


Predictive Modeling of Early-Life Agrochemical Exposure and Pediatric Cancer Risk in U.S. Farmers’ Children

Abstract
Children residing in agricultural settings are uniquely vulnerable to early-life exposure to agrochemicals, which may contribute to the development of pediatric cancers. This narrative review synthesizes current evidence on the relationship between prenatal and early childhood agrochemical exposures and pediatric cancer risk, with a focus on predictive and spatial modeling approaches. Epidemiologic studies consistently implicate leukemia, particularly acute lymphoblastic leukemia, as the malignancy most strongly associated with early-life exposure, while evidence for central nervous system tumors and rarer pediatric cancers is emerging but less consistent. Mechanistic data support biological plausibility through pathways including genotoxicity, endocrine disruption, epigenetic reprogramming, and immune dysregulation during critical developmental windows. Predictive models, ranging from traditional regression and Bayesian hierarchical frameworks to machine learning and GIS-based approaches, enhance exposure estimation, risk stratification, and identification of high-risk subgroups, although challenges remain regarding exposure misclassification, modeling of chemical mixtures, and integration of mechanistic evidence. We identify key research gaps, including the need for longitudinal, biomarker-validated studies and hybrid causal–predictive modeling frameworks. Advancing interdisciplinary, prevention-oriented research in this area is critical for informing evidence-based interventions, reducing pediatric cancer burden in agricultural populations, and promoting equitable environmental health outcomes.
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1. Introduction
Pediatric cancers remain a leading cause of disease-related mortality among children in the United States, with leukemia, central nervous system tumors, and lymphomas accounting for the majority of cases(Siegel et al., 2023). Although overall incidence rates are relatively low compared with adult malignancies, their lifelong consequences, combined with the limited scope for primary prevention, render pediatric cancers a major public health concern. Emerging epidemiologic evidence suggests that children residing in agricultural regions experience disproportionate cancer burdens, raising concerns about chronic, low-dose exposure to agrochemicals as a contributing environmental risk factor(Zahnreich et al., 2021). These patterns are particularly salient in farming communities, where residential proximity to treated fields, occupational take-home exposures, and reliance on local environmental resources collectively elevate exposure potential(Chen et al., 2023).	Comment by NEW USER: PLEASE ITALISE ALL et al., 
Fetuses and young children are biologically more susceptible to environmental toxicants than adults due to rapid cellular proliferation, immature detoxification pathways, and critical periods of organ and immune system development. Prenatal and early postnatal exposures can disrupt tightly regulated developmental processes, leading to long-lasting molecular and epigenetic alterations that may predispose individuals to malignancy later in childhood. Many commonly used agricultural chemicals exhibit properties consistent with carcinogenic or tumor-promoting mechanisms, including genotoxicity, endocrine disruption, oxidative stress induction, and immune modulation. When exposure occurs during sensitive developmental windows, even low-level environmental contact may carry disproportionate risk(Vinnars et al., 2023).
Despite growing concern, traditional epidemiologic approaches have struggled to fully characterize the complex relationships between early-life agrochemical exposure and pediatric cancer risk. Conventional exposure assessment methods, such as self-reported pesticide use or broad occupational classifications, often lack spatial and temporal resolution and are prone to substantial misclassification. In this context, predictive modeling approaches, including spatially resolved exposure models and data-driven risk prediction frameworks, offer a means to integrate diverse data sources and capture heterogeneity in exposure patterns across time, geography, and chemical mixtures. Such approaches have the potential to improve risk estimation, identify high-risk subpopulations, and inform targeted prevention strategies(Castro-Vargas et al., 2025; Cavalier et al., 2023).
Children of farmers constitute a particularly critical yet under-studied population in environmental cancer research. Unlike the general rural population, these children may experience continuous exposure across multiple pathways, beginning in utero and extending throughout early childhood. However, they are frequently underrepresented or inadequately characterized in large population-based studies, which often lack detailed occupational, residential, and exposure data specific to farming households. This gap limits the ability to translate existing evidence into effective public health interventions for agricultural communities(Silva et al., 2025).
The objective of this review is to synthesize current evidence on early-life agrochemical exposure and pediatric cancer risk among farmers’ children, with a specific focus on the role of predictive modeling approaches in advancing exposure assessment and risk estimation. By integrating epidemiologic findings, exposure modeling methodologies, and emerging predictive frameworks, this review aims to critically evaluate the state of the science, identify methodological limitations, and outline priorities for future research and policy-relevant applications.
2. Conceptual Framework
This review is grounded in a life-course exposure paradigm, which posits that disease risk is shaped by environmental influences operating across critical stages of development, beginning in utero and extending through early childhood. Within this framework, pediatric cancer is understood not solely as the result of proximate exposures but as the downstream manifestation of biological perturbations initiated during sensitive developmental windows. The developmental origins of cancer hypothesis emphasizes that early-life insults can induce persistent molecular, epigenetic, and immunologic changes that increase susceptibility to malignant transformation during childhood, when growth and differentiation processes remain highly active(Zhang et al., 2024).
The exposure–disease continuum linking agrochemical use to pediatric cancer risk is inherently multi-stage and spatially structured. Agricultural pesticide application represents the upstream driver, introducing chemical agents into the environment through routine farming practices. These agents undergo environmental dispersion via processes such as spray drift, volatilization, runoff, and soil persistence, resulting in heterogeneous contamination of air, water, and residential surroundings. Early-life exposure occurs when fetuses and young children come into contact with these contaminants through placental transfer, inhalation, ingestion, or dermal absorption. At the biological level, such exposures may disrupt key developmental pathways, including DNA integrity, endocrine signaling, immune maturation, and epigenetic regulation, thereby increasing the likelihood of pediatric cancer initiation and progression(Ashish Pandey, 2023; Muñoz-Bautista et al., 2025).
Predictive and spatial modeling approaches play a central role in operationalizing this conceptual framework by bridging the gap between upstream environmental processes and downstream health outcomes. Geographic information system–based models enable the reconstruction of spatially and temporally resolved exposure profiles by linking residential histories with pesticide application records, land-use data, and environmental transport parameters. Predictive models, including statistical and machine learning–based approaches, further integrate these exposure estimates with demographic and contextual factors to characterize cancer risk patterns at the individual and population levels. Within this framework, such models serve not only as analytical tools but also as hypothesis-generating and translational instruments, supporting risk stratification, early identification of vulnerable subgroups, and evidence-informed prevention strategies in agricultural communities(Augustin et al., 2023; Jerrett et al., 2010). Figure 1 presents an integrated life-course framework illustrating how upstream agrochemical use is translated into early-life exposure estimates through predictive and spatial modeling approaches, and how these exposures interface with biologically plausible mechanisms to influence pediatric cancer risk.

[image: ChatGPT Image Jan 15, 2026, 12_03_58 AM.png]Figure 1. Integrated life-course predictive modeling framework linking early-life agrochemical exposure to pediatric cancer risk.

The figure conceptualizes the exposure–disease continuum beginning with agricultural pesticide application and environmental dispersion, followed by spatially and temporally resolved exposure reconstruction during critical developmental windows, including prenatal and early childhood periods. Predictive modeling approaches—ranging from statistical and GIS-based methods to machine learning and hybrid causal–predictive frameworks—are shown as integrative tools that link reconstructed exposures with biologically plausible mechanisms such as genotoxicity, endocrine disruption, epigenetic reprogramming, and immune dysregulation. These processes collectively inform risk stratification, identification of vulnerable subpopulations, and prevention-oriented public health strategies for pediatric cancers in agricultural communities. 
3. Methods
3.1 Review Design
This study was conducted as a narrative review with systematic elements, designed to provide a critical and integrative synthesis of the literature on early-life agrochemical exposure and pediatric cancer risk, with particular emphasis on predictive and spatial modeling approaches. While not a full systematic review with meta-analysis, the review followed structured search, screening, and appraisal procedures to enhance transparency, reproducibility, and methodological rigor. The overall approach aligns with the principles of the Preferred Reporting Items for Systematic Reviews and Meta-Analyses for Scoping Reviews, adapted to accommodate heterogeneity in study designs, exposure metrics, and modeling methodologies that preclude quantitative pooling.
3.2 Literature Search Strategy
A comprehensive literature search was undertaken across major biomedical and interdisciplinary databases, including PubMed, Web of Science, Scopus, and Embase. Searches combined controlled vocabulary terms and free-text keywords related to pediatric cancer, agrochemical or pesticide exposure, agricultural settings, early-life or prenatal exposure, and predictive or spatial modeling. Boolean operators were used to link exposure, population, and outcome concepts, and search strings were iteratively refined to balance sensitivity and specificity. The search covered publications from January 2000 through December 2025 to capture contemporary pesticide use patterns and advances in exposure modeling. Only articles published in English were included due to feasibility constraints.	Comment by NEW USER: IS THIS THE RIGHT SPELLING..???
3.3 Eligibility Criteria
Studies were eligible for inclusion if they examined children residing in agricultural or farming households, or populations with clearly defined agricultural exposure contexts. Eligible exposures included prenatal, perinatal, or early childhood exposure to agrochemicals, broadly defined to encompass pesticides, herbicides, fungicides, and related formulations. Outcomes of interest were pediatric cancers overall as well as specific malignancies, such as leukemia, lymphomas, and central nervous system tumors. The review included epidemiologic studies, exposure assessment and modeling studies, and investigations employing predictive or machine learning approaches to estimate cancer risk or exposure–outcome relationships. Reviews, editorials, and animal-only studies were excluded, although mechanistic evidence from toxicological studies was considered in the interpretive sections.
3.4 Study Selection and Data Extraction
Titles and abstracts were screened for relevance, followed by full-text review of potentially eligible articles. Study selection was guided by predefined inclusion criteria to ensure consistency. For each included study, key data elements were extracted using a standardized framework, including study design, population characteristics, geographic setting, exposure assessment methods, modeling approaches, cancer outcomes assessed, and principal findings. Particular attention was paid to how exposure was operationalized, the temporal windows considered, and the extent to which spatial or predictive modeling techniques were employed.
3.5 Quality and Bias Assessment
Methodological quality and risk of bias were evaluated qualitatively, with reference to established tools such as the Newcastle–Ottawa Scale for observational studies and the ROBINS-E framework for non-randomized exposure studies. Assessment focused on selection bias, exposure misclassification, outcome ascertainment, and control for confounding, including socioeconomic and occupational factors. For modeling studies, additional considerations included transparency of model assumptions, validation procedures, and interpretability of results. Rather than excluding studies based on quality scores, these assessments informed the weighting of evidence and the critical interpretation of findings throughout the review.

4. Agrochemical Exposure in Early Life
4.1 Classes of Agrochemicals Implicated
A wide range of agrochemicals has been implicated in epidemiologic studies examining pediatric cancer risk in agricultural settings. Organophosphates and carbamates have received sustained attention due to their widespread historical use and established neurotoxic and immunotoxic properties. These compounds can interfere with cholinergic signaling and have been associated with oxidative stress and DNA damage, mechanisms that are relevant to carcinogenesis when exposure occurs during development. Pyrethroids, often introduced as perceived safer alternatives, are now increasingly detected in environmental and biological samples and have been shown to disrupt endocrine function and immune regulation, raising concern about their long-term health effects in children(Sokan-Adeaga et al., 2023).
Herbicides represent another major class of concern, particularly glyphosate-based formulations and triazines, which are extensively applied in large-scale crop production. While toxicological profiles vary across compounds, several herbicides exhibit endocrine-disrupting activity and potential genotoxic effects, especially when formulated with adjuvants that enhance environmental persistence and bioavailability. Fungicides, including azoles and dithiocarbamates, are comparatively less studied in pediatric populations but are frequently used in combination with other agrochemicals, creating complex exposure mixtures (Baćmaga et al., 2024). The cumulative and interactive effects of these mixed formulations pose significant challenges for exposure assessment and risk attribution in early-life cancer research.
4.2 Exposure Pathways in Farmers’ Children
Children in farming households are exposed to agrochemicals through multiple, overlapping pathways that begin before birth and continue throughout early childhood. Prenatal exposure occurs primarily through placental transfer, as many agrochemicals or their metabolites can cross the placental barrier and reach the developing fetus. Maternal occupational exposure, residential proximity to treated fields, and contamination of household environments contribute to in utero exposure during critical stages of organogenesis and immune system development(Conejo-Bolaños et al., 2024).	Comment by NEW USER: WE NEED A REFERENCE HERE…..?
Postnatal exposure pathways are equally important and often persistent. Take-home exposure occurs when parents inadvertently bring pesticide residues into the home on clothing, footwear, or equipment, leading to chronic indoor contamination. Environmental drift from nearby agricultural applications can result in inhalation or dermal exposure, particularly for children living close to treated fields. In addition, contaminated soil, dust, and water sources serve as reservoirs of exposure, increasing the likelihood of ingestion through hand-to-mouth behaviors that are common in young children. The convergence of these pathways results in sustained, low-dose exposure profiles that are difficult to capture using conventional assessment methods(Khan et al., 2024).	Comment by NEW USER: 	Comment by NEW USER: ANOTHER HERE, THIS IS NOT YOUR STATEMENT	Comment by NEW USER: ALWAYS LEAVE A SPACE BEFORE THE BRACKET ….
4.3 Critical Windows of Susceptibility
The timing of exposure is a central determinant of cancer risk in early life. Trimester-specific exposures during pregnancy may have differential effects depending on the developmental processes occurring at the time, such as hematopoietic stem cell expansion, neural tube formation, or immune system priming. Epidemiologic studies have reported stronger associations between agrochemical exposure and pediatric leukemia when exposure occurs during specific prenatal windows, underscoring the importance of temporal resolution in exposure assessment(Struys et al., 2025).
Early childhood represents an additional window of heightened susceptibility, characterized by rapid neurodevelopment, immune maturation, and tissue growth. During this period, children have limited capacity for detoxification and DNA repair, which may amplify the biological impact of environmental toxicants. Disruption of neuro-immune interactions during early childhood has been proposed as a plausible pathway linking postnatal agrochemical exposure to malignancies that manifest within the first decade of life. Together, these critical windows highlight the need for life-course–oriented exposure models that explicitly account for timing, duration, and intensity of agrochemical exposure in farmers’ children(Dallere et al., 2025).
5. Epidemiologic Evidence Linking Agrochemical Exposure to Pediatric Cancer
5.1 Overall Pediatric Cancer Risk
Epidemiologic investigations conducted over the past several decades have consistently suggested an association between agrochemical exposure and increased risk of pediatric cancers in agricultural populations. Among the malignancies most frequently examined, leukemia, lymphoma, and tumors of the central nervous system predominate, reflecting both their relative incidence in childhood and their hypothesized sensitivity to environmental insults. Population-based case–control studies and registry-linked analyses have reported elevated risks among children residing in proximity to agricultural activities or born to parents engaged in farming occupations, particularly when exposure occurs during prenatal or early postnatal periods. Although effect sizes are generally modest, the recurrence of these associations across diverse geographic settings supports concern regarding the carcinogenic potential of early-life agrochemical exposure(Gerken et al., 2024; Taiba et al., 2025).
5.2 Cancer-Specific Associations
Acute lymphoblastic leukemia has emerged as the pediatric cancer most consistently associated with agrochemical exposure. Multiple studies have identified increased risks linked to parental occupational pesticide use, residential proximity to treated fields, and modeled prenatal exposure, with stronger associations observed for exposures occurring during critical developmental windows. These findings align with biological hypotheses implicating immune dysregulation and genotoxic damage to developing hematopoietic cells(Desai et al., 2025; Silva et al., 2025).
Brain and central nervous system tumors represent a second major category of concern. Epidemiologic evidence suggests associations between early-life exposure to certain herbicides and insecticides and increased risk of pediatric brain tumors, although results are less consistent than those observed for leukemia. Variability in tumor classification, exposure assessment, and latency considerations has contributed to heterogeneity across studies. Nonetheless, the vulnerability of the developing nervous system lends biological plausibility to these observed associations(Onyije et al., 2024).
Evidence for rare pediatric malignancies, including soft tissue sarcomas, Wilms tumor, and neuroblastoma, is more limited due to small case numbers and methodological constraints. While some studies have reported elevated risks in agricultural settings, findings remain inconclusive, underscoring the need for larger, well-characterized cohorts and improved exposure assessment strategies to clarify these potential relationships.
5.3 Strength and Consistency of Evidence
Across the literature, reported effect estimates generally indicate small to moderate increases in pediatric cancer risk associated with agrochemical exposure, with odds ratios typically ranging from modest elevations to more pronounced effects in high-exposure subgroups. The strength of evidence is greatest for leukemia, particularly acute lymphoblastic leukemia, where associations have been replicated across multiple study designs and exposure metrics. However, substantial heterogeneity exists, driven by differences in study populations, exposure assessment methods, chemical classes evaluated, and timing of exposure(Emeny et al., 2025).
Inconsistencies across studies also reflect challenges inherent to environmental epidemiology, including exposure misclassification, residual confounding, and limited statistical power for rare outcomes. Despite these limitations, the overall pattern of evidence suggests a meaningful link between early-life agrochemical exposure and pediatric cancer risk, warranting continued investigation using refined exposure models and integrative analytic approaches to strengthen causal inference and inform prevention efforts(Savitz & Wellenius, 2025).

6. Exposure Assessment and Modeling Approaches
6.1 Traditional Exposure Assessment Methods
Early epidemiologic studies of agrochemical exposure and pediatric cancer risk have relied primarily on traditional exposure assessment approaches, including self-reported pesticide use and job-exposure matrices. Self-reported data, typically obtained through parental interviews or questionnaires, have been used to capture information on occupational pesticide handling, household use, and residential proximity to agricultural activities. While such methods offer contextual detail, they are vulnerable to recall bias, particularly in case–control studies, and often lack specificity regarding chemical identity, application intensity, and timing of exposure.
Job-exposure matrices have been employed to infer exposure based on occupational titles and industry classifications, providing a standardized means of assigning exposure probabilities across large populations. Although useful for minimizing recall bias, these matrices generally assume homogeneity of exposure within occupational categories and rarely capture variation in work practices, protective behaviors, or temporal changes in pesticide use. Collectively, these traditional methods are prone to exposure misclassification, which can attenuate observed associations and contribute to inconsistent findings across studies(Desai et al., 2025; Figueiredo et al., 2025).
6.2 GIS-Based and Spatial Exposure Models
In response to the limitations of conventional exposure assessment, GIS-based and spatial modeling approaches have gained prominence in environmental cancer research. Proximity and buffer-based methods estimate exposure by linking residential locations to nearby agricultural pesticide applications, often using predefined distance thresholds or distance-weighted functions. These approaches improve spatial resolution and reduce reliance on self-report, enabling more objective reconstruction of exposure patterns(Afandi et al., 2023; Yang et al., 2023).
More advanced spatial models incorporate land-use regression techniques and detailed crop-mapping data to estimate pesticide application intensity across geographic areas. By integrating information on crop type, chemical usage, and application frequency, these models better reflect real-world exposure heterogeneity. The incorporation of meteorological variables, such as wind speed, wind direction, temperature, and precipitation, further enhances model realism by accounting for environmental transport processes that influence pesticide dispersion and deposition. Together, these spatially explicit approaches represent a substantial methodological advance in exposure assessment for pediatric populations(Wang et al., 2025).
6.3 Advances in Temporal Exposure Modeling
Beyond spatial resolution, recent methodological developments have emphasized the importance of temporal specificity in exposure modeling. Distinguishing between prenatal and postnatal exposure windows has proven critical for elucidating developmental timing effects, as exposures during gestation may have different biological consequences than those occurring during early childhood. Temporal exposure models increasingly incorporate trimester-specific metrics and align exposure estimates with key developmental milestones(Chiu et al., 2025).
In addition, cumulative exposure metrics that aggregate repeated low-dose exposures over time have been used to capture chronic exposure burden, while peak exposure metrics aim to identify short-term, high-intensity events that may trigger biological responses. The integration of both cumulative and peak measures provides a more nuanced representation of exposure dynamics and supports more refined investigation of exposure–response relationships. These advances underscore the growing capacity of exposure modeling approaches to address the complexity of early-life agrochemical exposure in agricultural settings(Shekhar et al., 2024).
7. Predictive Modeling Approaches
To address the methodological challenges inherent in assessing early-life agrochemical exposure and pediatric cancer risk, a range of predictive modeling approaches has been applied across epidemiologic and exposure science disciplines. These methods vary substantially in their capacity to resolve spatial and temporal heterogeneity, characterize chemical mixtures, support causal inference, and inform prevention-oriented decision making(Animashaun et al., 2025). Table 1 provides a comparative synthesis of the principal predictive modeling frameworks used in this field, highlighting their relative strengths, limitations, and relevance for pediatric cancer research in agricultural populations. This structured comparison is intended to clarify the added value of emerging approaches and to identify methodological gaps that warrant further development.
Table 1. Strengths, Limitations, and Added Value of Predictive Modeling Approaches in Early-Life Agrochemical Exposure Research
	Modeling Approach
	Exposure Resolution (Spatial / Temporal)
	Ability to Address Mixtures
	Key Strengths
	Key Limitations
	Implications for Pediatric Cancer Research

	Traditional regression models
	Low–Moderate
	Poor
	High interpretability; causal inference
	Exposure misclassification; linear assumptions
	Useful for hypothesis testing but limited for complex exposures

	Bayesian hierarchical models
	Moderate–High
	Moderate
	Handles sparse data; integrates uncertainty
	Computationally intensive; requires priors
	Suitable for rare pediatric cancers

	GIS-based spatial models
	High spatial, moderate temporal
	Poor–Moderate
	Improves exposure estimation; policy relevance
	Limited biological integration
	Strong for identifying high-risk communities

	Machine learning models
	High
	High
	Captures non-linearity and interactions
	Limited interpretability
	Strong for risk stratification, weaker for causality

	Hybrid causal–predictive models
	High
	High
	Balances prediction and inference
	Methodologically complex
	High future potential for prevention strategies


7.1 Statistical Models
Conventional statistical models have long served as the foundation for evaluating associations between agrochemical exposure and pediatric cancer risk. Logistic regression remains the most commonly applied approach in case–control studies, enabling estimation of odds ratios while adjusting for measured confounders. Cox proportional hazards models are similarly used in cohort designs to account for time-to-event outcomes and varying follow-up periods. These models offer transparency and interpretability, allowing investigators to directly assess exposure–response relationships and test a priori hypotheses(Taiba et al., 2025).
Bayesian hierarchical models represent an important extension of traditional regression frameworks, particularly in settings characterized by sparse data, multiple exposure metrics, or hierarchical data structures. By borrowing strength across related parameters and incorporating prior information, Bayesian approaches can improve estimation stability and facilitate joint modeling of spatial, temporal, and individual-level variability. Such models are especially valuable for pediatric cancer research, where outcomes are rare and exposure patterns are heterogeneous across geographic regions and time(Parsons et al., 2022).
7.2 Machine Learning and Data-Driven Models
In recent years, machine learning and other data-driven modeling approaches have been increasingly applied to environmental health research to address complex, high-dimensional data structures(Lawal, Igwe, et al., 2025). Tree-based methods, including random forests and gradient boosting algorithms, are well suited to capturing non-linear relationships and interactions among multiple agrochemical exposures and contextual variables without requiring explicit model specification. These approaches have demonstrated improved predictive performance in settings involving chemical mixtures and spatially resolved exposure data(Malashin et al., 2025).
Neural networks and ensemble models further extend predictive capacity by integrating diverse data sources, such as GIS-derived exposure estimates, demographic variables, and environmental covariates. Ensemble approaches that combine multiple modeling techniques can enhance robustness and reduce overfitting, particularly when validated using independent data. However, the application of these methods in pediatric cancer research remains relatively limited, and their added value over traditional models depends on careful implementation and validation.
7.3 Model Performance and Interpretability
A central methodological tension in predictive modeling lies in balancing predictive accuracy with interpretability and causal inference. While machine learning models often achieve superior discrimination and classification performance, their complexity can obscure underlying exposure–disease relationships, limiting their utility for etiologic interpretation and policy translation. In contrast, traditional statistical models offer clearer inferential pathways but may inadequately capture complex, non-linear exposure dynamics.(Lawal, Adedayo, et al., 2025; Zhao et al., 2024)	Comment by NEW USER: WRONG STYLE OF REFERENCING….ONLY  FIRST AUTHORS SURNAME AND et al., 2025
To address this challenge, explainable artificial intelligence approaches have been introduced to enhance transparency in data-driven models. Techniques such as variable importance measures and SHAP values enable identification of influential predictors and characterization of their contributions to model output. When applied judiciously, these tools can improve interpretability without sacrificing predictive performance, supporting the integration of predictive modeling into environmental cancer research while maintaining relevance for causal reasoning and public health decision-making(Ma et al., 2025).
8. Biological Plausibility and Mechanistic Evidence
The epidemiologic associations observed between early-life agrochemical exposure and pediatric cancer risk are supported by a growing body of mechanistic evidence demonstrating biologically plausible pathways through which these exposures may contribute to carcinogenesis. Many agrochemicals used in agricultural settings possess properties capable of disrupting fundamental cellular and developmental processes, particularly when exposure occurs during sensitive periods of growth(Karalexi et al., 2021a).	Comment by NEW USER: 	Comment by NEW USER: SPACE BEFORE THE BRACKET
Genotoxicity and oxidative stress represent central mechanisms by which agrochemicals may initiate or promote malignant transformation. Several classes of pesticides have been shown to induce DNA strand breaks, chromosomal aberrations, and oxidative damage in experimental models. In developing tissues, where cell proliferation rates are high and DNA repair systems are not fully mature, such damage may persist and give rise to oncogenic mutations. Oxidative stress can further exacerbate genomic instability by generating reactive oxygen species that damage nucleic acids, proteins, and cellular membranes, creating a pro-carcinogenic intracellular environment(Desai et al., 2025).	Comment by NEW USER: REF HERE
Endocrine disruption provides an additional mechanistic link between agrochemical exposure and cancer risk. Many pesticides and herbicides can interfere with hormone signaling pathways that regulate growth, differentiation, and immune function. Disruption of thyroid, estrogenic, or androgenic signaling during prenatal or early postnatal development may alter tissue patterning and cellular maturation, thereby increasing susceptibility to malignant transformation. These effects are of particular concern in pediatric populations, where hormonal cues play a critical role in orchestrating developmental trajectories(Soni et al., 2025; Tajai et al., 2023).	Comment by NEW USER: REF….
Epigenetic reprogramming during development has emerged as a key mechanism linking early-life environmental exposures to long-term disease risk. Agrochemicals have been shown to influence DNA methylation patterns, histone modifications, and non-coding RNA expression, leading to persistent changes in gene regulation without altering the underlying DNA sequence. Such epigenetic alterations can affect pathways involved in cell cycle control, apoptosis, and immune surveillance, potentially predisposing exposed children to cancer later in life(Mijač et al., 2024).
Immune dysregulation represents a further plausible pathway, particularly in relation to hematologic malignancies. Early-life exposure to immunotoxic agrochemicals may impair immune system maturation, disrupt cytokine signaling, and alter the balance between immune tolerance and surveillance. These changes can reduce the capacity to eliminate pre-malignant cells and facilitate the clonal expansion of transformed cells(Jurkowska, 2024). Taken together, these mechanistic insights provide a coherent biological foundation supporting the observed associations between early-life agrochemical exposure and pediatric cancer risk and underscore the importance of integrating mechanistic evidence into epidemiologic and predictive modeling frameworks.
9. Methodological Challenges and Research Gaps
Despite considerable advances in understanding the relationship between early-life agrochemical exposure and pediatric cancer risk, several methodological challenges limit the precision, interpretability, and generalizability of existing evidence. A primary concern is exposure misclassification, which arises from reliance on self-reported pesticide use, indirect occupational proxies, or static residential addresses. Children in agricultural families may experience highly dynamic exposure profiles due to seasonal application cycles, parental occupational mobility, and household practices, making accurate reconstruction of individual exposure trajectories challenging. Residential mobility further compounds this issue, as changes in home location during critical prenatal or early postnatal periods may not be adequately captured, potentially diluting observed associations(Karalexi et al., 2021b).	Comment by NEW USER: REF PLEASE  OR IS THIS YOUR STATEMENT	Comment by NEW USER: REF…..
Another persistent gap is the assessment of chemical mixtures and cumulative risk. Most epidemiologic studies focus on single chemicals or broad classes, ignoring the complex reality of simultaneous exposure to multiple agrochemicals. Interactions among chemicals may produce synergistic or antagonistic effects, and cumulative exposure over time may be more relevant to carcinogenesis than isolated events. Current predictive models often struggle to incorporate high-dimensional mixture data in a way that is biologically meaningful and interpretable(Schäfer et al., 2023).	Comment by NEW USER: REF……
A third limitation is the scarcity of longitudinal and biomarker-validated studies. Prospective cohorts that follow children from in utero through early childhood with repeated exposure measurement are rare, and few studies integrate biomonitoring data, such as maternal or cord blood pesticide metabolites, which could improve exposure accuracy. Without such validation, estimates derived from modeled or proxy measures remain vulnerable to misclassification and reduced inferential powe(López-Flores et al., 2025)r.	Comment by NEW USER: REMOVE PLEASE……
Finally, there is a notable underrepresentation of mechanistic integration in predictive models. While statistical and machine learning models can identify patterns and associations, they rarely incorporate mechanistic or toxicological evidence, such as pathways of genotoxicity, endocrine disruption, or immune dysregulation. The absence of mechanistic constraints limits the models’ ability to distinguish causal signals from spurious correlations, reduces interpretability, and constrains translation into actionable prevention strategies(Deepika et al., 2025).
Addressing these gaps requires the development of integrative, multi-level study designs that combine longitudinal data, high-resolution exposure assessment, mixture analysis, biomarker validation, and mechanistic insights. Such approaches will enhance both the accuracy of exposure–disease modeling and the relevance of findings for public health intervention in agricultural populations.
10. Implications for Public Health, Policy, and Prevention
The growing body of evidence linking early-life agrochemical exposure to pediatric cancer underscores important implications for public health, regulatory policy, and preventive interventions. Predictive and spatial modeling approaches provide powerful tools for early risk stratification, enabling the identification of high-exposure households and communities where children may be most vulnerable. By integrating exposure estimates with demographic and environmental data, these models can inform targeted surveillance, early screening programs, and tailored educational initiatives for farming families, thereby mitigating risk before disease onset(Shakeel et al., 2025).
From a regulatory perspective, findings highlight the need to reconsider pesticide application practices near residential areas. Current guidelines may not fully account for the unique vulnerabilities of developing children or the cumulative effects of chronic low-dose exposure. Policies that limit drift, enforce buffer zones, and monitor environmental residues can reduce inadvertent exposure and enhance the safety of agricultural communities.
Occupational health protections for farming families are also essential. Interventions such as personal protective equipment for pesticide applicators, safe handling training, decontamination protocols, and restrictions on take-home exposure can substantially reduce secondary exposure to children. These measures not only protect child health but also enhance the overall safety of the farm workforce(Norvivor et al., 2025).
Finally, these issues intersect with broader environmental justice considerations. Children in agricultural households, often residing in rural and socioeconomically disadvantaged areas, face disproportionate exposure to hazardous chemicals, reflecting structural inequities in environmental risk distribution. Integrating predictive modeling with equitable policy design can support more just allocation of resources, ensure community engagement in risk reduction strategies, and prioritize interventions for populations that have historically borne a disproportionate environmental burden.	Comment by NEW USER: REF….
Together, these public health, regulatory, and equity-focused approaches emphasize that scientific evidence on early-life agrochemical exposure should inform not only research priorities but also practical strategies to prevent pediatric cancer in agricultural communities.
11. Future Directions
Advancing the understanding of early-life agrochemical exposure and pediatric cancer risk will require innovative, multidisciplinary approaches that integrate exposure science, epidemiology, and predictive modeling. A promising avenue is the integration of exposomics and biomonitoring, which allows for comprehensive characterization of chemical exposures across multiple pathways and time points. High-resolution measurement of metabolites, adducts, and other biomarkers can complement modeled exposures, improving accuracy and enabling more precise delineation of exposure–response relationships.
The development of hybrid causal–predictive modeling frameworks represents another critical frontier(Enabulele et al., 2025). By combining machine learning–based predictive approaches with causal inference principles, researchers can better identify high-risk populations while preserving interpretability and mechanistic relevance. Such frameworks facilitate both robust risk prediction and etiologic understanding, supporting translation into evidence-informed interventions.
Establishing prospective birth cohorts in agricultural settings is essential to capture temporally resolved exposures and developmental windows of susceptibility. Longitudinal designs that follow children from prenatal stages through early childhood can generate high-quality data on exposure dynamics, health outcomes, and potential modifiers, providing a foundation for both mechanistic and predictive analyses(Fiedler et al., 2025).
Finally, these advances should be leveraged to enable precision environmental health interventions. By integrating individual- and community-level exposure profiles with predictive models, it is possible to develop targeted prevention strategies, optimize surveillance efforts, and inform personalized guidance for high-risk families. Such an approach bridges fundamental research with actionable public health practice, offering a pathway to reduce pediatric cancer burden in agricultural populations while addressing broader issues of environmental justice and equity.
12. Conclusions
The accumulated evidence indicates that early-life exposure to agrochemicals in agricultural environments is associated with an increased risk of pediatric cancers, with the strongest support observed for acute lymphoblastic leukemia and, to a lesser extent, central nervous system tumors. Mechanistic studies provide biological plausibility, highlighting pathways such as DNA damage, endocrine disruption, epigenetic reprogramming, and immune dysregulation, particularly during sensitive prenatal and early childhood developmental windows.
Predictive modeling approaches, including GIS-based exposure models, statistical regression frameworks, and machine learning algorithms, have enhanced the capacity to quantify and interpret complex exposure patterns. These tools offer significant value for risk stratification, identification of high-exposure subgroups, and the integration of spatial and temporal exposure dynamics. However, their utility is tempered by limitations, including potential exposure misclassification, challenges in modeling chemical mixtures, and limited incorporation of mechanistic evidence, which can constrain causal inference and policy translation.
Addressing these limitations will require interdisciplinary, prevention-oriented research that integrates longitudinal cohort designs, high-resolution biomonitoring, mechanistic insights, and hybrid causal–predictive modeling frameworks. Such efforts are essential to advance the science of early-life environmental exposures, inform targeted interventions, and ultimately reduce the burden of pediatric cancers in agricultural communities while promoting equitable health outcomes.
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