Polynomials and Compression: With the aid of the seed, polynomials are. Compressed. These
polynomials encrypt a key that is then enclosed within the ciphertext.

o Deriving Symmetric Key: The symmetric key is derived through a hash function and the seed. This particular
key will be used for encryption during communication sessions.

e Constructing Ciphertext: The ciphertext combines the key with the public key. Subsequently, this ciphertext
can be transmitted through an insecure channel.

Step 3: Decryption Process

o Decomposing Ciphertext: Upon receiving the ciphertext, decryption takes place using the key. This method
includes breaking down the encrypted text to retrieve the key.

e Recovering the Symmetric Key: The symmetric key is regained by undoing the encapsulation process and
decrypting the ciphertext using the key.

e Message Verification: A hash function is employed to verify the integrity and credibility of the message. If the
hash aligns, the symmetric key is deemed legitimate. This can be utilized for communication.

e CRYSTALS-Dilithium

Moving on to CRY STALS-Dilithium, this cryptographic scheme is designed for signature validation in the quantum
landscape. It relies on lattice problems such as Short Integer Solutions (SIS) and Learning With Errors to safeguard the
genuineness and integrity of communications [30]. Expanding further on its underpinnings Short Integer Solution (SIS),
Finding an integer vector z that satisfies the Equation:

Az =u (mod q) 2)

when given a matrix A and a vector u is a computational task. In post-quantum cryptography, this process is essential
for securing signatures. It is utilized to generate and authenticate signatures that can withstand quantum attacks, thereby
safeguarding the completeness and integrity of data. CRYSTALS-Dilithium Digital Signhature Scheme follows the
following steps: Figure 7 depicts the CRYSTALS-Dilithium signature procedure, which comprises the creation, signing,
and validation stages. Each stage is depicted with steps and guiding arrows in Figure 7, which showcase data transfer
and actions between a user and server.
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Figure 7. CRYSTALS-Dilithium Signature Procedure
Step 1: Creating Keys

e Generating Public and Private Key Pair: Random polynomials are used to create and calculate public and private
keys. The public key is employed for verifying signatures, while the private key remains confidential and is used
for signing messages.

Lattice-Based Approach: Like Kyber, Dilithium employs lattice-based methods that hinge on the complexity of lattice
problems to ensure its security.

Step 2: Signing Process
¢ Hashing Messages: The message undergoes hashing to generate a fixed-length digest before signing.
e Randomness Generation: Randomness is produced using the key and the message.

e Sampling Polynomials: Polynomials are sampled using the generated randomness. These polynomials create the
signature.

¢ Signature Calculation: The signature is computed by combining the sampled polynomials with the key, resulting
in a collection of polynomials.

Step 3: Verification Procedure
¢ Rehashing Message: The verifier recalculates the hash of the message that needs verification.
e Recomputing Polynomials: The verifier recomputes polynomials by utilizing the key and recalculated hash.
¢ Validity Check: To verify whether a signature is authentic, the verifier compares these recomputed polynomials
with those from received signatures, and a match indicates a signature.
4-5-2- Data Encryption: Advanced encryption standard

The Advanced Encryption Standard is well known for its effectiveness and security in encryption. It processes data
in fixed blocks of 128 bits using keys of 128, 192 or 256 bits. AES works on a 4x4 array of bytes known as the state.
The algorithm involves transformations carried out over rounds, with the number of rounds varying based on the key
size:

e AES 128: 10 rounds
e AES 192: 12 rounds
e AES 256: 14 rounds
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Key operations in each round consist of:
SubBytes: A non-linear substitution process where each byte is substituted with another byte through an S box table.
o ShiftRows: Rows within the state matrix are cyclically shifted by a numberal bytes.
e MixColumns: A mixing operation that manipulates columns by combining four bytes in each column.
e AddRoundKey: Each byte in the state is XORed with a key derived from the original encryption key.
Encryption Procedure of AES:
Given a plaintext block P and a key K, AES executes the following steps:
1. Key Expansion: Generating round keys from the cipher key.
2. Initial Round: Add the key through the AddRoundKey operation.

3. Main Rounds: In each round except the last round, apply SubBytes, ShiftRows, MixColumns and
AddRoundKey.

4. Final Round: In the last round, only SubBytes, ShiftRows, and AddRoundKey are used without MixColumns.

AES was selected for our solution because of its security features, performance, broad acceptance and flexibility.
AES has been thorough. It is known for its high level of security, making it resistant to attacks when correctly
implemented. This robust security is vital for safeguarding information.

Regarding speed and efficiency, AES excels in supporting encryption and decryption processes. Its adaptability to
hardware and software applications allows system integration without compromising speed or resource utilization.
Moreover, AES has become a recognized standard in protocols and systems globally. Its widespread adoption ensures
integration into existing setups, enhancing reliability and user-friendliness.

Furthermore, AES's versatility makes it well-suited for data encryption requirements. It guarantees data
confidentiality across platforms and devices. By leveraging the capabilities of advanced encryption algorithms such as
CRYSTALS-Kyber and CRYSTALS-Dilithium alongside the recognized Advanced Encryption Standard, we establish
a defense mechanism against present and future security threats. The comparison Table 4 illustrates how our proposed
approach stacks up against encryption techniques and other post-quantum methodologies.

Table 4. Comparison of Different Security Approaches and Methods Adopted In Our Approach

Our Proposed Solution

Criteria Classical Cryptography Post-Quantum Cryptography (Kyber + Dilithium + AES)
Security Against Quantum . .
Y Ag']ttacst Vulnerable (X) Resistant (v) Resistant (v')
Key Exchange RSA, ECC (vulnerable to quantum attacks) (X) Lattice-based (resistant) (v) CRYSTALS-Kyber (v)
Digital Signatures RSA, ECC (vulnerable to quantum attacks) (X) Lattice-based, Hash-based (resistant) (v') CRYSTALS-Dilithium (v)
. Varied (e.g., symmetric encryption combined
Data Encryption AES (V) with PQC) (v) AES (V)
Performance Efficient in current hardware (v) Less efficient, higher computational needs (X) Efficient with AES (V)
Standardization Widely standardized (v) Emerging standards (e.g., NIST PQC) (v/X) Standardized components (v')
Maturity Highly mature (v') Less mature, ongoing research (X) Emerging but standardized (v'/ X)
Compatibility Highly compatible (V') May require significant changes (X) Compatible through hybrid approach (v)

Our proposed solution combines CRYSTALS-Kyber, CRYSTALS-Dilithium, and AES to create a dependable
framework that effectively overcomes the limitations of individual post-quantum cryptographic techniques. By
combining the advantages of each element, we guarantee protection against upcoming risks, making our solution ideal
for long-lasting security requirements. This holistic strategy ensures defense against quantum threats and upholds the
efficiency and adaptability needed for real-world healthcare applications.

5- Proposed Approach

This research adopts a pioneering theoretical approach by combining quantum-resistant cryptography, hybrid
blockchain, decentralized governance, and user-centered engagement technologies to address critical gaps in EHR
security. Traditional healthcare systems rely on centralized databases and classical encryption, which are vulnerable to
quantum threats and lack interoperability. By integrating CRYSTALS-Kyber and CRYSTALS-Dilithium, our approach
strengthens resilience against future quantum-based attacks, addressing long-term security concerns rarely tackled in
healthcare data management. The hybrid blockchain architecture enables selective transparency by storing sensitive data
on private blockchains while maintaining transparency for non-sensitive data on public blockchains, balancing privacy
with accessibility. Incorporating Decentralized Autonomous Organizations (DAOs) further decentralizes data control,
empowering patients in data governance, which aligns with ethical standards in patient-centered care. Additionally, Al
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and metaverse integration enhance engagement, offering an interactive platform for virtual consultations and real-time
decision support, enabling patient involvement and trust. This multi-faceted framework sets a new benchmark by
addressing scalability, security, and ethical data governance, filling a vital gap in EHR frameworks and advancing
theoretical understanding in quantum-resistant healthcare solutions.

5-1- Architecture

Despite its progress and vital role in society, the healthcare industry continues encountering obstacles hindering its
efficiency and effectiveness. Key among these challenges are concerns about data security, a widespread lack of
involvement and notable inefficiencies in healthcare delivery. These issues impact the quality of care offered and
influence the healthcare experience for both patients and providers. In light of the increasing challenges faced by the
healthcare domain, including issues such as data breaches, limited patient involvement and systemic inefficiencies, there
is a pressing demand for a healthcare system that is cohesive, secure and focused on the requirements of patients. The
proposed approach solves these obstacles by leveraging advanced technologies to establish a practical, safeguarded,
patient-focused healthcare setting. The focus of the approach incorporated the following:

¢ Integrative technological strategy: At the heart of this novel approach lies a strategy that harmoniously integrates
blockchain technology, artificial intelligence and immersive metaverse environments. This integrated approach
tackles technological and operational hurdles and transforms the healthcare landscape for providers and patients.

¢ Blockchain adoption for enhanced security and transparency: This framework acknowledges the significance of
data security and patient confidentiality and adopts a blockchain model. This model efficiently separates health
data from sensitive information to ensure robust security where necessary while upholding transparency and
accessibility for general health-related data.

o Al for personalized care and simplified processes: Al is pivotal in this architectural design. It analyzes extensive
health data to offer customized health guidance, predictive analytics, and real-time decision support. This improves
the precision and efficiency of healthcare services and significantly reduces the time needed for diagnosing and
planning treatments.

¢ Engagement and accessibility in the metaverse: The metaverse aspect of the structure transforms involvement by
creating a virtual healthcare environment where patients can interact naturally with healthcare providers. This
virtual environment enhances access to healthcare services in areas and encourages patients to actively participate
in managing their health through engaging interactive tools.

o Scalability and flexibility: at its core, the design prioritizes scalability and flexibility, allowing it to grow with an
expanding user base and seamlessly integrate with existing healthcare systems. This adaptability ensures that the
proposed solution can adapt to healthcare demands and technological advancements.

e Enabling a collaborative community: By incorporating decentralized organizations (DAQOs) and incentive
programs, the structure promotes an ecosystem where all stakeholders, including patients, medical professionals
and healthcare institutions, have a position (voice) in system management and continual enhancement.

The proposed system is structured into four layers (user interface layer, application layer, blockchain layer, and
storage layer), each playing a crucial role in healthcare management. These layers work harmoniously to provide a secure
and engaging healthcare service, as illustrated in Figure 8, providing a clear understanding of the system'’s structure.

User interface layer
Application layer
Blockchain layer
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Figure 8. Architecture of the Quantum-Resistant Hybrid Blockchain Framework for Securing EHRs
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1. User interface layer:

This particular layer acts as the point of contact for users, including patients and healthcare professionals, to engage
with the system. A variety of devices support it, fulfilling function:

e Smartphones are utilized to access healthcare applications on the go. Users can receive alerts, view records, and
communicate directly with healthcare providers through their devices.

o Healthcare professionals frequently use computers for in-depth tasks such as analyzing patient data, interpreting
diagnostic details, and devising treatment strategies.

e VR Headsets: These devices offer immersive experiences for therapy sessions, detailed consultations, and
simulations. Patients could virtually visit a doctor's office, while doctors could visualize conditions in 3D.

e Tablets function as tools for both healthcare providers and patients. They are portable and user-friendly, suitable
for telemedicine consultations, patient education sessions, and health record management.

Each device improves the connection between the healthcare system and its users, making healthcare more reachable,
effective, and tailored to individual patient requirements. This strategy utilizes technology to reduce obstacles and
enhance healthcare results by integrating cutting-edge tools into healthcare interactions.

2. Application layer

By utilizing the functions of these devices, the application layer goes a step further in enhancing user experience by
incorporating applications and virtual environments that use artificial intelligence within an engaging Metaverse
framework. The following are the primary components of the application layer:

¢ Al Healthcare Assistant: This type of assistant offers automated, intelligent assistance for healthcare services. It
analyzes data for recommendations, devises personalized treatment strategies, tracks patient health indicators, and
promptly alerts healthcare professionals of critical changes in patient status.

¢ Incentive System: This system encourages involvement and adherence to treatment plans through rewards. It
grants points or badges for completing health-related tasks, offers benefits for adhering to medication schedules,
and motivates patients with engaging health-related challenges.

¢ Decentralized Autonomous Organization (DAO): This supports decentralized decision-making processes driven
by the community. It is integrated to Empower patients and healthcare professionals in governance decisions,
facilitate virtual health consultations and support groups, and coordinate collaborative care initiatives within the
Metaverse.

e Doctor Avatars: Represent healthcare experts. They access and update records, conduct consultations, create
customized treatment plans, and contribute to clinical decision-making processes within the virtual setting.

o Nurse Avatars: They are involved in patient care and monitoring. In the Metaverse, patient treatment adherence
is monitored, patients receive education, care activities are coordinated, and doctors are supported during
consultations.

e Patient avatars serve as representations of patients in the Metaverse. They engage in consultation support groups,
interact with Al assistants for health guidance, and monitor health metrics.

The primary objective of this application layer is to enhance healthcare experiences by utilizing applications and
virtual environments to boost outcomes and engagement through interactive systems.

3. Blockchain layer

This section oversees the transfer and preservation of data in a blockchain setup that includes both public and private
blockchains. The following are the main components:

¢ Public Blockchain: manages information that is not highly confidential and requires openness to an audience. It
records health details, maintains health records, and tracks healthcare transactions that do not involve sensitive data
but benefit from transparency and traceability.

¢ Private Blockchain: This blockchain handles confidential data to ensure its protection and confidentiality. It stores
patient information, records health transactions, maintains secure access records, and manages encrypted medical
files. The private blockchain establishes a transparent system for managing healthcare data transactions and storage
by leveraging blockchain technology capabilities to safeguard data integrity and privacy.

Encrypted and authenticated data from the blockchain layer is securely moved to the storage layer for long-term
archiving and retrieval.
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4. Storage layer

The storage layer securely stores health information by using a mix of cryptography methods and AES encryption.
This layer is responsible for upholding the confidentiality, accuracy and trustworthiness of stored health information to
safeguard against access while ensuring its availability for medical purposes. This layer can gather the following
components.

e MRI Scans are used to retain imaging data for medical diagnoses. Keeping MRI images safe through robust
encryption guarantees that these high-quality scans are stored securely and can only be accessed by personnel.

e X-rays: are used to store X-ray images for diagnoses and treatment planning. Safeguarding X-ray images in
storage, enabling radiologists and doctors to access them while ensuring data confidentiality.

e Electronic Health Records are used to maintain patient health records securely. They store patients' complete
histories, lab results, medication lists, treatment plans, and ongoing health monitoring data.

5-2- Data Workflow

At the User Interface Layer, users start logging into their devices like smartphones, computers, VR headsets or tablets
by verifying their identity through user authentication. After authentication, the device begins a key exchange by sending
its public key to the application server. The server then reciprocates with its key to enable both sides to create a shared
secret for communication. The data is digitally signed on the device for authenticity and encrypted for protection against
access before being sent to the application layer. Security features in this layer include utilizing CRYSTALS-Kyber for
exchanges and AES for data encryption to ensure data confidentiality.

In the Application Layer, incoming data is first checked for integrity. Then, it is re-encrypted during processing to
uphold security standards. Users engage in activities within realms using avatars and Al helpers to ensure authenticated
sessions. Transactions are encrypted and signed before being sent to the layer. To ensure security, CRYSTALS-
Dilithium is used for data verification and signing interactions, while AES is employed for data encryption (Algorithm
1).

Algorithm 1. Pseudocode for user interface layer

function UserAuthentication (user credentials):
if VerifyCredentials (user credentials):
session_key = CRYSTALS Kyber KeyExchange ()
return session_key
else:
return "Authentication Failed"
// Data Encryption before Transmission
function EncryptData(session key, data):
roundKeys = AESKeyExpansion(session_ key)
encrypted data = AESEncrypt (data, roundKeys)
return encrypted data
function TransmitData (encrypted data):

SendToApplicationLayer (encrypted data)

In the Blockchain Layer, nodes exchange keys using CRYSTALS-Kyber to facilitate communication within the
network. Signed transactions are. They are stored on the blockchain to maintain a ledger. Before data is stored, it
undergoes encryption for confidentiality and integrity purposes. Security measures include using CRYSTALS-Kyber
for exchanges and AES for encrypting data to storage. The ReceiveData function obtains encrypted data from the
user interface layer. The ProcessData function decrypts this data using the session key, processes it, and prepares it
for transaction. The CreateTransaction function then signs the processed data using CRYSTALS-Dilithium and
creates a transaction object. Finally, the SendTransaction function sends this transaction to the blockchain layer
(Algorithm 2).
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Algorithm 2. Pseudocode for Blockchain layer

function ReceiveData () :
encrypted data = GetDataFromUserInterfaceLayer ()
return encrypted data

function ProcessData (encrypted data, session_key):
roundKeys = AESKeyExpansion(session key)
data = AESDecrypt (encrypted data, roundKeys)
// Further processing of the data
processed data = AnalyzeAndProcess (data)

return processed data

function CreateTransaction (processed data, private key):
signature = DilithiumSign (private key, processed data)

transaction = { "data": processed data, "signature":
signature }

return transaction
function SendTransaction (transaction):

SendToBlockchainLayer (transaction)

In Algorithm 3, the BlockchainNodeKeyExchange function generates a node key using CRYSTALS-Kyber for
secure key exchange. The RecordTransaction function encrypts the transaction with this node key and stores it on the
blockchain, ensuring the transaction is securely recorded.

Algorithm 3. Pseudocode for blockchain layer

function BlockchainNodeKeyExchange () :
node key = CRYSTALS Kyber KeyExchange ()

return node key

function RecordTransaction (transaction, node_ key) :

encrypted transaction = EncryptTransaction(node key,
transaction)

StoreOnBlockchain (encrypted transaction)

return "Transaction Recorded"

The Storage Layer focuses on storing health information like MRI scans, X-rays and EHRs. Data is signed with
CRYSTALS- Dilithium to guarantee authenticity and integrity before being stored. The final steps involve securing the
storage of signed and encrypted health data to ensure secure access and verification of data. This layer utilizes
CRYSTALS-Dilithium for signing purposes and AES for decrypting data when accessed to allow authorized personnel
to view the stored information (Algorithm 4).

Algorithm 4. Pseudocode for storage layer

function SignDataForStorage (data, private key):
signature = DilithiumSign (private key, data)
signed data = { "data": data, "signature": signature }
return signed data

function StoreData (signed data):
StoreInSecureStorage (signed data)
return "Data Stored Securely"

function AccessData(data id, private key):
signed data = RetrieveFromStorage (data id)

if DilithiumVerify(signed data["data"],
signed data["signature"], private key):

return signed data["data"]
else:

return "Verification Failed"
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Adhering to this organized process and implementing security measures at every level guarantee safeguarding
healthcare information against unauthorized entry and potential online risks. The distinct security measures at each level
are essential in creating an effective system that instils trust in the reliability and privacy of patient data. The upcoming
section presents a scenario of patient interaction in the architecture and how the different components of the approach
work jointly to offer a magnified healthcare ecosystem and ensure robust security levels.

5-3-Use Case Scenario

Our healthcare virtual world provides a comprehensive platform for patient care, as demonstrated through the medical
history of the patient, a 41-year-old woman dealing with hypertension and Type 2 diabetes. Figure 9 presents a scenario
where a patient integrates their health portal via phone and VR headset to have a virtual consultation with the doctor
securely.
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Figure 9. Use Case Scenario of Our Proposed Approach

On the other hand, the nurse checks the patient's adherence to treatment plans, ensuring she sticks to medications and
exercises while planning care steps. The patient electronic health record is regularly updated to ensure that all of her
health information remains current and easily accessible. Our system uses private blockchain technologies to protect
patient's data and the newly added changes by the doctor. Then, this record is stored in the private blockchain, which
safeguards highly confidential information such as EHRs and medical images. For this process, robust encryption
methods such as Advanced Encryption Standard and Post-Quantum Cryptography using CRYSTALS-Kyber and
CRYSTALS-Dilithium are employed to secure the data against access. At the same time, the public blockchain manages
less sensitive data, such as general health tips. This example showcases how our healthcare virtual environment delivers
personalized, timely and consistent care by integrating artificial intelligence blockchain technology and immersive
settings to elevate the experience and improve treatment effectiveness.

Remaining within the benefits of our proposed solution, the following section presents an extensive overview of its
primary advantages. The following section focuses on the aspects of our proposed solution, illustrating how it tackles
obstacles and integrates contemporary to improve the entire health services.

6- Key Benefits of the Proposed Solution

The novel proposed system combines pioneering technologies like blockchain artificial intelligence and metaverse
settings to tackle the issues surrounding the management and security of electronic health records. The following are the
primary advantages of this solution (Figure 10).
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Figure 10. Benefits of the Proposed Solution

Enhancing Security Measures for Healthcare Data through Advanced Cryptography: With the advancement
of quantum computing, there is a growing concern over the vulnerability of traditional encryption methods. To
address this, we have proposed post-quantum cryptography utilizing algorithms specifically designed to withstand
potential attacks from quantum computers. This ensures the safety and confidentiality of data even in the evolving
landscape of quantum technology. By adopting this approach, we safeguard healthcare information from future
threats, bolstering patient confidence and compliance with strict data protection regulations.

Enhancing Patient Engagement through Integration with Metaverse Technology: The metaverse provides a
space where patients can engage with healthcare professionals and services more personally and interactively
through virtual consultations and interactive health education. Customized wellness experiences are offered on
metaverse platforms. This adopted approach to engagement can increase satisfaction levels, adherence to treatment
plans, and overall health outcomes by engagingly enhancing access to healthcare services.

Facilitating Collaborative Decision-Making for Healthcare Professionals Using DAOs: Decentralized
Autonomous Organizations empower healthcare professionals to participate in decision-making processes without
control. By leveraging technology, DAOs facilitate transparent and inclusive governance structures within
healthcare teams. Improved teamwork among healthcare providers results in effective patient care decision-
making, enhancing service quality and nurturing a collaborative healthcare environment.

Efficient Data Management through Hybrid Blockchain Technology: Hybrid blockchain technology merges
the privacy elements of blockchains with the security and transparency of blockchains. This unique approach
allows confidential patient data to be securely stored and shared with parties while maintaining a clear and
unchangeable record of transactions. Healthcare institutions can handle data effectively and securely, ensuring
its integrity and minimizing the risks associated with access or data breaches. Our proposed method is a major
improvement over current EHR systems as it integrates quantum cryptography with a hybrid blockchain
framework. In contrast to existing frameworks that use classical encryption, which is susceptible to quantum
attacks, our method uses both the CRYSTALS-Dilithium and CRYSTALS-Kyber algorithms to produce
encryption that is resistant to quantum attacks. This guarantees that EHR data is safe from future quantum attacks,
which is a degree of security that is unmatched by conventional systems. Furthermore, to maximise security and
transparency, our hybrid blockchain design separates sensitive and non-sensitive data across private and public
blockchains. While non-sensitive data can be kept on a public blockchain to provide transparency for authorised
parties, sensitive patient data is safeguarded on a private blockchain with restricted access. Our system can
adaptably handle the complexity of healthcare data thanks to this dual-layered protection, which requires
accessible transparency and refined security. Our hybrid blockchain architecture guarantees that sensitive EHR
data is kept on a private blockchain and overseen by Decentralised Autonomous Organisations, which offer
improved data management and governance, in contrast to traditional systems that rely on centralised databases
that are vulnerable to breaches. This implies that since sensitive data is divided on a different private blockchain,
it will not be compromised in the event of a breach on the public blockchain. By providing improved scalability,
interoperability, and user involvement through metaverse integration, this framework performs better than
existing systems.
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o Enhancement of Data Integrity: It utilizes hybrid blockchain technology to document every data exchange in a
ledger. This guarantees that healthcare-related information, from records to studies, remains unchanged and
genuine. Upholding the authenticity and integrity of data is crucial for diagnosis, treatment procedures, and
adherence to regulatory standards. Ultimately, this promotes trustworthiness and reliability within healthcare
systems.

e Robust Data Privacy Encryption Utilizing Advanced Encryption Standard: Advanced Encryption Standard
(AES) is a trusted encryption technique for safeguarding data. Our solution incorporates AES to encrypt patient
details and other sensitive information during transmission and at rest. We adopted the AES encryption system,
which offers data protection and safeguards it from unauthorized access and security breaches. This helps
healthcare providers with regulations and boosts patient trust in data security measures.

o Improved User Experience: For a user experience, our solution features an intuitive interface designed for both
healthcare professionals and patients. With workflows, easy navigation, and responsive design, users can
efficiently. Utilize the system functions. This simplified approach reduces learning curves and minimizes errors. It
improves satisfaction, allowing healthcare professionals to focus on patient care rather than complex system
management. Our solution is meticulously crafted to meet or exceed healthcare industry security standards to
ensure compliance with these requirements. Integrating these standards into the system's foundation aligns all data-
handling processes with the regulations. Adhering to security standards not only aids in avoiding penalties but also
upholds patient privacy and maintains a reputable image in the healthcare sector.

o Increased Scalability and Flexibility: Our solution, built with scalability and flexibility at its core, empowers
healthcare organizations to adapt and expand to meet evolving needs. The architecture supports integrating existing
systems while effectively handling technological advancements and increased data loads. The ability to adjust and
evolve guarantees that organizations can grow their capabilities without necessitating changes or interruptions,
ensuring long-term sustainability and cost-effectiveness.

e Enhanced Health Results: Our solution empowers healthcare providers to offer patients more precise, timely and
customized care by incorporating technologies and maintaining data handling and security measures. Enhanced
health outcomes result from increased involvement, efficient operations and informed medical choices, ultimately
delivering superior quality care and boosting patient contentment.

7- Comparative Analysis

In this section, we compare our suggested framework with research. We aim to showcase our method's contributions,
illustrating how it tackles constraints and enhances the approaches detailed in academic works. By assessing the merits
and drawbacks of our framework and established solutions, we offer an insight into its influence and real-world uses.
Table 5 outlines how the proposed system enhances security compared to traditional cryptographic techniques, especially
in preparation for future quantum computing threats.

Table 5. Comparison of Traditional Systems and Our Solution

Security Aspect

Proposed Framework

Traditional cryptographic Techniques

Data Security

Cryptographic Robustness

Encryption Algorithms

Decentralization

Data Integrity

User Authentication

Scalability

Resilience against
Quantum Attacks

Patient Control &
Privacy

Interoperability

It includes a hybrid blockchain for dual-layer protection.

It offers an elevated level of protection against quantum
computing attacks due to the employment of PQC.

It incorporates classical encryption algorithms (AES) and
Post-quantum cryptography, offering a dual level of
protection.

It relies on blockchain technology, which offers an
advanced level of decentralization.

With  blockchain  employment, immutability — and
transparency are ensured, making unauthorized data
tampering complex.

Decentralized identity management is employed in the
metaverse to boost security by utilizing identities and Al
support.

The system scales by integrating hybrid blockchain and
metaverse interactions, ensuring substantial data volumes
are processed.

The solution is crafted to withstand risks posed by quantum
computing by implementing post-quantum cryptography.

Provides patients with control over their data through
decentralized autonomous organizations (DAOSs) in the
metaverse.

Due to its hybrid nature, it can integrate with existing
healthcare systems and future quantum-resistant systems.

It uses traditional centralized databases, which are more vulnerable to
cyber threats.

They are exposed to quantum attacks because no reinforced security
measures against these new-age vulnerabilities exist.

It mainly relies on classical encryption algorithms such as AES, which
is considered secure; however, with the advent of quantum computing
risks, it is considered vulnerable.

Primarily, it relies on centralized databases, which make these systems
prone to cyber-attacks.

Ensures integrity through cryptographic hash functions, but
centralization introduces risks of undetected tampering.

Classical approaches rely on passwords and two-factor authentication,
which are susceptible to phishing and social engineering threats.

Centralized systems frequently encounter bottlenecks and limited
scalability due to the requirement for infrastructure.

They are exposed to the vulnerabilities posed by quantum computing,
which can easily crack methods.

Central authorities often control patient data, with less transparency and
control for the patient.

It often needs more flexibility in integration with quantum-resistant
systems.
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Moreover, Table 6 compares relevant studies in blockchain-based healthcare solutions, outlining how each addresses
essential aspects of electronic health record security and management. From Table 6, our proposed system stands out as
a forward-thinking solution. It tackles the fundamental security and privacy issues. It guarantees scalability and
compatibility, which is vital for healthcare solutions' widespread acceptance and efficiency in a progressively digital and
interconnected environment. By incorporating technologies like quantum cryptography and Decentralized Autonomous
Organizations, your system is poised to tackle present and future obstacles in the healthcare industry.

Table 6. Comparative Table of Our Approach vs Existing Studies

Criteria Sharma et al. Dong et al. Babu et al. Our proposed System
(2023) [31] (2023) [32] (2023) [33]

Decentralized Application v v v v
Blockchain Integration v v v v
Proof of work consensus v X X X
Permissioned Blockchain X v v v
Unique Identification for Medical Certificates v X X v
Patient-Controlled Security and Privacy v X X X
Anonymity of Patient Data X v v v
Integration of Al and Metaverse X X X v
Decentralized Autonomous Organizations X X X v
Comprehensive EHR security v v v v
Resilience to Quantum Attacks X X X v
Enhanced User Engagement and Compatibility X X X v
Scalability X v v v
Interoperability X v v v
Lower Cost across Care X X v v

Furthermore, Table 7 presents an analysis of various critical security adaptive metrics of either a traditional EHR
system or our alternate hybrid solution resistant to quantum attacks driven by distributed ledger technology. These
metrics emphasize the security, data accuracy, interaction, and adherence to improvement as a result of employing
quantum-resistant cryptography, distributed management, and a hybrid of blockchain systems. This comparison does
justice in gauging the advantages that our solution presents over traditional systems especially in tackling quantum
threats and securing healthcare data.

Table 7. Security Metrics of Traditional systems and our Proposed System

Security Metric Traditional EHR Systems [34-36] Our Proposed Solution
Quantum Attack Resistance Vulnerable (0%) 99.9%
Data Integrity (Tamper-Resistant) 85% 99%
Encryption Strength AES 128-bit or RSA AES 256-bit + CRYSTALS-Kyber & CRYSTALS-Dilithium
Data Breach Frequency (Incidents/Year) 2-3 per year (average) <1 per year
Access Control Effectiveness 75-80% 95%
Interoperability with Legacy Systems 60% 90%
System Downtime 5-10 hours/year <1 hour/year
Data Privacy Compliance (HIPAA Score) 80% 98%
Scalability (Users Supported) Up to 10,000 Up to 100,000
User Trust/Transparency 70% 90%
Overall Security Score 75% 95%

e Quantum Attack Resistance: The classical EHR systems are inherently weak and cannot resist quantum attacks,
hence they are at risk of breaches from the prospective quantum computers. The CRYSTALS-Kyber and
CRYSTALS-Dilithium algorithms which are both considered quantum proof are incorporated into our solution
creating an effect of almost complete protection from quantum attacks. This addition also enhances security in the
long run by safeguarding against risks that the growth of technology would have posed on healthcare-sensitive
information to keep it safe for many years.
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e Data Integrity: Traditional EHR systems, the majority of which use centralized databases, exhibit a very low
capacity for tampering that is about 85% efficient due to many centralized vulnerability points. Our approach is
based on the use of an immutable blockchain, where for every transaction there is a record created and no alteration
is possible without detection. The advancement in Data Integrity assurance enables it to reach 99% levels which
guarantees that electronic health records EHRs will not change with time and will be protected to the utmost levels
which is very important in keeping the patients' records safe as well as meeting various laws and regulation
requirements.

o Data breach frequency: An attack on traditional systems is highly likely to occur more than once every year since
they have a centralized structure which bears single points of attack and can easily attacked. Unlike this, the
distributed layout of the blockchain technology used in our solution and the strong encryption system that goes
along with it minimizes the risk as data cannot be lost and the level of security is more so that it is not easy to break
into core data. This reduces the incidence of annual healthcare data breaches to below even one occurrence in a
year thus creating an exceedingly safe environment for data in the healthcare sector.

e Access Control Effectiveness: Traditional systems often achieve 75-80% access control effectiveness, due to
single-layer access protocols and limited encryption methods. In contrast, our solution improves this effectiveness
to 95% by implementing decentralized access controls through Decentralized Autonomous Organizations, where
permissions are managed more granularly, and by using advanced encryption techniques. This dual approach
ensures that only authorized individuals access specific data segments, enhancing security and user trust.

¢ Interoperability with Legacy Systems: Traditional EHR systems struggle with compatibility across different
platforms, resulting in data silos and limited communication between systems. Our framework’s modular
architecture, supported by standardized APls, promotes interoperability, achieving 90% compatibility. This design
allows seamless integration with legacy systems and healthcare platforms, enabling efficient data exchange and
reducing administrative burdens, particularly in diverse healthcare environments.

e System Downtime: Due to the centralized nature of conventional systems, they frequently encounter more
downtime, averaging 5-10 hours per year, which can disrupt healthcare operations. Our solution's distributed
blockchain design enhances resilience by eliminating single points of failure and enabling continuous operations.
This reduces downtime to less than one hour per year, providing higher availability and reliability, crucial for real-
time healthcare needs.

¢ Data Privacy Compliance: While conventional EHR systems generally meet regulatory requirements, they often
face challenges in ensuring real-time auditing, transparency, and adherence to strict privacy standards. Our system
enhances compliance by leveraging blockchain's transparency and incorporating DAO governance for real-time
data monitoring and auditing capabilities. This approach boosts privacy compliance to 98%, aligning with stringent
regulatory standards and fostering patient trust in data privacy protections.

8- Discussion

Our proposed system combines blockchain, Al and virtual reality to tackle the security, accessibility and engagement
issues in healthcare setups. Blockchain technology ensures the security and transparency of records by decentralizing
them, reducing the chances of data breaches. Using permissionless blockchains allows for separating non-sensitive data
to balance openness with privacy requirements. This strategy aligns with healthcare technology advances, like tamper-
proof records and secure consent management. Incorporating post-quantum cryptography into our system addresses
concerns about methods being vulnerable to quantum computing attacks. Combining encryption standards with post-
quantum cryptographic techniques safeguards our system against current and future cyber threats. This two-layered
approach guarantees the security of EHRs and medical imaging data while upholding top-notch data protection
standards. Previous research has emphasized the significance of advancements in protecting health information using
post-quantum methods.

Integrating the metaverse into our system introduces an approach to boost engagement and interaction. By
establishing an environment where patients can communicate with healthcare providers through avatars, our system
creates an immersive and interactive healthcare experience. Integrating Al-powered diagnostics in this environment
enhances the precision and effectiveness of patient care. Moreover, implementing reward structures in the metaverse
encourages patients to manage their healthcare, potentially boosting adherence to treatment plans and overall health
outcomes. This strategy tackles systems' shortcomings that often need more real-time communication avenues and
patient involvement. Interoperability poses a hurdle in healthcare information systems leading to data silos that obstruct
data sharing. Our proposed framework promotes interoperability by establishing protocols and frameworks for
Electronic Health Record (EHR) systems. This ensures health data sharing across platforms and healthcare providers,
enabling coordinated care and enhancing patient outcomes. Furthermore, our emphasis on user interfaces aims to
overcome usability challenges by designing interfaces for smartphones, tablets, computers and VR headsets. This ensures
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interaction with the system for healthcare providers and patients, promoting adoption and effective utilization. We must
address regulatory concerns as we incorporate top-notch technologies into healthcare practices. Our system includes
processes for obtaining consent and managing data ownership to comply with privacy laws and ethical standards.
Leveraging Decentralized Autonomous Organizations within the metaverse establishes a transparent framework for
handling patient data interactions responsibly. Figure 11 presents a comparison to showcase the benefits of our proposed
approach compared to traditional electronic healthcare systems. This schema outlines factors like data protection, patient
involvement, compatibility and other features with colour-coded columns for enhanced understanding. Where Red

Indicates the Gravity of the Risk, Orange Indicates Moderate Risk, and Green Indicates Low Risk.

Aspects

Data Security

Data Integrity

Data Ownership

Interoperability

Patient Engagement

Data Accessibility

Regulatory compliance

Scalability

Cost-Efficiency

Technological
Adaptability

Ethical Compliance

Traditional EHRs Sytems

Prone to data breaches and
unauthorized access

Susceptible to tampering and
inconsistencies

Centralized: Healthcare providers
are responsible for data ownership

Challenges related to incompatible
systems and data silos

Minimal interactions and limited
patient’s feedback

Slow to moderate access

Established compliance with regional
and international standards

Difficult to scale without significant
investments

Expensive due to centralized
architecture

Obsolete and challenging to integrate
advanced tools and technologies

Compliance often depends on
regional regulations

Proposed Approach

Improved by Blockchain and
advanced post-quantum cryptography

Ensured by Blockchain’s
immutability

Decentralized: Patients have
complete control over their records

Promoted through standardized
protocols

Improved through virtual reality and
incentive programs

Enhanced by decentralized access

Integral compliance mechanisms and
adaptability to emerging regulations

Easily scalable through decentralized
architecture

Reduced costs due to decentralization;
however, the initial cost is high due to
technological requirements

Designed to integrate new
technologies

Integrated consent management and
DAOs ensure ethical standards

Figure 11. Comparison of EHR Systems and Our Proposed Approach

9- Challenges and Implementation Solutions

The deployment of a quantum-resistant hybrid blockchain architecture for electronic health records presents distinct
challenges, from integration obstacles and processing needs to user acceptance and practicality. Addressing these
challenges requires both technological adjustments and strategic planning. For instance, incorporating advanced
cryptographic techniques like CRYSTALS-Dilithium and CRYSTALS-Kyber into our quantum-resistant framework
involves specific operational and technical difficulties, especially in ensuring smooth functionality and interoperability
within healthcare information systems. Although resistant to quantum attacks, these lattice-based algorithms demand
considerable computational power. To balance data flow with security, we minimized redundant encryption processes,
optimized algorithmic cycles, and integrated a hybrid blockchain framework. These modifications ensured that system
performance remained efficient while maintaining the highest encryption levels.

Quantum cryptography, despite its potential, still requires extensive testing in real-world healthcare settings. Major
obstacles to practical implementation include compatibility with existing hardware and the computational load,
particularly in regions with limited infrastructure. To evaluate scalability and enhance performance across diverse
infrastructures, we aim to pilot the framework in a variety of healthcare environments. Furthermore, by emphasizing
modular architecture, our system remains flexible enough to accommodate incremental advancements in quantum
technology and cryptographic standards, which we believe will eventually improve operational viability.

Moreover, integration and interoperability are essential in regions with limited technological infrastructure. Our
framework is designed to seamlessly interact with existing healthcare systems and overcome compatibility issues with
legacy systems by using standardized APIs and data protocols. To facilitate this, we adopted a dual-blockchain approach:
the private blockchain securely manages sensitive EHR data, while the public blockchain supports broader transparency,
even on less sophisticated systems. This approach ensures that critical services remain accessible even when system
resources are constrained.
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We also acknowledge that the introduction of new technology may initially encounter resistance from users, including
patients and healthcare professionals. To ease this transition, we proactively implemented strategies such as targeted
training programs, interactive onboarding, and ongoing support. Stakeholder feedback highlighted the importance of
usability and transparency, leading us to emphasize practical, approachable applications in our training. Additionally, to
empower users in data management decisions and build trust in the system's security and transparency, we incorporated
DAO governance features. Our goal is to provide a seamless and secure transition for all parties by aligning our
technology with user needs and existing healthcare workflows.

10- Conclusion

In the current era of rising cyber threats and the growing requirement for virtual consultations, our proposed system
presents an innovative solution to the critical issues encountered by traditional healthcare information systems. By
harnessing the capabilities of blockchain, artificial intelligence, and metaverse, we established an efficient and interactive
healthcare environment that emphasizes safeguarding patient information and meeting patients' requirements. This
integration enhances data security through encryption techniques and patient engagement and interaction using the
metaverse, setting a new benchmark for managing electronic health records. Using blockchain guarantees records and
transparent consent management processes, while Al-driven diagnostics and virtual reality settings create a more
immersive and precise healthcare experience. Our systems focus on interoperability and user-friendliness and tackle
challenges in existing healthcare setups by facilitating data exchange and providing easy-to-use interfaces for healthcare
providers and patients. Nevertheless, it is important to recognize limitations. The application of quantum cryptography
holds immense promise but requires further validation in real-world scenarios to ensure its practicality and effectiveness.
Moreover, adopting these pioneering technologies may encounter resistance from individuals (patients and doctors) to
advancements, highlighting the need for comprehensive training schemes and user education efforts.

While the proposed framework shows satisfactory promise in improving the security and efficiency of Electronic
Health Records, further research is crucial to validate its practicality; in future works, we aim to tackle implementation
obstacles and understand its impact on the healthcare field. This involves creating and testing a prototype to assess its
effectiveness in terms of security, scalability, and efficiency. Collaborating on pilot projects with healthcare
organizations can offer insights into this proposed solution's real-world challenges and advantages. Additionally, we aim
to explore the integration of decentralized autonomous organizations in healthcare, which requires rigorous investigation.
In future studies, we will concentrate on designing governance models and smart contracts specifically tailored to meet
healthcare management needs and examining case studies on how DAOs are used for decision-making and data sharing
among healthcare providers can provide helpful insights and best practices.
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