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Abstract
Precision medicine has advanced rapidly through innovations in genomics, biomarker discovery, and artificial intelligence, offering unprecedented opportunities for individualized care. However, its prevailing focus on biological determinants reflects a reductionist paradigm that inadequately accounts for the broader social context shaping health outcomes. This critical review examines the implications of excluding social determinants of health (SDOH) from precision medicine frameworks, drawing on literature from major databases published between 2020 and 2025. Evidence indicates that current models are constrained by data bias, algorithmic inequities, fragmented data systems, and limited real-world applicability. The absence of SDOH undermines predictive accuracy, reduces the effectiveness of personalized interventions, and risks exacerbating existing health disparities. Reframing precision medicine to incorporate biological, social, and behavioral determinants is therefore essential to achieving truly personalized, equitable, and clinically effective healthcare.
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1. Introduction
1.1 Definition of Precision Medicine
Precision medicine has emerged as a transformative paradigm in modern healthcare, aiming to tailor prevention, diagnosis, and treatment strategies to individual variability in genetics, environment, and lifestyle[1]. Advances in genomics, high-throughput sequencing, and data analytics have enabled increasingly refined stratification of patients, allowing clinicians to move beyond traditional “one-size-fits-all” approaches toward targeted interventions. This biologically driven model has demonstrated notable successes, particularly in oncology and rare diseases, where molecular profiling has informed therapeutic decision-making and improved clinical outcomes[2,3]. However, despite its promise, precision medicine remains predominantly anchored in biological reductionism, privileging molecular and genetic determinants over broader contextual influences on health.
1.2 Overview of Social Determinants of Health (SDOH)
Social determinants of health (SDOH) encompass the non-medical factors that shape health outcomes, including socioeconomic status, education, physical environment, employment, social support networks, and access to healthcare[4]. These determinants exert profound and well-documented effects on disease distribution, progression, and treatment response across populations. Evidence consistently demonstrates that social and environmental conditions account for a substantial proportion of health variability, often exceeding the contribution of genetic factors alone. As such, SDOH are not peripheral influences but central drivers of health inequities, operating through complex pathways that include behavioral, psychosocial, and biological mechanisms[5].
1.3 The Paradox of Personalized Medicine vs Persistent Health Inequities
Despite the rapid advancement of precision medicine, global health disparities remain entrenched, revealing a fundamental paradox at the heart of contemporary healthcare innovation. While precision medicine aspires to individualize care, its benefits are unevenly distributed and often inaccessible to populations most burdened by disease. This disconnect is reflected in the underrepresentation of diverse populations in genomic research, the limited applicability of precision tools in resource-constrained settings, and the persistence of inequities in health outcomes[6]. Consequently, a model designed to enhance personalization risks reinforcing systemic disparities if it fails to account for the social contexts in which individuals live and experience illness[7,8].
1.4 Problem Statement: Biological Precision without Social Context
Current precision medicine frameworks are characterized by a disproportionate emphasis on biological data, with insufficient integration of social and environmental determinants. This narrow focus constrains the predictive accuracy and clinical utility of precision approaches, as it overlooks key drivers of health that influence disease risk, treatment adherence, and therapeutic effectiveness. Moreover, the exclusion of SDOH from data systems and analytical models contributes to biased algorithms and incomplete risk stratification, undermining both scientific validity and ethical integrity. In this regard, precision medicine, as currently practiced, may be described as biologically precise but contextually incomplete[7].
1.5 Aim and Scope of the Critical Review
This critical review aims to interrogate the conceptual and practical limitations of precision medicine arising from the marginalization of social determinants of health. It synthesizes contemporary evidence to examine how the exclusion of SDOH shapes research priorities, data infrastructures, and clinical applications, and evaluates the implications for health equity and outcomes. Furthermore, the review seeks to advance the discourse by proposing a reframing of precision medicine toward a more integrative, context-aware model that incorporates both biological and social dimensions of health. By critically engaging with existing paradigms, this work highlights the necessity of bridging the gap between technological innovation and social reality to achieve truly personalized healthcare.
2. Methodological Approach
2.1 Type of Review (Critical/Narrative Review)
This study adopts a critical narrative review methodology to examine the integration of social determinants of health (SDOH) within precision medicine. Unlike systematic reviews that prioritize exhaustive aggregation of evidence, critical reviews emphasize interpretive analysis, enabling the identification of conceptual limitations, structural biases, and emerging gaps within a field. This approach is particularly suited to interrogating the underlying assumptions of precision medicine, as well as evaluating the extent to which current models adequately incorporate social context. By synthesizing diverse strands of literature, this review seeks not only to summarize existing knowledge but also to challenge prevailing paradigms and propose a more integrative framework.
2.2 Search Strategy (Databases, Keywords, Timeframe)
A comprehensive literature search was conducted across multiple electronic databases, including PubMed, Scopus, and Web of Science, to identify relevant peer-reviewed articles. The search strategy combined controlled vocabulary and free-text terms related to “precision medicine,” “personalized medicine,” “genomics,” “social determinants of health,” “health disparities,” and “health equity.” Boolean operators (AND, OR) were used to refine the search and capture interdisciplinary perspectives.
The search was limited to articles published between 2015 and 2025 to reflect contemporary developments in both precision medicine and SDOH research. Additional sources were identified through backward and forward citation tracking of key publications, as well as through reports from major global health organizations. This iterative approach ensured both breadth and depth in capturing relevant literature.
2.3 Inclusion and Exclusion Criteria
Studies were included if they examined precision medicine, personalized healthcare, or genomics-driven interventions, and addressed social determinants of health (SDOH), health disparities, or equity-related factors. Eligible studies also provided empirical evidence, theoretical frameworks, or policy analyses relevant to the integration of biological and social data, and were published in peer-reviewed journals or recognized institutional reports.
Studies were excluded if they focused exclusively on molecular or genetic mechanisms without consideration of broader contextual influences, or if they constituted non-scholarly outputs, such as opinion pieces lacking analytical depth or editorials without substantive evidence. Articles falling outside the defined timeframe or not available in English were also excluded.
Although the review prioritizes high-quality and recent evidence, inclusion was ultimately guided by relevance to the central critique rather than adherence to a strict methodological hierarchy, in line with the principles of critical narrative synthesis.
2.4 Approach to Critical Analysis (Thematic Synthesis, Gap Identification)
The selected literature was analyzed using a thematic synthesis approach, enabling the identification of recurring patterns, conceptual tensions, and areas of omission within the field. Key themes were iteratively developed, including biological reductionism, data bias, algorithmic inequities, and the fragmentation of clinical and social data systems.
Beyond thematic categorization, a critical lens was applied to interrogate the assumptions underpinning current precision medicine models, with particular attention to issues of representation, equity, and real-world applicability. Gaps were identified not only in terms of missing data or evidence but also in the structural and epistemological limitations of existing frameworks. This analytical strategy facilitated the development of a more nuanced understanding of how the exclusion of SDOH constrains both the scientific and ethical foundations of precision medicine.
3. The Promise and Limits of Precision Medicine
3.1 Key Achievements (Genomics, Biomarkers, AI Applications)
Precision medicine has delivered significant advances in the understanding and management of disease, driven largely by innovations in genomics, biomarker discovery, and computational analytics. The integration of high-throughput sequencing technologies has enabled the identification of disease-associated variants and molecular pathways, facilitating more accurate disease classification and targeted therapeutic interventions. In oncology, for instance, molecular profiling has transformed treatment paradigms, allowing for the deployment of therapies tailored to specific genetic alterations. Similarly, biomarker-guided approaches have enhanced early detection, prognosis, and monitoring across a range of conditions[2,9].
The incorporation of artificial intelligence (AI) and machine learning has further accelerated the capacity of precision medicine to process complex, multidimensional datasets. These tools enable predictive modeling, risk stratification, and decision support at an unprecedented scale, promising to optimize clinical outcomes and resource allocation[10,11]. Collectively, these achievements underscore the transformative potential of precision medicine to redefine clinical practice through biologically informed personalization.
3.2 Dominance of Biological Reductionism
Despite these advances, precision medicine remains fundamentally shaped by a reductionist paradigm that privileges molecular and genetic explanations of disease. This orientation reflects a longstanding biomedical tradition in which health and illness are primarily understood through biological mechanisms, often at the expense of broader social and environmental contexts. While such an approach has yielded important insights, it risks oversimplifying the complex, multilevel determinants of health[8].
The emphasis on genomic data as the cornerstone of precision medicine reinforces a narrow conceptualization of personalization, one that equates individual variability with biological difference alone. This perspective marginalizes the influence of structural and social conditions, which are not only pervasive but also deeply intertwined with biological processes. As a result, precision medicine may inadvertently reproduce a form of “genetic determinism,” wherein health outcomes are interpreted predominantly through the lens of inherited or molecular traits, rather than as products of dynamic interactions between biology and lived experience[12].
3.3 Limitations in Real-World Clinical Applicability
The translation of precision medicine from research settings to routine clinical practice has been uneven and, in many contexts, limited. While high-resource healthcare systems have begun to incorporate genomic testing and targeted therapies, the applicability of these approaches in diverse and resource-constrained environments remains restricted. Barriers include high costs, infrastructure requirements, limited technical expertise, and inadequate integration into existing health systems[1,13].
Moreover, precision medicine tools often fail to account for real-world factors that influence patient outcomes, such as socioeconomic constraints, healthcare access, and adherence challenges. Predictive models derived from controlled or homogeneous datasets may perform poorly when applied to heterogeneous populations, particularly those underrepresented in research[10]. This disconnect between controlled innovation and complex clinical reality raises concerns about the external validity and scalability of precision medicine interventions.
3.4 Critical Appraisal of Current Assumptions
At its core, precision medicine rests on several implicit assumptions that warrant critical examination. First is the notion that biological data alone can sufficiently capture individual variability in health and disease. Second is the belief that increasingly granular molecular information will necessarily translate into improved clinical outcomes. Third is the assumption that technological advancement inherently leads to equitable healthcare delivery[14].
These assumptions are increasingly challenged by evidence demonstrating that social, environmental, and structural determinants exert profound influences on health trajectories. The exclusion of these factors from precision medicine frameworks not only limits predictive accuracy but also raises ethical concerns regarding fairness and inclusivity[15]. In this context, the current model of precision medicine may be viewed as incomplete technologically sophisticated yet insufficiently attuned to the broader determinants of health that shape real-world outcomes.

4. The Role of Social Determinants in Health Outcomes
4.1 Core Domains of SDOH (Income, Education, Environment, Access)
Social determinants of health (SDOH) encompass the conditions in which individuals are born, grow, live, work, and age, and they constitute a foundational framework for understanding health disparities. Core domains include socioeconomic status, educational attainment, physical and built environments, employment conditions, social support networks, and access to healthcare services[16]. These factors operate at multiple levels individual, community, and structural and collectively shape exposure to risk, vulnerability to disease, and capacity for health maintenance[17].
Importantly, SDOH are not static variables but dynamic and interdependent influences that interact across the life course. For example, limited educational opportunities may constrain employment prospects, which in turn affect income, housing quality, and access to healthcare. Such interconnected pathways highlight the complexity of health determinants and underscore the limitations of approaches that isolate biological factors from their broader context[18].
4.2 Evidence Linking SDOH to Morbidity and Mortality
A substantial body of evidence demonstrates that SDOH are major contributors to morbidity and mortality across populations. Socioeconomic disadvantage has been consistently associated with higher prevalence of chronic diseases, reduced life expectancy, and increased exposure to health risks. Disparities in income and education are linked to variations in health behaviors, environmental exposures, and access to preventive and curative services[19].
Epidemiological studies have further shown that social gradients in health persist across a wide range of conditions, including cardiovascular disease, diabetes, cancer, and infectious diseases. These gradients are not merely correlational but reflect causal pathways through which social conditions influence biological processes and clinical outcomes. In many cases, the impact of SDOH rivals or exceeds that of genetic predisposition, challenging the prioritization of molecular data as the primary determinant of health[20].
4.3 Interaction Between Social Environment and Biological Processes
The relationship between social determinants and health is mediated through complex interactions between environmental exposures and biological systems. Emerging research in epigenetics, for instance, demonstrates that social and environmental factors can influence gene expression without altering the underlying DNA sequence. Chronic stress, often associated with socioeconomic adversity, has been linked to dysregulation of neuroendocrine and immune pathways, contributing to the development and progression of disease[21].
Similarly, environmental exposures such as pollution, nutrition, and housing conditions can shape metabolic and inflammatory responses, further illustrating the interplay between external context and internal biology[21]. These findings challenge the dichotomy between “biological” and “social” determinants, revealing instead a deeply interconnected system in which social conditions are biologically embedded.
4.4 Implications for Disease Progression and Treatment Response
The influence of SDOH extends beyond disease onset to affect progression, treatment response, and overall health outcomes. Factors such as income, education, and access to care can determine whether individuals receive timely diagnosis, adhere to prescribed treatments, or benefit from advanced therapeutic interventions. For example, patients with limited financial resources may face barriers to accessing precision therapies, while those in underserved areas may lack the infrastructure required for genomic testing or specialized care[22].
Moreover, social context can modulate treatment effectiveness, as behavioral, environmental, and psychosocial factors influence both physiological responses and patient engagement with healthcare systems[23]. Failure to account for these dimensions may lead to suboptimal outcomes, even when biologically targeted interventions are available. Consequently, integrating SDOH into precision medicine is not merely an issue of equity but a prerequisite for achieving accurate, effective, and truly personalized care[24].
5. Critical Gaps in Current Precision Medicine Models
5.1 Data Bias and Underrepresentation in Genomic Datasets
A foundational limitation of contemporary precision medicine lies in the composition of the datasets upon which it is built. Genomic research has historically been dominated by populations of European ancestry, resulting in a marked underrepresentation of diverse ethnic and socioeconomic groups. This imbalance constrains the generalizability of findings and undermines the validity of genetic associations when applied to broader populations. Consequently, predictive models and therapeutic recommendations derived from such datasets may be less accurate or even misleading for underrepresented groups[25].
Beyond ethnicity, socioeconomic and environmental data are frequently absent from genomic repositories, further narrowing the scope of analysis. This selective representation reflects not only technical limitations but also systemic inequities in research participation and resource allocation. As a result, precision medicine risks perpetuating a cycle in which those already marginalized remain excluded from the benefits of innovation[26].
5.2 Algorithmic Bias and Inequitable AI Outcomes
The increasing reliance on artificial intelligence (AI) and machine learning in precision medicine introduces additional layers of bias, often reflecting and amplifying pre-existing inequities embedded within training data. Algorithms designed for risk prediction, diagnosis, or treatment recommendation are only as robust as the data on which they are trained. When these datasets lack diversity or fail to incorporate social determinants, the resulting models may systematically disadvantage certain populations[27].
Empirical evidence has demonstrated that algorithmic tools can misclassify risk, underdiagnose conditions, or allocate resources inequitably across demographic groups. Such outcomes are not merely technical errors but manifestations of structural bias translated into computational form. The opacity of many AI systems further complicates efforts to identify and correct these biases, raising concerns about accountability and transparency in clinical decision-making[28].
5.3 Fragmentation Between Clinical and Social Data Systems
A critical barrier to the integration of social determinants into precision medicine is the persistent fragmentation between clinical and social data infrastructures. Electronic health records (EHRs) are primarily designed to capture biomedical information, with limited capacity for systematically recording social, environmental, and behavioral data. Where such data are collected, they are often incomplete, inconsistently coded, or siloed within separate systems that are not interoperable with clinical databases[29].
This fragmentation impedes the development of comprehensive patient profiles and constrains the ability of clinicians and researchers to incorporate SDOH into predictive models and care pathways. The absence of standardized metrics for social determinants further exacerbates this challenge, hindering comparability across studies and limiting the scalability of integrative approaches[30].
5.4 Limited Integration into Clinical Workflows
Even where relevant data exist, the integration of precision medicine tools into routine clinical workflows remains limited. Clinicians often face significant practical constraints, including time pressures, lack of training in genomics and data analytics, and insufficient decision-support systems. The incorporation of SDOH adds an additional layer of complexity, requiring new forms of data collection, interpretation, and intervention that are not yet fully embedded within clinical practice.
Moreover, healthcare systems are frequently structured around acute care models that prioritize immediate clinical concerns over broader social context. As a result, opportunities to address upstream determinants of health are often overlooked, and precision medicine interventions are applied in isolation from the social realities that shape patient outcomes[1,31].
5.5 Structural and Systemic Limitations
At a broader level, the limitations of precision medicine reflect structural and systemic factors that extend beyond individual technologies or datasets. Funding priorities have historically favored biomedical research, particularly genomics, over investigations into social and environmental determinants. This imbalance reinforces a narrow research agenda and limits the development of integrative models[32].
Additionally, institutional and policy frameworks often lack mechanisms to support the incorporation of SDOH into healthcare delivery. Issues such as data governance, reimbursement structures, and cross-sector collaboration remain inadequately addressed. These systemic constraints underscore that the gaps in precision medicine are not solely technical but are deeply rooted in the organization and priorities of healthcare systems themselves[33]. The key structural limitations and their implications are summarized in Table 1.

Table 1: Structural Limitations of Current Precision Medicine and Their Implications
	Domain
	Key Limitation
	Underlying Issue
	Implication for Healthcare

	Data representation
	Underrepresentation in genomic datasets
	Historical and systemic inequities in research participation
	Reduced predictive accuracy for diverse populations

	Algorithmic systems
	Bias in AI and machine learning models
	Training on incomplete or skewed datasets
	Inequitable clinical decisions and risk misclassification

	Data infrastructure
	Fragmentation of clinical and social data
	Lack of interoperability and standardization
	Incomplete patient profiling and limited contextual insight

	Clinical integration
	Limited incorporation into workflows
	Time constraints, lack of training, system rigidity
	Poor translation of precision tools into practice

	System-level structure
	Biomedical dominance in funding and policy
	Prioritization of genomics over social determinants
	Slow adoption of holistic, equity-oriented models



6. Consequences of Excluding SDOH
6.1 Inaccurate Risk Prediction Models
The exclusion of social determinants from precision medicine models compromises their predictive accuracy and clinical utility. Risk prediction algorithms that rely predominantly on biological data fail to capture key drivers of disease susceptibility and progression, leading to incomplete or distorted risk assessments. For instance, models that do not account for socioeconomic status, environmental exposure, or access to care may underestimate risk in vulnerable populations while overestimating it in more advantaged groups[34].
Such inaccuracies have tangible clinical implications, influencing decisions related to screening, prevention, and treatment. In this context, the omission of SDOH represents not merely a gap in data but a fundamental limitation in the capacity of precision medicine to deliver on its promise of individualized care[35].
6.2 Reduced Effectiveness of Personalized Interventions
Personalized interventions derived from biologically informed models may prove ineffective when applied without consideration of the social contexts in which patients live. Treatment adherence, for example, is influenced by factors such as financial constraints, health literacy, transportation, and social support none of which are captured by genomic or biomarker data alone[36].
Similarly, recommendations for lifestyle modification or preventive care may be impractical or unattainable for individuals facing structural barriers. As a result, interventions that are theoretically optimal from a biological perspective may fail to achieve desired outcomes in practice. This disconnect highlights the necessity of aligning precision medicine with the lived realities of patients[37].
6.3 Widening Health Disparities
Rather than mitigating health inequities, the current trajectory of precision medicine risks exacerbating them[38]. Access to advanced diagnostics, genomic testing, and targeted therapies is often concentrated in high-resource settings, leaving underserved populations with limited benefit. Furthermore, the biases embedded within data and algorithms may lead to differential quality of care across demographic groups[7].
This dynamic creates a paradox in which innovations designed to enhance personalization instead contribute to the stratification of healthcare. Without deliberate efforts to incorporate SDOH and address structural inequities, precision medicine may reinforce existing disparities, undermining its broader societal value[13].
6.4 Ethical Concerns (Justice, Fairness, Inclusivity)
The exclusion of social determinants from precision medicine raises significant ethical concerns related to justice, fairness, and inclusivity. Healthcare systems have an obligation to ensure that innovations benefit all populations equitably, yet current models fall short of this standard. The use of biased data and algorithms may result in discriminatory outcomes, while the failure to address social context limits the ability of individuals to fully benefit from personalized care[39].
Moreover, the prioritization of technological advancement over social responsibility reflects a broader tension within healthcare innovation. Ethical precision medicine requires not only scientific rigor but also a commitment to addressing the structural determinants of health. In this regard, the integration of SDOH is not optional but essential to aligning precision medicine with principles of equity and justice[40].
7. Reframing Precision Medicine: Toward Contextualized Personalization
7.1 Conceptual Shift from Genome-Centered to Context-Aware Care
The limitations of current precision medicine models necessitate a fundamental conceptual shift from a predominantly genome-centered paradigm toward a more context-aware approach to personalized healthcare. While genomic and molecular data provide critical insights into disease mechanisms, they represent only one dimension of individual variability. Health outcomes are shaped by the dynamic interplay between biological, social, behavioral, and environmental factors, which cannot be adequately captured through a reductionist lens[3].
Reframing precision medicine as a context-sensitive enterprise requires expanding the definition of “precision” beyond molecular specificity to include the lived realities of patients. This shift challenges the implicit hierarchy that privileges biological data over social context and instead positions both as co-equal determinants of health. In doing so, it aligns precision medicine more closely with the goal of delivering care that is not only biologically tailored but also socially responsive and equitable[41].
7.2 Proposed Integrative Framework (Biological + Social + Behavioral Data)
To operationalize this conceptual shift, an integrative framework is proposed that systematically incorporates biological, social, and behavioral data into precision medicine models. At its core, this framework envisions a multidimensional patient profile that integrates genomic information, clinical indicators, and SDOH variables such as socioeconomic status, environment, and access to care[42].
This approach emphasizes the need for interoperable data systems capable of linking traditionally siloed datasets, enabling a more holistic understanding of patient risk and resilience. Importantly, the framework moves beyond additive models of data inclusion to consider the interactions between domains, recognizing that social conditions can modulate biological processes and influence treatment response. Such an integrative model provides a more accurate and contextually grounded basis for personalized care[43]. The core components of this proposed framework are outlined in Table 2.
Table 2: Framework for Context-Aware Precision Medicine
	Component
	Description
	Added Value Over Traditional Models

	Biological data
	Genomics, biomarkers, clinical indicators
	Maintains molecular precision

	Social determinants (SDOH)
	Socioeconomic status, environment, access to care
	Captures contextual drivers of health

	Behavioral factors
	Lifestyle, adherence, psychosocial influences
	Improves intervention effectiveness

	Data integration systems
	Interoperable platforms linking multi-source data
	Enables comprehensive patient profiling

	Advanced analytics
	AI/ML models incorporating multidimensional inputs
	Enhances predictive accuracy and equity

	Clinical application
	Context-sensitive decision-making and interventions
	Aligns care with real-world patient conditions

	Policy support
	Governance, reimbursement, and equity-focused frameworks
	Facilitates sustainable implementation




7.3 Role of Data Integration and Advanced Analytics
The successful implementation of context-aware precision medicine depends on advances in data integration and analytical methodologies. Machine learning and artificial intelligence offer powerful tools for synthesizing complex, high-dimensional datasets, including those that span biological and social domains. When appropriately designed, these models can identify patterns and interactions that are not readily apparent through traditional analytical approaches[11].
However, the incorporation of SDOH into these systems requires careful attention to data quality, standardization, and bias mitigation. Developing robust analytical frameworks that account for heterogeneity and structural inequities is essential to ensuring that predictive models are both accurate and equitable. Transparency and interpretability must also be prioritized to enable clinicians and patients to understand how decisions are informed by integrated data sources[44].
A conceptual representation of this integrative, context-aware precision medicine model is presented in Figure 1.
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Figure 1: Context-aware precision medicine framework integrating biological, social, and behavioral determinants
A conceptual model adapted and expanded from context-aware healthcare system architectures, illustrating the integration of biological data, social determinants of health, and behavioral factors within a patient-centered framework. Data integration and artificial intelligence enable risk prediction and personalized interventions, leading to improved clinical outcomes and health equity.
Adapted and expanded from  Gómez JG, Riaño VH, Ramirez-Gonzalez G. A Context Awareness System for Clinical Environments. Electronics. 2024; 13(15):2999. https://doi.org/10.3390/electronics13152999

Figure 1: Context-aware precision medicine framework.
A multilevel model integrating biological, social, and behavioral determinants of health. Data integration and artificial intelligence link these domains to improve risk prediction, guide personalized interventions, and promote health equity. Adapted from the authors’ conceptual synthesis of current literature.

7.4 Implications for Clinical Decision-Making
Integrating social determinants into precision medicine has significant implications for clinical decision-making. It expands the scope of personalization beyond pharmacological or molecular interventions to include contextually appropriate strategies that address social and behavioral factors. For example, treatment plans may incorporate social prescribing, targeted support services, or modifications based on a patient’s capacity to adhere to recommended interventions[45].
This approach also enhances risk stratification by providing a more comprehensive assessment of patient vulnerability, enabling clinicians to identify individuals who may benefit from additional support or alternative care pathways. In this sense, context-aware precision medicine supports a more proactive and preventive model of care, bridging the gap between clinical practice and public health.
7.5 Potential Impact on Patient Outcomes
The integration of biological and social data has the potential to significantly improve patient outcomes by increasing the accuracy, relevance, and effectiveness of personalized interventions. By accounting for the full spectrum of determinants that influence health, context-aware precision medicine can reduce misclassification of risk, enhance treatment adherence, and improve overall care delivery[46].
Moreover, this approach holds promise for addressing health disparities by ensuring that interventions are tailored not only to biological characteristics but also to the social conditions that shape access and response to care. In doing so, it repositions precision medicine as a tool not only for technological advancement but also for promoting equity and improving population health outcomes.
8. Ethical, Legal, and Policy Considerations
8.1 Data Privacy and Governance of Social Data
The integration of social determinants into precision medicine raises complex questions regarding data privacy and governance. Social data, including information on income, housing, and social circumstances, are inherently sensitive and may carry risks of misuse if not appropriately protected. Ensuring robust data governance frameworks that safeguard confidentiality while enabling meaningful data integration is essential[47].
This requires the development of clear standards for data collection, storage, and sharing, as well as mechanisms for informed consent that reflect the expanded scope of data use. Balancing the potential benefits of integrated data with the need to protect individual privacy remains a central ethical challenge in the evolution of precision medicine[48].
8.2 Risk of Stigmatization and Discrimination
The use of social data in healthcare also introduces the potential for stigmatization and discrimination, particularly if such data are used to categorize or profile individuals in ways that reinforce existing biases. For example, labeling patients based on socioeconomic disadvantage may inadvertently influence clinical decision-making or lead to differential treatment[49].
To mitigate these risks, it is critical to ensure that the integration of SDOH is guided by principles of equity and respect, with safeguards in place to prevent discriminatory practices. This includes fostering awareness among clinicians and developers of the potential biases inherent in data-driven systems and promoting the responsible use of social information[50].
8.3 Equity-Focused Policy Development
Policy frameworks play a pivotal role in shaping the integration of SDOH into precision medicine. Equity-focused policies are needed to ensure that innovations are accessible to diverse populations and that the benefits of precision medicine are distributed fairly[51]. This includes addressing disparities in access to genomic technologies, investing in infrastructure for data integration, and supporting research that prioritizes underrepresented groups.
Policies must also incentivize the incorporation of social determinants into clinical practice, for example through reimbursement models that recognize the value of addressing social needs as part of healthcare delivery. Without such policy support, efforts to integrate SDOH may remain fragmented and limited in scope[52].
8.4 Regulatory and Institutional Considerations
The transition toward context-aware precision medicine will require adaptation at both regulatory and institutional levels. Regulatory bodies must establish guidelines that address the use of integrated data, including standards for algorithm development, validation, and accountability. At the institutional level, healthcare systems must develop the capacity to collect, interpret, and act upon social data, necessitating investments in training, infrastructure, and interdisciplinary collaboration[11,53].
Furthermore, partnerships between healthcare providers, public health agencies, and social services will be essential to operationalizing integrated care models. These collaborations challenge traditional boundaries within healthcare systems but are necessary to address the multifaceted determinants of health in a comprehensive and coordinated manner.
9. Implementation Challenges
9.1 Data Collection and Standardization Barriers
The integration of social determinants of health (SDOH) into precision medicine is fundamentally constrained by challenges in data collection and standardization. Unlike genomic data, which benefit from well-established protocols and structured formats, SDOH data are often heterogeneous, context-specific, and inconsistently captured across healthcare systems. Variability in definitions, measurement tools, and reporting practices complicates efforts to harmonize data and limits interoperability across platforms[54].
Furthermore, the routine collection of social data within clinical settings remains uneven, often dependent on local practices rather than standardized frameworks. This inconsistency undermines the reliability and comparability of datasets, posing significant obstacles to their incorporation into predictive models and clinical decision-making processes.
9.2 Infrastructure and Resource Limitations
The implementation of context-aware precision medicine requires substantial infrastructural investment, including advanced data systems, interoperable platforms, and analytical capabilities. Many healthcare systems, particularly in resource-constrained settings, lack the technological capacity to support such integration. Even in high-resource environments, existing infrastructures are often not designed to accommodate the complexity of multidimensional data that span biological and social domains[55].
In addition to technological constraints, human resource limitations such as shortages of trained personnel in data science, genomics, and social medicine further impede implementation. These challenges highlight the need for coordinated investment in both digital infrastructure and workforce development to enable the effective adoption of integrative models[56].
9.3 Interdisciplinary Collaboration Challenges
9.3 Interdisciplinary Collaboration Challenges
Contextualized precision medicine necessitates meaningful collaboration across disciplines that have historically operated in silos, including clinical medicine, genomics, public health, social sciences, and data science. However, such collaboration is often impeded by differences in epistemological orientations, methodological approaches, and professional cultures. These divergences can create barriers to shared understanding, limiting the integration of diverse forms of knowledge required to address the multifactorial nature of health[3].
Bridging these divides demands more than technical interoperability; it requires the development of shared conceptual frameworks, common terminologies, and effective communication strategies that facilitate cross-disciplinary engagement. Yet, existing institutional structures and training pathways remain largely discipline-specific, offering limited support for integrative collaboration. As a result, the capacity to generate cohesive, multidisciplinary solutions that incorporate both biological and social dimensions of health remains constrained. Addressing these challenges will require deliberate efforts to foster interdisciplinary training, incentivize collaborative research, and redesign organizational systems to support integrated models of inquiry and practice[57].
9.4 Resistance Within Biomedical and Clinical Systems
The shift toward integrating SDOH into precision medicine challenges entrenched norms within biomedical and clinical systems. The dominance of biologically oriented models has shaped research priorities, clinical training, and healthcare delivery for decades. As a result, efforts to incorporate social determinants may encounter resistance from stakeholders who perceive such changes as diluting scientific rigor or increasing clinical complexity[15].
Clinicians may also be reluctant to adopt new practices that require additional time, resources, or unfamiliar forms of data interpretation. Overcoming this resistance will require not only evidence of clinical benefit but also cultural change within healthcare systems, emphasizing the value of holistic, patient-centered approaches[58,59].
9.5 Funding and Policy Constraints
Current funding landscapes and policy frameworks often prioritize biomedical innovation, particularly in genomics and pharmaceutical development, over research and interventions addressing social determinants. This imbalance limits the availability of resources for developing and implementing integrative models of precision medicine[60].
Policy constraints further complicate implementation, as reimbursement systems frequently do not account for interventions targeting social needs. The absence of financial incentives for addressing SDOH within clinical care reduces the feasibility of integrating such approaches into routine practice. Addressing these constraints will require a reorientation of funding priorities and policy mechanisms to support more comprehensive and equitable models of healthcare[61].
10. Future Directions
10.1 Development of Integrated Data Systems
Advancing context-aware precision medicine will depend on the development of integrated data systems capable of linking biological, clinical, and social information in a coherent and interoperable manner. This includes the establishment of standardized frameworks for collecting and encoding SDOH data, as well as the design of platforms that facilitate secure data sharing across sectors[62].
Future efforts should prioritize the creation of scalable and adaptable systems that can accommodate diverse data types while maintaining data integrity and privacy. Such integration will provide a foundation for more accurate predictive models and more responsive healthcare delivery[63].
10.2 Inclusive and Diverse Research Populations
Addressing the limitations of current precision medicine requires a concerted effort to increase the representation of diverse populations in research. This includes not only genetic diversity but also variation in socioeconomic, environmental, and cultural contexts. Inclusive research practices are essential to ensuring that findings are generalizable and that the benefits of precision medicine are equitably distributed.
Engaging underrepresented communities in research will require building trust, addressing historical inequities, and ensuring that participation translates into tangible benefits. Without such efforts, precision medicine risks perpetuating existing disparities rather than mitigating them[64].
10.3 AI and Digital Health Integration with SDOH
The convergence of artificial intelligence, digital health technologies, and SDOH presents significant opportunities for advancing personalized care. Wearable devices, mobile health applications, and remote monitoring systems can generate real-time data on behavioral and environmental factors, complementing traditional clinical and genomic datasets.
When integrated with robust analytical frameworks, these technologies can enable more dynamic and context-sensitive models of health prediction and intervention. However, ensuring that such innovations are accessible and equitable remains a critical challenge, requiring deliberate efforts to avoid the creation of new digital divides[65].
10.4 Relevance for Low- and Middle-Income Countries (LMICs)
The integration of SDOH into precision medicine is particularly relevant for low- and middle-income countries (LMICs), where social and environmental determinants play a dominant role in shaping health outcomes. In these settings, a purely genomic approach is often insufficient and impractical, given resource constraints and differing disease burdens.
Context-aware precision medicine offers an opportunity to develop more appropriate and scalable models of care that align with local realities. By prioritizing social context alongside biological data, such approaches can enhance the relevance and impact of precision medicine in LMICs, contributing to more equitable global health outcomes[66].
10.5 Policy and Global Health Implications
The evolution of precision medicine toward a more integrative model has significant implications for policy and global health. Policymakers must consider how to support the incorporation of SDOH into healthcare systems through regulatory frameworks, funding mechanisms, and cross-sector collaboration.
At a global level, there is a need for coordinated efforts to ensure that advances in precision medicine do not exacerbate existing inequalities between and within countries. This includes fostering international collaboration, sharing best practices, and supporting capacity-building initiatives in resource-limited settings. Ultimately, the future of precision medicine will depend on its ability to align technological innovation with the broader goal of achieving equitable and sustainable health outcomes worldwide[66].


11. Conclusion
11.1 Summary of Key Critiques
This review has critically examined the conceptual and practical limitations of contemporary precision medicine, highlighting its predominant reliance on biological data and its insufficient engagement with the broader determinants of health. While advances in genomics, biomarkers, and artificial intelligence have significantly enhanced the capacity for individualized care, these innovations remain constrained by structural biases, fragmented data systems, and limited real-world applicability. Central to these limitations is the persistent exclusion of social determinants of health (SDOH), which are fundamental drivers of disease risk, progression, and treatment outcomes. The failure to integrate these determinants undermines both the scientific robustness and the ethical foundations of precision medicine.
11.2 Reaffirmation of the Central Argument
At its core, this review advances the argument that precision medicine, as currently conceptualized, is biologically precise but contextually incomplete. True personalization cannot be achieved through molecular data alone; it requires a comprehensive understanding of the social, environmental, and behavioral contexts in which individuals live and experience health and illness. The integration of SDOH is therefore not an optional extension of precision medicine but a necessary condition for its validity, effectiveness, and equity.
11.3 Implications for Research, Practice, and Policy
The findings of this review carry important implications across multiple domains. For research, there is a need to move beyond reductionist models and develop integrative frameworks that capture the dynamic interplay between biological and social determinants. This includes expanding data collection to encompass diverse populations and contextual variables, as well as advancing analytical methods capable of handling such complexity.
In clinical practice, the incorporation of SDOH necessitates a shift toward more holistic models of care, where treatment decisions are informed not only by biological markers but also by patients’ social realities. This may involve the integration of social prescribing, enhanced care coordination, and the use of decision-support tools that account for contextual factors.
At the policy level, achieving context-aware precision medicine will require reforms that address structural inequities, support data integration, and incentivize the inclusion of social determinants in healthcare delivery. Without such changes, the benefits of precision medicine are likely to remain unevenly distributed.
11.4 Call for a Paradigm Shift Toward Truly Personalized Healthcare
The future of precision medicine depends on its ability to transcend its current limitations and evolve into a more inclusive and context-sensitive paradigm. This requires a fundamental reorientation of priorities—from a narrow focus on molecular precision to a broader commitment to contextualized personalization. Such a shift demands interdisciplinary collaboration, sustained investment, and a reimagining of healthcare systems that places equity at the center of innovation.
Ultimately, precision medicine must move beyond the genome to embrace the full complexity of human health. Only by integrating biological insight with social understanding can it fulfill its promise of delivering care that is not only precise but also meaningful, effective, and just.
[bookmark: _GoBack]
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