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Abstract
Farmers in the United States experience sustained exposure to agrochemicals through occupational, environmental, residential, and dietary pathways. These exposures are typically low dose, cumulative, and heterogeneous, yet traditional risk assessment approaches continue to emphasize single chemicals and short-term exposure windows. Such paradigms are poorly suited to capture the complexity of real-world agricultural exposure environments or to explain observed patterns of chronic disease, including cancer, neurodegenerative disorders, and cardiometabolic conditions, in farming populations. This review synthesizes current evidence on agrochemical-related chronic disease risk through the lens of the exposome, a framework that encompasses the totality of environmental exposures across the life course and their internal biological correlates. We examine major classes of agrochemicals used in U.S. farming systems, dominant exposure pathways, and disease outcomes characterized by long latency, heterogeneity, and multi-morbidity. Particular attention is given to integrative modeling approaches that combine spatial exposure estimation, biomonitoring, and mixture-aware statistical or computational methods to reconstruct cumulative exposure and internal dose. We further evaluate key methodological challenges, including exposure misclassification, temporal mismatch between biomarkers and disease onset, confounding by co-exposures, and data integration barriers. Finally, we discuss the implications of exposome-based modeling for regulatory risk assessment, public health surveillance, and preventive strategies, highlighting opportunities to address regulatory blind spots, strengthen early detection, and support more equitable protection of agricultural communities. By bridging environmental contamination with chronic disease risk through integrative exposome science, this review underscores the need for coordinated environmental and occupational health strategies that move beyond single-agent frameworks toward cumulative, life-course–informed prevention.
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1. Introduction: Framing Agrochemical Exposure as an Exposome Problem
Agricultural production in the United States relies heavily on the sustained use of agrochemicals, including herbicides, insecticides, and fungicides, to maintain crop yields and economic viability. While these inputs are integral to modern farming systems, they also constitute a major source of chronic occupational and environmental exposure for farmers and their families. Unlike acute toxic events, agrochemical exposures in agricultural populations are typically low dose, repetitive, and sustained over decades, occurring through multiple pathways such as dermal contact, inhalation of aerosols and dust, contaminated water sources, and dietary intake. This exposure profile aligns closely with a life course risk model in which cumulative and interacting exposures shape long term health outcomes(1–3).
Epidemiologic evidence consistently indicates that U.S. farming populations experience elevated risks of several chronic diseases, including certain cancers such as non Hodgkin lymphoma and prostate cancer, neurodegenerative disorders including Parkinson’s disease, and cardiometabolic conditions such as diabetes and hypertension(4). However, these associations are often heterogeneous and difficult to interpret, reflecting the complexity of agricultural exposure environments. Farmers are rarely exposed to a single chemical in isolation. Instead, they encounter mixtures of agrochemicals alongside other occupational, environmental, and social stressors that may jointly influence disease risk.
Traditional exposure assessment approaches in environmental and occupational health have struggled to fully capture this complexity. Many studies focus on individual agents or chemical classes, rely on cross sectional or retrospective designs, and use proxy measures of exposure such as job titles or self reported use. These methods are limited in their ability to account for cumulative exposure, temporal variability, biological uptake, and interactions among multiple exposures. As a result, they may underestimate true risk or fail to identify vulnerable subgroups within farming populations(5).
The exposome framework offers a unifying conceptual and methodological approach to address these limitations. By encompassing the totality of environmental exposures across the life course and linking them to internal biological responses, the exposome moves beyond single chemical epidemiology toward a systems level understanding of disease etiology. Integrative exposome modeling, which combines environmental data, biomonitoring, spatial analysis, and advanced statistical or computational methods, is particularly well suited to agricultural contexts characterized by complex and dynamic exposure profiles.
This review synthesizes current evidence and modeling approaches for integrating agrochemical exposures into exposome based chronic disease risk assessment among U.S. farmers.
2. Agrochemical Exposures in U.S. Farming Systems
Agrochemical use is a defining feature of contemporary U.S. agriculture and represents one of the most complex exposure environments in occupational health. Farmers are routinely exposed to diverse chemical agents that vary in toxicity, persistence, and biological activity. These exposures rarely occur in isolation and are shaped by farming practices, crop type, geography, and regulatory history, creating heterogeneous exposure profiles across agricultural regions(6).
2.1 Major Classes of Agrochemicals
Herbicides constitute the largest share of agrochemical use in the United States, with compounds such as glyphosate widely applied across row crops, orchards, and pasture systems. Their extensive use has raised concerns about chronic low level exposure, particularly given repeated seasonal applications and environmental persistence in soil and water. Insecticides, including organophosphates and neonicotinoids, are commonly used to control pest populations but are also associated with neurotoxic and endocrine effects(7). Although the use of some highly toxic organophosphates has declined, legacy exposure and continued use of related compounds remain relevant in certain farming contexts. Fungicides, often applied preventively and in combination with other chemicals, add another layer of exposure complexity, particularly in fruit, vegetable, and specialty crop production. In addition, legacy compounds such as organochlorines, though banned for decades, persist in agricultural soils and sediments, contributing to long term background exposure through environmental reservoirs(8).
2.2 Exposure Pathways
Occupational exposure remains the primary route for farmers and agricultural workers. Activities such as mixing and loading formulations, equipment calibration, spraying, and field re entry following application are associated with direct dermal and inhalation exposure. Environmental pathways further extend exposure beyond the worksite(9). Spray drift, volatilization, and runoff can contaminate nearby soils, surface waters, and groundwater, particularly in regions reliant on private wells. Residential and para occupational exposure occurs when chemicals are transported into homes on clothing, skin, or equipment, affecting household members who are not directly involved in farm work. Dietary exposure also contributes to the overall burden, as farmers may consume produce grown on treated land or drink water affected by agricultural runoff(9,10).
2.3 Temporal and Spatial Variability
Agrochemical exposures are highly variable over time and space. Application intensity often follows seasonal patterns linked to planting and pest cycles, resulting in episodic peaks superimposed on chronic background exposure. Spatial variability is driven by regional differences in crop production, climate, and pest pressure, leading to distinct chemical mixtures across agricultural landscapes(11). Over the long term, repeated low dose exposures accumulate across the farming life course, interacting with aging, changing practices, and environmental conditions. This combination of temporal fluctuation and spatial heterogeneity underscores the need for exposure models that reflect real world farming systems rather than simplified or static assumptions.
3. Chronic Disease Outcomes Linked to Agrochemical Exposure
A substantial body of epidemiologic and toxicologic research has examined the relationship between agrochemical exposure and chronic disease in agricultural populations. While findings vary across studies, consistent patterns have emerged across several disease domains, reflecting the long latency, biological complexity, and cumulative nature of exposure in farming systems. These characteristics challenge traditional causal inference and underscore the value of exposome based approaches that can accommodate heterogeneity and multi morbidity(6).
3.1 Cancer
Cancer has been one of the most extensively studied health outcomes in relation to agrochemical exposure. Elevated risks of non Hodgkin lymphoma have been reported among farmers and pesticide applicators, with associations observed for several herbicides and insecticides. Prostate cancer has also been linked to long term pesticide exposure, particularly among individuals with intensive or prolonged use histories. Hematologic malignancies, including leukemia and multiple myeloma, have been associated with both current use and historical exposure to certain chemical classes(6,12). These cancers are characterized by long induction periods, making it difficult to link disease onset to specific exposure windows using conventional study designs. Variation in chemical mixtures, genetic susceptibility, and co exposures further contributes to inconsistent findings across studies, highlighting the need for integrative frameworks that capture cumulative and interacting risks(13).
3.2 Neurological and Neurodegenerative Disorders
Neurological outcomes represent another critical domain of concern. Parkinson’s disease has shown one of the most consistent associations with agricultural pesticide exposure, with both occupational and environmental pathways implicated. Experimental studies support biological plausibility through mechanisms involving mitochondrial dysfunction, oxidative stress, and dopaminergic neuron damage(14,15). Beyond clinically diagnosed disease, evidence suggests that chronic agrochemical exposure may contribute to subclinical neurological effects and accelerated cognitive decline. These outcomes often emerge gradually and may coexist with other chronic conditions, complicating attribution and diagnosis.
3.3 Metabolic and Cardiovascular Disease
Growing evidence links agrochemical exposure to metabolic and cardiovascular disorders, including diabetes, hypertension, and atherosclerosis. Certain pesticides have been shown to disrupt glucose metabolism, lipid regulation, and inflammatory pathways, which are central to cardiometabolic health. In farming populations, these conditions frequently coexist with other chronic diseases, increasing overall morbidity. The multifactorial nature of metabolic and cardiovascular disease, influenced by lifestyle, socioeconomic factors, and environmental exposures, makes it difficult to isolate single causal agents, reinforcing the relevance of multi exposure modeling(16).
Systems-level disruptions of metabolic regulation by environmental exposures are increasingly recognized across diverse contexts, including microbiome-mediated and inflammatory pathways(17). 
3.4 Reproductive and Developmental Effects
Although less frequently studied in adult farmers, reproductive and developmental effects provide important insight into endocrine and intergenerational pathways of harm. Agrochemicals with endocrine disrupting properties have been linked to altered reproductive function and adverse developmental outcomes. Emerging evidence suggests that early life or parental exposure may influence disease susceptibility later in life, raising concerns about intergenerational risk transmission(18). Together, these diverse outcomes illustrate how heterogeneity, latency, and overlapping disease processes justify a comprehensive exposome based approach to chronic disease risk assessment in agricultural populations.
4. The Exposome Framework in Agricultural Health Research
The exposome framework was developed to address the gap between complex environmental exposures and chronic disease etiology by capturing the totality of non genetic influences on health across the life course. In agricultural settings, where exposure environments are dynamic and multifaceted, this framework provides a coherent structure for integrating diverse data streams that extend beyond single chemical assessment.
4.1 Defining the Exposome
The exposome encompasses all environmental exposures experienced by an individual from conception onward and is commonly described across complementary domains. The external exposome includes chemical exposures such as pesticides, metals, and air contaminants, as well as physical factors including climate and noise, and social dimensions such as socioeconomic conditions and work organization. Within this domain, a distinction is often made between the general external exposome, which reflects broader environmental and societal contexts, and the specific external exposome, which captures more direct and localized exposures such as occupational chemical use or contaminated drinking water. The internal exposome refers to biological responses and internalized exposures that can be measured through high resolution molecular profiling, including metabolomics, proteomics, epigenomics, and other omics based indicators(19). These internal markers provide insight into biological pathways linking external exposures to disease processes.
4.2 Why Farming Is an Exposome Relevant Occupation
Farming is particularly well suited to an exposome based perspective because of the diversity and persistence of exposures encountered over time. Agricultural work involves contact with complex mixtures of agrochemicals that vary by crop, season, and region, resulting in substantial exposure heterogeneity. These chemical exposures interact with physical stressors such as heat, ultraviolet radiation, and particulate matter, as well as social and economic pressures related to labor intensity, market volatility, and access to health care(20). Importantly, farming exposures often begin early in life, sometimes in childhood or adolescence, and continue across decades, leading to cumulative exposure trajectories that align with life course models of chronic disease. Climate variability and evolving agricultural policies further shape exposure patterns by influencing chemical use practices and environmental dispersion.
4.3 Limitations of Current Exposome Applications
Despite its conceptual strengths, the application of the exposome framework in agricultural health research remains limited. One major challenge is data sparsity in rural settings, where environmental monitoring networks and biomonitoring infrastructure are less developed than in urban areas. In addition, farmers are underrepresented in large population based exposome cohorts, which often focus on urban or general populations(21). This underrepresentation restricts the generalizability of findings and limits the ability to capture agriculture specific exposure profiles. Addressing these gaps is essential for translating exposome science into meaningful risk assessment and prevention strategies for farming communities.
5. Integrative Modeling Approaches for Agrochemical Exposomes
Integrative modeling is central to operationalizing the exposome framework in agricultural health research. Because agrochemical exposures are heterogeneous, episodic, and cumulative, no single data source or analytic method is sufficient to characterize risk. Instead, effective exposome modeling requires the coordinated use of environmental data, biomonitoring, and advanced statistical or computational approaches that can accommodate complexity while remaining interpretable for public health application(22). Figure 1 illustrates an integrated pipeline linking agrochemical exposure assessment with biomonitoring and exposome-based modeling to characterize chronic disease risk in U.S. farming populations.
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Fig 1:Schematic overview of an exposome-based pipeline integrating environmental exposure modeling, biomonitoring, and analytical approaches to assess chronic disease risk from agrochemical exposure.
5.1 Exposure Modeling
Environmental exposure modeling provides the foundation for estimating agrochemical contact in farming systems. Geographic information system based models are widely used to link pesticide application records with spatial data on land use, crop type, and residential or occupational locations. These models enable the estimation of proximity based exposure and allow for the reconstruction of historical exposure patterns over time. Drift and dispersion models further refine exposure estimates by accounting for factors such as application method, weather conditions, and chemical properties that influence airborne transport and off target deposition. Together, these approaches help capture both direct occupational exposure and indirect environmental pathways(23).
To move beyond single chemical assessment, cumulative exposure indices are increasingly applied. These indices aggregate exposure across multiple compounds, application events, or time periods, providing a summary measure of overall burden. While such indices inevitably involve assumptions, they offer a pragmatic means of representing long term exposure in epidemiologic analyses and serve as a bridge between detailed environmental modeling and health outcome data.
5.2 Biomonitoring and Internal Dose Modeling
Biomonitoring plays a critical role in linking external exposure estimates to internal dose. Measurements of urinary metabolites are commonly used to assess recent exposure to many pesticides and can reflect absorbed dose across multiple routes. Blood based biomarkers offer insight into circulating levels of parent compounds or persistent metabolites, while hair samples provide a longer term record of exposure and may be particularly useful for capturing seasonal or chronic patterns. Each matrix has distinct strengths and limitations, and their combined use can improve exposure characterization(24).
A major challenge in internal dose modeling is the short biological half life of many agrochemicals, which complicates the interpretation of single time point measurements. Temporal variability, influenced by application cycles and individual behaviors, can lead to exposure misclassification if not properly addressed. Repeated sampling, integration with environmental models, and the use of toxicokinetic information can partially mitigate these limitations and strengthen inference(25).
5.3 Statistical and Computational Approaches
High dimensional exposure data require analytic methods capable of handling correlation and interaction among multiple agents. Multi pollutant regression models provide a straightforward extension of traditional approaches but may struggle with collinearity. Bayesian hierarchical models offer greater flexibility by allowing for the incorporation of prior knowledge and the estimation of uncertainty across multiple levels of exposure and outcome data. Mixture modeling techniques, such as weighted quantile sum regression and Bayesian kernel machine regression, are increasingly used to identify influential components of complex exposure mixtures while accounting for joint effects(26).
Machine learning approaches have also gained attention for their ability to process large and complex datasets. These methods can uncover nonlinear relationships and interaction patterns that may be missed by conventional models. However, their use in exposome research requires careful attention to interpretability and validation to ensure relevance for risk assessment(27).
5.4 Linking Exposure to Disease Risk
The final step in integrative modeling involves linking exposure estimates to chronic disease outcomes. Mediation and interaction analyses can help disentangle biological pathways and identify effect modifiers such as age, sex, or genetic susceptibility. Time varying exposure outcome frameworks are particularly important in agricultural contexts, where exposure intensity fluctuates and disease latency is long(28). Together, these approaches enable a more nuanced and realistic assessment of how agrochemical exposomes contribute to chronic disease risk over the farming life course(29). Table 1 summarizes key analytical approaches used in agrochemical exposome research, highlighting their distinct roles and methodological limitations.
Table 1. Key Modeling Approaches in Agrochemical Exposome Research and Their Analytical Trade-offs
	Approach
	Primary Role in Exposome Analysis
	Distinct Contribution
	Key Limitation to Address

	GIS-based exposure models
	Spatial reconstruction of pesticide use
	Captures geographic heterogeneity and historical application patterns
	Limited representation of individual behaviors

	Drift and dispersion models
	Estimation of off-target exposure
	Incorporates meteorology and application method variability
	Sensitive to parameter assumptions

	Cumulative exposure indices
	Long-term exposure summarization
	Enables life-course exposure representation
	Simplifies toxicity differences across agents

	Urinary biomonitoring
	Short-term internal dose estimation
	Reflects absorbed exposure across routes
	Narrow temporal exposure window

	Blood biomarkers
	Systemic exposure assessment
	Indicates circulating or persistent compounds
	Invasive; limited temporal resolution

	Hair biomarkers
	Chronic exposure reconstruction
	Integrates exposure over months
	Lack of standardized protocols

	Multi-pollutant regression
	Exposure–outcome association testing
	Familiar interpretation for epidemiology
	Vulnerable to collinearity

	Bayesian hierarchical models
	Complex exposure structure modeling
	Explicit uncertainty quantification
	Computational intensity

	Mixture models (WQS, BKMR)
	Identification of influential mixtures
	Estimates joint effects of correlated agents
	Requires large sample sizes

	Machine learning methods
	Pattern detection in high-dimensional data
	Captures nonlinearity and interactions
	Interpretability constraints



6. Methodological Challenges and Sources of Uncertainty
Despite advances in exposome science and integrative modeling, substantial methodological challenges remain in assessing chronic disease risk from agrochemical exposure in farming populations. These challenges introduce uncertainty at multiple stages of analysis and must be explicitly acknowledged to ensure balanced interpretation and credible inference.
6.1 Exposure Misclassification
Exposure misclassification is a persistent concern in agricultural health research. Many farmers rely on private wells for drinking water, and contamination levels can vary considerably across small geographic areas and over time. Infrequent or absent monitoring of these water sources limits the ability to accurately characterize long term ingestion exposure. In addition, not all relevant agrochemicals or their transformation products are routinely measured, leading to unmeasured or poorly characterized contaminants that may contribute to health risk. Reliance on self reported pesticide use histories further introduces recall bias, particularly in studies that require participants to reconstruct exposure patterns over many years(30,31). Even when application records are available, they may not fully capture individual behaviors, protective practices, or secondary exposure routes, all of which influence internal dose.
6.2 Temporal Mismatch
A fundamental challenge in linking agrochemical exposure to chronic disease lies in the temporal mismatch between exposure assessment and disease manifestation. Many chronic conditions associated with pesticide exposure, including cancer and neurodegenerative disorders, develop over decades. In contrast, commonly used biomarkers often reflect recent exposure over days or weeks. This disconnect complicates efforts to identify etiologically relevant exposure windows and increases the risk of misclassification. Although environmental modeling and historical reconstruction can extend exposure estimates backward in time, uncertainty remains regarding cumulative dose and critical periods of susceptibility(32).
6.3 Confounding and Effect Modification
Farming populations are exposed to a range of non chemical factors that can confound or modify observed associations. Socioeconomic status influences access to health care, diagnostic practices, and baseline disease risk, while also shaping exposure patterns through farm size, crop choice, and labor intensity. Co exposures such as diesel exhaust from farm machinery, organic dusts, and zoonotic agents introduce additional complexity, as these agents may independently affect chronic disease risk or interact with agrochemicals. Genetic susceptibility and individual differences in metabolism further modify exposure response relationships, contributing to heterogeneity in observed outcomes(33).
6.4 Data Integration Barriers
Integrative exposome research depends on the ability to link environmental, biological, and clinical datasets, yet such integration is often hindered by practical and structural barriers. Environmental monitoring data may lack spatial resolution or temporal alignment with health records, while biomonitoring data are frequently limited to small subsets of study populations. Differences in data formats, privacy constraints, and institutional silos further impede comprehensive analysis. Addressing these integration challenges is essential for reducing uncertainty and advancing robust exposome based risk assessment in agricultural health research(22,34).
7. Implications for Policy, Surveillance, and Risk Assessment
Integrative exposome modeling shifts the assessment of agrochemical exposure from isolated hazards to cumulative, systems-level risk, with important implications for regulation, surveillance, and prevention in agricultural health. In farming environments characterized by long-term, multi-pathway exposure, this perspective better reflects real-world conditions and strengthens the relevance of environmental health evidence for decision making.
[image: ]Figure 2: Conceptual framework illustrating how cumulative agrochemical exposures, characterized through exposome-based modeling, can be translated into regulatory evaluation, public health surveillance, and preventive interventions in agricultural populations.

From a regulatory perspective, exposome-based evidence highlights persistent blind spots in current oversight mechanisms. Private drinking water wells, which supply a substantial proportion of rural households, remain largely outside routine federal monitoring despite their susceptibility to agrochemical contamination. In addition, regulatory risk assessments continue to focus primarily on individual chemicals, with limited incorporation of cumulative or mixture-based effects. Integrative exposure metrics derived from exposome modeling provide a scientific basis for aligning regulatory evaluation with the complexity of agricultural exposure environments(35).
Public health surveillance similarly benefits from an exposome-informed approach. Conventional surveillance systems tend to be reactive, relying on diagnosed disease outcomes rather than upstream indicators of risk. By combining spatial exposure models with targeted biomonitoring, surveillance efforts can identify elevated exposure profiles and emerging risks earlier in the disease trajectory(36). This supports more strategic allocation of monitoring resources and strengthens the capacity for early intervention in high-risk farming communities(37).
Exposome modeling also enables a shift in preventive public health from generalized guidance toward more targeted and context-specific strategies. Cumulative exposure profiles can be used to stratify risk within agricultural populations, allowing interventions to be tailored to dominant exposure pathways, local environmental conditions, and farming practices(38). Such precision prevention approaches may include targeted well testing, exposure reduction initiatives, or enhanced clinical screening, thereby improving efficiency and equity(39).
Together, these implications underscore the value of integrated environmental and occupational health strategies that prioritize anticipation over reaction. By embedding cumulative exposure science into regulation, surveillance, and prevention, exposome-based approaches offer a pathway toward more effective and equitable protection of farming populations.
8. Future Directions and Research Priorities
Advancing exposome based assessment of agrochemical related chronic disease risk in farming populations will require coordinated methodological, infrastructural, and ethical progress. Future research must move beyond proof of concept studies toward integrated systems that generate evidence capable of informing prevention, regulation, and community level action.
A priority direction is the development of hybrid frameworks that combine environmental exposure modeling with biomonitoring. Integrating spatially resolved pesticide use data, drift modeling, and water contamination estimates with repeated biological measurements can improve reconstruction of cumulative exposure over time. Such approaches are particularly important in agricultural settings where reliance on short term biomarkers alone is insufficient to capture long latency disease processes. Hybrid designs also allow cross validation between modeled and measured exposures, strengthening confidence in risk estimates(40).
The growing use of machine learning offers new opportunities to analyze high dimensional exposome data, but future applications must emphasize interpretability alongside predictive performance. Explainable models are essential for identifying influential exposure mixtures, understanding biological pathways, and ensuring that findings can be translated into regulatory and public health contexts. Transparent analytic strategies will also support reproducibility and trust among stakeholders.
Longitudinal cohort studies focused on farmers and agricultural workers represent a critical research need. Existing cohorts remain limited in number and scope, and many lack repeated exposure or biomarker measurements across the life course. Long term follow up, beginning earlier in working life and extending into older age, would improve understanding of exposure trajectories, critical windows of susceptibility, and multi morbidity patterns(41).
Integration of exposome research with climate and land use change is another emerging priority. Shifts in temperature, precipitation, and pest ecology are altering agrochemical use patterns and environmental transport, with implications for future exposure profiles. Models that incorporate these dynamics will be better positioned to anticipate emerging risks rather than solely documenting past harm.
Finally, ethical considerations and data justice must be embedded in future research design. Farmers should be engaged as data stakeholders, with meaningful involvement in study governance, data interpretation, and dissemination of results. Transparent communication, protection of privacy, and equitable return of benefits are essential to ensure that exposome science supports, rather than exploits, agricultural communities(42).
9. Conclusion
Agrochemical exposure in U.S. farming systems represents a complex and enduring public health challenge that cannot be adequately addressed through single chemical or short term assessment approaches. Farmers experience cumulative, multi pathway exposures across the life course, with health effects that often emerge after long latency periods and manifest as overlapping chronic conditions. Exposome based modeling provides a critical bridge between environmental contamination and chronic disease risk by integrating diverse exposure sources, biological responses, and contextual factors into a coherent analytical framework.
By moving beyond reductionist exposure paradigms, integrative exposome approaches improve the capacity to identify high risk mixtures, vulnerable populations, and critical windows of susceptibility. This has direct implications for regulatory science, as cumulative and mixture based evidence can inform more realistic risk assessment and guide reforms that address long standing blind spots in agricultural oversight. Exposome informed surveillance and prevention strategies also offer pathways for earlier intervention, shifting the focus from downstream disease management to upstream risk reduction.
Importantly, the application of exposome modeling in agricultural health has implications for health equity. Farming communities, particularly those reliant on private wells or operating in resource limited settings, have historically borne disproportionate environmental risks with limited institutional protection. Integrated environmental and occupational health strategies that recognize farmers as stakeholders rather than passive recipients of risk are essential for addressing these inequities. Together, these advances position exposome based research as a foundation for more preventive, equitable, and scientifically grounded protection of agricultural populations.
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