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PREFACE 
 
 
 
This book explores the convergence of cutting-edge technologies, offering 
a comprehensive analysis of their role in shaping the future of healthcare 
within the evolving landscape of Industry 6.0. The purpose of this book is 
to provide insights into how the metaverse and blockchain technologies 
can revolutionize healthcare by enhancing data security, interoperability, 
and patient engagement. The need for this book arises from the growing 
complexity of healthcare ecosystems and the demand for secure, 
decentralized, and immersive solutions. The methodology includes an 
extensive review of current technological advancements, case studies, and 
expert analyses to provide a balanced perspective. Key findings highlight 
the potential of blockchain for secure medical records, virtual healthcare 
applications within the metaverse, and the challenges of large-scale 
implementation. Limitations include regulatory hurdles and the need for 
robust infrastructure. The impact of this book extends to healthcare 
practitioners, policymakers, and technology developers, fostering a deeper 
understanding of Industry 6.0. Its contribution to research lies in bridging 
the gap between emerging technologies and healthcare applications, while 
its practical contribution offers actionable insights for integrating these 
technologies into real-world healthcare systems. 

Chapter 1 explores the evolving landscape of healthcare data security, 
focusing on the integration of blockchain and quantum computing 
technologies to ensure data privacy and integrity. As healthcare data grows 
exponentially with digitalization, traditional security measures are being 
challenged. This chapter examines innovative solutions, such as 
decentralized blockchain systems and quantum-resistant cryptographic 
techniques, to safeguard patient records. It also addresses the ethical 
considerations, technical challenges, and potential future trends in the 
field, offering a comprehensive understanding of how these advancements 
can reshape healthcare data security. 

Chapter 2 explores the future of intelligent, connected healthcare 
through Industry 6.0. The medical field is witnessing a colossal change 
with the advent of Industry 6.0, bringing together cutting-edge 
technologies such as artificial intelligence, quantum computing, and 
biotechnology. The current paper introduces an exhaustive study on how 
these innovations are redefining the healthcare sector, making it 
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intelligent, efficient, and personalized. The paper proposes to bring into 
focus the merits, drawbacks, and moral implications of incorporating 
intelligent technologies into clinical care. Readers will learn about the 
potential of Industry 6.0 to reshape patient care and medical research 
through this research. 

Chapter 3 explores how the crossing of high-end technology with the 
human-centered principles of Industry 6.0 is making serious inroads into 
the health sector. This chapter reviews some selected transformation 
potentials that AI, IVA, Robotics, and Cyber-Physical Systems can bring 
to ensuring personalized, efficient, and sustainable care. It discusses issues 
as diverse as the basic transformation of digital healthcare all the way to 
real-life applications and future road maps. The chapter elaborates ethics, 
sustainability, innovation, research, policy, and implementation issues to 
create a resilient, inclusive, and intelligent healthcare ecosystem. 

Chapter 4 explores how the blockchain-enabled framework helps solve 
some of the major challenges in medical data management with enhanced 
security, transparency, and patient empowerment. The approach is 
decentralized, leaving the decision on his or her health records to the 
patient using smart contract enforcement and anti-tampering mechanisms. 
There is support for interoperability between healthcare providers to 
reduce redundancy and foster better coordination of care. Consensus-based 
mechanisms are used to address governance and data privacy issues, and 
privacy-preserving techniques such as off-chain storage are also adopted. 
In this way, technological innovation is brought into the forefront with the 
pressing urgencies of healthcare to present a scalable, future-proof model 
for digital health systems that can grow and mature with new technology 
and regulatory demands. 

Chapter 5 explores the transformation of healthcare in Industry 6.0 that 
is built on the cutting-edge technologies and how the care delivery, 
management and the experience of care is being changed in this era. 
Healthcare 6.0 (Healthcare 2.0) speaks of an intelligent future, where the 
patient has the support of artificial intelligence-powered diagnostics, a 
future based on personalized medicine and a future that is sustainable by 
its very nature. The technology is then discussed and is provided with real-
world application, along with the issues and opportunities that it brings. 
Thus, it emphasizes a need for patient centeredness, data security and eco-
friendly innovations. This work strives to generate future-ready solutions 
to the intelligent and buffer-resilient global health ecosystem by 
connecting technological advancements with healthcare practice. 

Chapter 6 addresses how the development of blockchain technology 
and the metaverse can reshape virtual experience as a basis of digital 
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interaction, ownership, and trust. In essence, the decentralized architecture 
and cryptographic security mechanisms render more transparent, secure, 
and permanent digital assets and identities in immersive virtual worlds. 
Besides the key features like NFTs, decentralized finance, and smart 
contracts that promise to drive innovation in metaverse ecosystems, the 
chapter also illustrates an array of other components in between. It 
includes current trends and real-world applications that the chapter has 
brought forth in demonstrating that blockchain technology is not a facility 
but a revolutionary technology transforming and building a future where 
digital experience makes a user-owned decentralized metaverse. 

Chapter 7 presents a large, flowing, and broad view on metaverses-as-
new-digital-frontiers affecting consumer behavior, technology, and 
society. Immersive platforms are challenged by virtual reality, artificial 
intelligence, blockchain, and 5G with regard to how they transform 
interaction, economics, and identity. Governance-for-digital-ownership 
and ethical issues-in-data-privacy, inclusivity, and regulatory compliance 
form some of the topics that the chapter addresses. For the metaverse to be 
successful, interoperability, standardization, and that thin line between 
virtual and physical realm are quite serious challenges. Drawing from the 
usage of real-life examples in the industry and academic discourse, it 
unveils what metaverse adoption can mean for various sectors, including 
education, tourism, marketing, and law. Ultimately, it presents, in 
synthetic form, a comprehensive roadmap for understanding and engaging 
the metaverse in ways that shape how peoples and institutions work within 
digitally augmented ecosystems. 

Chapter 8 explores the growing impact of the Metaverse in shaping the 
future of remote diagnostics and patient monitoring. As healthcare 
continues to move beyond the walls of traditional hospitals, this chapter 
examines how virtual environments, powered by Artificial Intelligence, 
Blockchain, and Quantum Intelligence, are creating more connected and 
responsive care systems. It discusses the evolving role of immersive 
technologies in delivering personalized treatment, improving access, and 
ensuring data security. The chapter also highlights key use cases, system 
architectures, and practical challenges that come with integrating these 
technologies. Overall, it offers a forward-looking perspective on how 
digital innovation is transforming healthcare into a smarter, more inclusive 
experience. 

Chapter 9 aims to harness these capabilities to classify and predict 
cancer using advanced computational techniques. Utilizing a dataset 
comprising 1,000 data points and 23 distinct features, the data is 
strategically partitioned—70% for training and 30% for testing—to ensure 
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rigorous evaluation of model performance. This chapter delves into several 
state-of-the-art classification methodologies, including Multiclass 
Classification Tree (MCT) analysis, Multiclass Logistic Regression 
(MLR), five variants of Deep Neural Networks (DNNs), and ResNet-
based deep learning architectures. Remarkably, the MCT model identifies 
just six key risk factors capable of achieving 100% classification accuracy. 
Similarly, MLR, DNNs, and ResNet models exhibit exceptional 
performance; each attains the perfect accuracy on both training and testing 
datasets. In parallel, the rapid evolution of AI and machine learning (ML) 
technologies has provided unprecedented capabilities in the detection and 
prediction of complex diseases such as cancer. 

Chapter 10 presents a comprehensive analysis of heart disease 
prediction models, leveraging a big dataset comprising six million 
observations with thirteen distinct features. Using a standard 70-30 split 
for training and testing, we evaluated the predictive capabilities of 
multiple AI and ML models through performance metrics such as 
accuracy. We employed Classification Tree (CT) and Classification 5.0 
Tree (C5.0T) analyses to identify key risk factors, revealing that only a 
subset-four in CT and six in C5.0T-is sufficient for accurate classification 
of patients. Additionally, we explored a range of predictive models 
including Binary Logistic Regression (LR), multiple Deep Neural 
Network (DNN) architectures, hybrid models combining C5.0T with 
DNN, and the advanced TabNet deep learning framework. Among these, 
the TabNet model emerged as the most promising, achieving remarkable 
accuracy scores of 93.2% for the training dataset and 91.7% for the testing 
dataset—outperforming all other approaches examined in this work. We 
hope that the insights presented here contribute meaningfully to the 
development of more accurate, efficient, and accessible diagnostic tools in 
the fight against heart disease. 

Chapter 11 explores how deep learning is transforming pulmonary 
nodule diagnosis in chest CT imaging, a crucial step in fighting lung 
cancer. By using semi-supervised and transfer learning techniques, the 
chapter addresses the challenge of limited labeled medical data, improving 
accuracy in distinguishing benign from malignant nodules. It also 
highlights the role of blockchain in enabling secure and ethical healthcare 
data sharing-an essential component of Industry 6.0. This chapter aims to 
inspire readers from both academia and industry to further explore AI-
driven, patient-centric innovations in medical diagnostics and 
collaborative healthcare systems. We hope that readers from both 
academia and industry find this chapter useful as they explore the 
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transformative potential of AI-driven healthcare solutions in the era of 
Industry 6.0. 

Chapter 12 explores the evolution to the era of intelligent metaverse, 
where artificial intelligence, blockchain, and virtual reality technologies 
are converging to reshape the landscape of digital interaction. This 
showcases how such innovations are generating decentralized, intelligent, 
and secure spaces that redefine social experiences, governance, and 
property ownership. Through the integration of AI-powered 
personalization, blockchain-based trust systems, and virtual reality 
environments, a new model of decentralized digital life is unfolding. This 
research explores the underlying architecture, ethical issues, and real-
world applications driving this revolution. Eventually, it outlines a future 
wherein human interaction, business, and innovation are mediated by 
smart, self-adjusting virtual worlds within a more decentralized, virtual-
led society. 

Chapter 13 explores the transition into the transformative era of 
Industry 6.0, where the convergence of digital twins, decentralized 
systems, and immersive metaverse technologies is reshaping the very 
fabric of healthcare. It highlights how these innovations are redefining the 
patient experience, placing individuals at the center of care that is 
intelligent, personalized, and accessible from anywhere. Through a blend 
of advanced simulations, peer-to-peer health models, and secure data 
ecosystems, a new paradigm of meta-health is emerging. This chapter 
delves into the architecture, ethics, and real-world applications driving this 
revolution. Ultimately, it envisions a future where human health is 
managed through intelligent, self-evolving digital reflections in a 
connected, virtual-first world. 
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Abstract 

The growing digitalisation of healthcare has resulted in the exponential 
rise of patient data, necessitating strong security procedures to maintain 
privacy and integrity. The paradigm of healthcare data security is changing 
dramatically as new technologies emerge, such as blockchain and quantum 
computing. Blockchain provides decentralised data management with 
immutability, but quantum computing presents both risks and potential for 
cryptographic security. This chapter delves into cutting-edge approaches 
to healthcare data security, including the use of blockchain for 
decentralised protection and quantum-resistant cryptography. The study 
contains experimental investigation, mathematical formulations, and case 
studies that emphasise real-world applications. The ethical concerns and 
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technical obstacles associated with these advanced technologies are also 
examined, as well as anticipated future trends influencing the healthcare 
data security landscape. 

Keywords: Healthcare data security, blockchain, quantum computing, 
data privacy, data integrity, cryptography, decentralized systems, 
quantum-resistant encryption, patient records, ethical considerations 

1.1 Introduction 

Electronic health records (EHRs), telemedicine platforms, wearable 
medical technology, AI-driven diagnostics, and other data-intensive 
medical technologies have all grown exponentially as a result of the 
healthcare industry’s digital transformation. These developments improve 
operational effectiveness and patient care, but they also pose serious 
security threats. Because patient data is so sensitive and valuable 
financially, the healthcare industry has become a prime target for 
cybercriminals. The rise in ransomware attacks, data breaches, and 
medical identity theft reports has shown weaknesses in conventional 
security systems. 

The basic layer of protection offered by current cryptographic security 
methods, such as symmetric and asymmetric encryption, is being 
challenged more and more by sophisticated cyberthreats, such as advanced 
persistent threats (APTs) and nation-state actors [1]. Furthermore, because 
quantum algorithms like Shor’s algorithm may break popular 
cryptographic protocols (like RSA and ECC) in a practical amount of 
time, the expected arrival of large-scale quantum computers poses an 
existential danger to current encryption systems. This necessitates using 
quantum-resistant cryptography techniques. 

By offering a decentralised, transparent, and immutable ledger system, 
blockchain technology presents a possible answer to some of these 
security issues. Blockchain improves data integrity and guards against 
unwanted changes by utilising smart contracts, consensus processes, and 
cryptographic hashing. The hazards of centralised databases, like single 
points of failure and unauthorised data alterations, are eliminated by the 
decentralised structure of blockchain. 

Contrarily, quantum computing plays a paradoxical role in healthcare 
data security, posing a threat to established cryptographic standards while 
simultaneously introducing innovative security solutions, especially 
through Post-Quantum Cryptography (PQC) and Quantum Key 
Distribution (QKD), which use the principles of quantum mechanics to 
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create unbreakable encryption and PQC to investigate mathematical 
problems that are immune to quantum attacks. 

In order to guarantee data privacy, security, and integrity in the 
healthcare industry, this chapter examines the innovative combination of 
blockchain technology and quantum computing. It looks at how 
blockchain can reduce cyber risks in the sharing and storing of medical 
data, while quantum cryptography approaches offer protection from new 
threats. We also go over the technical difficulties, ethical ramifications, 
and upcoming developments in this developing field. 

A comparison of blockchain technology, quantum cryptography, and 
conventional security measures in relation to healthcare data protection is 
shown in Table 1.1. It emphasises how quantum cryptography offers 
previously unheard-of degrees of security through quantum key distribution, 
while blockchain enhances conventional systems by providing decentralised 
trust and tamper-evident records [2]. This comparison highlights how digital 
security in the healthcare industry is changing and how important patient 
data availability, confidentiality, and integrity are. 

Table 1-1 Comparison of Traditional Security, Blockchain, and Quantum 
Cryptography in Healthcare 

Feature Conventional 
Cryptography 

Blockchain Quantum 
Cryptography 

Data Integrity Susceptible to 
illegal changes 
and data 
manipulation 

Ensured through 
immutability and 
cryptographic 
hashing 

Guaranteed by QKD 
and quantum 
entanglement 

Control of 
Access 

Depends on 
centralised 
authentication 
(e.g., username 
and password) 

Decentralised 
access with identity 
verification via 
cryptographic keys 

Quantum-resistant 
encryption enables 
secure and dynamic 
access control 

Danger/Threats Vulnerable to 
ransomware, 
phishing, and 
brute-force attacks 

Resistant to data 
breaches, but can be 
exposed to smart 
contract 
vulnerabilities 

Resistant to quantum 
attacks due to post-
quantum 
cryptography (PQC) 

Scalability Limited scalability 
due to 
performance 
overhead 

Scalability issues 
arise from 
consensus 
mechanisms (e.g., 
Proof-of-Work, 
Proof-of-Stake) 

Promising scalability 
through evolving 
quantum algorithms 
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Feature Conventional 
Cryptography 

Blockchain Quantum 
Cryptography 

Strength of 
Encryption 

Threatened by 
quantum 
decryption 
algorithms 

Uses traditional 
cryptographic 
methods which may 
be vulnerable to 
quantum computing 
attacks 

Quantum Key 
Distribution (QKD) 
ensures unbreakable 
encryption 

Adherence to 
Regulations 

Must comply with 
regulations like 
GDPR and 
HIPAA 

Promotes 
transparency, 
though regulatory 
clarity is still 
evolving 

Quantum security 
regulations are under 
development to 
address new 
cryptographic 
standards 

The complimentary functions of blockchain and quantum computing in 
enhancing healthcare data security beyond conventional encryption tech-
niques are highlighted in this table. Healthcare companies may build a 
strong defence against present and future cyberthreats by combining these 
cutting-edge technologies. 

1.2 Literature Survey 

In recent years, a lot of research has been done on the relationship between 
blockchain technology and quantum computing in healthcare data security. 
While the majority of current research focusses on using blockchain tech-
nology to guarantee safe, transparent, and impenetrable data storage, there 
is growing interest in how quantum computing might both weaken and 
increase cryptographic security. This section examines a range of academ-
ic viewpoints about these technologies, their effects on healthcare, and 
new developments in hybrid security models. 

1.2.1 Blockchain-Based Healthcare Security Frameworks 

By creating decentralised, immutable ledger systems that reduce depend-
ency on outside middlemen, blockchain technology has completely trans-
formed digital security. Numerous studies have shown that blockchain 
technology can be used to protect patient privacy, secure electronic health 
records (EHRs), and reduce the hazards associated with centralised data 
storage [3]. 
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1. Decentralised Data Management: Conventional healthcare data-
bases run on centralised systems that are vulnerable to illegal 
changes, cyberattacks, and single points of failure. By distributing 
records among several nodes, blockchain improves data security 
by guaranteeing data redundancy and resistance to unwanted ma-
nipulation. 

2. Smart Contracts for Secure Transactions: Smart contracts are self-
executing contracts that automate safe data access and sharing and 
enforce predetermined rules. According to studies, doing away 
with the need for middlemen in the sharing of medical data, in-
cluding smart contracts into healthcare systems, improves trust and 
lowers administrative costs. 

3. Interoperability and Patient Control: Enabling smooth yet safe in-
teroperability across various entities, including hospitals, insur-
ance companies, and pharmaceutical firms, is one of the core con-
cerns in healthcare data security [4]. Blockchain-based systems 
provide people more control over their medical records by imple-
menting cryptographic safeguards that guarantee only authorised 
parties can access patient data. 

Decentralised patient identity management systems, drug traceability apps 
to stop fake medications, and permissioned blockchain models that let 
authorities review medical records while protecting patient privacy are just 
a few examples of practical blockchain-based healthcare solutions that 
have been put forth. Scalability and regulatory compliance are still big 
issues, though. 

1.2.2 Quantum Computing and Its Impact on Healthcare Security 

A new paradigm in computing capabilities has been brought about by 
quantum computing, which makes it possible to perform intricate calcula-
tions that were previously impossible for traditional computers. However, 
there are serious threats to the security of healthcare data due to its pro-
pensity to crack popular cryptographic algorithms [5]. 

1. Risks Presented by Quantum Computing: Current encryption tech-
niques, such as RSA, ECC (Elliptic Curve Cryptography), and 
AES, depend on assumptions about computational complexity that 
quantum algorithms can effectively resolve [6]. Shor’s algorithm, 
for example, may factor big prime numbers tenfold quicker than 
traditional techniques, making RSA encryption useless. Similarly, 
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by speeding up brute-force attacks, Grover’s technique lowers the 
security of symmetric key encryption. 

2. Post-Quantum Cryptography (PQC): In order to overcome these 
difficulties, scientists have created post-quantum cryptography 
methods that can withstand quantum attacks. Among the most 
promising methods are hash-based signatures, multivariate poly-
nomial cryptography, and lattice-based cryptography. These tech-
niques make use of mathematical issues that even quantum proces-
sors cannot solve computationally. 

3. Quantum Key Distribution (QKD): In contrast to traditional cryp-
tography systems, QKD creates potentially unbreakable encryption 
keys by applying the laws of quantum mechanics. Any attempt at 
eavesdropping after two parties exchange a quantum key changes 
the quantum state, instantly warning the system of possible intru-
sions. QKD networks have shown promise in protecting medical 
data transmissions in a number of experimental implementations. 

Notwithstanding the potential security benefits, there are a number of 
obstacles to the widespread use of QKD and PQC in practice, including 
the requirement for standardisation, high implementation costs, and inte-
gration difficulties with current IT infrastructures. 

1.2.3 Hybrid Blockchain-Quantum Security Models 

To improve the security of healthcare data, recent research has concentrat-
ed on fusing blockchain technology with quantum cryptography methods. 
These hybrid models meet each technology’s unique constraints while 
using its advantages. 

1. Quantum-Resistant Blockchain: Conventional blockchain systems 
verify transactions using traditional cryptographic signatures. 
These signatures would be susceptible to quantum attacks in a 
post-quantum world [7]. To ensure blockchain security in the fu-
ture, researchers are investigating quantum-resistant digital signa-
tures, such as hash-based and lattice-based systems. 

2. QKD-Integrated Blockchain Networks: To offer quantum-secure 
communication channels, some suggested topologies combine 
QKD and blockchain. In these versions, blockchain transactions 
are encrypted using quantum-generated keys, guaranteeing long-
term security even against strong quantum adversaries. 

3. Quantum techniques and Secure Multi-Party Computation 
(SMPC): SMPC allows several parties to collaboratively compute 
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functions over their inputs while maintaining their privacy [8]. 
Ultra-secure collaborative computations for delicate healthcare 
applications, such as clinical trial research and genomic data 
analysis, can be made possible by quantum improvements to 
SMPC. 

Hybrid security frameworks have a lot of potential, but putting them into 
practice will involve overcoming a number of logistical and technological 
obstacles. These include the establishment of internationally recognised 
regulatory frameworks, interoperability with current blockchain 
infrastructures, and the prohibitive cost of quantum technology. 

1.2.4 Conclusion of Literature Survey 

The literature currently in publication emphasises how crucial it is to 
combine blockchain technology with quantum computing for healthcare 
security. Quantum technologies offer next-generation cryptography 
solutions to fend off future threats, while blockchain offers a decentralised 
and impenetrable framework for managing medical data. The integration 
of these domains signifies a noteworthy advancement in safeguarding 
confidential medical data from constantly changing cyberattacks. 
However, more developments in hardware scalability, regulatory 
compliance, and integration techniques are needed for a feasible 
implementation. 

1.3 Methodology 

The suggested framework creates a sophisticated security mechanism for 
medical data by combining blockchain technology with quantum 
cryptography. This hybrid strategy improves the effectiveness of data 
management in healthcare systems while guaranteeing strong data 
protection against both traditional and quantum-based cyberthreats. Each 
implementation step in the methodology’s structured sequence adds to the 
system’s overall security, integrity, and performance. 

1.3.1. Blockchain Implementation 

The creation of a permissioned blockchain network tailored for safe 
healthcare data management is the first stage. Hyperledger Fabric, an 
enterprise-grade blockchain platform renowned for its scalability, modular 
architecture, and privacy-focused features, is used to do this. Hyperledger 
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Fabric ensures adherence to healthcare regulations like HIPAA (Health 
Insurance Portability and Accountability Act) and GDPR (General Data 
Protection Regulation) by limiting participation to authorised entities, in 
contrast to public blockchain systems like Bitcoin and Ethereum that 
permit unfettered access [9]. 

a. Design of Blockchain Architecture 

Each node in the blockchain architecture represents a distinct player in the 
healthcare ecosystem, including regulatory agencies, insurance companies, 
and hospitals. Data redundancy and tamper resistance are ensured by the 
peer nodes‘ maintenance of copies of the distributed ledger. The Practical 
Byzantine Fault Tolerance (PBFT) technique is used by orderer nodes to 
oversee transaction consensus [10]. 

b.  Smart Contracts for Automated Access Control 

In Hyperledger Fabric, smart contracts—also referred to as chaincode—
are used to automate access control procedures. Strict authentication 
procedures are enforced by these contracts, guaranteeing that patient 
records are only accessible by authorised healthcare professionals. The 
logic of the smart contract consists of: 

1. Role-Based Access Control (RBAC): According to established 
policies, various access levels are granted to physicians, patients, 
and researchers.\ 

2. Time-Limited Permissions: To avoid abuse, data access is limited 
to specified times. 

3. Audit Logging Mechanisms: For forensic auditing, each transaction 
is permanently recorded on the blockchain.  

“Blockchain Features for Secure Electronic Health Record (EHR) 
Management,“ Table 1.2, lists important elements such as consensus 
mode, ledger type, privacy safeguards, and how smart contracts can 
improve the security and usability of encrypted medical data. 
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Table 1-2 Blockchain Features for Secure Electronic Health Record 
(EHR) Management 

Feature Description 
Ledger Type Permissioned Blockchain (Hyperledger Fabric) 
Consensus Mechanism Byzantine Fault Tolerance in Practice (PBFT) 

Application 
Electronic Health Records with Encrypted Data 
Storage (EHRs) 

Roles of Smart 
Contracts Automate rules for access control 

Mechanism of Privacy 
Zero-Knowledge Proofs (ZKPs) used for selective 
disclosure 

1.3.2 Quantum-Resistant Encryption 

The second phase makes sure that the encryption methods used to 
safeguard private medical information are impervious to attacks by 
quantum computing. Traditional encryption techniques like Elliptic Curve 
Cryptography (ECC) and Rivest-Shamir-Adleman (RSA) are susceptible 
to quantum techniques like Shor’s Algorithm, which effectively factorises 
big integers [11]. 

a. Lattice-Based Cryptography 

Lattice-based cryptography approaches are used to combat quantum 
threats. These cryptographic techniques are based on difficult 
mathematical problems that are still computationally impossible, even for 
quantum computers, such as the Shortest Vector challenge (SVP) and the 
Learning with Errors (LWE) challenge. 

The following are the main benefits of lattice-based encryption: 

Post-Quantum Security: Shor’s algorithm cannot crack lattice-based 
methods, in contrast to RSA or ECC. 

Scalability: Effective for encrypting vast amounts of medical data.  
Fully Homomorphic Encryption (FHE) Support: This feature protects 
patient privacy in AI-driven medical diagnostics by enabling calculations 
on encrypted data without the need for decryption. Table 1.3 presents a 
comparative analysis of encryption schemes, highlighting their key sizes, 
healthcare applications, and varying levels of quantum resistance. 
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Table 1-3 Comparative Analysis of Encryption Schemes for Healthcare 
Applications and Quantum Resistance 

Encryptio
n Scheme 

Key 
Size 

(Bits) 
Application in 

Healthcare 
Quantum 
Resistance 

RSA 2048 Digital Signatures 
Not Quantum-
Resistant 

Lattice-
Based 
(LWE) 

768–
2048 

Secure Electronic Health 
Record (EHR) Storage Quantum-Resistant 

Hash-
Based 
(XMSS) 512 Legacy Data Protection 

Not Fully Secure 
Against All Attacks 

ECC 256 
Digital Signatures for 
Blockchain Transactions Quantum-Resistant 

b. Quantum Key Distribution (QKD) 

Quantum Key Distribution (QKD) is used in the third phase to provide 
extremely secure channels of communication for the exchange of medical 
data. Because QKD makes use of the laws of quantum physics, any at-
tempt to intercept the communication will cause the quantum state to 
change, warning the system of possible eavesdropping. 

1.3.3 Implementation of BB84 Protocol 

In this framework, QKD is built on top of the BB84 protocol. This is how 
the protocol operates: 

1. Quantum State Transmission: Using an optical fibre network, Al-
ice, the sender, creates a random key encoded in quantum states 
(photons) and sends it to Bob, the recipient. 

2. Measurement and Basis Selection: Bob uses randomly selected ba-
ses (rectilinear or diagonal) to measure the received quantum states. 

3. Key Reconciliation: To save only matched bits, Alice and Bob 
compare measurement bases across a classical channel. 

4. Privacy Amplification: To prevent any information from leaking 
because of possible eavesdroppers, the final shared key is im-
proved. 
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a. Practical Considerations for QKD Deployment 

Limitation on Distance: Secure communication via fibre-optic lines is 
supported by current QKD implementations up to 500 kilometres. For 
future improvements, QKD will be integrated with satellite-based quantum 
networks to protect healthcare data globally. 

Cost and Infrastructure: Specialised hardware, including entanglement 
generators and single-photon detectors, is needed to deploy QKD. Table 
1.4 outlines the security features and implementation challenges of various 
QKD protocols, highlighting BB84, E91, and CV-QKD in terms of their 
effectiveness and technical requirements [12]. 

Table 1-4 Quantum Key Distribution (QKD) Protocols: Security Features and 
Implementation Challenges 

QKD Protocol Security Feature Implementation Challenge 
BB84 Identifies eavesdropping Requires specialised 

quantum infrastructure 
E91 
(Entanglement-
Based) 

Highly secure due to 
quantum entanglement 

Intricate and complex setup 

CV-QKD 
(Continuous 
Variable) 

Compatible with common 
telecom devices 

Increased sensitivity to 
noise 

1.3.4 Mathematical Formulation of Security Strength 

In the fourth stage, entropy calculations and cryptographic resistance 
models are used to analyse the suggested framework’s security strength. 

a. Entropy-Based Security Analysis 

The entropy of an encryption scheme determines its resistance to brute-
force attacks. The entropy H of a cryptographic key of length n bits is 
given by: 

𝐻𝐻 = 𝑛𝑛𝑙𝑙𝑙𝑙𝑙𝑙2(2) = 𝑛𝑛 𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 

This means a key of 𝑛𝑛 bits has 𝑛𝑛 bits of entropy, assuming uniformly 
random key generation. 

𝐻𝐻 = 256 𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 
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This high entropy renders brute-force attacks computationally infeasible 
even for quantum computers, as no known quantum algorithm can signifi-
cantly reduce the search space of such post-quantum schemes. 

b. Comparison with Traditional Encryption Models 

By examining the decryption complexity against quantum adversaries, we 
evaluate the security strength of quantum-resistant cryptography in com-
parison to classical approaches. Table 1.5 highlights the comparative 
decryption complexity of RSA, AES, and lattice-based encryption under 
both classical and quantum computational models, emphasising the quan-
tum resilience of lattice-based cryptography. 

Table 1-5 Comparative Decryption Complexity of Encryption Types under 
Classical and Quantum Attacks 

Encryption 
Type 

Decryption 
Complexity 
(Classical) 

Decryption Complexity 
(Quantum) 

RSA-2048 O(2112) Breakable in Polynomial Time 
(Shor’s Algorithm) 

AES-256 O(2256) O(2256)(Grover’s Algorithm) 
Lattice-
Based O(2512) (Secure) O(2512) (Secure) 

1.3.5 System Deployment and Performance Evaluation 

The last phase entails implementing the suggested framework in a mock 
medical setting and evaluating important performance indicators: 

a. Performance Metrics 

The evaluation includes: 

• Data Retrieval Speed: Indicates how fast patient records may be 
accessed by authorised users. 

• Encryption Overhead: Assesses the effectiveness of computing in 
protecting health information. 

• Attack Resistance: Evaluates resistance against quantum threats 
and illegal access. 
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Table 1.6 Comparative Performance Metrics of Traditional vs. Quantum-
Secure Blockchain Architectures highlights how lattice-based blockchain 
offers quantum security at the cost of increased data retrieval time and 
encryption overhead compared to traditional systems. 

Table 1-6 Comparative Performance Metrics of Traditional vs. Quantum-
Secure Blockchain Architectures 

Metric Traditional 
Blockchain 

Blockchain with 
Quantum Security 

(Lattice-Based) 

Blockchain with 
Quantum Security 

(RSA-2048) 
Data Retrieval 
Time 

50 ms 
(Optimised 
Querying) 

~120 ms ~105 ms (with 5% 
overhead) 

Encryption 
Overhead 

– 10% Increase 5% Increase 

Quantum 
Attack 
Adaptability 

Not 
Quantum-
Resistant 

Quantum-Secure Not Secure (Shor’s 
Algorithm can break it) 

Conclusion 

Quantum-based predictive modelling offers a transformative approach for 
anticipating extreme weather events by leveraging the unique capabilities 
of quantum computing to enhance forecasting accuracy and 
responsiveness in Industry 6.0 contexts [13]. Architecture permits future-
proof encryption techniques that are impervious to threats from quantum 
computing and guarantees tamper-proof, quantum-secure data storage. 
Although there are infrastructural issues with the initial deployment, these 
are outweighed by the long-term advantages, opening the door to 
extremely secure medical data ecosystems. 

1.4 Experiments 

A thorough set of four experimental scenarios was carried out in order to 
assess the resilience, effectiveness, and preparedness of the suggested 
quantum-secure blockchain architecture in the context of healthcare data 
management. With improved security standards, the environment 
replicated real-world healthcare data exchanges and was hosted on a 
cloud-based architecture. 
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1.4.1 Cryptographic Performance Evaluation 

This experiment contrasted lattice-based quantum-resistant encryption 
algorithms like NTRU with conventional encryption techniques like RSA 
(Rivest–Shamir–Adleman) and ECC (Elliptic Curve Cryptography) [14]. 
Three main criteria were examined: computational complexity, memory 
use, and execution time. The quantum-resistant algorithms showed greater 
scalability and future viability, exhibiting consistent performance even 
with big datasets and sophisticated computations, while classical 
approaches performed slightly quicker under light workloads. 

1.4.2 Data Integrity Assurance 

Multiple nodes were used to mimic a series of unauthorised data change 
attempts in order to evaluate the immutability features of blockchain. 
Every transaction was recorded, and attempts at tampering were made 
both prior to and following block confirmation. The unauthorised 
alterations were consistently identified and rejected by the blockchain’s 
consensus process. This strengthened the platform’s ability to preserve 
data integrity in dispersed healthcare settings. 

1.4.3 Quantum Attack Resistance 

This experiment applied Grover’s method (for speeding up brute-force 
searches) and Shor’s algorithm (for breaking RSA) to assess the resilience 
of conventional cryptography systems to quantum computing threats using 
IBM Q’s quantum simulation platform [15]. The keys of RSA and ECC 
were compromised during simulated quantum runs, demonstrating their 
vulnerability. Lattice-based encryption systems, on the other hand, 
demonstrated their resilience to possible quantum decoding attempts by 
remaining secure under every tested situation. 

The combination of blockchain technology and quantum cryptography 
to improve the security and privacy of healthcare data systems is shown in 
Figure 1.1. Blockchain helps by guaranteeing data decentralisation, 
immutability, and integrity, and quantum cryptography offers quantum-
safe encryption techniques to guard against potential computational 
dangers. Patient consent, regulatory compliance, and quantum readiness 
are just a few of the ethical and technical issues that surround the crucial 
function of healthcare data security. 

Future developments are portrayed as progressive steps towards an 
effective, safe, and patient-centred healthcare ecosystem. Examples 
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include AI-driven security automation, the creation of blockchain 
architectures that are resistant to quantum errors, and decentralised identity 
management. In the post-quantum era, this comprehensive paradigm 
emphasises the necessity of ongoing innovation and adaptation to protect 
sensitive medical data. 

 
Fig. 1-1 Integration of Blockchain and Quantum Cryptography for Secure 
Healthcare Data Management 

1.4.4 Latency and Scalability Analysis 

This experiment replicated real-time healthcare record sharing and 
insurance claim processing by measuring transaction processing times 
under various data loads. From low transaction volumes to high stress 
scenarios, the system’s throughput and latency remained consistent. 
Performance was maintained despite the exponential growth in the number 
of transactions thanks in large part to Hyperledger Fabric’s modular 
architecture. The system’s ability to be implemented in dynamic 
healthcare networks was confirmed by the results. 

Through a series of experiments concentrating on data integrity, 
quantum resistance, scalability, and cryptographic performance, a 
thorough evaluation of the suggested quantum-secure blockchain 
framework was carried out. Table 1.7 presents the results, which show 
how effective classical and quantum-resistant encryption techniques are in 
comparison, how resilient the blockchain is to unauthorised changes, how 
quantum attacks affect conventional cryptography, and how scalable the 
network is under high transaction loads. These outcomes support the 
framework’s potential for safe, long-term implementation in medical 
settings. 
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Table 1-7 Summary of Experimental Analysis 

Experiment 
Goals 

Important Findings Conclusion 

Performance of 
Cryptography 

Examined and contrasted traditional 
and quantum-resistant encryption 
techniques. Lattice-based encryption 
was slightly slower but secure and 
scalable. 

Quantum-safe 
encryption offers 
future-proof 
security. 

Assurance of 
Data Integrity 

Tested the blockchain’s tamper 
detection capabilities. The consensus 
system identified and rejected all 
unauthorised changes. 

Guarantees robust 
data integrity for 
healthcare 
applications. 

Resistance to 
Quantum Attacks 

Used IBM Q simulations to assess 
vulnerability to quantum decryption. 
Lattice-based techniques remained 
secure; RSA and ECC were 
vulnerable. 

Confirms the 
necessity of post-
quantum 
encryption. 

Scalability and 
Latency 

Evaluated system performance under 
high transaction volumes. 
Transaction speed remained 
consistent with a modular blockchain 
design. 

The system is 
scalable and 
efficient for real-
world healthcare 
tasks. 

1.5 Results and Discussion 

The experimental analysis’s findings provide a thorough grasp of the 
security and performance potential of the suggested architecture. Com-
pared to conventional RSA and Elliptic Curve Cryptography (ECC), 
lattice-based cryptography, which forms the basis of the system’s quan-
tum-resistant encryption algorithms, has significant resilience against 
quantum decoding attempts. IBM Q simulations show that RSA and ECC 
are quite vulnerable to quantum algorithms like Shor’s algorithm, but 
lattice-based systems are immune because of their intricate mathematical 
underpinnings. 

The system’s blockchain layer has a high level of resilience to tamper-
ing. The distributed ledger’s intrinsic immutability prevents attempts to 
change stored healthcare data. This strengthens data integrity and guaran-
tees a reliable audit trail. By programmatically enforcing access limits, 
allowing permissions only to confirmed parties, and recording each trans-
action or access attempt, smart contracts further improve this layer. 
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Encryption techniques are considerably strengthened when Quantum 
Key Distribution (QKD) is incorporated into the system architecture. Key 
interception and man-in-the-middle attacks are eliminated thanks to QKD, 
which makes it possible to generate and exchange encryption keys secure-
ly using the concepts of quantum physics [16]. According to experimental 
findings, using QKD significantly lowers key compromise rates. 

Due to their more intricate encryption and decryption procedures, 
quantum-resistant algorithms result in higher computational overhead 
from a performance perspective. However, given the long-term advantages 
of quantum security, this trade-off is thought to be acceptable. Despite 
slightly higher processing times, the system retains functional efficiency 
under typical healthcare workloads. 

The blockchain network can manage a significant number of healthcare 
transactions, according to scalability studies conducted under simulated 
high-load scenarios. For real-time applications, however, additional optimi-
zation—such as layer-2 solutions or parallel chain architectures—may be 
required, as the latency increases somewhat with network traffic. 

The experimental results demonstrate how well combining blockchain 
technology with quantum-resistant encryption techniques can secure 
medical data, as shown in Table 1.8. The findings demonstrate that lattice-
based cryptography systems outperform conventional RSA and ECC 
algorithms in terms of robustness against quantum assaults. The un-
changeable ledger of the blockchain network effectively guarantees data 
integrity, while smart contracts impose stringent access limitations. Addi-
tionally, including Quantum Key Distribution (QKD) improves key securi-
ty by reducing the possibility of interception. Quantum-resistant protocols 
result in a substantial increase in computational overhead, but the in-
creased security benefits outweigh this trade-off. Tests of scalability also 
reveal that the system can handle large amounts of medical data, but with 
significant latency when under high stress, indicating room for improve-
ment in the future. 

Table 1-8 Summary of Experimental Results and Discussion 

Parameter Results Implications 
Quantum 
Opposition 

Quantum decryption cannot 
break lattice-based 
encryption; RSA and ECC 
are susceptible. 

Highlights the need for post-
quantum cryptography to 
secure future medical data. 

Integrity of 
Data 

No successful data 
manipulation observed in the 
blockchain ledger. 

Demonstrates how 
blockchain’s immutability 
ensures data reliability. 
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Controlled 
Access 

Smart contracts effectively 
prevent unauthorised access. 

Automatically enforces 
security and compliance 
regulations in healthcare. 

Eavesdropping 
Prevention 

Quantum Key Distribution 
(QKD) significantly reduces 
interception risks. 

Enhances protection of 
encryption keys from being 
intercepted. 

Performance 
Overhead 

Quantum-resistant 
algorithms show higher 
resource usage. 

Provides better security at a 
reasonable cost, but needs 
optimisation for widespread 
adoption. 

Expandability Capable of managing heavy 
transaction loads with 
acceptable latency. 

Suitable for scalable 
healthcare systems; requires 
tuning for real-time 
performance. 

1.6 Case Studies 

Case Study 1: Blockchain-based Electronic  
Health Records (EHR) System in Canada 

A blockchain-based EHR platform has been implemented in Canada as 
part of a pilot study to enhance patient data management in a number of 
healthcare facilities [17]. While guaranteeing that data is encrypted, im-
penetrable, and available to authorised individuals only, this system ena-
bles smooth interoperability between clinics, hospitals, and pharmacies. 
The platform reduces administrative burden and unnecessary testing by 
enabling real-time access and modifications of medical records via a 
permissioned blockchain. Because blockchain technology is visible and 
unchangeable, the program has observed a notable decrease in data 
breaches since its implementation. Furthermore, automated data access 
permissions made possible by smart contract use provide patients the 
ability to control who can access their data. 

An important advancement in digital health innovation has been made 
with the introduction of blockchain technology into Canada’s healthcare 
system. The Canadian pilot program uses a permissioned blockchain net-
work to improve interoperability amongst pharmacies, clinics, and hospi-
tals, as shown in Table 1.9. By limiting access to patient records to those 
who are authorised, this system upholds stringent privacy regulations. 

The platform improves transparency and trust by giving patients the 
ability to manage who has access to their electronic health records (EHRs) 
through the use of smart contracts. Due in large part to automation in data 
exchange and record verification, the pilot’s results show a discernible 


