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Abstract - Blockchain enabled systems are more and more 

adopted in healthcare for secured processing of data, but current 

smart contract usage in healthcare leaks private patient data on 

execution. The contributions of this paper are two-fold: (1) it 

proposes a new framework that combines ZKPs with healthcare 

smart contracts/transactions to achieve full privacy preservation 

and (2) it discusses the security, usability, and the efficiency of the 

framework at the same time. Our proposed framework is based on 

zero-knowledge proof systems zkSNARKs (Zero-Knowledge 

Succinct Non-Interactive Argument of Knowledge) and 

zkSTARKs (Zero-Knowledge Scalable Transparent Argument of 

Knowledge) tailored for computer on medical data without 

revealing effectively. We conduct extensive analysis and 

prototype implementation to show that our framework is able to 

achieve perfect privacy preservation at a 1.87% computational 

overhead increase with respect to standard smart contracts. The 

system processes over 10,000 medical records with sub-second 

verification times and that meet the HIPAA requirements. 

Experimental results in diverse healthcare applications attest to 

the efficacy of the approach in practice, and show the substantial 

gain of privacy preservation (99.8% retention rate) and 

computational efficiency over the state-of-art algorithms. This 

paper bridges the gap between blockchain’s transparency and 

healthcare’s privacy requirements, laying the groundwork for 

secure and privacy-preserving blockchain based healthcare 

applications. 
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1.INTRODUCTION  

 
The integration of blockchain and health systems brings 
unprecedented potentiality to store medical data securely, 
transparently, efficiently [1]. Smart contracts A smart contracts is 
a self-executing contract with the terms of the agreement between 
the parties is directly written into code; which provides automated 
healthcare processes such as insurance claims, medical record 
access, and treatment protocol enforcement [2].. Nevertheless, the 
inherent transparency of blockchain systems contradicts the 
privacy needs that are part of healthcare regulations (e.g., HIPPA 
and GDPR) [3]. 

Existing health-care blockchains face a fundamental dilemma 
of how can one obtain the benefits of the transparency of 
blockchains, while still withholding sensitive patient data. 
Conventional schemes utilise off-chain storage or encryption 
methods, but lack in either transparent blockchain records or 
computational efficiency [4].  The problem becomes even more 
moot in the case of running smart contracts, as the logic needs to 
be claimed to be executed using the actual data values, which may 

also lead to medical information breach to be possible to be viewed 
by any user of the network. 

Zero-knowledge proof (ZKP) protocols are a paradigm-
changing way to solve this privacy paradox. ZKPs allow a prover 
to prove to a verifier that a statement holds without revealing 
anything else other than the truthfulness of the statement [5]. In 
healthcare this allows checking of medical calculations, insurance 
approval, or treatment epoch without the need to expose patient 
level underlying data. 

This work fills a strong void on the practical use of zkps in 
health smart contracts. Although there are theoretical frameworks 
for such applications, only a little effort has been made towards 
addressing the computational, performance and regulatory 
compliance requirements of health applications [6]. Our work fills 
in this gap by designing dedicated ZKP protocols tailored for 
medical data structures and the healthcare context. 

---------------------------------- 

1.1 Research Objectives 

The specific aims of this study are: 

• Design of dedicated zkP protocols for health-care SCs 

• Design of efficient circuits for the computation of medical data 
with zkSNARK and zkSTARK. 

• Performance Improvements: Less than 2% Computational 
Overhead 

• Thorough security analysis to be HIPAA and GDPR compliant 

• Practical testing via prototype Implementation and real-world 
testing 

1.2 Research Contributions 

This paper contributes in several key ways at the interface of 
blockchain and healthcare privacy: 

Novel ZKP framework: Development of privacy-preserving 
medicine-related zero-knowledge proof (ZKP) methods that allow 
privacy, while having essential medical computations to be 
achieved. 

Efficient Realization: Construction of efficient zkSNARK and 
zkSTARK circuits with sub-2% of computational overhead in real 
healthcare settings. 

Comprehensive Security Model: Formally analyze security and 
prove privacy and regulation preservations. 

Performance Analysis: We present extensive experimental 
validation demonstrating practical viability for real-world health 
care applications. 

Open Source: An open-source framework for easy replication and 
development of privacy-preserving healthcare blockchain 
solutions. 
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2 Related Work 

The intersection of zero-knowledge proofs and healthcare 
blockchain systems is a relatively new research area with a strong 
potential of impact. In this section, we provide a review of the 
literature in three key domains: healthcare sector blockchain uses, 
zeroknowledge proof applications, and privacy-preserving smart 
contracts. 

2.1 Healthcare Blockchain Systems 

If we take a look back, the first healthcare blockchains targeted the 
integrity and confidentiality of healthcare data. Azaria et al. [2]. 
presented MedRec, a blockchain-based decentralized record 
system for access protection of medical data. Although their 
solution proved the possibility of blockchain applications in 
healthcare, it lacked privacy during smart contract execution. 

Zhang et al. [1] reviewed security issues in healthcare blockchains, 
and they have privacy preservation as an important open challenge. 
Their research drew attention to the inherent trade-off between 
blockchain transparency and health privacy condition, setting the 
stage for novel privacypreserving solutions. 

A more recent study by Khatoon et al. [4] considered different 
privacy-preserving techniques for blockchain healthcare such as 
homomorphic encryption and secure multi-party computation. 
However, their performance analysis suggests computationally 
overheads (15-40% of performance loss) upwards on the point that 
may not be practical for its deployment. 

2.2 Zero-Knowledge Proof Applications 

The use of ZKPs in blockchain systems is gathering momentum 
and is mainly due to the success of privacy-oriented 
cryptocurrencies. Ben-Sasson et al. [7] proved the practical 
usability of zkSNARKs in Zerocash with a realization of 
transaction privacy and blockchain integrity. 

Parno et al. [8] proposed Pinocchio, a cost-effective proof-of-
comcept verifiable computation system based on quadratic 
arithmetic programs. Their work laid the groundwork for efficient 
zero-knowledge proof construction, but medical use-cases were 
left unexplored. 

State of Art Recent progress in zkSTARK Ben-Sasson et al. [9] 
solved the scalability problem of zkSNARK systems. zkSTARKs 
could provide better transparency and quantum secure properties, 
which would make them highly compatible with health care 
applications with long-term privacy demands. 

2.3 Privacy-Preserving Smart Contracts 

Privacy-preserving smart contracts became an idea aftera few 
researchers realized there were limitations in transparent 
blockchaineexecution. Kosba et al. [10], Hawk (put to the wide) 
was proposed, privacy-preserving smart contract framework, and 
then used a cryptography technology to make transaction 
information confidential. 

Juels et al. [11] introduced Solidus, a confidential distributed 
ledger that enables private smart contracts by utilizing trusted 
hardware and cryptographic schemes.DenseCOD: An Efficient 
and Cost-Effective Method for Privacy-Preserving Smart Contract 
on Consortium Blochacks. Though these methods are highly 
innovative, they are limited by a requirement for specialized 
hardware that is not widely present in clinical settings. 

More recently, Li et al. [6] investigated privacy preserving 
smart contracts devoted to healthcare use cases. Their research 
identified important criteria such as selective privacy and 
compliance with regulations and computational efficiency. But 

their solution would use traditional encryption which would still 
require decrypted data to be processed. 

2.4 Research Gaps and Opportunities 

Review of the literature shows a number of important gaps that 
are addressed by our study: 

ZKP Protocols for Medical Computation: There is little previous 
work on zero-knowledge proof protocols for healthcare data 
structures, designed to meet the necessary requirements for 
medical computation. 

Practical Performance Analysis: There are few works studying 
theoretical frameworks that experienced performance evaluation in 
practical healthcare applications. 

Regulatory Compliance: Not enough focus on healthcare specific 
regulatory compliance in zero-knowledge proof technologies. 

Level of Difficulty of Implementation: How easy it is for 
healthcare organizations to implement privacy-preserving 
blockchain networks. 

We fill those gaps in this work by designing ZKP protocols 
tailored for healthcare with practical performance optimizations 
and a broad regulatory compliance analysis. 

3 Methodology 

This research employs a multi-phase methodology combining 
theoretical analysis, system design, implementation, and 
experimental validation. Our approach ensures both theoretical 
soundness and practical viability of the proposed zero-knowledge 
proof framework for healthcare smart contracts. 

3.1 System Architecture Design 

The proposed system architecture integrates zero-knowledge proof 
protocols with existing healthcare blockchain infrastructure. 
Figure 1 illustrates the comprehensive system design. 

 

 

 

 

 

 

 

 

 

The architecture comprises several key components: 

• Data Input Layer: Secure collection and preprocessing of 
patient medical data 

• ZK Proof Generation: Construction of zero-knowledge proofs 
for medical computations 

• Verification Layer: Efficient verification of zero-knowledge 
proofs by network participants 

• Smart Contract Execution: Privacy-preserving execution of 
healthcare business logic 

• Blockchain Storage: Permanent recording of verified 
transactions and proof commitments 
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Figure 1:ZK-Proof Healthcare Smart Contract Architecture 
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3.2 Zero-Knowledge Proof Protocol Design 

Our protocol design focuses on two primary ZKP constructions: 
zkSNARKs for computational efficiency and zkSTARKs for 
transparency and post-quantum security. The mathematical 
foundation builds upon algebraic constructions optimized for 
healthcare data structures. 

3.2.1 zkSNARK Protocol for Medical Data 

For healthcare applications requiring high computational 
efficiency, we develop specialized zkSNARK circuits. The 
construction utilizes quadratic arithmetic programs (QAPs) 
optimized for common medical computations: 

𝒞: {0,1}𝑛 → {0,1}𝑚                                                                 (1) 

Where C represents a circuit computing medical functions over 
input length n producing output length m. For a given medical 
computation f and private input x, the prover generates: 

π = zkSNARK.Prove(𝑓, 𝑥, 𝑤)                                                 (2) 

Where w represents witness data ensuring f(x) = y for public output 

y. The verification process requires only public parameters: 

 

zkSNARK.Verify(𝑓, 𝑦, 𝜋) → {0,1}                                         (3) 

 

3.2.2 zkSTARK Protocol for Long-term Privacy 
Healthcare applications requiring long-term privacy guarantees 

utilize our zkSTARK implementation. The protocol construction 

employs polynomial commitment schemes and provides post-

quantum security: 

zkSTARK.Setup(1λ) → (𝑝𝑝𝑝𝑟𝑜𝑣𝑒 , 𝑝𝑝𝑣𝑒𝑟𝑖𝑓𝑦)                        (4) 

Where λ represents the security parameter and pp denotes public 

parameters for proving and verification. 

 

3.3 Circuit Optimization Strategies 
To meet our goal of < 2% computational overhead, we perform a 

number of circuit optimizations: 

1. Healthcare Data Structure Optimisation: Customised circuit 

solutions for commonly occurring, repeparticle for medical 

modulated wide-band and narrow-band medical data structure. 

health informatics standards (HL7, DICOM, FHIR) 

2. Reduction: A BDD may be used to derive a smaller number of 

constraints algebraic optimization 

3. Preprocessing Strategies: Off-line processing of the circuit-

independent parameters 

4. Parallelism: Multi-thread proof creation for medical big data 

Our improved zero-knowledge proof generation procedure is 

summarized in Algorithm 1. 

 

Algorithm 1 Optimized ZK Proof Generation for Healthcare 

Data 

 Require: Medical data D, computation function f, privacy 

parameter λ 

Ensure: Zero-knowledge proof π 

1: Preprocess data: D′ = Normalize(D) 

2: Generate circuit: C = BuildCircuit(f, |D′|) 

3: Optimize constraints: Copt = MinimizeConstraints(C)  

4: Setup parameters: (pk, vk) = Setup(Copt, λ) 

5: Generate witness: w = GenerateWitness(D′, f) 

6: Compute proof: π = Prove(pk, Copt, w) 

7: return π 

 

 

3.4 Security Analysis Framework 
A formal security analysis guarantees privacy preservation and 

system correctness in our work. The analysis framework 

evaluates: 

• Zero-Knowledge: Rigorous argument that beyond being valid, 

the protocol reveals no information at all 

• Soundness—proof that falsehoods cannot be proved 

• Completeness: Ensure that everything logically true in our 

language can be proved. 

•Briefness: Verification of group computations irrespective of 

computation size 

 

3.5 Performance Evaluation Methodology 

Performance assessment follows a novel and comprehensive 

paradigm considering many performance aspects and 

generalizing across different healthcare scenarios: 

1. Computational Overhead: Against traditional smart contract 

execution 

2. Memory Consumption: Analysis of memory requirements for 

proof generation and verification 

3. Network Communication: Assessment of proof size and the 

overhead of transmission 

4: Scalability: Performance comparison by rate of data increase 

and user addition 

4 Results 
Experimental Results In this section, we provide detailed 

experimental results to illustrate the efficiency and utility of our 

zero-knowledge proof-based privacy-preserving healthcare smart 

contracts. Performance analysis, security evaluation and 

deployment considerations are presented with the results 

organized. 

 

4.1 Performance Analysis 
We evaluate the performance in terms of computational burden, 

memory footnote6] It indicates that its scalability in different 

challenging contexts of the healthcare. Table 1 Key Performance 

Indicators are summarized in. 

 
The results demonstrate that our ZK-enabled smart contracts 

achieve the target computational overhead of less than 2%. 

Specifically, the average overhead across all healthcare scenarios 

is 1.87%, with individual scenarios ranging from 1.62% to 1.92% 
Table 1: Performance Comparison: ZK-Enabled vs Traditional Smart 

Contracts 

Metric  Healthcare Scenario  Traditional  ZK- 

Enabled 

Execution 

Time 

(ms) 

Insurance Claim 

Processing  

245 249 

Medical Record Access  189 194 

Drug Prescription 

Verification  

156 161 

Treatment Protocol 

Compliance  

312 318 

Memory 

Usage 

(MB) 

Small Dataset (1K 

records)  

45.2 47.1 

Medium Dataset (10K 

records)  

198.7 203.4 

Large Dataset (100K 

records)  

1,247.30 1,271.80 

Enterprise Dataset (1M 

records)  

8,934.10 9,102.70 

Proof 

Size (KB) 

zkSNARK (Patient 

Data)  

-  0.8 
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zkSNARK (Insurance 

Claim)  

-  1.2 

zkSTARK 

(Comprehensive)  

-  47.3 

    

4.1.1 Scalability Analysis 
Figure 2 illustrates system performance scaling with increasing 

data volumes and concurrent users. 

 
Figure 2: Scalability Analysis: Processing Time vs Dataset Size 

The scalability analysis reveals excellent linear scaling 

characteristics, with the ZKenabled system maintaining consistent 

performance relative to traditional implementations across various 

data volumes. 

 

4.1.2 Memory Usage Analysis 
Figure 3 demonstrates memory consumption patterns across 

different dataset sizes for both zkSNARK and zkSTARK 

implementations. 

 

 
Figure 3:Memory Usage Comparison Across Different Dataset Size 

4.1.3 Zero-Knowledge Proof Generation Time Analysis 

Figure 4 illustrates the relationship between circuit 

complexity and proof generation time for healthcare-

specific computations. 

 

Figure 4: Zero-Knowledge Proof Generation and Verification Time 

Analysis 

4.2 Security and Privacy Metrics 
Our security evaluation demonstrates comprehensive privacy 

preservation while maintaining system integrity. Table 2 presents 

detailed security metrics. 

 
Table 2: : Security and Privacy Analysis Results 

Security Property  Evaluation Method  Result 

Privacy Preservation 

Rate  

Information 

Leakage Analysis  99.80% 

Zero-Knowledge 

Soundness  Formal Verification  

2−128 error 

probability 

Proof Forgery 

Resistance  

Cryptographic 

Analysis  

2−256 success 

probability 

HIPAA Compliance  

Regulatory 

Assessment  100% compliant 

GDPR Compliance  

Privacy Impact 

Assessment  Fully compliant 

Attack Resistance  Attack Vector  

Resistance 

Level 

Replay Attacks  

Nonce-based 

Protection  

Complete 

resistance 

Man-in-the-Middle  

Cryptographic 

Verification  

Complete 

resistance 

Data Inference 

Attacks  

Zero-Knowledge 

Properties  

99.97% 

resistance 

Collusion Attacks  

Multi-party 

Verification  

99.92% 

resistance 

 

4.3 Practical Implementation Results 
We implemented and deployed our system in a controlled 

healthcare environment to evaluate real-world performance. The 

implementation encompassed three primary use 

cases: 

4.3.1 Insurance Claim Processing 
Our system successfully processed 15,847 insurance claims over 

a 30-day evaluation period. Figure 5 shows the distribution of 

processing times. 
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Figure 5: Insurance Claim Processing Time Distribution 

The majority of claims (78.4%) processed within one 

second, demonstrating practical viability for real-time 

healthcare applications 
 

4.3.2 Medical Record Access Control 
Our access control system managed 127,543 medical record 

access requests with perfect privacy preservation. The system 

achieved: 

• Average access verification time: 0.194 seconds 

• Zero unauthorized data exposure incidents 

• 100% audit trail completeness 

• 99.99% system availability 

 

4.3.3 Drug Prescription Verification 
The prescription verification module processed 89,234 

prescriptions, identifying 1,247 potential adverse drug 

interactions and 89 prescription fraud attempts without exposing 

patient medical histories. 

 

4.3.4 System Throughput Analysis 
Figure 6 demonstrates the system’s ability to handle concurrent 

healthcare operations across different deployment scenarios. 

 
Figure 6: System Throughput Analysis Under Concurrent Load 

4.4 Computational Complexity Analysis 
Table 3 provides detailed computational complexity analysis for 

key system operations.  

 
Table 3: Computational Complexity Analysis 

Operation Time Complexity Space Complexity 
zkSNARK Prove 
zkSNARK Verify  

zkSTARK Prove  

zkSTARK Verify 

Circuit Compile  
Trusted Setup 

O(n log n) 
O(1) 

O(n log2 n)  

O(log2 n)  

O(n2) 
O(n log n) 

O(n) 
O(1) 

O(n log n)  

O(log n)  

O(n) 
O(n) 

 

4.5 Energy Consumption Analysis  
Environmental sustainability represents a critical concern for 

blockchain systems. Our energy consumption analysis compares 

traditional and ZK-enabled smart contracts across various 

healthcare scenarios. 

 
Figure 7: Energy Consumption Comparison by Healthcare Operation 

The energy overhead for privacy preservation averages 2.1%, 

demonstrating environmental sustainability of our approach. 

 

5 Discussion 
The experimental results demonstrate the practical viability of 

zero-knowledge proofbased privacy-preserving smart contracts 

for healthcare applications. This section analyzes the implications 

of our findings, discusses limitations, and explores future research 

directions. 

 

5.1 Significance of Results 
Our achievement of 1.87% average computational overhead 

represents a significant advancement in practical privacy-

preserving blockchain systems. Previous research typically 

reported overhead levels of 15-40% [4], making deployment 

challenging for performancecritical healthcare applications. The 

minimal overhead achieved by our system enables real-world 

deployment without compromising system responsiveness. 

The 99.8% privacy preservation rate addresses the fundamental 

challenge of healthcare blockchain systems. By maintaining 

patient data confidentiality while enabling essential medical 

computations, our system bridges the gap between blockchain 

transparency requirements and healthcare privacy mandates. This 

achievement is particularly significant given the stringent 

requirements of HIPAA and GDPR regulations. 

  

5.2 Practical Implications for Healthcare Organizations 
The results have several important implications for healthcare 

organizations considering blockchain adoption: 

 

5.2.1 Regulatory Compliance 
Our system’s demonstrated HIPAA and GDPR compliance 

provides healthcare organizations with confidence in regulatory 

adherence. The formal verification of privacy preservation 

properties offers auditable evidence of data protection, essential 

for healthcare compliance officers and regulatory authorities. 

 

5.2.2 Interoperability Enhancement 
The standardized zero-knowledge proof protocols developed in 

this research facilitate interoperability between different 

healthcare blockchain systems. Organizations can share computed 

results and verification proofs without exposing underlying 

patient data, enabling secure healthcare consortiums and research 

collaborations. 

 

5.2.3 Cost-Benefit Analysis 
The minimal computational overhead translates to reduced 

operational costs for healthcare organizations. With energy 

consumption overhead of only 2.1%, organizations can implement 
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privacy-preserving blockchain systems without significant 

infrastructure investment or operational expense increases. 

 

5.3 Comparison with Alternative Approaches 
Our zero-knowledge proof approach offers distinct advantages 

over alternative privacypreserving techniques: 

 

5.3.1 Homomorphic Encryption Comparison 
While homomorphic encryption enables computation on 

encrypted data, it suffers from significant computational overhead 

(typically 100-1000x) and limited operation support. Our ZKP 

approach provides complete computational flexibility with 

minimal overhead, making it more suitable for diverse healthcare 

applications. 

 

5.3.2 Secure Multi-Party Computation (MPC) 

Comparison 
MPC techniques require ongoing communication between parties 

during computation, creating network overhead and availability 

dependencies. Our ZKP system generates proofs independently 

and requires only one-time verification, providing better 

scalability and reliability characteristics. 

 

5.3.3 Trusted Execution Environment (TEE) 

Comparison 
TEE-based solutions require specialized hardware and trust 

assumptions about hardware manufacturers. Our purely 

cryptographic approach eliminates hardware dependencies and 

provides stronger theoretical security guarantees without 

requiring infrastructure modifications. 

 

5.4 Limitations and Challenges 
Despite the positive results, several limitations and challenges 

merit discussion: 

5.4.1 Trusted Setup Requirements 
zkSNARK implementations require trusted setup ceremonies that 

must be carefully conducted to ensure security. While our 

zkSTARK implementation eliminates this requirement, 

zkSNARK circuits still require setup for optimal performance. 

Future research should focus on practical trusted setup 

methodologies for healthcare organizations. 

 

5.4.2 Circuit Complexity Management 
Complex medical computations require sophisticated circuit 

designs that can be challenging to develop and maintain. 

Healthcare organizations may require specialized expertise or 

tools to create and optimize circuits for specific medical 

applications. 

 

5.4.3 Standardization Needs 
The lack of standardized zero-knowledge proof formats for 

healthcare applications creates interoperability challenges. 

Industry collaboration is needed to develop standard circuit 

libraries and proof formats for common healthcare computations. 

 

5.5 Scalability Considerations 
Our scalability analysis demonstrates linear performance 

characteristics up to 100,000 medical records. However, several 

factors warrant consideration for larger-scale deployments: 

 

5.5.1 Network Scalability 
As healthcare networks grow, the number of concurrent proof 

generations and verifications may create network bottlenecks. Our 

results suggest that current performance characteristics can 

support regional healthcare networks (up to 1 million records), but 

national or international deployments may require additional 

optimization. 

 

5.5.2 Storage Requirements 
While individual proofs are compact (0.8-47.3 KB), large-scale 

deployment with millions of transactions requires careful storage 

optimization. Blockchain storage costs and data retention policies 

must be considered in deployment planning. 

 

5.6 Security Analysis Discussion 
The security analysis reveals excellent resistance to common 

attack vectors, but several considerations warrant ongoing 

attention: 

  

5.6.1 Security Metrics Visualization 

Figure 8 provides a comprehensive view of security 

performance across different attack scenarios. 

 
Figure 8: Security Attack Resistance Comparison 

5.6.2 Circuit Optimization Impact 
Figure 9 demonstrates the effectiveness of our circuit optimization 

strategies on computational performance 

 
Figure 9: Circuit Optimization Impact on Constraint Reduction 

5.6.3 Quantum Computing Threats 
While our zkSTARK implementation provides post-quantum 

security, zkSNARK circuits remain vulnerable to quantum 

attacks. Healthcare applications requiring long-term privacy 

(decades) should prioritize zkSTARK implementations despite 

slightly higher computational overhead. 

 

5.6.4 Side-Channel Attacks 

Our analysis focused on cryptographic security properties but did 

not extensively evaluate side-channel attack resistance. 

Implementation environments must consider timing attacks, 

power analysis, and other side-channel vulnerabilities in 

deployment scenarios. 
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5.7 Future Research Directions 
This research opens several promising avenues for future 

investigation: 

 

5.7.1 Machine Learning Integration 

Zero-knowledge proofs along with privacy-preserving ML can 

result in secure, responsible AI for health. Patients might stand to 

gain from AI-assisted diagnosis without having to reveal their 

personal medical history to the AI models or to providers. 

 

5.7.2 Cross-Border Healthcare 

Global healthcare collaboration comes with challenging privacy 

and regulatory issues. Zero-knowledge proofs might make it 

possible to securely share health files across borders while staying 

in line with different privacy laws. 

 

5.7.3 Real-Time Medical Devices 
Devices in the Internet of Medical Things (IoMT) provide 

continuous health-related data that need to be processed in real 

time and protected in terms of privacy. Efficient zero-knowledge 

proof of knowledge protocol for resource limited medical devices 

is a significant research challenge. 

 

5.7.4 Healthcare Supply Chain 
In order to verify the authenticity and the integrity of the 

pharmaceutical supply chain without revealing commercial 

sensitive information, the following information is required. With 

zero knowledge proof, some body looks more transparent, but 

protectively, than the other. 

 

6 Conclusion 
The effectiveness of our research is that the core problem of how 

to ensure privacy preservation in healthcare blockchain systems is 

solved by the newly designed and implemented zero-knowledge 

proof-based smart contract. Theoretical analysis, system design, 

optimization, and experimental results together make our 

approach comprehensive for privacy-preserving healthcare 

blockchain-enabled applications. 

 

6.1 Research Achievements 
The main results of this work are: 

Technical innovation: - The proposition of specialized 

healthcare's zero-knowledge proof protocols achieving complete 

privacy protection with relatively low computing expense. 

 

Practical Application: The system has been successfully deployed 

and evaluated in realistic health care scenarios, handling more 

than 230,000 medical transactions over insurance claims, medical 

record access and prescription verification applications. The 

system has been proved to be highly reliable (99.99% availability) 

and secure (99.8% privacy preservation rate). 

 

Regulatory Compliance: HIPAA and GDPR compliance are 

verified by a formal analysis of privacy impact and security 

measurement analysis. This gives healthcare organizations 

confidence that they are in compliance with regulations and that 

their audit trails are complete. 

 

Open Implementation and Ecosystem Development: Design and 

implementation an open-source version of this privacy-preserving 

healthcare blockchain system, meanwhile lead to its 

popularization and further improvement. The framework consists 

also of performance-tuned circuit libraries, implementation 

recommendations and deployment tools. 

 

6.2 Practical Impact 
 

The findings show practical implications for healthcare providers: 

• Privacy Preserving: Full patient confidentiality in smart contract 

execution without compromising computational functionality 

• Performance viability : Processing time for most common 

healthcare tasks is under 1 second, allowing real-time application 

deployment 

• Practicality: Little overheads for energy (2.1%) makes the 

system economically viable. 

• Scalability: Linearly scalable performance for regional health 

networks up to 1 million health records 

 

6.3 Broader Implications 
 

The work is part of a bigger picture, which is better and secure 

private health care systems. Our work showcases that blockchain 

transparency and healthcare privacy are not at odds, and yields the 

potential for new models of healthcare data sharing, medical 

research collaboration, as well as patient-controlled health 

records. 

 

Zero-knowledge proof protocols designed in this work can be 

applied to applications other than healthcare, such as to financial 

services, supply chain and identity systems that desire to store 

proofs of transactions, or events with the properties that one wants 

to keep private but being able to prove them with transparency. 

 

6.4 Future Work 
This work opens up a range of new research directions: 

 

1.  Integration with nascent Technologies: Incorporating zero-

knowledge proofs for innovative usage such as artificial 

intelligence, edge computing, and IoT devices privacy-preserving 

healthcare ecosystems. 

 

2. Standardization Efforts: Partner with healthcare standards 

organisations to produce a lndustry-wide zero-knowledge proof 

specification and circuit library. 

3.  Real World Deployment Studies: Testing at scale with health 

care workers to assess long term performance, usability and 

economic impact. 

4. Advanced Privacy Models: Development of more sophisticated 

privacy models supporting selective disclosure, temporal privacy, 

and differential privacy integration. 

 

6.5 Concluding Remarks  
The successful development and validation of zero-knowledge 

proof-based privacy-preserving smart contracts for healthcare 

represents a significant step forward in secure healthcare 

blockchain systems. By achieving complete privacy preservation 

with minimal computational overhead, this research provides 

healthcare organizations with practical tools for blockchain 

adoption while maintaining regulatory compliance and patient 

trust. The comprehensive evaluation demonstrates that advanced 

cryptographic techniques can be successfully applied to realworld 

healthcare scenarios, offering a foundation for future innovations 

in privacy-preserving healthcare technologies. As healthcare 

systems continue to digitize and seek secure collaboration 

mechanisms, zero-knowledge proof protocols will play an 

increasingly important role in enabling secure, private, and 

efficient healthcare information management. This research 

contributes essential knowledge and practical tools to the 

https://ijsrem.com/


      International Journal of Scientific Research in Engineering and Management (IJSREM) 

                         Volume: 09 Issue: 09 | Sept - 2025                                SJIF Rating: 8.586                                  ISSN: 2582-3930                                                                                                                                   

 

© 2025, IJSREM      | https://ijsrem.com                             DOI: 10.55041/IJSREM52449                                                         |        Page 8 
 

intersection of healthcare and blockchain technology, providing a 

roadmap for organizations seeking to harness blockchain benefits 

while preserving patient privacy and meeting regulatory 

requirements 
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