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Bridging the Rural Precision Medicine Gap: An Infrastructure-Adaptive Framework for Pharmacogenomics Implementation
Abstract
Pharmacogenomics (PGx) enables genotype-guided prescribing to improve medication safety and efficacy, yet its clinical adoption remains uneven and concentrated in well-resourced academic centers. Rural and underserved populations, which experience a disproportionate burden of adverse drug reactions and limited access to specialist care, have been largely excluded from these advances. This review employs a structured narrative synthesis to examine current evidence on PGx implementation and to identify structural barriers limiting uptake across heterogeneous healthcare settings, including workforce limitations, infrastructure variability, geographic access constraints, patient engagement challenges, and inconsistent reimbursement. Existing implementation models are typically designed for specific institutional contexts and often assume a uniform level of infrastructure, restricting their scalability and applicability across diverse settings. To address this gap, we propose a novel infrastructure-adaptive framework that explicitly aligns PGx delivery strategies with institutional capacity. The framework comprises three tiers: (1) centralized testing with telepharmacist support for low-resource settings, (2) point-of-care testing integrated with clinical decision support for moderate-resource systems, and (3) mobile outreach models for communities without fixed healthcare access. By matching implementation strategies to system capacity, this approach offers a scalable and context-sensitive pathway for integrating pharmacogenomics into routine care and advancing equity in precision medicine.
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1. Introduction: The Implementation Paradox
Precision medicine has emerged as a central priority in contemporary healthcare, aiming to align therapeutic decisions with individual patient characteristics, including genetic variation. Pharmacogenomics (PGx), one of the most clinically advanced domains within precision medicine, provides actionable insights into drug efficacy and toxicity by linking genetic polymorphisms to drug response[1,2]. Over the past decade, the evidence base supporting PGx-guided prescribing has matured substantially, with the Clinical Pharmacogenetics Implementation Consortium (CPIC) publishing standardized, peer-reviewed guidelines for more than 100 gene–drug pairs, the U.S. Food and Drug Administration incorporating pharmacogenomic information into the labeling of hundreds of medications, and the Pharmacogenomics Knowledgebase (PharmGKB) curating a comprehensive repository of clinically relevant gene–drug associations. Collectively, these resources establish PGx as a clinically implementable, rather than experimental, component of modern therapeutics[3–5].
Despite this maturity, the integration of PGx into routine clinical practice remains uneven. Implementation has been concentrated in large academic medical centers with dedicated infrastructure, including specialized laboratories, informatics support, and trained personnel. In contrast, uptake in rural and underserved settings has been limited, even though these populations experience a disproportionate burden of adverse drug reactions, higher rates of multimorbidity, and reduced access to specialist care. This disparity reflects not a lack of clinical need, but a mismatch between existing implementation models and the structural realities of resource-constrained healthcare environments[6].
A critical limitation of the current literature is the implicit treatment of “rural” settings as a homogeneous category. In practice, rural healthcare delivery spans a wide spectrum of infrastructure capacity, ranging from small clinics without on-site laboratory services to community hospitals with electronic health record systems and limited diagnostic capabilities, as well as geographically isolated populations lacking consistent access to fixed healthcare facilities. Implementation strategies that do not account for this heterogeneity risk being either infeasible or ineffective when applied outside the specific contexts in which they were developed[7,8].
This review addresses that gap by synthesizing existing evidence on PGx implementation and proposing an infrastructure-adaptive framework that aligns delivery strategies with institutional capacity across underserved settings. By explicitly incorporating variability in healthcare infrastructure into the design of implementation models, this approach aims to advance scalable, equitable integration of pharmacogenomics into routine care.
This study is a structured narrative review that develops a conceptual, infrastructure-adaptive framework for pharmacogenomics implementation; the framework is intended to guide future empirical evaluation rather than represent a validated model.”

2. Evidence Synthesis Approach
2.1 Data Sources and Search Strategy
This review employed a structured narrative approach to synthesize current evidence on pharmacogenomics (PGx) implementation across diverse healthcare settings. Relevant literature was identified through targeted searches of electronic databases, including PubMed and Google Scholar, as well as key pharmacogenomics resources such as the Clinical Pharmacogenetics Implementation Consortium (CPIC) guidelines, the Pharmacogenomics Knowledgebase (PharmGKB), and U.S. Food and Drug Administration (FDA) pharmacogenomic labeling information.
The search focused on studies published between 2015 and 2026 to capture recent advances in implementation and clinical integration. Search terms included combinations of “pharmacogenomics,” “implementation,” “precision medicine,” “rural health,” “underserved populations,” “health disparities,” and “clinical decision support.” Reference lists of selected articles were also screened to identify additional relevant sources.
This structured search strategy was designed to enhance transparency and reproducibility and to align with best practices for narrative evidence synthesis in implementation research.”

2.2 Study Selection Criteria
A structured, purposive selection strategy was used to capture variation in implementation contexts rather than to achieve exhaustive coverage. Studies and reports were included if they:
(1) described pharmacogenomics implementation in clinical practice,
(2) involved rural, underserved, or resource-constrained healthcare settings, or
(3) provided operational insights into testing workflows, workforce roles, or integration into clinical decision-making.
Priority was given to studies reflecting real-world implementation, including pharmacist-led models, telehealth-enabled services, and community-based programs. Studies conducted exclusively in highly resourced academic medical centers were included only if they offered transferable insights relevant to broader health system application.
Sources were excluded if they focused solely on basic science, laboratory methods without clinical application, or highly specialized models lacking relevance to heterogeneous or resource-limited settings.
2.3 Analytical and Synthesis Framework
A thematic synthesis approach was used to analyze the selected literature. Findings were organized into three interrelated domains:
(1) infrastructure capacity (e.g., laboratory services, informatics systems, workforce expertise),
(2) delivery model (e.g., centralized testing, point-of-care genotyping, mobile or outreach-based approaches), and
(3) clinical integration (e.g., pharmacist-led consultation, telemedicine support, and electronic clinical decision support systems).
This framework enabled systematic comparison of implementation strategies across settings with varying levels of healthcare capacity. Patterns, common barriers, and enabling factors were identified within and across these domains to inform the development of an infrastructure-adaptive model for PGx implementation.
This structured analytical approach supports systematic comparison across heterogeneous settings and strengthens the conceptual foundation for model development
2.4 Methodological Considerations
This review is a structured narrative synthesis rather than a formal systematic review. While it does not follow a fully systematic protocol (e.g., PRISMA), efforts were made to ensure rigor and relevance through transparent search strategies, explicit selection criteria, and inclusion of diverse data sources.
The purposive approach allowed for the inclusion of heterogeneous evidence reflecting real-world implementation variability, which is central to the study objective. However, this approach may introduce selection bias and does not allow for quantitative meta-analysis. Despite these limitations, the methodology provides a comprehensive and context-sensitive synthesis aligned with the goals of implementation science.

3. Clinical and Economic Imperative for Pharmacogenomics
Adverse drug reactions (ADRs) remain a substantial and persistent source of morbidity, mortality, and healthcare utilization. Estimates from U.S. data indicate that serious ADRs affect millions of patients annually and contribute significantly to hospitalizations and healthcare costs. A proportion of these events is attributable to predictable variability in drug metabolism and response driven by genetic differences, particularly in enzymes responsible for drug biotransformation. Pharmacogenomic (PGx) testing offers a mechanism to identify these risks prospectively and to guide medication selection and dosing before harm occurs[9,10].
The economic implications of medication-related harm are similarly significant. Drug-related morbidity and mortality have been associated with substantial direct and indirect costs, including hospital admissions, prolonged length of stay, additional treatments, and lost productivity. While PGx testing introduces upfront costs, these must be considered in the context of downstream cost avoidance through the prevention of severe ADRs, treatment failures, and iterative prescribing. As testing costs decline and panel-based approaches provide multi-drug relevance from a single assay, the value proposition of PGx becomes increasingly favorable, particularly in populations with high medication burden[11,12].
The clinical applicability of PGx is broad and continues to expand. Evidence-based guidelines now cover more than 100 gene–drug pairs across multiple therapeutic areas, including cardiovascular disease, psychiatry, oncology, pain management, and transplant medicine. Many commonly prescribed medications such as antiplatelet agents, antidepressants, opioids, and anticoagulants—have well-characterized pharmacogenomic associations with actionable prescribing recommendations[3,13]. This breadth underscores that PGx is not confined to a niche specialty but is relevant to routine prescribing across diverse clinical settings.
Importantly, the utility of PGx spans multiple points in the care continuum, from acute prescribing decisions to long-term medication management. Preemptive testing models, in which genetic information is obtained once and applied across future prescribing decisions, further enhance clinical efficiency and longitudinal value. These characteristics position PGx as a scalable tool for improving medication safety and effectiveness across healthcare systems[14].
Taken together, the evidence supporting PGx-guided prescribing is substantial, clinically actionable, and economically relevant. The central challenge is no longer the generation of evidence, but its consistent translation into practice. Despite the availability of validated guidelines, curated knowledgebases, and regulatory endorsement, implementation remains uneven and concentrated in well-resourced settings. The gap between what is known and what is routinely done defines the current implementation paradox: the evidence base for pharmacogenomics is mature, but its integration into everyday clinical care continues to lag.
4. The Rural Implementation Gap: A Systems-Level Analysis
The limited adoption of pharmacogenomics in rural and underserved settings reflects a set of interrelated structural constraints rather than a single isolated barrier. These constraints operate at the levels of workforce, infrastructure, access, patient engagement, and financing. Importantly, they do not occur uniformly across settings. Instead, they vary according to the underlying capacity of the healthcare system, shaping both the feasibility and effectiveness of implementation strategies[15].

4.1 Workforce Limitations
Workforce capacity represents one of the most consistently identified barriers to pharmacogenomics implementation. Surveys of healthcare providers demonstrate limited knowledge, low confidence in interpreting test results, and uncertainty regarding clinical application. These gaps are more pronounced in rural settings, where access to continuing education and specialist support is constrained. Pharmacogenomics requires familiarity with gene–drug interactions, metabolizer phenotypes, and guideline-based prescribing adjustments, competencies that are not uniformly integrated into routine clinical training[6,16].
In many rural environments, clinicians practice with limited interdisciplinary support and must manage a broad range of clinical responsibilities. The absence of locally available expertise in pharmacogenomics reduces the likelihood that testing will be ordered or that results will be effectively translated into prescribing decisions[17]. This creates a cycle in which low exposure reinforces low confidence, further limiting adoption.
4.2 Infrastructure Variability
Infrastructure limitations represent a central challenge but are often oversimplified in the literature. Rural healthcare settings encompass a wide spectrum of capacity, from clinics without laboratory services to community hospitals with basic diagnostic and informatics capabilities. This variation has direct implications for pharmacogenomics implementation[18].
Facilities without on-site laboratory services cannot support point-of-care genotyping and must rely on external testing models. In contrast, institutions with laboratory capacity and electronic health record systems may be able to integrate genotyping into clinical workflows and support decision-making through structured data and alerts. Treating these settings as equivalent obscures meaningful differences in what is operationally feasible and contributes to the limited transferability of existing implementation models[19,20].
4.3 Geographic Access Constraints
Geographic distance remains a defining feature of rural healthcare access. Patients may travel substantial distances to reach facilities capable of providing specialized services, including genetic testing. Even when pharmacogenomics testing is technically available within a health system, physical access barriers can delay or prevent utilization[15,21].
These challenges are compounded in communities without reliable transportation or where healthcare facilities are sparsely distributed. In such settings, implementation strategies that depend on in-person visits to centralized locations may fail to reach the populations most likely to benefit. Geographic constraints therefore influence not only access to testing but also the design of delivery models[22].

4.4 Patient Awareness and Engagement
Patient-level factors also contribute to the implementation gap. Awareness of pharmacogenomics remains limited, particularly in communities with lower exposure to precision medicine concepts. Misconceptions regarding cost, privacy, and the purpose of genetic testing can reduce willingness to participate[23].
Health literacy plays a significant role in shaping engagement. Patients may be less likely to pursue testing if the clinical relevance is not clearly communicated or if the process appears complex. In rural settings, where trust in healthcare systems may be shaped by historical and cultural factors, effective communication strategies are essential to support informed decision-making and uptake[24,25].
4.5 Cost and Reimbursement Barriers
Financial considerations influence both institutional adoption and patient access. Although the cost of pharmacogenomics testing has declined, variability in reimbursement policies creates uncertainty for providers and health systems. Coverage differs across payers, and out-of-pocket costs may deter patients, particularly in underserved populations where rates of underinsurance are higher[26].
From an institutional perspective, the absence of consistent reimbursement pathways can limit investment in infrastructure, training, and workflow integration. This is particularly relevant for smaller health systems operating with narrow financial margins. Without clear economic incentives or cost recovery mechanisms, implementation efforts may be deprioritized despite potential long-term benefits[27].
Taken together, these barriers form an interconnected system that constrains pharmacogenomics adoption in rural settings. Workforce limitations, infrastructure variability, geographic access challenges, patient engagement factors, and financial constraints do not operate independently. Their impact varies systematically with the level of institutional capacity, underscoring the need for implementation strategies that are explicitly aligned with the realities of different healthcare environments.
5. Limitations of Existing Implementation Models
Existing pharmacogenomics implementation efforts have demonstrated feasibility across a range of settings, but their design characteristics limit broader applicability. Many models are built around specific institutional contexts and are not readily transferable to environments with different resource constraints[26].
Telehealth-enabled approaches have expanded access to pharmacogenomics expertise, particularly through pharmacist consultation. However, models that rely exclusively on telehealth assume reliable broadband access, digital literacy, and stable points of care. These assumptions do not hold in all rural or underserved communities, where connectivity may be inconsistent and patient engagement may depend on in-person interaction[28].
Implementation models developed within large academic medical centers benefit from substantial infrastructure, including on-site laboratories, advanced informatics systems, and specialized personnel. While these programs have demonstrated successful integration of pharmacogenomics into clinical workflows, their resource requirements limit their relevance to smaller institutions. Direct translation of these models to resource-constrained settings is often not feasible without significant adaptation[6,29].
Single-site pilot studies provide valuable insights into workflow design and clinical impact but are inherently limited in scope. Their findings are shaped by local conditions, including staffing, patient population, and institutional priorities. As a result, their generalizability across heterogeneous rural settings is constrained. What works in one environment may not be operationally viable in another with different infrastructure and workforce capacity[30,31].
A common limitation across these approaches is the absence of scalability. Many models require fixed combinations of resources, making them difficult to implement incrementally or adapt to varying levels of capacity. This rigidity restricts their usefulness in settings where infrastructure development occurs gradually or unevenly[32].
Collectively, these limitations reflect an underlying assumption that healthcare settings share a similar baseline level of infrastructure. In practice, this assumption does not hold. The failure to account for systematic variation in institutional capacity has limited the reach and effectiveness of existing pharmacogenomics implementation strategies.
6. An Infrastructure-Adaptive PGx Implementation Framework
6.1 Conceptual Foundation
An effective approach to pharmacogenomics implementation must align delivery strategies with the realities of the healthcare environment in which they are deployed. Rather than applying a uniform model across diverse settings, implementation should be adapted to the level of available infrastructure, including laboratory capacity, informatics systems, and workforce expertise. This principle recognizes that feasibility is context-dependent and that scalable adoption requires flexibility in how services are delivered[5,26].
The proposed framework is conceptually aligned with established implementation science models, including the Consolidated Framework for Implementation Research (CFIR), which emphasizes the role of contextual determinants in implementation, and the RE-AIM framework, which focuses on reach, effectiveness, adoption, implementation, and maintenance. By incorporating these principles, the model situates pharmacogenomics delivery within a broader, theory-informed implementation context.
The proposed framework organizes pharmacogenomics implementation into three tiers defined by institutional capacity. Figure 1 presents an infrastructure-adaptive model aligning pharmacogenomics delivery with healthcare system capacity. These tiers are not hierarchical in terms of quality, but represent context-appropriate strategies for different settings. Each tier is designed to maximize clinical utility within its operational constraints while maintaining consistency in the interpretation and application of pharmacogenomic data[26,33].
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Figure 1. Infrastructure-adaptive framework for pharmacogenomics implementation.
A three-tier model aligning PGx delivery with healthcare system capacity: centralized testing with telepharmacist support (Tier 1), point-of-care testing with clinical decision support (Tier 2), and mobile outreach models (Tier 3). Cross-cutting components include provider education and patient engagement.

6.2 Tier 1: Minimal Infrastructure Settings
Tier 1 applies to settings with limited or no on-site laboratory and informatics capabilities, including small clinics and critical access facilities. In these environments, pharmacogenomics implementation relies on mail-in specimen collection with centralized laboratory processing[29].
Patients provide buccal swab samples either during a clinical encounter or through home-based collection kits. Specimens are sent to a certified laboratory for genotyping, and results are returned electronically. Clinical interpretation is conducted by a pharmacist with pharmacogenomics training, who provides recommendations through telemedicine consultation with both the patient and the local provider[34].
This model minimizes the need for local infrastructure while maintaining access to standardized, guideline-based recommendations. It is particularly suited to settings where workforce and diagnostic resources are limited but basic clinical services are available[35]. This approach is supported by prior studies demonstrating the feasibility of centralized testing and telepharmacist-supported models in resource-limited settings.

6.3 Tier 2: Moderate Infrastructure Settings
Tier 2 is designed for institutions with basic laboratory services and electronic health record systems, such as rural community hospitals and larger outpatient clinics. These settings can support point-of-care genotyping platforms, enabling more rapid turnaround of results.
Pharmacogenomics data are integrated into the electronic health record as structured information, allowing for the use of clinical decision support tools. When a medication with a known gene–drug interaction is prescribed, automated alerts provide dosing guidance based on the patient’s genotype. A pharmacist leads the clinical integration process, overseeing result interpretation, configuring decision support, and collaborating with prescribers on medication management[36].
This model supports both reactive and preemptive testing approaches and allows pharmacogenomics to be embedded within routine clinical workflows. It represents a transition from externally supported services to internally integrated systems.  Existing evidence indicates that integration of pharmacogenomics into electronic health records with clinical decision support improves uptake and clinical utility in moderately resourced settings.

6.4 Tier 3: Mobile Outreach Model
Tier 3 addresses communities with limited or no access to fixed healthcare facilities. In these settings, mobile health units serve as the primary platform for pharmacogenomics service delivery.
Mobile units travel to underserved areas on scheduled routes and provide on-site specimen collection, basic patient education, and medication review. Collected samples are transported to centralized laboratories for processing. Results are communicated through follow-up telemedicine consultations, with pharmacists providing interpretation and prescribing recommendations[37].
This model extends pharmacogenomics services to populations that would otherwise remain excluded due to geographic and structural barriers. It also supports community engagement by delivering services in familiar and accessible environments. Mobile and outreach-based healthcare delivery models have been shown to expand access to services in geographically isolated populations, supporting the feasibility of this approach.

6.5 Cross-Cutting Components
Two components are essential across all tiers: provider education and patient engagement. Effective implementation requires that clinicians understand how to apply pharmacogenomics information in prescribing decisions. Educational strategies should be tailored to the level of prior knowledge and available resources within each setting, ranging from foundational training modules to case-based learning and ongoing clinical support[26,37].
Patient engagement is equally critical. Clear communication about the purpose, benefits, and implications of pharmacogenomics testing supports informed participation and adherence to recommended therapy changes. Educational materials and outreach strategies should be adapted to the cultural and literacy context of the target population[38].
Together, these cross-cutting elements ensure that pharmacogenomics implementation is not limited to technical capability but is supported by the knowledge and engagement necessary for sustained clinical impact.
The operational features, resource requirements, and limitations of each tier are summarized in Table 1, highlighting how implementation strategies align with infrastructure capacity.”
 Table 1 Comparison of Pharmacogenomics Implementation Strategies Across Infrastructure Tiers
	Feature
	Tier 1: Minimal Infrastructure
	Tier 2: Moderate Infrastructure
	Tier 3: Mobile Outreach

	Target setting
	Small clinics, critical access sites
	Rural community hospitals, FQHCs
	Communities without fixed facilities[39]

	Testing model
	Mail-in specimen collection
	Point-of-care genotyping
	Mobile unit specimen collection[40]

	Laboratory requirement
	Centralized external lab
	On-site or near-site capability
	Centralized external lab[41]

	Turnaround time
	Days
	Hours to same day
	Days[42]

	Workforce model
	Remote PGx-trained pharmacist
	Embedded pharmacist + prescriber collaboration
	Mobile team + remote pharmacist[43]

	Clinical integration
	Telemedicine consultation
	EHR-integrated CDS alerts
	Telemedicine follow-up[44]

	Technology requirement
	Minimal
	Moderate (EHR + CDS)
	Minimal[45]

	Strengths
	Low cost, easy to deploy
	Real-time decision support, workflow integration
	Expands access to hard-to-reach populations[46]

	Limitations
	Delayed results, reliance on external lab
	Setup cost, training needs
	Logistical complexity, scheduling[47]



7. Implications for Implementation Science
The framework presented in this review reflects a broader principle within implementation science: effective translation of clinical innovation depends on alignment with delivery context. Pharmacogenomics provides a clear example of this dynamic. Although the clinical evidence base is well established, variability in healthcare infrastructure has limited consistent adoption[26,48]. By explicitly stratifying implementation strategies according to institutional capacity, the proposed model advances a context-adaptive approach to care delivery.
This perspective has implications beyond pharmacogenomics. Many precision medicine interventions face similar challenges, including dependence on specialized diagnostics, data interpretation, and integration into clinical workflows. Models that assume uniform infrastructure risk reinforcing disparities by favoring well-resourced settings. In contrast, capacity-aligned approaches enable incremental adoption and reduce barriers to entry for resource-constrained systems[49].
Scalability is a central consideration. The tiered structure supports phased implementation, allowing institutions to adopt strategies appropriate to their current capabilities while providing a pathway for progression as infrastructure develops. This flexibility contrasts with fixed models that require full resource availability at the outset. By decoupling clinical value from infrastructure intensity, the framework supports broader dissemination of innovation across heterogeneous health systems[32].
Although direct quantitative comparisons across implementation models remain limited, differences in cost, turnaround time, and accessibility across delivery strategies further support the need for a stratified, infrastructure-aligned approach.
8. Policy and Health System Implications
The proposed framework aligns with ongoing national efforts to expand access to precision medicine and reduce healthcare disparities. The U.S. Food and Drug Administration continues to incorporate pharmacogenomic information into drug labeling, reinforcing the clinical relevance of genotype-informed prescribing. The Health Resources and Services Administration prioritizes improving access to care in rural and underserved communities, while initiatives supported by the National Institutes of Health emphasize the translation of genomic research into clinical benefit[50,51].
Integrating pharmacogenomics into these policy frameworks requires delivery models that are feasible across diverse healthcare environments. An infrastructure-adaptive approach provides a mechanism to extend the benefits of pharmacogenomics beyond academic medical centers to populations that have historically been excluded. By aligning implementation strategies with system capacity, the framework supports more equitable distribution of precision medicine services[5,50].
From a health system perspective, the potential for cost reduction is closely tied to the prevention of adverse drug reactions and improved medication effectiveness. Although upfront investment is required, particularly in training and workflow integration, these costs may be offset by reductions in hospitalizations, treatment failures, and inefficient prescribing. A scalable model that can be deployed across settings with varying resources strengthens the economic case for broader adoption[52].
9. Future Directions
Further work is needed to translate the proposed framework into validated practice. Prospective implementation studies across settings representing each tier are essential to evaluate feasibility, clinical outcomes, and patient and provider experience. Comparative analyses examining differences in effectiveness and cost across tiers would provide critical evidence to guide policy and institutional decision-making[53].
Economic evaluation remains a priority. Cost-effectiveness analyses that incorporate both direct and downstream impacts of pharmacogenomics-informed care will be important for establishing sustainable reimbursement models. These analyses should account for variation in implementation costs across different infrastructure settings[54].
Advances in clinical decision support and artificial intelligence offer opportunities to enhance pharmacogenomics integration. Automated interpretation of genotype data and real-time prescribing guidance may reduce reliance on specialized expertise and support broader adoption, particularly in settings with limited workforce capacity[55].
Finally, while this framework is grounded in the context of rural and underserved populations in the United States, its underlying principles are applicable to global health systems. Adaptation to low- and middle-income countries and other resource-constrained environments represents an important area for future investigation, with the potential to extend the benefits of pharmacogenomics on an international scale.
10. Limitations
This review presents a conceptual framework informed by synthesis of existing literature rather than primary empirical investigation. As such, the proposed model has not yet been validated through prospective implementation across diverse clinical settings. While the framework is grounded in observed variation in infrastructure and delivery models, its operational feasibility, clinical impact, and cost-effectiveness require formal evaluation.
Regulatory and operational considerations may also influence implementation. In particular, models that rely on telemedicine-based pharmacist consultation may encounter jurisdictional constraints related to licensure, scope of practice, and reimbursement policies. These factors vary across regions and may limit the scalability of certain components of the framework without corresponding policy alignment.
Generalizability represents an additional consideration. The framework is developed primarily within the context of rural and underserved settings in the United States, where healthcare structure, reimbursement systems, and regulatory environments shape implementation feasibility. Although the underlying principles of aligning delivery models with infrastructure capacity are broadly applicable, adaptation may be required for other healthcare systems with different organizational and policy contexts.
11. Conclusion
Pharmacogenomics has reached a level of clinical maturity supported by robust evidence, established guidelines, and regulatory recognition. Despite this progress, its integration into routine care remains uneven, with limited adoption in rural and underserved settings where the potential benefits are substantial. This gap reflects not a lack of evidence, but a misalignment between existing implementation models and the realities of healthcare infrastructure in resource-constrained environments.
The infrastructure-adaptive framework presented in this review addresses this challenge by aligning pharmacogenomics delivery strategies with institutional capacity. By stratifying implementation across three tiers and embedding provider education and patient engagement throughout, the model provides a practical and scalable approach to extending pharmacogenomics services beyond well-resourced centers.
Advancing equitable access to precision medicine will depend on approaches that prioritize adaptability, scalability, and contextual relevance. Aligning clinical innovation with the environments in which care is delivered offers a pathway to translate pharmacogenomic evidence into routine practice and to reduce disparities in medication-related outcomes across diverse populations.
Future research should focus on empirical validation of this framework across diverse healthcare settings, including quantitative evaluation of clinical outcomes, cost-effectiveness, and implementation feasibility. Such work will be essential to fully realize the potential of pharmacogenomics in advancing equitable precision medicine.”
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