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Abstract— Blockchain has become a game-changing
technology that can address important issues in
healthcare, such as security, interoperability, and data
privacy. Conventional healthcare systems rely on
centralised architectures that are vulnerable to
fragmented data  storage, inefficiencies, and
cyberattacks. New models for patient data ownership,
secure data exchange, supply chain integrity, and
reliable healthcare procedures are made possible by
blockchain's decentralised, cryptographically secure,
and tamper-resistant characteristics. This paper offers a
thorough examination of blockchain applications in the
healthcare industry, including data management models,
consensus processes, architectural frameworks, and
privacy-preserving strategies. Critical analysis is done on
use cases such insurance processing, telemedicine,
medical IoT, pharmaceutical supply chains, clinical trial
management, and electronic health records (EHRs).
There is discussion of issues like integration obstacles,
scalability, regulatory compliance, and quantum-
security threats. Future research directions including
hybrid architectures, Al-blockchain integration, and
global health data interoperability are discussed in the
paper's conclusion.

Index Terms—  Blockchain, healthcare, EHR,
interoperability, decentralization, privacy, smart
contracts.

I. INTRODUCTION

Rapid  advancements in  information  and
communication technology are driving a significant
digital change in the healthcare industry. Healthcare
delivery, diagnosis, and patient involvement have all
been greatly enhanced by innovations including
electronic health records (EHRs), cloud computing,
telemedicine, medical Internet of Things (IoT), big
data analytics, and artificial intelligence (Al).
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Nonetheless, issues with data security, privacy,
interoperability, trust, and governance continue to
plague healthcare systems. The extremely sensitive
nature of medical data and the rise in cyberattacks that
target healthcare infrastructures make these problems
worse [1]. The majority of traditional healthcare
information systems are built on centralised
architectures, in which specific hospitals, labs,
insurance companies, or outside service providers
store and handle data. Centralised systems make
administration easier, but they also provide single
points of failure and are extremely susceptible to
system disruptions and data breaches [2]. Due to the
enormous value of medical data, recent research
shows that healthcare organisations are among the
most commonly targeted industries for ransomware
and data theft attacks [3].

In addition to security concerns, healthcare system
suffer from fragmented data storage and poor
interoperability. Patient data is often scattered across
multiple institutions, each using proprietary data
formats and standards. Moreover, fragementation
leads to delayed diagnoses and cost of healthcare
increases [4]. Health information exchange (HIE)
systems have been proposed to address these issues;
however, they often rely on trusted intermediaries and
centralized governance models, which raise concerns
about transparency, scalability, and long-term
sustainability [5].

Blockchain technology has emerged as a promising
solution to address many of these -challenges.
Blockchain is a distributed ledger technology that
enables secure, transparent, and tamper-resistant
record-keeping in decentralized environments [7]. A
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blockchain is sequence of blocks, each of which
comprises timestamps, cryptographic hashes, and a set
of transactions. Before transactions are permanently
stored, consensus methods make sure that all
participating nodes concur on their legitimacy. Data
integrity and auditability are ensured because once
data is added to the blockchain, it is very difficult to
change. [8].

Blockchain's decentralised architecture eliminates
single points of failure and lowers the possibility of
significant data breaches. Digital signatures, hashing,
and public-key encryption are examples of
cryptographic algorithms that safeguard data validity
and stop unwanted changes. Because of these
characteristics, blockchain is especially well-suited for
healthcare applications, where trust, accountability,
and data integrity are crucial [9]. Unlike traditional
databases, blockchain allows multiple stakeholders to
maintain synchronized copies of the ledger, enabling
transparent and verifiable data sharing across
organizational boundaries.

One of the most significant contributions of
blockchain to healthcare is its ability to enable patient-
centric ~ data  ownership  models.  Through
cryptographic keys and smart contracts, blockchain-
based systems enable patients to maintain control over
their medical records while granting access
permissions to medical professionals, researchers, or
insurance [10]. Smart contracts are self-executing
programs deployed on the blockchain that
automatically enforce predefined rules and policies. In
healthcare, smart contracts can be used to manage
consent, automate data access control, and ensure
compliance with regulatory requirements [11].
Blockchain also addresses interoperability challenges
by acting as a secure interoperability layer rather than
a centralized data repository. Instead of storing large
volumes of medical data directly on the blockchain,
most healthcare blockchain solutions store data oft-
chain and record cryptographic hashes or pointers on-
chain. This approach ensures data integrity while
maintaining scalability and compliance with privacy
regulations [12]. Privacy preservation is a critical
consideration in healthcare blockchain systems. While
blockchain offers transparency and immutability,
healthcare data must remain confidential and
accessible only to authorized parties. To address this,
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researchers have proposed various privacy-enhancing
techniques, including encryption-based access control,
zero-knowledge  proofs,  secure  multi-party
computation, and homomorphic encryption [13].
These techniques allow sensitive health data to be
verified or shared without revealing the underlying
information, thereby balancing transparency with
privacy. [14].

Blockchain applications in healthcare span a wide
range of use cases. In electronic health record
management, blockchain can ensure secure data
sharing, provenance tracking, and patient-controlled
access across healthcare providers [15]. In
pharmaceutical supply chains, blockchain enables
end-to-end traceability of drugs from manufacturers to
patients, helping to prevent counterfeit medicines and
ensure regulatory compliance [16]. Telemedicine
platforms benefit from blockchain by securing remote
consultations, authenticating participants, and
maintaining immutable consultation records [17].

Blockchain implementation in healthcare confronts a
number of obstacles despite its potential. Since many
blockchain platforms are unable to manage the high
transaction volumes and low latency requirements of
healthcare applications, scalability continues to be a
significant constraint [21]. Another crucial issue is
regulatory compliance. Strict laws pertaining to data
governance, permission, and privacy apply to
healthcare data. Blockchain's immutability clashes
with legal obligations that, in some circumstances,
demand data deletion or alteration. Careful
architectural design, including off-chain storage, data
anonymisation, and compliance-aware  smart
contracts, is necessary to address these problems [23].
In addition, successful adoption of blockchain
integration with traditional healthcare systems
requires overcoming organisational, cultural, and
technical obstacles. This study offers a thorough
review of blockchain applications in healthcare in light
of these prospects and difficulties. It looks at data
management  models,  consensus  processes,
architectural frameworks, and privacy-preserving
strategies that are pertinent to healthcare settings.
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II. BACKGROUND AND RELATED WORK

Background

Electronic health records (EHRs), telemedicine
systems, wearable medical devices, and data-driven
clinical decision support tools have become widely
used as a result of the growing digitisation of
healthcare. Although these technologies have
increased productivity and accessibility, they have
also created serious problems with data security,
privacy, interoperability, and trust. Healthcare
information is extremely sensitive and needs to be
shielded from misuse, alteration, and illegal access.
Conventional healthcare information systems mainly
rely on centralised architectures, in which individual
organisations or outside service providers store and
manage data. These systems can interrupt healthcare
services and jeopardise patient safety since they are
intrinsically susceptible to cyberattacks, data breaches,
and system failures [1], [3].

Blockchain technology provides a decentralized
alternative  to  traditional data management
architectures. Introduced by Nakamoto in 2008 as the
underlying technology for Bitcoin, blockchain enables
distributed, immutable, and cryptographically secure
record-keeping without reliance on a central authority
[7]. By connecting transactions on a blockchain using
cryptographic hashes and verifying them using
consensus techniques, data integrity and tamper
resistance are guaranteed. These attributes are
particularly helpful in healthcare environments, where
trust between different stakeholders is essential. The
three primary categories of blockchain designs are
consortium, public, and private. Despite their high
transparency and decentralisation, public blockchains
are less suitable for healthcare applications because of
their scalability and privacy concerns. Because private
and consortium blockchains like Hyperledger Fabric
provide regulated access, improved performance, and
adjustable privacy features, they are more suited for
healthcare use cases [10].

Healthcare organisations may safely share data while
adhering to regulations thanks to these permissioned
models. Blockchain's capacity to facilitate patient-
centric data ownership and access management is a
major benefit for the healthcare industry. With the use
of smart contracts and cryptographic keys, blockchain-
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based systems provide patients choice over who can
access their health information. Smart contracts are
programmable entities that automatically enforce
compliance standards, consent management, and
access regulations. [11]. This strategy increases
stakeholder trust, lowers administrative overhead, and
improves transparency.

However, storing enormous volumes of healthcare
data directly on the blockchain is not practical due to
scalability and cost concerns. Because of this, most
healthcare blockchain systems employ hybrid data
management techniques, where sensitive data is kept
off-chain and only cryptographic hashes or metadata
are kept on-chain. This approach preserves data
integrity while ensuring scalability and adherence to
privacy regulations [12].

Privacy protection is a key problem in blockchain
solutions for healthcare. Despite blockchain's
transparency and immutability, healthcare data must
be kept confidential and only accessed by authorised
individuals. To address this, researchers have looked
into state-of-the-art cryptographic techniques like
homomorphic encryption, zero-knowledge proofs,
encryption-based access control, and secure multi-
party computation [13].

Related Work

Data access control and safe medical record
management were the main topics of early blockchain
research in the healthcare industry. MedRec, one of
the first blockchain-based systems for medical data
access and permission management, was proposed by
Azaria et al. MedRec showed how medical data might
be kept off-chain while using blockchain as a
decentralised access-control layer for EHRs [9].
Similarly, Yue et al. presented a blockchain-based
healthcare data gateway platform to improve data
security and provider interoperability [11].

Blockchain platforms and architectures appropriate for
healthcare applications have been investigated in a
number of studies. Hyperledger Fabric, a
permissioned blockchain system with fine-grained
access control and modular consensus techniques, was
introduced by Androulaki et al. [10]. Because of its
adaptability, scalability, and support for private data
channels, Hyperledger Fabric has been extensively
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used in healthcare research. Zheng et al. gave a
thorough introduction to blockchain technology,
emphasising how it may be used in a variety of fields,
including healthcare [8].

The situation of blockchain usage in healthcare has
been further investigated via systematic literature
reviews. After conducting a thorough analysis of
blockchain-based healthcare solutions, Holbl et al.
found important application areas like clinical
research, supply chain tracking, and EHR
management [15]. A more comprehensive analysis of
blockchain applications was provided by Casino et al.,
with a focus on architectural patterns, consensus
procedures, and performance constraints [12]. These
analyses draw attention to both the possible
advantages and the technical difficulties of
implementing blockchain technology in the medical
field.

A lot of research has also been done on blockchain-
based solutions for pharmaceutical supply chains. In
order to avoid counterfeit medications and guarantee
regulatory compliance, Mackey and Nayyar looked at
how blockchain can enhance transparency and
traceability in medicinal supply chains [16]. Their
research showed that decentralised verification
systems and unchangeable transaction records can
greatly improve supply chain integrity. Research
interest in integrating blockchain with medical IoT is
growing. In order to solve issues with device
authentication, data integrity, and access control,
Zhang et al. suggested a blockchain-based secure data
sharing architecture for medical IoT contexts [14].
Blockchain-enabled IoT healthcare systems were
further investigated by Rathee et al., who focused on
decentralised trust management and safe data transfer
[18].

Applications of blockchain technology in biomedical
research and clinical trials have also been studied.
Benchoufi and Ravaud talked about how blockchain
technology may guarantee immutable protocol
registration, secure patient consent, and reliable data
reporting, all of which would enhance the calibre and
transparency of clinical research [19]. Long-standing
issues with data tampering, selective reporting, and
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lack of reproducibility in clinical research are
addressed by these elements. Blockchain has also been
used in the processing of health insurance and claims.
Through transparent and auditable transaction records,
Engelhardt examined the application of blockchain
technology to automate insurance procedures and
lower fraud [20]. Automated verification and
settlement procedures made possible by smart
contracts cut down on administrative expenses and
delays.

Even with the increasing amount of research, there are
still a number of unanswered questions. Widespread
adoption is nevertheless hampered by scalability
issues, energy-intensive consensus processes, and
integration with existing healthcare systems [21].
Additional limitations include data protection and
regulatory compliance, especially considering
blockchain's immutability [23]. The long-term
sustainability of current cryptographic techniques is
also called into question by new security risks, such as
quantum computing [24].

III ARCHITECTURE AND METHODOLOGY

Architectural Overview

A hybrid, permissioned blockchain architecture is
used in the suggested blockchain-based healthcare
framework (fig. 1) to address the fundamental issues
of data security, privacy, interoperability, and
scalability in healthcare systems. To maintain
efficiency and regulatory compliance, the architecture
leverages off-chain storage and current healthcare
information systems while integrating blockchain as a
decentralised trust layer. This design adheres to best
practices found in earlier blockchain healthcare
research, which place a strong emphasis on separating
transaction verification from data storage and access
control [9], [12], and [15].

The data source layer, off-chain data management
layer, blockchain network layer, smart contract and
services layer, and application and user interface layer
are the five main layers that make up the architecture.
While preserving safe and verifiable interactions with
neighbouring levels, each layer is intended to operate
independently.
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Fig 1. Architecture of health care framework

Data Source Layer

All organisations in charge of producing healthcare
data are included in the data source layer. Hospitals,
clinics, pharmacies, insurance companies, diagnostic
labs, telemedicine platforms, and medical IoT devices
are a few examples. EHRs, medical photos, lab results,
sensor readings, prescription records, insurance
claims, and clinical trial data are among the data
produced at this layer. Direct blockchain storage is not
feasible due to the volume and heterogeneity of
healthcare data. Rather, data is securely sent to the off-
chain data management layer after being structured in
accordance with healthcare interoperability standards

(4], [14].

Off-Chain Data Management Layer

Sensitive medical data is kept off-chain in secure
databases or distributed storage systems to overcome
privacy and scalability issues. Depending on the needs
of the institution, decentralised storage systems,

cloud-based storage, or hospital data centres may be
employed. Before being stored, every data record is
encrypted using symmetric or asymmetric
cryptographic techniques. The blockchain layer
receives a cryptographic hash of the encrypted data
together with metadata like timestamps and access
policies [12]. This strategy maintains data integrity
and traceability while guaranteeing that huge medical
datasets stay off the blockchain. Any changes made to
off-chain data cause a hash mismatch, which makes
tamper detection possible. Hospital blockchain
solutions like MedRec and other EHR management
systems have extensively embraced this hybrid storage
format. [9], [11].

Blockchain Network Layer

The system's fundamental trust architecture is the
blockchain network layer. Controlled participation,
minimal latency, and regulatory compliance are
achieved through the wuse of a permissioned
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blockchain, like Hyperledger Fabric [10]. Healthcare
providers, labs, insurance companies, regulatory
bodies, and authorised researchers are all part of the
network. A membership service provider enforces
identity management, guaranteeing that only
authorised and authenticated entities can access the
network.

Byzantine fault-tolerant (BFT) or crash fault-tolerant
mechanisms, which provide higher throughput and
lower energy consumption than proof-of-work
systems, are used to obtain consensus among
blockchain nodes [21], [22]. In healthcare settings,
where participants are well-known and only partially
trusted, this consensus model works well. The
blockchain ledger stores immutable records of
healthcare transactions, including data access requests,
consent updates, prescription issuance, insurance
claims, and supply chain events. Each transaction is
cryptographically signed to ensure authenticity and
non-repudiation.

Smart Contract and Services Layer

The healthcare ecosystem's business logic is
implemented by the smart contract layer. Workflow
automation, audit tracking, access control, and patient
permission are all managed by smart contracts. In
addition to defining granular access controls that
indicate which entities can access particular data types
and under what circumstances, patients are given
cryptographic  identities [10], [11]. Consent
management smart contracts guarantee transparency
and verifiability by storing patient authorisations on
the blockchain. Healthcare providers' access requests
initiate smart contract execution, which checks
authorisation prior to allowing access to off-chain data
pointers. This method lessens the need for centralised
administrators while enforcing patient-centric data
ownership.

Clinical trial management, insurance claim
processing, and pharmaceutical supply chain tracking
are examples of domain-specific services that are
supported by additional smart contracts. Smart
contracts, for instance, enable end-to-end traceability
and counterfeit detection in drug supply chains by
recording production, distribution, and dispensing
activities [16]. Smart contracts reduce fraud and
administrative waste in insurance workflows by
automating claim validation and settlement [20].
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Application and User Interface Layer

The blockchain system can be accessed by various
stakeholders through interfaces provided by the
application layer. Secure dashboards that are
integrated with the hospital's current information
systems give healthcare personnel access to patient
data. Patients can check their medical records, manage
consent, and keep track of data access events using
mobile or web applications. For the sake of
compliance and supervision, insurers and regulators
have access to audit logs and transaction records.
Interoperability between the blockchain system and
traditional healthcare platforms is made easier by
application programming interfaces, or APIs. This
modular strategy encourages the progressive
deployment of blockchain technology while
minimising disturbance to current procedures [15].

Methodology

The methodology followed in this work consists of
four key phases: system design, implementation
strategy, security and privacy analysis, and
performance evaluation. This structured methodology
ensures that architectural decisions are aligned with
healthcare requirements and validated against existing
research.

System Design Phase

The system design phase begins with a requirements
analysis based on common healthcare challenges
identified in the literature, including data security,
interoperability, patient privacy, and regulatory
compliance [1], [4], [23]. Based on these
requirements, a permissioned hybrid blockchain
architecture is selected to balance decentralization
with performance and governance needs. Use case
analysis is conducted for key healthcare domains such
as EHR management, pharmaceutical supply chains,
telemedicine, medical IoT, clinical trials, and
insurance processing. For each use case, data flows,
stakeholders, and trust assumptions are identified,
informing the design of smart contracts and access
control policies.

Implementation Strategy

The implementation strategy leverages modular
blockchain platforms such as Hyperledger Fabric,
which support configurable consensus mechanisms,
private data channels, and fine-grained access control
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[10]. Smart contracts are implemented using
chaincode to define consent rules, transaction
validation logic, and workflow automation. Off-chain
storage systems are integrated using secure APIs, and
cryptographic hash functions are used to link off-chain
data with on-chain records. Identity and key
management
authentication and authorization of all participants.

mechanisms ensure secure

Security and Privacy Analysis

Security and privacy are evaluated through threat
modeling and analysis of potential attack vectors,
including unauthorized access, data tampering, insider
threats, and denial-of-service attacks. The use of
cryptographic signatures, encryption, and immutable
ledger records mitigates these risks [2], [8].
Privacy-preserving techniques such as encryption-
based access control and selective disclosure are
incorporated to ensure compliance with healthcare
data protection regulations. Advanced cryptographic
approaches, including zero-knowledge proofs, may be
integrated to further enhance privacy in sensitive data-
sharing scenarios [13].

Performance and Scalability Evaluation

Performance evaluation focuses on transaction
throughput, latency, and system scalability. The
selected permissioned blockchain architecture and
BFT-based consensus mechanisms provide improved
performance compared to public blockchains [21].
Scalability is further enhanced through off-chain data
storage and batching of transactions.

The system’s ability to support multiple healthcare use
cases is assessed through scenario-based analysis,
demonstrating its flexibility and extensibility.
Limitations related to network size, transaction
volume, and interoperability are identified and
discussed to guide future enhancements.

IV RESULTS AND DISCUSSION

The  proposed  blockchain-based  healthcare
architecture was evaluated qualitatively and
analytically across multiple healthcare use cases,
including electronic  health records (EHRs),
pharmaceutical supply chains, telemedicine, medical
IoT, clinical trials, and insurance processing. The
evaluation  focuses on  security,  privacy,
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interoperability, transparency, and operational
efficiency.

Security and Data Integrity

Strong data integrity and non-repudiation are ensured
by combining digital signatures and cryptographic
hashes with a permissioned blockchain. The method
prevents sensitive medical records from being directly
exposed while enabling tamper detection by storing
cryptographic hashes of off-chain healthcare data on
the blockchain. Any unauthorised alteration to off-
chain data causes a hash mismatch, which instantly
exposes integrity breaches. This outcome is consistent
with research from MedRec and other blockchain-
based EHR frameworks that show better resistance to
data manipulation than centralised systems.

Privacy and Access Control

Smart contract-based patient-centric access control
offers auditable and fine-grained permission
management. Patients have the ability to dynamically
allow or revoke access to particular researchers,
insurers, or healthcare providers. This method lowers
administrative overhead while increasing transparency
and user confidence when compared to conventional
role-based access control systems. Encryption-based
access control and permissioned blockchain enable
adherence to healthcare data protection laws.

Interoperability and Data Sharing

Instead of serving as a centralised data repository, the
design serves as an interoperability layer. The
framework facilitates safe cross-institutional data
sharing by connecting disparate healthcare systems via
blockchain-based metadata and standardised APIs.
This addresses one of the main drawbacks of
traditional healthcare information systems by greatly
reducing data silos and enhancing care coordination.

Performance and Scalability Considerations

According to performance analysis, permissioned
blockchains with Byzantine fault-tolerant consensus
offer greater throughput and reduced latency when
compared to public blockchain networks. By reducing
the volume of on-chain data, off-chain data storage
enhances scalability even more. However, network
size, transaction frequency, and smart contract
complexity continue to affect the system's
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performance, which is in line with scaling findings
from earlier research.

V CONCLUSION

By improving security, interoperability, and
transparency, blockchain technology has the potential
to completely transform healthcare institutions. Its
decentralised architecture facilitates fraud-proof
insurance processing, safe loT communication,
effective clinical trials, protection of counterfeit drugs,
and reliable medical data transmission. Ongoing
innovation indicates that blockchain will be a key
component of future healthcare ecosystems, despite
issues with scalability, laws, and interface with older
systems. To fully realise its promise, governments,
blockchain developers, and healthcare
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