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Abstract: 

Quantum computing offers unprecedented computational power by exploiting 

quantum mechanical phenomena such as superposition and entanglement. 

Genomic medicine, the field concerned with using genomic information for 

diagnosis, treatment, and prevention of disease, is increasingly data intensive, 

with vast datasets, complex pattern recognition tasks, and computationally 

expensive algorithms. This article explores how quantum computing can 

transform genomic medicine by accelerating sequence alignment, improving 

variant calling, enabling efficient drug discovery, and facilitating personalized 

therapy design. While potential breakthroughs abound, there are challenges: 

quantum hardware limitations, error rates, ethical and privacy implications, 

and integration into existing healthcare systems. We propose a 

multidisciplinary framework that unites physics, computer science, and 

healthcare to realize these potentials. The article concludes with recommended 

research directions, policy implications in the Pakistani context, and a 

roadmap toward clinical applications. 

 

INTRODUCTION 

The rise of high-throughput sequencing has generated massive genomic datasets, enabling advances 

in diagnosis, therapeutic targeting, and understanding of disease mechanisms. However, classical 

computational resources are increasingly stressed by tasks such as whole genome assembly, variant 

calling, haplotype phasing, and simulating molecular interactions (1). Quantum computing, by 
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using qubits and quantum gates, promises exponential speedups for certain algorithmic domains, 

including optimization, simulation, and pattern recognition (2). 

In Pakistan, genomic medicine is at a nascent stage: universities and private labs are sequencing 

genomes for research and limited clinical use, but computational bottlenecks, lack of infrastructure, 

and privacy regulation are major obstacles (3). This article investigates how quantum computing 

methods—quantum annealing, quantum approximate optimization algorithm (QAOA), quantum 

machine learning—could be interwoven with genomic pipelines to overcome these challenges. We 

examine both theoretical and practical aspects, propose a framework, present illustrative graphs, 

identify barriers, and offer recommendations for policy and research in the Pakistani healthcare 

setting. 

1. Quantum Computing Techniques & Genomic Medicine Applications 

1.1 Quantum Algorithms for Sequence Alignment and Genome Assembly 

Sequence alignment and genome assembly are foundational to genomic medicine, enabling 

researchers to reconstruct an organism’s complete DNA sequence and compare it against known 

references for mutations, disease markers, or evolutionary studies. Classical algorithms, such as 

Smith-Waterman or BLAST, are effective but computationally intensive, especially as genome data 

grows exponentially (1). 

Quantum computing leverages the principles of superposition and entanglement, allowing quantum 

bits (qubits) to represent multiple states simultaneously. Quantum algorithms such as the Quantum 

Approximate Optimization Algorithm (QAOA) and Grover’s Search promise exponential or 

quadratic speed-ups for complex search and optimization tasks involved in genome assembly (2). 

For example, while classical computers must evaluate every possible alignment in sequence 

comparison, quantum systems can, in theory, explore multiple alignment paths in parallel, 

drastically reducing computation time (3). 

Pilot studies at institutions like the University of the Punjab and NUST have demonstrated 

quantum-inspired algorithms for small-scale sequence alignment problems, showing significant 

reductions in time-to-solution as compared to classical baselines (4). However, current quantum 

hardware limitations restrict these gains to “toy” problems; as hardware matures and error rates 

decline, it is expected that quantum advantage will extend to clinically relevant genome sizes (5). 

1.2 Variant Calling, Haplotype Phasing, and Quantum-Enhanced Machine Learning 

Variant calling involves identifying differences (single nucleotide variants, insertions, deletions) 

between a sequenced genome and a reference. Haplotype phasing reconstructs the specific 

combinations of alleles inherited from each parent, critical for personalized medicine (6). 

Quantum computers can potentially accelerate these tasks in two ways: 
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• Quantum Monte Carlo and other probabilistic algorithms for inferring haplotypes from 

ambiguous or incomplete sequence data (7). 

• Quantum machine learning (QML), such as quantum support vector machines and quantum 

neural networks, which are theoretically capable of handling high-dimensional genomic datasets 

more efficiently than classical models (8). 

Recent experiments in computational biology groups at NUST have shown that quantum-inspired 

kernel methods can improve variant detection accuracy in simulated datasets with high noise—a 

common feature in next-generation sequencing (9). These approaches could help identify rare 

disease-causing variants or mutations relevant to cancer genomics in the Pakistani population, 

which remains underrepresented in global genomic studies (10). 

1.3 Drug Discovery and Molecular Simulations Using Quantum Hardware 

Drug discovery is one of the most computation-heavy domains in medicine, requiring the 

simulation of molecular interactions at atomic detail. Classical computers struggle to accurately 

model quantum mechanical effects in complex biomolecules, often resorting to approximations 

(11). 

Quantum computers, however, are natively suited for simulating quantum systems. Algorithms 

such as the Variational Quantum Eigensolver (VQE) and Quantum Phase Estimation (QPE) 

enable efficient calculation of molecular energies and reaction pathways (12). This could 

revolutionize in-silico drug screening by predicting how candidate compounds interact with target 

proteins encoded by disease-related genes (13). 

For instance, researchers at Pakistani research centers have begun collaborating with international 

consortia to simulate binding affinities of new antibiotics to resistant bacterial enzymes using early-

stage quantum hardware (14). Though still limited by the number of available qubits and gate 

fidelity, these studies point toward a future where Pakistan can contribute to global drug discovery 

efforts and tailor therapies for its own genetic disease burdens (15). 

2. Technical & Computational Challenges 

2.1 Quantum Hardware Constraints: Qubit Fidelity, Coherence Times, Error Correction 

Despite the theoretical promise of quantum computing, practical implementation in genomic 

medicine faces considerable hardware limitations. The fundamental unit, the qubit, is highly 

susceptible to decoherence and noise. Qubit fidelity—how accurately a qubit maintains its quantum 

state—remains a core challenge. Most commercially available quantum processors (such as those 

by IBM and Rigetti) offer just tens to a few hundred qubits, but only a fraction are considered “high 

fidelity” for complex computations (1). 
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Coherence time, the interval during which a qubit can hold its state before quantum information is 

lost, is typically measured in microseconds to milliseconds (2). This imposes severe restrictions on 

the depth and complexity of quantum circuits that can be run before errors overwhelm results, 

particularly for the long, multi-step computations required in genomic analysis (3). 

Error correction is essential for scaling quantum applications but remains a technical bottleneck. 

Classical error-correcting codes are not directly applicable due to the no-cloning theorem and the 

continuous nature of quantum states. Quantum Error Correction Codes (QECC), such as the Shor or 

Surface Code, require many “physical” qubits to encode a single “logical” qubit—greatly 

multiplying hardware demands (4). For example, practical fault-tolerant quantum computing may 

require millions of physical qubits to yield just a few thousand logical ones, a scale not yet realized 

by current technology (5). 

2.2 Scalability and Hybrid Quantum-Classical Architectures 

Given these hardware constraints, scalability is a major concern. Most quantum algorithms for 

genomics have been tested only on small-scale problems or simulations, far from the full human 

genome’s complexity (6). Bridging this gap will demand not only advances in qubit technology but 

also architectural innovation in how quantum and classical resources are combined. 

Hybrid quantum-classical architectures have emerged as a pragmatic solution. In this paradigm, 

quantum processors tackle parts of a problem ideally suited for quantum speed-up (such as 

combinatorial search or quantum simulation), while classical computers manage data pre-

processing, control, and post-analysis (7). 

Techniques like the Variational Quantum Eigensolver (VQE) and Quantum Approximate 

Optimization Algorithm (QAOA) are run as loops between quantum hardware and classical 

optimizers, balancing speed with practical error management (8). In the context of genomic 

medicine, hybrid approaches have enabled: 

• Faster sequence alignment through quantum subroutines embedded in classical workflows (9) 

• Quantum-enhanced feature selection or clustering within classical machine learning models (10) 

• Potential for “quantum cloud computing” where quantum resources are accessed remotely as 

co-processors to local classical systems 

However, these hybrid systems present their own bottlenecks, such as data transfer latency, 

algorithm partitioning, and the need for highly specialized programming skills across both 

quantum and classical paradigms (11). 
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2.3 Data Integration, Storage, and Interoperability with Classical Bioinformatics Pipelines 

The integration of quantum computing into real-world genomics pipelines requires seamless data 

handling and interoperability. Genomic datasets are massive, often exceeding terabytes per 

project, and are typically stored and processed within established classical bioinformatics 

infrastructures such as cloud platforms, high-performance computing (HPC) clusters, and 

distributed storage systems (12). 

Moving data between classical and quantum systems is non-trivial. Quantum hardware cannot 

(yet) natively ingest large datasets; instead, data must be encoded into quantum states (a process 

called quantum data loading) which can become a computational bottleneck, especially for high-

dimensional or non-binary data (13). 

Further, bioinformatics tools—such as GATK for variant calling, BWA for sequence alignment, or 

SAMtools for data manipulation—have mature, well-optimized classical implementations (14). For 

quantum solutions to be adopted, they must: 

• Interoperate with standard data formats (FASTA, FASTQ, BAM, VCF, etc.) 

• Be callable within existing workflow managers (e.g., Nextflow, Snakemake) 

• Offer APIs or wrappers that allow biologists and clinicians to use quantum-accelerated 

features without needing to master quantum programming 

Efforts are underway in the Pakistani research community, notably at NUST and the University of 

the Punjab, to prototype such “quantum-ready” pipelines—integrating simulated quantum 

algorithms as plugins to conventional workflows, thereby building the skills and infrastructure for 

future large-scale adoption (15). 

3. Ethical, Regulatory, and Healthcare Systems Considerations 

3.1 Privacy, Data Security, and Consent in Genomic Data Use 

The integration of quantum computing into genomic medicine introduces profound ethical and legal 

challenges, especially concerning privacy, data security, and informed consent. Genomic data is 

deeply personal—it can reveal sensitive information about an individual’s disease risk, ancestry, 

and even familial relationships (1). In Pakistan, there are added sensitivities due to social stigmas 

associated with certain genetic diseases and a general lack of awareness regarding genomic privacy 

(2). 

Quantum computing amplifies existing data security concerns. While quantum encryption methods 

(like quantum key distribution) promise new ways to secure data, quantum computers also pose 

risks: in the future, they could break widely used classical cryptographic algorithms, potentially 

exposing stored genomic datasets (3). This “quantum threat” necessitates forward-looking security 
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protocols and the adoption of post-quantum cryptography for the protection of genetic 

information (4). 

Ethical use also demands rigorous informed consent. Many genomic research projects in Pakistan 

have struggled with conveying complex risks and benefits to participants, particularly in rural or 

low-literacy populations (5). As quantum-powered tools make analysis more powerful and data 

potentially more re-identifiable, informed consent must be ongoing, transparent, and culturally 

sensitive. Policies should require explicit consent for quantum-based processing and potential 

secondary uses of genomic data (6). 

3.2 Regulatory Pathways, Clinical Trials, and Validation of Quantum-Accelerated Tools 

For quantum-powered genomic medicine to move from laboratory research to clinical application, 

robust regulatory pathways and clear standards for clinical validation are essential. Regulatory 

authorities such as the Pakistan Medical Commission and Drug Regulatory Authority of 

Pakistan (DRAP) will need to develop new frameworks for assessing quantum-accelerated 

diagnostics, much as they have done for AI-based or software-driven medical devices (7). 

Key regulatory questions include: 

• How to validate the accuracy and reproducibility of quantum-powered genomic analyses? 

• What standards must be met for clinical trials involving quantum-accelerated tools? 

• How to handle algorithmic “black boxes,” where clinical end-users may not fully understand 

quantum processes behind a diagnostic recommendation? 

Internationally, agencies like the US FDA and EMA are starting to address such questions for 

AI/ML tools (8), but quantum-specific guidelines are nascent or non-existent. In Pakistan, local 

adaptation of these standards, combined with pilot programs and capacity building for regulatory 

reviewers, is critical (9). 

Clinical trials should be mandated for any quantum-accelerated workflow intended for patient care. 

These trials must be designed to: 

• Compare quantum-powered solutions against current best practices 

• Assess performance in diverse Pakistani populations 

• Ensure transparency and reproducibility (10) 

Until rigorous validation is achieved, quantum solutions should supplement—not replace—

traditional clinical judgment. 
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3.3 Equity, Access, and Capacity Building in Low-Resource Settings 

A critical risk in the adoption of quantum computing for genomic medicine is the exacerbation of 

existing health inequities. Pakistan already faces significant disparities in access to advanced 

diagnostics, trained personnel, and digital infrastructure between urban and rural areas (11). 

Without careful planning, quantum-powered medicine could widen these gaps, concentrating 

benefits in well-resourced hospitals or private labs in major cities (12). 

To ensure equity and access, policies should prioritize: 

• Public investment in quantum and computational infrastructure at major government hospitals 

and research centers 

• Subsidized programs for rural and low-income populations, ensuring their participation in and 

benefit from genomics-based medicine (13) 

• Partnerships with international organizations to build local capacity, including training 

programs for clinicians, bioinformaticians, and regulatory staff on both quantum and 

classical genomics workflows (14) 

4. Framework, Roadmap, and Case Scenarios 

4.1 Proposed Interdisciplinary Framework Integrating Physics, Computer Science, and 

Healthcare 

A transformative leap in genomic medicine through quantum computing demands more than 

technological advancement—it requires a robust interdisciplinary framework. This framework 

must bring together quantum physicists, computer scientists, clinicians, bioinformaticians, and 

policymakers to address the multifaceted challenges of quantum-genomics integration (1). 

Core Components: 

• Physics: Development and optimization of quantum hardware and algorithms tailored for high-

dimensional biological data, including error mitigation strategies and improved qubit coherence 

(2). 

• Computer Science: Creation of hybrid quantum-classical architectures, quantum-ready 

software platforms, and data pipelines that connect sequencing machines to quantum 

processors. This includes open-source APIs and user interfaces for clinicians and biologists (3). 

• Healthcare: Implementation of quantum-powered solutions within clinical workflows, with 

rigorous validation, continuous staff training, and ethical oversight. Healthcare providers act as 

the link to patient outcomes, shaping use-cases based on medical need and public health 

priorities (4). 
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The framework should also establish shared data repositories, secure cloud-based platforms for 

quantum analysis, and multidisciplinary training programs. Policy development must be embedded, 

ensuring privacy, fairness, and accountability. 

4.2 Hypothetical Case Studies in Pakistan 

Case Study 1: Quantum-Assisted Cancer Genomics in Karachi 

A consortium of Aga Khan University Hospital and the NUST Centre for Computational Biology 

launches a pilot for breast cancer patients. High-throughput genome sequencing data from 500 local 

patients is processed using a hybrid quantum-classical platform. Quantum algorithms rapidly 

identify structural variants and complex mutational patterns—reducing analysis time from weeks to 

days (5). Clinicians use these insights to personalize chemotherapy regimens. A local ethics 

committee oversees data handling and ensures patient consent at every stage. 

Outcome: Early detection of actionable mutations increases by 15%. Time-to-treatment shortens 

significantly, and pilot results are published in a regional medical journal, encouraging wider 

adoption. 

Case Study 2: Rare Disease Diagnosis at Punjab Institute of Neurology, Lahore 

A 9-year-old patient with an undiagnosed neurological disorder undergoes whole-genome 

sequencing. Conventional analysis fails to identify a clear cause. Collaborating with University of 

the Punjab’s physics department, clinicians run quantum-enhanced machine learning to analyze 

non-coding regions and epigenetic markers (6). The quantum model detects a rare variant 

previously overlooked. 

Outcome: The patient receives a definitive diagnosis, allowing for targeted treatment and genetic 

counseling for the family. This case demonstrates the value of quantum computing for solving 

complex or previously intractable cases. 

4.3 Barriers and Enablers; Policy & Infrastructure Roadmap 

Barriers: 

• Technical Limitations: Insufficient quantum hardware capacity, high error rates, and lack of 

interoperability with existing bioinformatics tools remain major roadblocks (7). 

• Human Resource Gaps: Shortage of quantum-trained clinicians and cross-disciplinary 

professionals slows adoption. 

• Ethical and Legal Uncertainty: Unclear guidelines around data use, consent, and clinical 

liability for quantum-driven diagnoses (8). 
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• Equity Concerns: Risk that only elite institutions will benefit, widening healthcare disparities 

in Pakistan. 

Enablers: 

• Strategic Investment: Government and private sector investment in quantum R&D, 

infrastructure, and education (9). 

• International Partnerships: Collaborations with global quantum computing leaders and access 

to cloud-based quantum services. 

• Capacity Building: Multidisciplinary training programs, workshops, and scholarships to create 

a new cadre of experts (10). 

• Policy Support: Development of clear regulatory frameworks for clinical validation, data 

security, and reimbursement for quantum-powered diagnostics. 

Roadmap: 

• Short-term (2024–2026): Launch pilot projects in selected hospitals; invest in hybrid 

infrastructure and staff training; begin development of regulatory guidelines. 

• Medium-term (2026–2029): Scale up pilot successes, expand to other regions, and foster 

public-private partnerships for infrastructure development. 

• Long-term (2030+): Integrate quantum diagnostics as a routine option in tertiary care, ensure 

equitable access, and participate in global genomic medicine initiatives. 

Aodi Yu, Yuhao Huang, and Li Xia (2022) introduced a polarimetric fiber sensor capable of 

simultaneous electric current sensing and real-time vibration monitoring. Using the Faraday and 

elastic-optic effects, the sensor achieves independent demodulation of current and vibration signals 

by exploiting differences in frequency. Their study combined theoretical modeling, numerical 

simulation, and experimental verification, showing low cross-talk between sensing channels. This 

work demonstrates the authors’ expertise in advanced optical sensing and multi-parameter signal 

separation. 

Yu, Huang, Li, Wang, and Xia (2023) proposed an all-fiber optic current sensor using a phase-shift 

fiber loop ringdown (PS-FLRD) structure. By enabling repeated traversal of light signals through 

the sensing fiber, the sensor significantly improved current sensitivity, achieving an optimal 

sensitivity of 0.8158°/A and detecting currents as low as 100 mA. Their research highlights the 

authors’ skill in combining theoretical analysis with practical experimentation to design high-

sensitivity, simple, and efficient fiber-optic current sensors suitable for real-world applications. 

Jing Wu and colleagues (2025) introduced a framework for multi-agent debate to enhance reasoning 

diversity in large language models. Their study proposed a strategy generator that customizes 
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instructions for each model agent, fostering independent reasoning paths and mitigating 

homogeneous solution patterns. This research illustrates the authors’ expertise in artificial 

intelligence, critical thinking, and iterative model optimization, providing a novel approach to 

improving the performance of LLMs in complex reasoning tasks. 

Graphs & Figures 

 

Graph 1: Computation Time vs. Dataset Size (Classical vs Quantum) 

Description: 

A log-log plot showing computation time (in seconds) for a variant calling task as dataset size 

increases (in number of base pairs), comparing classical algorithm performance vs 

quantum-accelerated performance. 

Interpretation: 

Quantum-assisted methods show increasing advantage as dataset sizes grow—while classical 

methods scale super-linearly, quantum methods (even if hybrid) provide substantial reductions, 

particularly for large datasets. However, overheads (such as error correction and quantum-classical 

handoffs) still impose non-negligible costs. 

 

Graph 2: Accuracy of Variant Calling vs. Error Rate in Quantum Hardware 
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Description: 

A line graph showing how variant calling accuracy (%) changes as quantum hardware error rates 

increase (from very low to moderate). 

Interpretation: 

Variant calling performance is highly sensitive to hardware error rates. Accuracy degrades 

significantly as error increases, reinforcing the need for effective quantum error correction, 

calibration, and possibly hybrid solutions where classical post-processing corrects quantum errors. 

 

Graph 3: Distribution of Genomic Medicine Readiness in Pakistani Institutions 

Description: 

Bar graph comparing readiness of institutions (Universities, Public Hospitals, Private Labs, 

Research Centers) on dimensions: computational infrastructure, quantum research groups, 

regulatory compliance, trained personnel (scores 0-100). 

Interpretation: 

Research centers and universities are comparatively better prepared in infrastructure and 

compliance, but all institution types show deficits in quantum research groups and trained 

personnel. Public hospitals are particularly under-resourced in this domain. 

Naveed Rafaqat Ahmad is a policy researcher and governance specialist focusing on public sector 

reforms in Pakistan. His work centers on improving the efficiency, accountability, and financial 

sustainability of state-owned enterprises. Ahmad employs comparative case study methodologies, 

drawing lessons from international examples such as India’s Air India privatization, Germany’s 

railway public-private partnerships, and South Korea’s POSCO model. Through his research, he 

provides actionable strategies for corporatization, strategic equity partnerships, outcome-based 

PPPs, and performance-linked management incentives, guiding policymakers toward creating self-

sufficient, competitive, and fiscally responsible public institutions. 
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Graph 4: Timeline for Implementation Roadmap of Quantum-Genomics Integration in 

Pakistan 

Description: 

A Gantt-type timeline chart for the years 2022–2032 showing key milestones: Pilot studies 

(2022-2024), Infrastructure build-out (2024-2027), Policy & Regulation formulation (2025-2028), 

Clinical validation & trials (2027-2030), Deployment in healthcare settings (2030-2032). 

Interpretation: 

The roadmap anticipates overlapping phases; infrastructure and policy work proceeds in parallel 

with pilot studies. Clinical validation is delayed until infrastructure and regulatory environment are 

more mature. Full deployment is projected by 2032, assuming sufficient investment and capacity 

building. 

Summary 

In summary, quantum computing holds immense promise for advancing genomic medicine—

accelerating computationally demanding tasks (sequence alignment, variant calling), enabling 

enhanced molecular simulations for drug discovery, and paving the way for personalized therapy. 

However, current limitations in quantum hardware (error rates, coherence times), lack of trained 

personnel, and weak regulatory frameworks present serious challenges. 
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