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ABSTRACT
Environmental toxins are increasingly recognised as important determinants of children's neurological health, cognitive development, and behavioural outcomes. Children are particularly vulnerable to environmental exposures because of ongoing brain development, physiological sensitivity, and prolonged exposure throughout the life course. This dissertation aimed to evaluate the impact of environmental toxins on the neurological health and development of children in the United Kingdom through a systematic review of existing research evidence. The objectives were to examine existing evidence on environmental toxins and children's health outcomes, identify major environmental exposures, analyse their relationship with neurological, cognitive, behavioural and psychological outcomes, and identify research gaps and recommendations for future research and policy.
A qualitative systematic literature review was undertaken using an interpretivist research philosophy. Electronic databases and grey literature sources were systematically searched following the PRISMA 2020 framework. Studies were screened using predefined inclusion and exclusion criteria, critically appraised using CASP and Joanna Briggs Institute (JBI) tools, and analysed through Braun and Clarke's thematic analysis approach. Fifteen studies met the inclusion criteria and were included in the final synthesis.
The findings indicated consistent associations between environmental toxin exposure and adverse developmental outcomes. Air pollution, endocrine-disrupting chemicals, pesticides, heavy metals, PFAS, and radon were identified as the principal environmental exposures affecting children. Exposure was associated with poorer cognitive performance, reduced working memory, behavioural difficulties, attention problems, emotional dysregulation, and altered neurodevelopmental functioning. The review also identified important evidence gaps, including limited UK-specific longitudinal research, challenges in establishing causality, and insufficient investigation of cumulative multi-exposure effects.
The review concludes that environmental toxin exposure represents a significant public health concern with potential implications for children's neurological, cognitive, and behavioural development. Strengthening environmental monitoring, supporting longitudinal UK research, and implementing evidence-informed public health interventions are recommended to reduce exposure and protect children's health and development.
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Chapter 1: Introduction 
[bookmark: _Toc232050394]1.1 Background and Context
Environmental toxins are a major global public health concern due to their widespread presence and harmful effects on human health (World Health Organization, 2022). Environmental risk factors account for roughly 23% of worldwide fatalities and 26% of fatalities among children below 5 years of age, while air pollution alone accounts for nearly 7 million premature deaths each year (World Health Organization, 2016; World Health Organization, 2022).
Environmental factors, including air contaminants, toxic metals, pesticides, and endocrine-disrupting substances, have been linked to adverse neurological, cognitive, behavioural and psychological outcomes in younger child (Green et al., 2023; Wylie et al., 2023). Young children are especially susceptible because of ongoing brain development and higher exposure relative to body weight (Hauptman and Woolf, 2017; World Health Organization, 2022).
In the United Kingdom, environmental exposure remains a significant public health issue. Air pollution contributes to an estimated 28,000–36,000 deaths annually, approximately 2.3 million people live in areas exceeding recommended particulate matter limits, and most urban areas exceed the WHO PM2.5 guideline of 5 µg/m³ (Royal College of Physicians, 2016; UK Health Security Agency, 2023).
Evidence suggests that PM2.5 exposure is linked to compromised brain development, poorer cognitive performance and increased neurodevelopmental risk (Royal College of Physicians, 2016). Recent research also reported poorer working memory among children exposed to air pollution in school environments (Kou et al., 2026). Exposure is further influenced by socioeconomic inequalities, with children in deprived areas experiencing greater environmental risk (Public Health England, 2019).
Urbanisation and industrialisation have increased environmental exposures, particularly in densely populated areas (Binter et al., 2022). A European cohort study involving 5,403 children reported associations between urban pollutant exposure and lower cognitive and motor development scores (Binter et al., 2022). Environmental toxins may affect brain structure and function through mechanisms including oxidative stress, neuroinflammation and neurotransmitter disruption (Green et al., 2023).
Heavy metal exposure remains an important concern, with lead exposure associated with poorer cognitive functioning among children (Frndak et al., 2019). Globally, more than 800 million children are estimated to have blood lead concentrations of at least 5 µg/dL (UNICEF, 2020). Environmental exposures have additionally been associated with mental health effects, including anxiety, depression and psychotic-like experiences (Karcher et al., 2021). A large cohort study reported that children exposed to multiple environmental risks were more likely to experience emotional difficulties and psychotic-like symptoms during adolescence (Karcher et al., 2021).
[bookmark: _Toc232050395]1.2 Environmental Toxins and Children’s Neurological Health
[image: Fig. 1]Environmental toxins have a direct and measurable impact on children’s neurological development due to their ability to traverse biological barriers such as the blood–brain barrier (Hauptman and Woolf, 2017). Exposure during early developmental stages can disrupt neurogenesis, synaptic formation, and neural connectivity, leading to long-term cognitive deficits (Green et al., 
[bookmark: _Toc232051325]Figure 1.2.1: Brain Health and Pollution 1
Source: (Yan et al., 2024)
Figure 1.2.1 illustrates the relationship between environmental pollution and neurological health outcomes. Environmental pollutants are associated with structural changes in the brain, including impaired myelination, hippocampal alterations, and disrupted cortical development. These biological effects contribute to neurological and cognitive outcomes such as autism, learning and memory disorders, anxiety, depression, and neurodegenerative conditions (Yan et al., 2024).
Children’s behavioural patterns, including hand-to-mouth activity and increased time spent outdoors, contribute to higher ingestion and inhalation of environmental contaminants (Hauptman and Woolf, 2017). These exposure pathways increase the likelihood of accumulation of harmful substances such as lead, mercury, and pesticides, which are recognized neurotoxic agents (Sule et al., 2025). 
Exposure exposure to environmental toxins has been consistently connected with negative neurological outcomes in children, especially during crucial periods of brain development (World Health Organization, 2022). For instance, contact with lead has been closely associated with decreases in IQ scores, with no established safe exposure level, demonstrating a clear dose–response relationship between toxin exposure and cognitive impairment (World Health Organization, 2022). Similarly, air pollution exposure has been linked to structural alterations in brain regions involved in memory and learning, including the prefrontal cortex (Green et al., 2023). 
Endocrine-disrupting chemicals, including BPA and PFAS compounds, may affect neurological development by interfering with hormonal regulation essential for brain maturation (Liu and Dong, 2025). Alterations in thyroid hormone function have been linked to impaired cognitive development and delayed neurological growth (Liu and Dong, 2025).
The cumulative effect of exposure is a key concern, as repeated or chronic exposure to environmental toxins can result in long-term neurodevelopmental disorders, including attention deficit hyperactivity disorder (ADHD) and autism spectrum-related traits (Shrivastav et al., 2024). These impacts may continue into adulthood, affecting educational achievement and socioeconomic outcomes (Green et al., 2023).
[bookmark: _Toc232050396]1.3 Current Evidence and Research Gap
A considerable body of research has investigated the relationship between environmental toxins and children’s health, particularly focusing on neurological and cognitive outcomes (Shrivastav et al., 2024Studies have revealed links between exposure to air pollution, toxic metals, and chemical contaminants and reduced cognitive performance, behavioural disorders, and neurodevelopmental delays (Braun et al., 2017; Frndak et al., 2019; Kou et al., 2026).
However, existing research remains fragmented and largely exposure-specific, with many studies focusing on single environmental exposures or isolated neurological outcomes, limiting comprehension of the wider effects of multiple environmental toxins on children's neurological development (Sinitkul et al., 2018). Evidence examining the interactive or combined effects of multiple environmental exposures remains limited, representing an important gap within the current literature. This presents a challenge in developing a comprehensive understanding of how multiple environmental toxins collectively influence neurological development.
Within the UK context, it is a notable lack of integrated, synthesised proof that examines environmental exposures alongside socioeconomic inequalities and their combined impact on children’s cognitive health (Public Health England, 2019). This gap reduces the effectiveness of policy interventions aimed at mitigating environmental risks.
Furthermore, while international studies provide valuable insights, there is limited UK-specific evidence that directly addresses how chemical pollutant exposure affects children’s cognitive development, which is central to this study’s research question (Sinitkul et al., 2018).
[bookmark: _Toc232050397]1.4 Rationale for the Study
Grasping the effects of environmental toxins on children’s neurological development is critical for informing public health policy and preventive strategies (Hauptman and Woolf, 2017). Children constitute a susceptible population owing to both their developmental sensitivity and prolonged lifetime exposure to environmental hazards (Hauptman and Woolf, 2017).
Given the increasing evidence linking environmental exposures to measurable cognitive and neurological outcomes, there is a need for a systematic synthesis of existing research to identify consistent patterns and associations (Sinitkul et al., 2018).
This study aims to critically synthesise evidence relating to environmental toxin exposure and children's neurological health and development, while considering the relevance of international evidence to the UK public health context. This aligns with current public health priorities relating to environmental sustainability and child health protection (Public Health England, 2019).
The findings of this research may contribute to evidence-based policy development, improved environmental regulations, and targeted interventions designed to reduce children’s exposure to harmful pollutants and enhance long-term health outcomes (Public Health England, 2019).
[bookmark: _Toc232050398]1.5 Research Question
How does exposure to environmental toxins affect the neurological health, cognitive development, and behavioural outcomes of children living in the UK?
[bookmark: _Toc232050399]1.6 Aim
To evaluate the impact of environmental toxins on the neurological health and development of children in the UK through a systematic review of existing research evidence.
[bookmark: _Toc232050400]1.7 Objectives
· To examine existing the UK based research on environmental toxins and children’s health outcomes.
· To summarise key environmental exposures relevant to children's neurological health and development within the UK context.
· To analyse the relationship between environmental toxin exposure and neurological, cognitive, behavioural, and psychological health outcomes among children in the UK.
· To identify research gaps and provide recommendations for future UK public health research, policy and child health interventions.
[bookmark: _Toc232050401]1.8 Overview 
This dissertation is structured into six chapters that examine the relationship between environmental toxin exposure and children’s health outcomes (Shrivastav et al., 2024).
Chapter 1 introduces the research topic, providing background context, rationale, research question, aim, and objectives guiding the study.
Chapter 2 presents a critical review of literature examining environmental toxins and children's neurological, cognitive, behavioural, and developmental health.
Chapter 3 outlines the research methodology, using an interpretivist philosophy, qualitative systematic review design, thematic analysis, and ethical considerations relating to publicly available data and academic integrity (Public Health England, 2019).
Chapter 4 presents the findings of the systematic review, highlighting key themes related to environmental toxin exposure and health outcomes (Shrivastav et al., 2024).
Chapter 5 discusses the findings in relation to existing literature, providing critical analysis and interpretation (Green et al., 2023).
Chapter 6 concludes the study by summarising key findings and offering recommendations for future research and public health practice (Public Health England, 2019).
























[bookmark: _Toc232050402]Chapter- 2 Literature Review
[bookmark: _Toc232050403]2.1 Introduction
Environmental pollution is a significant public health concern associated with adverse neurological, cognitive and behavioural outcomes in children (World Health Organization, 2022; UK Health Security Agency, 2023). Children are particularly vulnerable because brain development continues from the prenatal period through childhood, increasing susceptibility to environmental toxicants that may disrupt normal neurological processes and cognitive functioning (Hauptman and Woolf, 2017; Green et al., 2023).
Environmental pollutants linked to developmental harm include particulate matter (PM2.5), nitrogen dioxide (NO₂), heavy metals, endocrine-disrupting chemicals, and persistent organic pollutants (World Health Organization, 2022; Department for Environment, Food and Rural Affairs,2023). Evidence suggests that exposure during critical developmental periods may contribute to poorer cognitive performance, neurodevelopmental difficulties and behavioural problems in childhood (Perera et al., 2019; Vrijheid et al., 2021).
Multiple studies support these connections. Braun et al. (2017) reported associations between prenatal bisphenol A exposure and poorer executive functioning and behavioural outcomes, while Frndak et al. (2019) identified associations between blood lead concentrations and poorer cognitive performance profiles. Biological evidence has also demonstrated neuroinflammation and neuropathological changes among children exposed to chronic air pollution (Calderón-Garcidueñas et al., 2008).
Environmental risk is not distributed equally across populations. Children living in deprived urban communities frequently experience higher pollution levels and may therefore experience greater developmental risks (Public Health England, 2020; Office for National Statistics, 2023). Emerging evidence further indicates that exposure to multiple pollutants may exert greater effects than individual toxicants alone, although research examining combined exposures remains limited (Güil-Oumrait et al., 2024; Rauh and Margolis, 2016).
This chapter reviews the literature relating to environmental pollutants and children's neurological and cognitive development. Particular attention is given to major environmental exposures, childhood vulnerability, developmental outcomes, environmental inequalities and the theoretical frameworks underpinning this review, including the DPSEEA model and the Social Ecological Model.
[bookmark: _Toc232050404]2.2 Overview of Environmental Pollution in the UK  
[image: Health matters: air pollution - GOV.UK]Environmental pollution continues to be a significant public health issue in the United Kingdom and is increasingly acknowledged as an important determinant of children's cognitive and neurological health (UK Health Security Agency, 2023). Pollution from road transport, industrial processes, residential combustion and agricultural activities contributes to widespread exposure across urban and suburban communities (Department for Environment, Food and Rural Affairs, 2023). Children are particularly vulnerable because of ongoing neurological development, increased physiological sensitivity and longer cumulative exposure than adults (World Health Organization, 2022).
Figure 2.2.1: Source of UK Air Pollution 1
Source: (Public Health England, 2019)
Figure 2.2.1 shows the primary sources of air pollution in the United Kingdom, with road transport and residential burning being key contributors to particulate matter (PM2.5) and nitrogen oxides (NOx) emissions (Public Health England, 2019). Traffic-related air pollution is a significant contributor to negative health outcomes in children (Brown, Hayes and Barnes, 2024). Evaluating interventions across five schools in England, Brown, Hayes and Barnes (2024) found that all pollution-reduction strategies decreased nitrogen dioxide exposure, with Low Emission Zones being the most effective around schools. These findings underscore the significance of pollution-control policies in reducing children's exposure.
Air pollution is among the most extensively studied environmental hazards affecting child health (World Health Organization, 2022). Fine particulate particulate matter (PM2.5) can penetrate the bloodstream via the respiratory system, increasing the risk of systemic and neurological effects (UK Health Security Agency, 2023Approximately 97% of the UK urban population is exposed to PM2.5 levels above the World Health Organization’s annual guideline of 5 μg/m³, with many children living or attending school near major roads and transport networks (World Health Organization, 2022; Office for National Statistics, 2023).
Environmental pollution contributes substantially to childhood disease burden across Europe. Rojas-Rueda et al. (2019) estimated that environmental exposures contribute to roughly 211,000 disability-adjusted life years (DALYs) annually across EU28 countries, with particulate matter representing the largest contribution.
Children are also exposed to heavy metals, pesticides and industrial chemicals through air, water, soil and household environments (Environment Agency, 2022). Exposure takes place through inhalation, ingestion, and dermal absorption, while outdoor play and hand-to-mouth behaviours increase vulnerability during critical stages of brain development (World Health Organization, 2022; Hauptman and Woolf, 2017).
Exposure is not evenly distributed across populations. Children living in deprived urban communities experience higher pollution levels due to factors such as poor housing, greater traffic density and limited access to green space (Public Health England, 2020; Office for National Statistics, 2023). Krapohl et al. (2017) further identified significant gene–environment correlations, suggesting that environmental risks may interact with individual susceptibility factors.
In response, the UK has introduced measures such as Low Emission Zones and the London Ultra Low Emission Zone (ULEZ) to reduce exposure to traffic-related pollutants (Department for Environment, Food and Rural Affairs, 2023; Tsocheva et al., 2023). However, pollution levels in many urban areas continue to exceed international recommendations, indicating that environmental pollution continues to be a persistent public health challenge with significant implications for children's health and development (UK Health Security Agency, 2023).
[bookmark: _Toc232050405]2.3 Types of Chemical Pollutants Affecting Children in the UK
Children in the United Kingdom are exposed to a diverse range of environmental chemical pollutants originating from industrial, environmental and domestic sources (UK Health Security Agency, 2023). Major pollutant categories include air contaminants, heavy metals, endocrine-disrupting chemicals, pesticides, and persistent organic pollutants, all of which may contribute to cumulative exposure throughout childhood (World Health Organization, 2022).
[image: ]
Figure 2.3.1: Geographical Distribution of Children Exposed to Toxic Air in the UK
[bookmark: _Toc232051178][bookmark: _Toc232051257]Figure 2.3.1: Toxic Air Exposure in UK  1
Source: (Health Equals, 2023; Friends of the Earth, 2023)
Air pollution is a primary source of environmental exposure, especially particulate matter (PM2.5) and nitrogen dioxide (NO₂) from road transport, industrial emissions and residential combustion (Department for Environment, Food and Rural Affairs, 2023). Figure 2.3.1 shows that over 12 million children in the United Kingdom reside in areas where pollution levels surpass recommended thresholds (Health Equals, 2023), raising concerns about effects on neurological development and cognitive functioning.
Prolonged exposure to air pollution has been linked to poorer neurodevelopmental outcomes in children. Recent research has identified associations between exposure to particulate matter (PM2.5) and nitrogen dioxide (NO₂) and reduced cognitive performance, impaired attention, and neurodevelopmental difficulties during childhood (Kou et al., 2026; World Health Organization, 2022).
Heavy metals such as lead, mercury, cadmium, and manganese are also acknowledged as neurotoxic pollutants that can impair brain development and neurological functioning (World Health Organization, 2022). Despite reductions in lead exposure following regulatory controls, exposure remains possible through contaminated soil, ageing infrastructure and environmental residues (UK Health Security Agency, 2023). Frndak et al. (2019), studying aged 6 to 8 years, identified 3 cognitive performance profiles and found that each one-unit rise in blood lead concentration was linked to a 28% higher likelihood of being in a lower-performing cognitive group.
Endocrine-disrupting chemicals (EDCs), commonly found in plastics, pesticides, food packaging and household products, may interfere with hormonal systems essential for growth and neurological development (World Health Organization, 2022). Güil-Oumrait et al. (2024), analysing 6 European countries, including the United Kingdom, reported that exposure to mixtures of metals, organochlorines, PBDEs and PFAS was linked to elevated metabolic syndrome risk scores in children. Although the outcomes were metabolic, the findings highlight concerns regarding cumulative chemical exposures.
Children may also be exposed to pollutants through contaminated water and soil (Environment Agency, 2022). Pesticides, industrial chemicals and trace metals can persist in the environment and enter food chains or drinking water supplies (Department for Environment, Food and Rural Affairs, 2023). Soil contamination is particularly important because children may ingest contaminated particles through hand-to-mouth behaviours during outdoor activities (World Health Organization, 2022).
Overall, children in the United Kingdom are exposed to multiple pollutants through air, water, soil and consumer products. These exposures are cumulative and interconnected, with emerging evidence showing that children are rarely exposed to a single pollutant in isolation, emphasising the need for further research into combined environmental effects (Güil-Oumrait et al., 2024; Rauh and Margolis, 2016).
[bookmark: _Toc232050406]2.4 Children’s Vulnerability to Environmental Exposure 
Children are recognised as particularly vulnerable to environmental pollution due to physiological, behavioural and developmental factors that heighten both exposure and sensitivity to environmental toxins (World Health Organization, 2022). Physiologically, children are more vulnerable to environmental pollutants because their organs and nervous systems are still developing (UK Health Security Agency, 2023Children breathe in a higher volume of air relative to their body weight than adults, which increases exposure to airborne pollutants such as particulate matter (PM2.5) and nitrogen dioxide (NO₂) (World Health Organization, 2022). This is particularly important in the UK, where many children live in areas exceeding recommended air-quality guidelines (Department for Environment, Food and Rural Affairs, 2023).
Developmental timing further increases vulnerability because prenatal life and early childhood are critical periods of brain development (UK Health Security Agency, 2023). Recent Evidence indicates that prenatal and early-life exposure to environmental chemicals is linked to cognitive, behavioural, and mental health challenges in children and adolescents (James et al., 2023). Early-life exposure to PFAS has additionally been associated with adverse neurodevelopmental outcomes, including impairments in cognition, attention, and behaviour (Harris et al., 2018; Skogheim et al., 2020; Spratlen et al., 2020). Furthermore, exposure to air pollution during critical developmental periods has been linked to poorer cognitive and neurodevelopmental outcomes in children (Lewandowska et al., 2025).
Behavioural factors also contribute to increased exposure. Outdoor play and frequent hand-to-mouth behaviours increase children's contact with contaminated soil, dust, and pollutants (World Health Organization, 2022). Furthermore, socioeconomic inequalities intensify vulnerability, as children living in deprived communities experience higher levels of pollution exposure than those in less deprived areas (Public Health England, 2020). Krapohl et al. (2017) additionally identified significant gene-environment correlations suggesting that environmental risks may interact with individual susceptibility factors.
Overall, children's vulnerability to environmental pollution is shaped by biological sensitivity, developmental stage, behavioural exposure and social inequality, increasing the risk of adverse cognitive and neurological outcomes (World Health Organization, 2022).
[bookmark: _Toc232050407]2.5 Impact of Chemical Pollutants on Cognitive and Neurological Development
Environmental chemical pollutants are increasingly recognised as important determinants of children's cognitive and neurological development, particularly during prenatal life and early childhood when the brain undergoes rapid growth (World Health Organization, 2022). The developing nervous system is particularly susceptible to environmental toxins because protective biological mechanisms remain immature during these stages (UK Health Security Agency, 2023). As a result, exposure to pollutants may disrupt neuronal development, cognitive functioning and long-term neurological health (Rauh and Margolis, 2016).
Air pollution is one of the most thoroughly investigated environmental risks to  neurodevelopment (World Health Organization, 2022). Exposure to pollutants such as particulate matter and nitrogen oxides has been linked to lower cognitive performance and diminished working memory in children (Kou et al., 2026). Similarly, Prenatal and early-life exposure to environmental chemicals has been associated with adverse cognitive, behavioural and neurodevelopmental outcomes, suggesting effects may extend beyond childhood (Rock and Patisaul, 2018).
The figure further highlights biological mechanisms through which pollutants may disrupt neurogenesis, neuronal signalling and brain maturation during critical developmental periods (UK Health Security Agency, 2023).
[image: ]
[bookmark: _Toc232051412]Figure 2.5: EDCs and Child Development 1
Source: (World Health Organization, 2022; UK Health Security Agency, 2023)
Figure 2.5 demonstrates the relationship between environmental chemical exposure and negative neurodevelopmental outcomes, including impaired cognitive performance, attention-deficit hyperactivity disorder (ADHD), and autism spectrum-related traits and reduced psychomotor development (World Health Organization, 2022; UK Health Security Agency, 2023). 
Heavy metals, including lead, mercury and manganese, represent significant neurodevelopmental hazards because they can disrupt neuronal signalling and cognitive functioning during brain development (World Health Organization, 2022). Evidence shows that elevated blood lead concentrations are linked to poorer cognitive performance in children (Frndak et al., 2019).
Endocrine-disrupting chemicals (EDCs), including bisphenol A (BPA) and per- and polyfluoroalkyl substances (PFAS), may interfere with hormonal pathways essential for neurological development (World Health Organization, 2022). Prenatal BPA exposure has been linked to poorer executive functioning and reduced working memory and increased behavioural difficulties (Braun et al., 2017). Comparable associations between PFAS exposure and negative cognitive and neurodevelopmental outcomes have also been reported (Harris et al., 2018; Skogheim et al., 2020; Spratlen et al., 2020). However, evidence regarding the combined effects of multiple environmental toxins remains limited.
Overall, the literature suggests that environmental pollutants may disrupt children's cognitive and neurological development through mechanisms including neuroinflammation, oxidative stress, endocrine disruption and altered neuronal signalling (Rauh and Margolis, 2016). While findings are generally consistent, the predominance of observational studies restricts causal conclusions and underscores the need for further longitudinal research.
[bookmark: _Toc232050408]2.6 Psychological and Behavioural Outcomes
Environmental chemical pollutants are increasingly associated with adverse psychological and behavioural outcomes among children, particularly when exposure occurs during critical periods of neurological development (World Health Organization, 2022). Emerging evidence suggests that environmental toxins may influence emotional regulation, attention, behaviour and mental wellbeing through neurodevelopmental pathways affecting the developing brain (Rauh and Margolis, 2016).
Research demonstrates consistent associations between environmental exposures and behavioural difficulties during childhood. Recent , the predominance of observational studies restricts causal conclusions and underscores the need adverse behavioural, emotional, and neurodevelopmental outcomes, including attention and mental health difficulties among children (Rock and Patisaul, 2018). Similarly, Braun et al. (2017) reported that prenatal BPA exposure was associated with increased internalising and somatising behaviours, poorer social responsiveness, and reduced executive functioning. 
These findings suggest that environmental pollutants may influence both cognitive and emotional development through shared neurological mechanisms. Evidence further indicates that exposure to neurotoxic substances can impair attention, working memory, and behavioural regulation, which are characteristics commonly associated with neurodevelopmental disorders (World Health Organization, 2022).
Pulliam et al. (2025) additionally reported that chronic residential radon exposure among children aged six to fourteen years was associated with abnormal neural activity within attention-control networks and altered behavioural performance, providing neuroimaging evidence linking environmental exposure with behavioural regulation.
Psychological and behavioural outcomes may also be influenced by broader environmental and social contexts. Children living in deprived urban communities often experience higher pollution exposure alongside increased psychosocial stressors, potentially amplifying neurodevelopmental risk (Office for National Statistics, 2023; Public Health England, 2020). This combination of environmental and social disadvantage may contribute to inequalities in psychological wellbeing and behavioural development.
Overall, the literature suggests that environmental pollutants may adversely affect children's psychological wellbeing and behaviour through mechanisms including neuroinflammation, endocrine disruption and altered neurological development (Rauh and Margolis, 2016). While the evidence consistently identifies associations with attention difficulties, emotional dysregulation and behavioural problems, further longitudinal research is required to clarify causal pathways and long-term outcomes.
[bookmark: _Toc232050409]2.7 Theoretical Framework
[bookmark: _Toc232050410]2.7.1 DPSEEA Model
[image: Linkage-Based Frameworks for Sustainability Assessment: Making a Case for  Driving Force-Pressure-State-Exposure-Effect-Action (DPSEEA) Frameworks]The Driving Force–Pressure–State–Exposure–Effect–Action (DPSEEA) model provides a structured framework for examining how environmental determinants influence health outcomes through sequential causal pathways (World Health Organization, 2022). It is relevant to this study because it supports analysis of how environmental pollution affects children’s cognitive and neurological development in the UK (UK Health Security Agency, 2023).

[bookmark: _Toc232051502]Figure 2.7.1: DPSEEA Framework 1
(Waheed, Khan and Veitch, 2009)
Within the framework, driving forces such as urbanisation, industrial activity, and transport demand create pressures including particulate matter and nitrogen dioxide emissions (Department for Environment, Food and Rural Affairs, 2023). These pressures alter the environmental state by increasing pollution levels across air, water, and soil systems (Environment Agency, 2022). The model also identifies exposure pathways, including inhalation, ingestion, and dermal contact, through which children encounter pollutants, with heightened vulnerability due to developmental and physiological factors (World Health Organization, 2022). 
The DPSEEA framework (Figure 2.7.1) demonstrates the relationship between environmental drivers, pollution pressures, exposure pathways, and resulting health effects, while identifying opportunities for preventive and corrective action (Waheed et al., 2009). It supports analysis of how cumulative exposures contribute to neuroinflammation, oxidative stress, disrupted brain development, and impaired cognitive function, particularly during early childhood when approximately 80–90% of brain development occurs, increasing susceptibility to environmental toxins (National Health Service, 2023).
The action component identifies intervention points across the pathway, including policies to reduce emissions and strategies to minimise exposure among vulnerable populations (Department for Environment, Food and Rural Affairs, 2023). In this study, the DPSEEA model informs the organisation of the literature and interpretation of findings by linking environmental conditions with children’s cognitive and neurological outcomes.
[bookmark: _Toc232050411]2.7.2 Social Ecological Model 
The Social Ecological Model (SEM) offers a structure for examining how environmental, social, and policy factors influence children’s cognitive well-being and neurological development (World Health Organization, 2022). Unlike linear approaches, SEM recognises that cognitive outcomes result from interactions between biological vulnerability, environmental exposures, and social conditions (The King's Fund, 2023).
 In this study, SEM is used to examine how environmental toxins affect brain development at multiple levels. At the individual level, children are particularly vulnerable because approximately 80–90% of brain maturation takes place before the age of five, increasing sensitivity to neurotoxic pollutants that may impair memory, attention, and learning (National Health Service, 2023).
At the interpersonal level, factors such as housing quality, indoor air conditions, and access to protective resources influence exposure patterns and contribute to cumulative risks during critical developmental periods (Office for National Statistics, 2023).
At the community level, traffic density and urban pollution affect the concentration of neurotoxic substances in children’s environments. Higher exposure in urban areas is associated with increased risks of neuroinflammatory and neurodevelopmental effects (Department for Transport, 2023; UK Health Security Agency, 2023).
At the policy level, environmental regulations help control emissions and improve environmental quality, although differences in implementation may affect their effectiveness in protecting children’s neurological health (Department for Environment, Food and Rural Affairs, 2023).
SEM strengthens this study by demonstrating how environmental toxin exposure influences cognitive outcomes through interacting determinants across multiple levels. It also highlights intervention opportunities beyond individual behaviour, emphasising the importance of environmental and policy measures. Combined with the DPSEEA model, SEM offers a comprehensive framework for analysing how environmental pollution affects children’s cognitive health in the UK.
[bookmark: _Toc232050412]2.8 Summary
This chapter examined the impact of environmental contaminants on young people's cognitive, neurological, and behavioural development across the UK. Evidence suggests that exposure to poor air quality, toxic metals, and endocrine-disrupting chemicals is linked to adverse neurodevelopmental and cognitive outcomes. Children's vulnerability is increased by developmental, behavioural, and socioeconomic factors. The review also highlighted environmental inequalities and identified the DPSEEA and Social Ecological Model as key frameworks for understanding pathways linking environmental pollution to children's health outcomes.








[bookmark: _Toc232050413]Chapter- 3 Methodology
[bookmark: _Toc232050414]3.1 Introduction
[bookmark: _Toc232050415]This chapter describes the methodological approach adopted to investigate the effects of environmental toxins on children’s neurological health and development across the United Kingdom using a qualitative systematic review of the literature (Snyder, 2019). The review followed the PRISMA 2020 framework and used secondary evidence, alongside CASP and JBI appraisal tools, to ensure transparent, rigorous, and reliable study selection, quality appraisal, and thematic analysis (Page et al., 2021; CASP, 2024; Joanna Briggs Institute, 2017). 
3.2 Research Philosophy and Research Approach
This study adopted an interpretivist research philosophy to examine how environmental toxin exposure affects children’s neurological health and development in the United Kingdom (Creswell and Creswell, 2018). Interpretivism supports understanding of complex environmental and health issues through contextual evidence, which was appropriate because childhood exposure to pollutants is influenced by socioeconomic deprivation, housing conditions, urbanisation, environmental inequalities, and public health policy (Bryman, 2016; World Health Organization, 2021).
Environmental health inequalities remain a major concern in the UK, with children in deprived communities experiencing higher exposure to air pollution, lead, and industrial pollutants (UK Health Security Agency, 2023). Approximately 2.6 million children in England are exposed to unsafe levels of particulate air pollution, increasing risks of neurological, cognitive, behavioural, and developmental problems (Royal College of Physicians, 2016). Interpretivism therefore supported understanding of how environmental exposures interact with social determinants of health in real-world settings (Public Health England, 2019).
A qualitative approach was used to synthesise evidence on environmental toxins, neurological development, cognitive health, and psychological outcomes using published literature and policy evidence (Snyder, 2019). Unlike purely quantitative approaches, qualitative synthesis supports interpretation of patterns, contextual relationships, and policy implications relevant to child health and environmental protection (Creswell and Poth, 2018).
[bookmark: _Toc232050416]3.3 Research Design
This study adopted a qualitative systematic literature review (SLR) to investigate the effects of environmental toxins on children’s neurological health and development (Snyder, 2019). The review systematically analysed secondary evidence from peer-reviewed studies, government reports, healthcare guidelines, and environmental health publications related to pollutant exposure and child health outcomes (Booth et al., 2021; Higgins et al., 2022). The review was guided by the PRISMA 2020 framework to support the structured identification, screening, and inclusion of relevant studies (Page et al., 2021).
A systematic review design was appropriate because the study aimed to synthesise existing evidence on environmental exposure, neurological development, cognitive outcomes, and public health implications rather than collect primary data (Creswell and Poth, 2018). Primary research involving children was avoided because they are considered vulnerable populations requiring enhanced ethical protection (Health Research Authority, 2022). Secondary research therefore enabled comprehensive evidence analysis without exposing participants to ethical or environmental risks (Booth et al., 2021).
Including evidence from diverse study designs strengthened understanding of neurological outcomes and environmental health inequalities affecting children in the UK, enabling the review to capture both measurable health impacts and broader social determinants of environmental exposure (NCB, 2022; Binter et al., 2024). The review also identified research gaps, policy limitations, and future intervention priorities (Snyder, 2019). However, publication bias, study heterogeneity, and reliance on existing evidence may affect comparability of findings (Greenhalgh et al., 2018).
[bookmark: _Toc232050417]3.4 Search Strategy
A systematic search approach was designed to locate evidence on the impact of environmental toxins on young people's neurological health and development in the United Kingdom (Page et al., 2021). The review followed the PRISMA 2020 framework to ensure openness and consistency in evidence synthesis (Liberati et al., 2009; Booth et al., 2021).
The PEO (Population, Exposure, Outcome) framework informed the formulation of the research question and search strategy (Booth et al., 2021). The population comprised children and adolescents, the exposure focused on environmental toxins including poor air quality, toxic metals, agricultural pesticides, and endocrine-disrupting chemicals, and the outcomes included neurological development, cognitive health, behavioural disorders, psychological wellbeing, and neurodevelopmental impairment (World Health Organization, 2021; Royal College of Paediatrics and Child Health, 2020).
Electronic searches were conducted using PubMed, MEDLINE, CINAHL, ScienceDirect, PsycINFO, the Cochrane Library, Google Scholar, and Web of Science because these databases contain extensive literature on public health, environmental health, paediatrics, psychology, toxicology, and epidemiology (Higgins et al., 2022; Booth et al., 2021). PubMed and MEDLINE were prioritised as they index over 35 million biomedical citations, including environmental and neurological research relevant to children (National Library of Medicine, 2024). PsycINFO was used to identify studies on psychological and behavioural outcomes linked to environmental exposure among children (American Psychological Association, 2024).
Grey literature searches were conducted to identify relevant UK policy reports, environmental guidance, and public health documents not indexed in peer-reviewed databases (World Health Organization, 2021). Sources included UKHSA, NHS, NICE, GOV.UK, DEFRA, and RCPCH because they provide evidence-based guidance on environmental exposure, air quality, child health, and UK public health policy (DEFRA, 2023). UK reports were important as approximately 2.7 million children in England are enrolled in schools located in areas where air pollution levels exceed World Health Organization (WHO) recommended limits.  highlighting significant environmental exposure risks among UK children (Royal College of Paediatrics and Child Health, 2020).
Search terms were developed using keywords, MeSH terms, truncation, phrase searching, and Boolean operators to improve search sensitivity and specificity (PubMed, 2024). Keywords included “environmental toxins,” “chemical pollutants,” “heavy metals,” “air pollution,” “lead exposure,” “endocrine disruptors,” “neurological development,” “cognitive outcomes,” “psychological health,” “children,” “paediatric health,” and “United Kingdom” (World Health Organization, 2022). Truncation terms such as “child*” and “neuro-develop” were used to identify related word variations, while phrase searching with quotation marks improved search accuracy in electronic databases (Booth et al., 2021; PubMed, 2024).
Boolean operators such as “AND,” “OR,” and “NOT” were used to combine and refine search terms (Booth et al., 2021). Keywords included “environmental toxins,” “heavy metals,” “air pollution,” “children,” “neurological development,” “cognitive outcomes,” and “United Kingdom” (PubMed, 2024). Relevant MeSH terms, including “Air Pollution,” “Environmental Exposure,” “Neurodevelopmental Disorders,” “Child Health,” and “Heavy Metals,” were also used to improve retrieval of indexed studies in PubMed and MEDLINE (National Library of Medicine, 2024).
[bookmark: _Toc232050418]The search procedure included screening of titles, abstracts, and full-text articles to assess relevance to the research objectives (Page et al., 2021). Manual reference searching was also conducted to identify additional studies (Greenhalgh et al., 2018). Studies published from 2014 to 2026 were selected to maintain the inclusion of up-to-date evidence relevant to UK environmental health policy and child health research (UK Health Security Agency, 2023).  Only English-language studies were included because of translation limitations. UK studies were prioritised because of their direct relevance to UK healthcare policy and environmental regulation; Because of the limited availability of UK-specific evidence, applicable international studies were incorporated where the findings could be applied to the UK public health context.
3.5 Inclusion and Exclusion Criteria
[bookmark: _Toc232051830]Specified inclusion and exclusion criteria were developed to support the selection of relevant, credible, and methodologically appropriate studies within the systematic review (Page et al., 2021). Clear eligibility criteria improve transparency, consistency, and methodological rigour during study selection and evidence synthesis (Booth et al., 2021). The criteria were designed in accordance with the research aim, objectives, and PEO framework used in the review (Snyder, 2019).
Table 3.5.1: Inclusion and Exclusion  1
	Criteria
	Inclusion Criteria
	Exclusion Criteria

	Population
	Children and adolescents aged 0–18 years, including prenatal and birth cohort studies where environmental exposures occurred during pregnancy and outcomes were measured in offspring (World Health Organization, 2022).
	Studies involving adult-only populations aged over 18 years with no child or adolescent outcomes reported (Snyder, 2019).

	Geographical Focus
	UK and international studies examining environmental exposures, environmental health determinants, public health policies, and child health outcomes relevant to public health practice and policy.
	Studies with no relevance to environmental health, public health policy, or child health outcomes.

	Environmental Exposure
	Studies examining environmental toxins and contaminants, including air pollution, heavy metals, pesticides, endocrine-disrupting chemicals, radon, heat exposure, and other environmental factors that may influence child health and development.
	Laboratory-based toxicology studies without direct human exposure assessment or studies unrelated to environmental health exposures (Greenhalgh et al., 2018).

	Health Outcomes
	Studies reporting neurological, cognitive, behavioural, psychological, developmental, metabolic, neuroimaging, environmental health, or policy-related outcomes affecting child health and wellbeing (Royal College of Paediatrics and Child Health, 2020).
	Studies not reporting child health, developmental, behavioural, cognitive, metabolic, environmental health, or health-related outcomes (Snyder, 2019).

	Study Design
	Cohort studies, birth cohort studies, prospective studies, cross-sectional studies, policy reviews, natural experiments, modelling studies, study protocols, systematic reviews, narrative reviews, and other empirical research relevant to environmental child health and public health policy (Higgins et al., 2022).
	Editorials, opinion papers, conference abstracts, commentaries, letters to editors, and non-empirical publications (Booth et al., 2021).

	Publication Type
	Peer-reviewed journal articles and recognised grey literature from WHO, NHS, NICE, UKHSA, GOV.UK, and other reputable public health organisations (World Health Organization, 2021).
	Unverified websites, blogs, or publications lacking methodological credibility (Greenhalgh et al., 2018).

	Language
	English-language studies only (Snyder, 2019).
	Non-English studies due to translation limitations (Booth et al., 2021).

	Publication Years
	Studies published between 2014 and 2026, with earlier studies retained where considered important foundational or seminal evidence relevant to environmental child health research (Higgins et al., 2022).
	Studies published before 2014 unless identified as seminal or highly relevant evidence.


The inclusion and exclusion criteria ensured that selected studies remained relevant to environmental toxin exposure, child neurological health, and UK public health policy while maintaining methodological quality and consistency throughout the review process (Page et al., 2021).
[bookmark: _Toc232050419]3.6 Study Selection and PRISMA Process
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[bookmark: _Toc232051607]Figure 3.6.1: PRISMA Flow Diagram 1
(Self-developed)
The PRISMA flow diagram (3.6.1) depicts the structured procedure of study identification, screening, eligibility evaluation, and final inclusion applied in this review (Page et al., 2021).
The study selection procedure was guided by the PRISMA 2020 framework to support a transparent and systematic review process (Page et al., 2021). A total of 642 records were retrieved from electronic databases and UK grey literature sources, with an additional 18 studies found through manual searching (Booth et al., 2021; Greenhalgh et al., 2018).
 After removing 147 duplicates, 513 records proceeded to title and abstract screening. During this stage, 472 studies were removed due to insufficient relevance to environmental toxins, child health, or neurological outcomes (Royal College of Paediatrics and Child Health, 2020). Subsequently, 41 full-text articles were critically appraised for quality and relevance (Creswell and Poth, 2018).
Following quality appraisal, 26 studies were excluded because of methodological limitations, lack of relevance to the review objectives, or failure to report neurological, cognitive, behavioural, or developmental outcomes relevant to the study (Greenhalgh et al., 2018). Ultimately, 15 studies satisfied the inclusion criteria and were incorporated into the final thematic synthesis and analysis (Page et al., 2021). These studies formed the final evidence base used to examine the research question and fulfil the review objectives.

[bookmark: _Toc232050420]3.7 Quality Appraisal
Quality appraisal was conducted to assess the methodological quality, validity, reliability and trustworthiness of studies included in the review, ensuring that findings were based on robust evidence (Booth et al., 2021). Appraising evidence is a fundamental component of evidence-based public health research because it helps identify methodological strengths, limitations and potential sources of bias that may influence interpretation of findings (Greenhalgh et al., 2018).
The Critical Appraisal Skills Programme (CASP) checklists were applied to evaluate qualitative studies, examining research aims, methodological approach, participant recruitment, ethical issues, data collection procedures, analytical methods and overall research value (CASP, 2024). Studies examining environmental exposure, behavioural outcomes and child health inequalities were evaluated for credibility and relevance (CASP, 2024).
The Joanna Briggs Institute (JBI) appraisal tools were applied to quantitative studies, including cohort, cross-sectional and observational designs, to assess validity and risk of bias (Joanna Briggs Institute, 2017; Higgins et al., 2022). Common limitations included small sample sizes, inconsistent exposure measurement, inadequate confounding control and limited reporting transparency (Greenhalgh et al., 2018). Studies with substantial methodological weaknesses were excluded to strengthen review credibility, and appraisal outcomes are presented in Appendix 1 through CASP and JBI summary tables (Booth et al., 2021; Page et al., 2021).
[bookmark: _Toc232050421]3.8 Data Extraction and Data Analysis
[bookmark: _Toc232050422]3.8.1 Data Extraction
Data extraction was conducted systematically to ensure consistency, transparency, and accurate synthesis of evidence across included studies (Booth et al., 2021). A structured data extraction framework was used to organise and compare information relevant to environmental toxins and children’s neurological health outcomes in the United Kingdom (Snyder, 2019). Data extraction is important in systematic reviews because it supports comparison of findings while reducing omission, reporting bias, and inconsistent interpretation of evidence (Page et al., 2021).
The extracted data included study authors, aims, design, participant population, environmental exposure type, neurological and developmental outcomes, key findings, strengths, and limitations (Greenhalgh et al., 2018). This enabled systematic comparison of evidence on air pollution, heavy metals, endocrine-disrupting chemicals, socioeconomic inequalities, and neurodevelopmental outcomes among UK children (Royal College of Paediatrics and Child Health, 2020). The extraction table also recorded sample size, participant characteristics, and quantitative outcome measures where available to facilitate comparison of study findings (Booth et al., 2021). Detailed extraction results are presented in Table 4.2 at the end of Chapter 4 (Results) as a structured results summary table, developed using a data extraction framework adapted from Booth et al. (2021).
[bookmark: _Toc232050423]3.8.2 Data Analysis
The selected studies were examined through Braun and Clarke’s six-phase thematic analysis approach to identify recurring patterns across the evidence (Braun and Clarke, 2006). Thematic analysis supported systematic interpretation of complex public health and environmental evidence (Greenhalgh et al., 2018).
The first stage involved repeated reading of studies to understand environmental exposure patterns and child health outcomes relevant to the review objectives (Braun and Clarke, 2006). The second stage involved generating initial codes related to air pollution, heavy metals, neurodevelopmental impairment, psychological outcomes, and socioeconomic inequalities affecting child health in the UK (Snyder, 2019).
The third stage grouped related codes into broader themes, while the fourth stage reviewed and refined themes to ensure consistency and alignment with the research objectives (Braun and Clarke, 2006; Booth et al., 2021). The fifth stage involved defining final themes, including air pollution and neurodevelopment, heavy metal exposure, socioeconomic inequalities, psychological and behavioural outcomes, and policy and prevention strategies relevant to UK public health practice (Royal College of Paediatrics and Child Health, 2020).
The sixth stage involved producing the final narrative synthesis and presenting findings according to the research objectives (Braun and Clarke, 2006). Narrative synthesis supported comparison of similarities, differences, and relationships across qualitative and quantitative studies while informing interpretation of environmental health evidence relevant to child public health policy and prevention strategies in the United Kingdom (Popay et al., 2006). The thematic findings are presented in Chapter 4.
[bookmark: _Toc232050424]3.9 Ethical Considerations
Ethical considerations play an important role in public and environmental health research to uphold integrity, openness, and the responsible use of secondary evidence (Saks and Allsop, 2019). This study used secondary data from peer-reviewed articles, government reports, healthcare guidance, and professional publications related to environmental toxins and child neurological health (Booth et al., 2021). As no human participants, interviews, surveys, or confidential patient data were involved, informed consent and NHS ethical approval were not required (Creswell and Poth, 2018; Higgins et al., 2022).
The review followed the ethical and academic standards of the University of Wales Trinity Saint David. Academic integrity was upheld through precise Harvard referencing, recognition of original authors, and impartial interpretation of findings (Greenhalgh et al., 2018). The non-invasive systematic review approach also protected vulnerable child populations by avoiding direct participant involvement or research-related risk (Booth et al., 2021).

[bookmark: _Toc232050425]3.10 Limitations of Methodology
Several methodological limitations may affect interpretation of findings in this systematic review, including publication and language bias, study heterogeneity, limited UK-specific evidence, and reliance on secondary published data (Booth et al., 2021; Greenhalgh et al., 2018). Differences in study design, exposure measurement, sample characteristics, and health outcome assessment limited direct comparison of findings and reduced control over data quality and methodological consistency (Page et al., 2021; Royal College of Paediatrics and Child Health, 2020).
[bookmark: _Toc232050426]3.11 Chapter Summary
This chapter outlined the methodology used to examine the impact of environmental toxins on children’s neurological health and development in the United Kingdom (Page et al., 2021). A qualitative systematic literature review guided by PRISMA 2020 was used for study selection and evidence synthesis. CASP, JBI, and thematic analysis strengthened review rigour and reliability (Braun and Clarke, 2006). Ethical considerations and methodological limitations were also addressed (Saks and Allsop, 2019). Chapter 4 presents the thematic findings.
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[bookmark: _Toc232050428]4.0 Introduction
[bookmark: _Toc232051910]This chapter reports the results of the systematic review investigating the effects of environmental toxins on children's neurological health and development. The results are derived from 15 studies selected following the PRISMA screening and quality appraisal process outlined in Chapter 3 and were synthesised through Braun and Clarke's thematic analysis approach (Braun and Clarke, 2006).
The included studies examined a range of environmental exposures, including poor air quality, toxic metals, agricultural pesticides, endocrine-disrupting chemicals, PFAS and radon, using biomarker assessments, environmental monitoring and developmental measures (Braun et al., 2017; Harris et al., 2018; Frndak et al., 2019; Pulliam et al., 2025). Four themes were identified relating to the existing evidence base, major environmental exposures, developmental outcomes and research gaps (Braun and Clarke, 2006).
Table 4.1: Thematic Findings Overview 1
	Main Theme
	Sub-Themes
	Key Studies

	Theme 1: Existing Evidence on Environmental Toxins and Children's Health Outcomes
	Research focus and scope of existing evidence; approaches to exposure assessment; patterns and consistency within the evidence base
	Braun et al. (2017); Harris et al. (2018); Skogheim et al. (2020); Spratlen et al. (2020); Rowe et al. (2016); Sagiv et al. (2023); Kou et al. (2026); Frndak et al. (2019); Pulliam et al. (2025)

	Theme 2: Major Environmental Toxin Exposures Affecting Children's Neurological Development
	Air pollution exposure (PM2.5, PM₁₀, NO₂, NOx, O₃); endocrine-disrupting chemicals (BPA, PFAS, PBDEs, organochlorines); pesticides, metals and radon
	Kou et al. (2026); Brown et al. (2024); Tsocheva et al. (2023); Braun et al. (2017); Güil-Oumrait et al. (2024); Harris et al. (2018); Skogheim et al. (2020); Spratlen et al. (2020); Rowe et al. (2016); Sagiv et al. (2023); Frndak et al. (2019); Pulliam et al. (2025)

	Theme 3: Neurological, Cognitive, Behavioural and Psychological Outcomes
	Cognitive outcomes; behavioural and psychological outcomes; neurodevelopmental and neurological outcomes
	Braun et al. (2017); Kou et al. (2026); Harris et al. (2018); Skogheim et al. (2020); Spratlen et al. (2020); Rowe et al. (2016); Frndak et al. (2019); Sagiv et al. (2023); Pulliam et al. (2025); Güil-Oumrait et al. (2024)

	Theme 4: Research Gaps and Public Health Implications
	Gaps in current evidence; methodological limitations; public health and policy recommendations
	van den Bosch et al. (2022); Tsocheva et al. (2023); Brown et al. (2024); Frndak et al. (2019); Pulliam et al. (2025); Kou et al. (2026); Lalli et al. (2024)



[bookmark: _Toc232050429]4.1 Existing Evidence on Environmental Toxins and Children's Health Outcomes
Evidence from nine studies included in this review demonstrated a growing body of research examining the relationship between environmental toxins and children's health outcomes, with particular emphasis on neurological, cognitive and behavioural development (Braun et al., 2017; Harris et al., 2018; Krapohl et al., 2017; Frndak et al., 2019; Skogheim et al., 2020; Spratlen et al., 2020; Sagiv et al., 2023; Kou et al., 2026; Pulliam et al., 2025). 
Across the evidence base, studies investigated environmental exposures occurring during prenatal development, early childhood and adolescence, reflecting increasing recognition that vulnerability to environmental hazards extends across multiple developmental stages (Braun et al., 2017; Harris et al., 2018; Sagiv et al., 2023). Sample sizes varied considerably, ranging from 59 participants in a neuroimaging study to 6,710 participants in a large population cohort, indicating substantial variation in statistical power and representativeness across the literature (Pulliam et al., 2025; Krapohl et al., 2017).
[bookmark: _Toc232050430]4.1.1 Research Focus and Scope of Existing Evidence
The reviewed evidence demonstrated a strong emphasis on early-life exposure assessment, particularly during pregnancy and early childhood, reflecting concerns regarding developmental susceptibility to environmental toxicants (Braun et al., 2017; Harris et al., 2018; Skogheim et al., 2020). 5 of the 9 studies used prospective birth cohort designs involving mother–child pairs, with sample sizes ranging from 302 to 1,134 participants, allowing exposure measurements to be collected before outcome assessment and strengthening temporal interpretation of findings (Braun et al., 2017; Harris et al., 2018; Spratlen et al., 2020; Skogheim et al., 2020; Güil-Oumrait et al., 2024). 
In contrast, two studies adopted cross-sectional designs involving 286 and 345 children respectively, providing evidence of associations between environmental exposures and developmental indicators but limiting conclusions regarding causality (Kou et al., 2026; Frndak et al., 2019).
The literature also demonstrated considerable diversity in the developmental outcomes examined (Braun et al., 2017; Pulliam et al., 2025). Several studies investigated child developmental health using a range of validated neurodevelopmental, psychological and behavioural assessment tools, reflecting substantial diversity in outcome measurement approaches (Braun et al., 2017; Spratlen et al., 2020; Pulliam et al., 2025)
Follow-up periods varied substantially across studies, with some investigations assessing outcomes during preschool years and others extending into adolescence, thereby providing evidence across different stages of child development (Sagiv et al., 2023; Harris et al., 2018). This variation strengthened the breadth of evidence but introduced challenges when comparing findings directly across studies due to differences in developmental timing and outcome measurement (Spratlen et al., 2020; Sagiv et al., 2023).
[bookmark: _Toc232050431]4.1.2 Approaches to Exposure Assessment
A notable characteristic of the evidence base was the widespread use of objective exposure assessment methods (Braun et al., 2017; Güil-Oumrait et al., 2024). Biomarker-based approaches were particularly common, with studies measuring environmental contaminants through maternal urine samples, blood samples, cord blood specimens and biological monitoring techniques (Braun et al., 2017; Harris et al., 2018; Frndak et al., 2019). These methods reduced reliance on self-reported exposure estimates and strengthened measurement validity (Braun et al., 2017; Frndak et al., 2019).
Several studies employed advanced analytical approaches to characterise environmental exposures more comprehensively (Güil-Oumrait et al., 2024; Kou et al., 2026). For example, Güil-Oumrait et al. (2024) examined exposure mixtures among 1,134 mother–child pairs using Bayesian weighted quantile sum regression, allowing simultaneous evaluation of multiple environmental contaminants rather than single-agent exposure assessment. Similarly, Kou et al. (2026) utilised weighted quantile sum modelling and land-use regression techniques to estimate environmental exposure profiles among 286 children, reflecting a shift towards more sophisticated exposure assessment methodologies (Kou et al., 2026).
The evidence based also included innovative approaches to exposure and health assessment (Pulliam et al., 2025). Pulliam et al. (2025) combined home environmental monitoring with magnetoencephalography among 59 participants, providing an objective and biologically informed approach to environmental health assessment in children (Pulliam et al., 2025). Such approaches strengthened the methodological robustness of exposure research by incorporating advanced measurement techniques alongside environmental monitoring (Pulliam et al., 2025). However, these technologically advanced studies generally involved smaller samples, potentially limiting external validity and generalisability (Pulliam et al., 2025).
[bookmark: _Toc232050432]4.1.3 Patterns and Consistency Within the Evidence Base
Despite differences in study design, exposure assessment and outcome measurement, several consistent patterns emerged across the reviewed literature (Braun et al., 2017; Harris et al., 2018; Frndak et al., 2019). Most studies demonstrated statistically significant relationships between environmental exposures and adverse developmental indicators, although the magnitude of effects varied considerably (Frndak et al., 2019; Kou et al., 2026). Evidence of sex-specific associations was also frequently reported, with several studies identifying stronger effects among boys than girls, suggesting potential biological differences in vulnerability to environmental exposures (Braun et al., 2017; Skogheim et al., 2020; Kou et al., 2026).
At the same time, findings were not entirely uniform across the evidence base (Harris et al., 2018; Spratlen et al., 2020). Some studies reported inconsistent associations across exposure measures and developmental domains, while others identified significant relationships only within specific subgroups (Harris et al., 2018; Skogheim et al., 2020). These variations may reflect differences in exposure timing, assessment methods, population characteristics and outcome measures rather than genuine contradictions within the literature (Spratlen et al., 2020; Güil-Oumrait et al., 2024). Overall, the evidence demonstrates increasing methodological sophistication and generally consistent relationships between environmental exposures and developmental outcomes in children, despite continued variation in research design, participant characteristics and analytical methods (Braun et al., 2017; Güil-Oumrait et al., 2024; Pulliam et al., 2025). Collectively, the literature has progressed from simple exposure–outcome analyses towards more complex investigations incorporating biological monitoring, exposure mixtures and developmental susceptibility, providing a strong foundation for examining environmental toxins and their developmental implications (Kou et al., 2026; Sagiv et al., 2023; Pulliam et al., 2025).

[bookmark: _Toc232050433]4.2 Major Environmental Toxin Exposures Affecting Children's Neurological Development
Evidence from 12 studies included in this review identified air pollution, endocrine-disrupting chemicals (EDCs), pesticides, metals and radon as the principal environmental exposures investigated in relation to children's neurological health and development (Kou et al., 2026; Brown et al., 2024; Tsocheva et al., 2023; Braun et al., 2017; Güil-Oumrait et al., 2024; Harris et al., 2018; Skogheim et al., 2020; Spratlen et al., 2020; Rowe et al., 2016; Sagiv et al., 2023; Frndak et al., 2019; Pulliam et al., 2025). 
Across the literature, exposure assessment included biomarker analysis, land-use regression, environmental monitoring, residential exposure estimation and mixture-modelling approaches, reflecting substantial methodological variation (Braun et al., 2017; Kou et al., 2026; Güil-Oumrait et al., 2024). Air pollutants and endocrine-disrupting chemicals were the most frequently investigated exposures, appearing in 8 of the 12 studies reviewed (Braun et al., 2017; Harris et al., 2018; Skogheim et al., 2020; Spratlen et al., 2020; Güil-Oumrait et al., 2024; Brown et al., 2024; Tsocheva et al., 2023; Kou et al., 2026).
[bookmark: _Toc232050434]4.2.1 Air Pollution Exposure
Evidence from 3 studies identified air pollution as a major environmental exposure relevant to children’s neurological development, particularly traffic-related pollutants and urban air-pollution mixtures (Brown et al., 2024; Tsocheva et al., 2023; Kou et al., 2026). The main pollutants examined were PM₂.₅, PM₁₀, PMcoarse, NO₂, NOx and O₃ (Kou et al., 2026; Tsocheva et al., 2023). Kou et al. (2026) provided the most comprehensive assessment, examining 6 pollutants among 286 children using land-use regression and weighted quantile sum analysis, enabling evaluation of pollutant mixtures rather than individual pollutants alone (Kou et al., 2026).
Similarly, Tsocheva et al. (2023) incorporated NO₂, NOx, PM2.5 and PM₁₀ exposure assessment within the Children’s Health in London and Luton (CHILL) study involving approximately 3,200 children aged 6–9 years, making it the largest child-focused air-pollution investigation identified within the review (Tsocheva et al., 2023). Brown et al. (2024) examined traffic-related air pollution surrounding 5 schools in England using ADMS-Roads dispersion modelling and identified NO₂ as the primary indicator of school-based exposure (Brown et al., 2024). 
Across the air-pollution literature, environmental modelling provided broad population coverage and detailed spatial exposure assessment; however, the lack of personal monitoring may limit capture of individual exposure variation related to mobility and indoor environments (Brown et al., 2024; Kou et al., 2026). Nevertheless, PM2.5, PM₁₀ and NO₂ were consistently examined across all 3 studies, highlighting their importance within contemporary child environmental health research (Brown et al., 2024; Tsocheva et al., 2023; Kou et al., 2026).
[bookmark: _Toc232050435]4.2.2 Endocrine-Disrupting Chemicals (EDCs)
Evidence from 5 studies identified endocrine-disrupting chemicals as the most extensively investigated group of environmental toxicants within the reviewed literature (Braun et al., 2017; Harris et al., 2018; Skogheim et al., 2020; Spratlen et al., 2020; Güil-Oumrait et al., 2024). The principal compounds examined included bisphenol A (BPA), per- and polyfluoroalkyl substances (PFAS), polybrominated diphenyl ethers (PBDEs) and organochlorine compounds, with exposure predominantly assessed through maternal urine, maternal serum, plasma and cord-blood samples collected during pregnancy (Braun et al., 2017; Harris et al., 2018; Spratlen et al., 2020).
PFAS emerged as the most frequently investigated chemical group, appearing in 4 separate studies involving sample sizes ranging from 302 to 971 mother–child pairs (Harris et al., 2018; Skogheim et al., 2020; Spratlen et al., 2020). Across these studies, exposure assessment included compounds such as PFOS, PFOA, PFHxS, PFNA, PFDA and PFUnDA, highlighting substantial interest in persistent fluorinated chemicals because of their widespread environmental persistence and bioaccumulative properties (Harris et al., 2018; Skogheim et al., 2020; Spratlen et al., 2020). Braun et al. (2017) investigated prenatal BPA exposure among 812 mother–child pairs using maternal urinary biomarker measurements, demonstrating the widespread application of biological monitoring techniques within EDC research (Braun et al., 2017).
The most comprehensive chemical-characterisation study was undertaken by Güil-Oumrait et al. (2024), who assessed more than 40 environmental contaminants among 1,134 mother–child pairs using Bayesian weighted quantile sum regression (Güil-Oumrait et al., 2024). The exposure mixture incorporated 9 metals, 5 PFAS compounds, 2 PBDEs, 3 organochlorine pesticides, 4 organophosphate pesticide metabolites, 10 phthalate metabolites and several phenolic compounds, reflecting increasing recognition that children experience cumulative exposure to multiple contaminants rather than isolated chemicals (Güil-Oumrait et al., 2024). 
Compared with single-toxin studies, mixture-based approaches provide a more realistic representation of environmental exposures but increase analytical complexity and make identification of individual chemical effects more challenging (Güil-Oumrait et al., 2024).
[bookmark: _Toc232050436]4.2.3 Pesticides, Metals and Radon
Evidence from 4 studies identified pesticides, metals and radon as additional environmental exposures associated with child environmental-health research (Rowe et al., 2016; Sagiv et al., 2023; Frndak et al., 2019; Pulliam et al., 2025). Organophosphate pesticides were investigated using both biomarker-based and environmental-estimation approaches (Rowe et al., 2016; Sagiv et al., 2023). Rowe et al. (2016) estimated exposure among 501 children using living near areas where agricultural pesticides are applied whereas Sagiv et al. (2023) measured maternal urinary dialkylphosphate metabolites during pregnancy among 335 participants, providing direct biological assessment of prenatal pesticide exposure (Sagiv et al., 2023).
Metal exposure was primarily assessed through blood lead and hair manganese concentrations among 345 children aged 6–8 years (Frndak et al., 2019). Mean blood lead concentration was reported as 4.1 ± 2.1 μg/dL, while approximately 35% of participants had concentrations ≥5 μg/dL, demonstrating measurable exposure within the study population despite reductions in environmental lead use in many countries (Frndak et al., 2019). Radon exposure was examined by Pulliam et al. (2025) through direct household radon monitoring among 59 children and adolescents aged 6–14 years, representing the only study to investigate naturally occurring radioactive exposure within the reviewed evidence base (Pulliam et al., 2025).
Across these studies, exposure assessment ranged from biomarker monitoring and residential estimation to direct household measurement (Rowe et al., 2016; Sagiv et al., 2023; Pulliam et al., 2025). Biomarkers provided stronger evidence of internal exposure, whereas residential and environmental estimates enabled larger population coverage but increased exposure misclassification risk (Rowe et al., 2016; Frndak et al., 2019).
Overall, the literature identified air pollution, endocrine-disrupting chemicals, pesticides, metals and radon as the main toxins examined in relation to children's neurological development (Kou et al., 2026; Braun et al., 2017; Frndak et al., 2019; Pulliam et al., 2025). PFAS was the most frequently studied chemical group, appearing in 4/12 studies, while PM₂.₅, PM₁₀ and NO₂ were the most commonly investigated air pollutants across 3 studies (Harris et al., 2018; Skogheim et al., 2020; Spratlen et al., 2020; Kou et al., 2026). The evidence also indicates a shift from single-toxin to mixture-based research, reflecting children's cumulative environmental exposures (Güil-Oumrait et al., 2024; Kou et al., 2026).
[bookmark: _Toc232050437]4.3 Relationship Between Environmental Toxin Exposure and Neurological, Cognitive, Behavioural and Psychological Outcomes Among Children
Evidence from 10 studies demonstrated consistent associations between environmental toxin exposure and adverse cognitive, behavioural, psychological and neurological outcomes in children (Braun et al., 2017; Kou et al., 2026; Harris et al., 2018; Skogheim et al., 2020; Spratlen et al., 2020; Rowe et al., 2016; Frndak et al., 2019; Sagiv et al., 2023; Pulliam et al., 2025; Güil-Oumrait et al., 2024). The most commonly reported outcomes included poorer working memory, executive functioning, cognitive performance, behavioural regulation, attention, social responsiveness and broader neurodevelopmental functioning (Braun et al., 2017; Frndak et al., 2019; Kou et al., 2026). Despite variation in effect sizes, the evidence consistently suggested that exposure during critical developmental periods was associated with deficits across multiple areas of child development (Harris et al., 2018; Spratlen et al., 2020).
[bookmark: _Toc232050438]4.3.1 Cognitive Outcomes
Cognitive functioning was the most consistently reported outcome across 7 studies (Braun et al., 2017; Kou et al., 2026; Harris et al., 2018; Skogheim et al., 2020; Spratlen et al., 2020; Rowe et al., 2016; Frndak et al., 2019). Kou et al. (2026) reported poorer working memory associated with a 3.60-point reduction (β = −3.60, 95% CI −5.92 to −1.28), while PMcoarse and PM₁₀ were independently associated with reductions of 2.71 points (95% CI −4.23 to −1.20) and 2.39 points (95% CI −4.09 to −0.70), respectively (Kou et al., 2026). Sex-stratified analyses identified stronger adverse cognitive associations among boys and lower verbal-comprehension scores among girls (Kou et al., 2026).
Comparable results were observed in longitudinal cohort studies (Harris et al., 2018; Skogheim et al., 2020; Spratlen et al., 2020). Harris et al. (2018) reported that visual-motor scores were 5.0 points lower in children within the highest exposure group than those in the lowest exposure group (95% CI −9.1 to −0.8) (Harris et al., 2018). Similarly, Skogheim et al. (2020) identified reduced non-verbal working memory performance (β = −0.08, 95% CI −0.12 to −0.03), with more pronounced effects among boys (Skogheim et al., 2020). Spratlen et al. (2020) further reported diminished psychomotor functioning and reduced verbal IQ during childhood, indicating that these effects may continue throughout different stages of development (Spratlen et al., 2020).
Additional evidence came from Rowe et al. (2016), who found lower Full Scale IQ (β = −3.0), Perceptual Reasoning (β = −4.0) and Working Memory (β = −2.8) scores (Rowe et al., 2016). Frndak et al. (2019) identified three cognitive profiles among 345 children, with each one-unit increase in blood lead linked to a 28% higher likelihood of poorer cognitive performance (Frndak et al., 2019).
A key strength was the use of validated assessments, including WPPSI-IV, WRAML2, WRAVMA and standardised IQ measures (Kou et al., 2026; Harris et al., 2018). However, cross-sectional studies provided weaker evidence for temporal relationships than prospective cohorts, limiting causal interpretation (Kou et al., 2026; Frndak et al., 2019).
[bookmark: _Toc232050439]4.3.2 Behavioural and Psychological Outcomes
Behavioural and psychological outcomes were examined most extensively within studies assessing emotional regulation, social functioning and adolescent behavioural difficulties (Braun et al., 2017; Sagiv et al., 2023; Pulliam et al., 2025). Braun et al. (2017) reported that higher prenatal exposure levels were linked to higher levels of internalising behaviours, somatic complaints and reduced social responsiveness in children assessed at 3 years of age  (Braun et al., 2017). The study further identified stronger adverse associations among boys, suggesting potential sex-specific vulnerability in behavioural development (Braun et al., 2017).
The most detailed behavioural effect estimates were reported by Sagiv et al. (2023), who followed 335 adolescents and young adults and observed significant increases in hyperactivity (β = 2.32), aggression (β = 1.90), attention problems (β = 2.78) and depressive symptoms (β = 2.66) (Sagiv et al., 2023). The longitudinal design strengthened confidence in these findings because behavioural outcomes were assessed years after exposure measurement, reducing the likelihood of reverse causation (Sagiv et al., 2023). These findings suggest that adverse behavioural consequences may extend beyond childhood and remain evident during adolescence and early adulthood (Sagiv et al., 2023).
Further evidence from Pulliam et al. (2025) linked behavioural difficulties with disruptions in neural systems involved in attention and cognitive control (Pulliam et al., 2025). The use of objective neurophysiological measures strengthened the biological plausibility of these findings (Pulliam et al., 2025). Overall, the evidence suggests that behavioural effects extend beyond attention problems to include emotional regulation difficulties, impaired social functioning, aggression and depressive symptoms (Braun et al., 2017; Sagiv et al., 2023).
[bookmark: _Toc232050440]4.3.3 Neurodevelopmental and Neurological Outcomes
Four studies reported outcomes relating to broader neurodevelopmental functioning and neurological processes (Pulliam et al., 2025; Güil-Oumrait et al., 2024; Spratlen et al., 2020; Harris et al., 2018). Pulliam et al. (2025) provided the strongest direct neurological evidence by demonstrating altered theta and gamma oscillatory activity within attentional-control networks, indicating measurable differences in neural functioning associated with environmental exposure (Pulliam et al., 2025). Mediation analyses further suggested that activity within cerebellar and motor regions contributed to observed differences in behavioural performance, supporting the hypothesis that neurological alterations may underlie broader developmental outcomes (Pulliam et al., 2025).
Evidence from developmental cohort studies also suggested vulnerability across multiple neurodevelopmental domains (Harris et al., 2018; Spratlen et al., 2020). Spratlen et al. (2020) reported poorer psychomotor development during early childhood, while Harris et al. (2018) identified measurable differences across visual-motor and cognitive-development indicators (Harris et al., 2018; Spratlen et al., 2020). Although Güil-Oumrait et al. (2024) focused primarily on metabolic outcomes, the findings highlighted potential developmental vulnerability arising from cumulative exposure burdens and supported the growing recognition that complex environmental mixtures may influence broader developmental pathways (Güil-Oumrait et al., 2024).
Synthesis of Findings
Across the 10 studies reviewed under Objective 3, the most consistent outcomes were poorer working memory, cognitive performance, behavioural difficulties and altered neurodevelopmental functioning (Braun et al., 2017; Kou et al., 2026; Frndak et al., 2019; Harris et al., 2018). Working memory was the most frequently affected cognitive domain (Kou et al., 2026; Skogheim et al., 2020; Rowe et al., 2016). Behavioural findings consistently reported attention problems, hyperactivity, aggression, internalising behaviours and depressive symptoms (Braun et al., 2017; Sagiv et al., 2023). 
Neurological evidence also identified changes in neural activity and developmental trajectories (Pulliam et al., 2025). Overall, the evidence indicates consistent associations between environmental toxin exposure and cognitive, behavioural and neurodevelopmental impairments across childhood and adolescence (Kou et al., 2026; Frndak et al., 2019; Sagiv et al., 2023; Pulliam et al., 2025).
[bookmark: _Toc232050441]4.4 Research Gaps and Public Health Implications
Evidence from 7 studies identified important research and policy gaps within the current literature on environmental influences on child health and development (van den Bosch et al., 2022; Tsocheva et al., 2023; Brown et al., 2024; Frndak et al., 2019; Pulliam et al., 2025; Kou et al., 2026; Lalli et al., 2024). Limitations were evident in study design, exposure assessment, intervention evaluation and the availability of longitudinal data, highlighting the need for stronger evidence to guide future public health policies and interventions (Tsocheva et al., 2023; Brown et al., 2024; Kou et al., 2026). Despite methodological advances, important gaps remain regarding causal inference, long-term developmental trajectories and the effectiveness of policy interventions in real-world settings (van den Bosch et al., 2022; Pulliam et al., 2025).
[bookmark: _Toc232050442]4.4.1 Gaps in Current Evidence
A major gap was the limited availability of completed UK longitudinal studies examining environmental influences on children's neurological development (Tsocheva et al., 2023; van den Bosch et al., 2022). Although several large-scale studies have been proposed, empirical evidence remains limited because key investigations were still at protocol stage (Tsocheva et al., 2023; van den Bosch et al., 2022). For example, van den Bosch et al. (2022) outlined a multinational cohort of approximately 160,000 mother–child pairs investigating life-course environmental influences, but no outcome data were available. Similarly, Tsocheva et al. (2023) described the CHILL natural experiment involving approximately 3,200 children from London and Luton, although outcome findings remained unavailable because follow-up was ongoing. Consequently, few completed UK longitudinal studies currently provide robust evidence on long-term developmental trajectories and causal relationships, limiting nationally relevant evidence for UK public health policy and child health interventions (Tsocheva et al., 2023; van den Bosch et al., 2022).
The evidence also highlighted a shortage of intervention-based research evaluating whether environmental improvements lead to measurable child health benefits (Brown et al., 2024; Tsocheva et al., 2023). Brown et al. (2024) demonstrated reduced pollutant concentrations around schools using dispersion modelling but did not directly assess developmental, behavioural or neurological outcomes. Consequently, uncertainty remains regarding whether modelled environmental improvements translate into meaningful child health benefits (Brown et al., 2024). Likewise, Tsocheva et al. (2023) emphasised the importance of evaluating interventions such as the Ultra Low Emission Zone, although evidence of health benefits remains limited because longitudinal findings are still emerging.
Another important gap was the limited evidence examining cumulative environmental burdens and complex real-world exposure scenarios (Kou et al., 2026; van den Bosch et al., 2022). Although recent studies increasingly adopted mixture-based approaches, much of the evidence continues to rely on narrower exposure frameworks, limiting understanding of how multiple environmental factors interact across childhood development (Kou et al., 2026; van den Bosch et al., 2022).
[bookmark: _Toc232050443]4.4.2 Methodological Limitations
Several methodological limitations were identified across the reviewed studies and should be considered when interpreting the evidence (Frndak et al., 2019; Pulliam et al., 2025; Kou et al., 2026). A key limitation was the use of cross-sectional designs, which restrict assessment of temporal relationships and causality (Frndak et al., 2019; Kou et al., 2026). Although Frndak et al. (2019) used objective biological measures and extensive neuropsychological testing among 345 children, the design could not determine whether developmental differences occurred before or after exposure measurement. Similarly, Kou et al. (2026) identified significant associations using advanced statistical modelling, but causal inference was limited because exposure and outcome data were collected at a single time point.
Sample size also limited some studies (Pulliam et al., 2025). Despite using sophisticated magnetoencephalography and objective household monitoring, Pulliam et al. (2025) included only 59 participants, limiting statistical power and representativeness. Although neuroimaging provides valuable mechanistic insights, findings from small samples require replication in larger populations (Pulliam et al., 2025).
Additional limitations related to exposure assessment methods (Brown et al., 2024; Kou et al., 2026). Several studies relied on land-use regression, dispersion modelling and environmental estimates rather than personal monitoring, increasing potential exposure misclassification (Brown et al., 2024; Kou et al., 2026). While appropriate for large-scale studies, these approaches may not fully capture individual exposure patterns (Brown et al., 2024). Overall, stronger longitudinal designs, repeated exposure measures and more precise assessment methods are needed to improve causal inference (Frndak et al., 2019; Kou et al., 2026).
[bookmark: _Toc232050444]4.4.3 Public Health and Policy Recommendations
The reviewed evidence identified several priorities for future public health policy and child health protection strategies (Lalli et al., 2024; Brown et al., 2024; Tsocheva et al., 2023). A consistent recommendation across studies was the need for stronger evidence-informed policies supported by systematic monitoring and evaluation frameworks (Lalli et al., 2024). Through analysis of 142 policy and research documents, Lalli et al. (2024) highlighted substantial variation in policy implementation and emphasised the importance of coherent national approaches, long-term resource allocation and improved monitoring systems to support child health initiative.
The findings also support expansion of intervention-based environmental policies alongside rigorous evaluation of their effectiveness (Brown et al., 2024; Tsocheva et al., 2023). Brown et al. (2024) demonstrated that multiple intervention strategies were capable of reducing estimated environmental burdens around schools, suggesting that environmental modifications may provide practical opportunities for risk reduction when incorporated into broader public health planning. Similarly, Tsocheva et al. (2023) emphasised the importance of policy evaluation through natural experiments capable of generating real-world evidence for future decision-making.
Future research should prioritise large-scale UK longitudinal studies incorporating repeated follow-up, objective environmental monitoring and multidisciplinary assessment approaches to strengthen understanding of developmental trajectories across childhood (van den Bosch et al., 2022; Tsocheva et al., 2023). Greater integration of epidemiology, environmental science, neuroscience and public health policy may further enhance the translation of research findings into practical interventions capable of supporting healthier childhood environments (van den Bosch et al., 2022; Lalli et al., 2024).
Synthesis of Findings
Across the 7 studies reviewed under Objective 4, key gaps included limited UK longitudinal evidence, insufficient intervention research, protocol-based evidence and challenges in establishing causality (van den Bosch et al., 2022; Tsocheva et al., 2023; Frndak et al., 2019; Kou et al., 2026). Methodological limitations included cross-sectional designs, small samples and modelled exposures (Pulliam et al., 2025; Kou et al., 2026; Brown et al., 2024). 
The evidence also highlighted the need for stronger policy evaluation, improved monitoring and multidisciplinary research (Lalli et al., 2024; Tsocheva et al., 2023). Overall, future priorities include expanding UK longitudinal research, strengthening intervention evidence and improving causal inference to support policies protecting children's neurological development (van den Bosch et al., 2022; Brown et al., 2024; Lalli et al., 2024).
[bookmark: _Toc232052045]Table 4.2: Summary of Included Studies  1
	Author (Year)
	Design
	Sample Size
	Methods
	Main Findings/Results
	Strengths
	Limitations

	Braun et al. (2017)
	Prospective cohort study
	812 mother–child pairs
	Prenatal urinary BPA measurement; cognition and behaviour assessed using WPPSI-III, BRIEF-P, BASC-2 and SRS-2.
	Higher prenatal BPA exposure was linked to cognitive, behavioural, and social impairments, particularly in boys.
	Large prospective cohort; objective biomarker measurement; validated assessments; sex-specific analysis.
	Single BPA measurement may not reflect long-term exposure; observational design limits causal inference.

	Lalli et al. (2024)
	Policy review
	142 policy and research documents
	READ framework used to analyse UK secondary school food policies.
	Identified variation in UK school food policies and the need for improved monitoring, standards, and student engagement
	Comprehensive UK-wide review; strong public health relevance.
	Not directly related to environmental toxins or neurological outcomes.

	Kou et al. (2026)
	Cross-sectional study
	286 children
	Exposure to PM2.5, PM10, PMcoarse, NO₂, NOx and O₃ estimated using land-use regression; cognition assessed using WPPSI-IV.
	Air pollution exposure was associated with poorer working memory (β = −3.60, 95% CI −5.92 to −1.28), with stronger effects in boys and lower verbal comprehension in girls.
	Advanced multi-pollutant modelling; validated cognitive assessments; sex-specific analysis.
	Cross-sectional design; modelled rather than directly measured exposure.

	Brown, Hayes & Barnes (2024)
	Dispersion modelling study
	5 schools
	ADMS-Road modelling used to evaluate school-based air pollution interventions.
	All interventions reduced NO₂ exposure; LEZs showed the greatest reductions around schools.
	Evaluated multiple interventions in real-world settings.
	Modelled exposures only; no child health outcomes measured.

	van den Bosch et al. (2022)
	Study protocol
	Approximately 160,000 mother–child pairs
	Planned cohort analyses using GIS mapping and environmental exposure assessment.
	Protocol study outlining investigation of heat exposure and natural environments; no outcome data reported.
	Large multinational cohort; harmonised methodology.
	No empirical findings available.

	Krapohl et al. (2017)
	Population cohort study
	6,710 participants
	Polygenic score analyses combined with environmental exposure assessments.
	Significant gene–environment correlations were identified across multiple developmental exposures.
	Large representative sample.
	Observational design cannot establish causality.

	Tsocheva et al. (2023)
	Prospective natural experiment protocol
	3,200 children
	Longitudinal assessment of air pollution exposure and respiratory health following ULEZ implementation.
	Protocol study; outcome data not yet available.
	Strong policy-relevant natural experiment design.
	No empirical findings reported.

	Güil-Oumrait et al. (2024)
	Population-based birth cohort
	1,134 mother–child pairs
	Biomarker measurements and Bayesian weighted quantile sum regression.
	Exposure to EDC mixtures (PFAS, PBDEs, and metals) was associated with increased metabolic syndrome risk in children.
	Large multicountry cohort; advanced mixture analysis.
	Observational design limits causal inference.

	Frndak et al. (2019)
	Cross-sectional study
	345 children aged 6–8 years
	Blood lead and hair manganese measured; 16 cognitive assessments administered.
	Blood lead was associated with a 28% increased likelihood of poorer cognitive performance (Frndak et al., 2019).

	Objective biomarker assessment; multiple cognitive domains evaluated.
	Cross-sectional design limits causal inference.

	Pulliam et al. (2025)
	Cross-sectional neuroimaging study
	59 children and adolescents
	Home radon testing combined with MEG and cognitive control tasks.
	Greater radon exposure was associated with altered neural activity and impaired cognitive control pathways.
	Objective radon assessment; direct neural measures using MEG.
	Small sample size; limited generalisability.

	Harris et al. (2018)
	Prospective birth cohort study
	631–971 mother–child pairs
	Maternal and childhood PFAS concentrations measured; cognition assessed using WRAVMA, PPVT-III, WRAML2 and IQ tests.
	PFHxS associated with lower visual-motor scores (−5.0 points; 95% CI −9.1 to −0.8); prenatal PFAS showed mixed cognitive effects.
	Large longitudinal cohort; objective biomarker measurements.
	Inconsistent associations across PFAS compounds.

	Skogheim et al. (2020)
	Prospective cohort study
	944 mother–child pairs
	Maternal PFAS concentrations measured during pregnancy; neuropsychological assessments conducted at 3.5 years.
	PFAS exposure was associated with poorer non-verbal working memory (β = −0.08, 95% CI −0.12 to −0.03), particularly among boys.
	Large cohort; detailed neuropsychological assessment.
	Weak effect sizes; inconsistent findings across PFAS compounds.

	Spratlen et al. (2020)
	Prospective birth cohort study
	302 mother–child pairs
	Maternal and cord blood PFAS measured; neurodevelopment assessed from ages 1–6 years.
	PFNA linked to poorer psychomotor development, lower verbal IQ and sex-specific effects.
	Longitudinal follow-up; repeated developmental assessments.
	Relatively small sample size.

	Rowe et al. (2016)
	Longitudinal birth cohort study
	501 children
	Residential pesticide exposure during pregnancy linked to cognitive testing at age 10 years.
	Higher pesticide exposure linked to lower IQ, perceptual reasoning and working memory.
	Large cohort; robust statistical analysis.
	Exposure estimated using residential proximity rather than biomarkers.

	Sagiv et al. (2023)
	Prospective birth cohort study
	335 adolescents and young adults
	Maternal urinary DAP metabolites measured during pregnancy; behavioural outcomes assessed at ages 14–18 years.
	Prenatal OP pesticide exposure associated with hyperactivity (β=2.32), aggression (β=1.90), attention problems (β=2.78) and depression (β=2.66).
	Longitudinal design; repeated behavioural assessments; objective exposure biomarkers.
	Findings may not be generalisable beyond agricultural communities.












[bookmark: _Toc232050445]Chapter 5: Discussion
[bookmark: _Toc232050446]5.0 Introduction
This chapter evaluates the findings reported in Chapter 4 in the context of the study objectives and broader environmental health literature (Braun et al., 2017; Harris et al., 2018). Rather than repeating the results, the discussion focuses on interpreting patterns across the evidence base, evaluating the strength and consistency of the findings, and considering their implications for child neurological health and development (Kou et al., 2026; Sagiv et al., 2023). The chapter further explores the methodological strengths and weaknesses of the included studies and assesses how these factors affect confidence in the available evidence (Frndak et al., 2019; Pulliam et al., 2025).
The findings indicate that environmental health research has increasingly focused on understanding how multiple environmental exposures may influence child development across the life course (Güil-Oumrait et al., 2024; Spratlen et al., 2020). Although the evidence base demonstrates growing methodological sophistication through the use of biomarkers, environmental monitoring and mixture-based analytical approaches, important challenges remain regarding causal inference, long-term follow-up and the availability of UK-specific evidence (Tsocheva et al., 2023; van den Bosch et al., 2022). This chapter therefore evaluates the significance of the findings in relation to each research objective while identifying broader implications for research, policy and practice (Brown et al., 2024; Lalli et al., 2024).
[bookmark: _Toc232050447]5.1 Discussion of Objective 1: Existing Evidence on Environmental Toxins and Children's Health Outcomes
The findings demonstrate that research examining environmental influences on child neurological health has expanded considerably over recent decades, reflecting increasing recognition of environmental determinants of health during childhood and adolescence (Braun et al., 2017; Harris et al., 2018). A notable characteristic of the evidence base is the dominance of prospective cohort designs, which were used in several included studies to investigate developmental outcomes across extended periods of childhood development (Braun et al., 2017; Skogheim et al., 2020; Spratlen et al., 2020). The widespread use of cohort methodologies strengthens confidence in the evidence because exposures are measured before outcomes occur, thereby improving temporal interpretation compared with cross-sectional approaches (Harris et al., 2018; Sagiv et al., 2023).
The review also demonstrated considerable consistency in the overall direction of findings despite variation in populations, exposure assessment methods and outcome measures (Braun et al., 2017; Kou et al., 2026; Frndak et al., 2019). Studies conducted in different countries and research settings generally supported the conclusion that environmental factors may contribute to adverse developmental outcomes, suggesting that observed associations are unlikely to be restricted to a single population or context (Skogheim et al., 2020; Spratlen et al., 2020). This consistency across diverse study designs strengthens the overall credibility of the evidence base (Harris et al., 2018; Güil-Oumrait et al., 2024).
However, A key finding of this review is the comparatively limited number of completed UK-specific studies directly examining neurological and developmental outcomes (Brown et al., 2024; Tsocheva et al., 2023). Several UK investigations focused primarily on environmental monitoring, intervention modelling or protocol development rather than reporting completed longitudinal outcome data (Brown et al., 2024; Tsocheva et al., 2023). Consequently, much of the evidence informing current understanding originates from international cohorts, particularly studies conducted in North America and Europe (Braun et al., 2017; Harris et al., 2018). Although these studies provide valuable evidence, differences in environmental regulations, population characteristics and exposure patterns may affect the degree to which findings can be applied to UK populations (van den Bosch et al., 2022).
The review therefore suggests that the existing evidence base is substantial and increasingly sophisticated but remains characterised by an imbalance between international and UK-specific evidence (Tsocheva et al., 2023; van den Bosch et al., 2022). This limitation is particularly important given growing concerns regarding environmental inequalities and children's vulnerability to environmental hazards within the UK context (Brown et al., 2024).
[bookmark: _Toc232050448]5.2 Discussion of Objective 2: Environmental Exposures Affecting Children's Neurological Development
The findings indicate that environmental health research has progressively moved beyond the investigation of isolated toxicants towards recognition of children's combined exposure to various environmental pollutants (Güil-Oumrait et al., 2024; Kou et al., 2026). This shift reflects increasing awareness that children are seldom exposed to only one environmental hazard and instead experience complex combinations of contaminants across home, school and community environments (Güil-Oumrait et al., 2024).
A notable pattern across the evidence base was the prominence of air pollution and endocrine-disrupting chemicals within contemporary environmental health research (Brown et al., 2024; Harris et al., 2018). The frequent investigation of these exposures may reflect their widespread distribution within modern environments and increasing public health concern regarding their potential developmental implications (Kou et al., 2026; Skogheim et al., 2020). In contrast, exposures such as radon, lead and agricultural contaminants were investigated less frequently despite continuing relevance within specific environmental contexts (Frndak et al., 2019; Pulliam et al., 2025).
The review also highlights important methodological developments in exposure assessment (Braun et al., 2017; Güil-Oumrait et al., 2024). Earlier environmental health studies often relied on indirect environmental estimates, whereas many recent investigations have incorporated biomarker-based approaches capable of providing more precise assessments of internal exposure burden (Braun et al., 2017; Harris et al., 2018). Biological monitoring offers important advantages because it reduces reliance on self-reported information and captures individual variation in exposure more effectively than ecological estimates alone (Frndak et al., 2019; Sagiv et al., 2023).
At the same time, studies employing environmental modelling techniques continue to play an important role within environmental epidemiology because they enable assessment of large populations that would be difficult to monitor directly (Brown et al., 2024; Kou et al., 2026). The increasing integration of biomonitoring, environmental monitoring and mixture-based analytical methods therefore represents an important advancement in environmental exposure science (Güil-Oumrait et al., 2024). Collectively, these developments suggest that contemporary research is providing a more realistic representation of children's environmental experiences than earlier single-exposure approaches (Kou et al., 2026; Güil-Oumrait et al., 2024).
[bookmark: _Toc232050449]5.3 Discussion of Objective 3: Neurological, Cognitive, Behavioural and Psychological Outcomes
The findings demonstrate that cognitive outcomes were among the most consistently reported developmental domains across the reviewed literature (Kou et al., 2026; Harris et al., 2018; Rowe et al., 2016). Although studies differed in terms of populations, assessment tools and developmental stages, several investigations identified similar patterns of vulnerability across cognitive domains associated with learning, information processing and executive functioning (Frndak et al., 2019; Skogheim et al., 2020). The consistency of these findings across independent studies strengthens confidence that environmental influences may contribute to measurable differences in child cognitive development (Braun et al., 2017; Kou et al., 2026).
An important observation is that working memory emerged repeatedly across multiple studies and exposure categories (Kou et al., 2026; Skogheim et al., 2020; Rowe et al., 2016). The recurrence of this finding across different methodological approaches suggests that working memory may represent a particularly sensitive indicator of environmental influence during development (Skogheim et al., 2020; Rowe et al., 2016). Because working memory plays a central role in learning, problem-solving and educational achievement, even relatively modest impairments may have broader implications across childhood and adolescence (Harris et al., 2018; Spratlen et al., 2020).
Behavioural and psychological findings were similarly consistent across several studies despite differences in participant age and exposure assessment methods (Braun et al., 2017; Sagiv et al., 2023). The convergence of findings across independent cohorts suggests that behavioural functioning may represent another important pathway through which environmental influences affect child development (Braun et al., 2017; Sagiv et al., 2023). Importantly, these behavioural patterns were observed across studies using both parent-reported and standardised assessment approaches, increasing confidence in the robustness of observed associations (Braun et al., 2017; Sagiv et al., 2023).
Neurological evidence provides additional support for these findings by demonstrating that developmental outcomes may be underpinned by measurable biological processes (Pulliam et al., 2025). The inclusion of neuroimaging approaches within the evidence base strengthens biological plausibility because behavioural and cognitive findings are supported by evidence of altered neural functioning rather than relying solely on behavioural observations (Pulliam et al., 2025). This integration of epidemiological and neurobiological evidence represents an important advancement in understanding how environmental influences may affect child development (Pulliam et al., 2025).
Nevertheless, some inconsistencies were evident across studies, particularly within investigations examining persistent environmental contaminants (Harris et al., 2018; Skogheim et al., 2020). Certain studies reported stronger associations for specific developmental domains, while others observed more limited or subgroup-specific effects (Harris et al., 2018; Spratlen et al., 2020). These differences may reflect variations in exposure timing, developmental stage, analytical methods and population characteristics rather than genuine contradictions within the evidence base (Spratlen et al., 2020; Harris et al., 2018).
Overall, the findings suggest that environmental influences may affect multiple aspects of child development simultaneously, including cognition, behaviour and neurological functioning (Braun et al., 2017; Kou et al., 2026; Pulliam et al., 2025). The consistency of evidence across different study designs and populations strengthens confidence in the overall relationship while highlighting the complexity of developmental responses to environmental exposures (Sagiv et al., 2023; Frndak et al., 2019).
[bookmark: _Toc232050450]5.4 Discussion of Objective 4: Research Gaps and Future Directions
The findings identified several important limitations within the current evidence base that influence interpretation of the available literature (van den Bosch et al., 2022; Tsocheva et al., 2023). One of the most significant gaps relates to the limited availability of completed UK longitudinal studies capable of examining developmental trajectories over extended periods of childhood (Tsocheva et al., 2023; van den Bosch et al., 2022). Although large-scale UK initiatives have been proposed, much of the available UK evidence remains at protocol or environmental-monitoring stages rather than providing completed developmental outcome data (van den Bosch et al., 2022; Tsocheva et al., 2023).
Another important limitation concerns the relatively small number of intervention-focused investigations within the literature (Brown et al., 2024). Much of the existing evidence has concentrated on identifying associations rather than evaluating strategies capable of reducing environmental risks or improving child health outcomes (Brown et al., 2024). Consequently, evidence supporting effective public health interventions remains less developed than evidence describing potential environmental risks (Brown et al., 2024).
The review also highlights continuing challenges surrounding causal inference (Frndak et al., 2019; Kou et al., 2026). Although observational studies provide valuable evidence regarding developmental patterns, they remain vulnerable to residual confounding and cannot fully establish causal relationships (Frndak et al., 2019; Kou et al., 2026). This challenge was evident across several studies regardless of sample size or analytical sophistication (Pulliam et al., 2025; Kou et al., 2026).
An additional gap relates to the limited availability of research examining environmental complexity through integrated multi-exposure approaches (Güil-Oumrait et al., 2024). While recent studies have increasingly adopted mixture-based analyses, much of the literature continues to evaluate environmental factors separately despite evidence that children experience multiple exposures simultaneously (Güil-Oumrait et al., 2024). Future research should therefore continue developing approaches capable of capturing cumulative environmental influences across the life course (van den Bosch et al., 2022; Güil-Oumrait et al., 2024).
[bookmark: _Toc232050451]5.5 Critical Appraisal of Included Studies
The included studies were strengthened by the use of established epidemiological designs and objective assessment methods (Braun et al., 2017; Harris et al., 2018). Prospective cohort studies provided stronger evidence than cross-sectional designs by allowing temporal relationships to be examined over time (Skogheim et al., 2020; Sagiv et al., 2023). Large cohort samples further enhanced statistical power and confidence in the findings (Güil-Oumrait et al., 2024; Harris et al., 2018).
A further strength was the widespread use of biomarker-based exposure assessment and validated developmental measures, which improved measurement accuracy and reduced recall bias (Braun et al., 2017; Frndak et al., 2019). The use of advanced analytical techniques also reflects increasing methodological sophistication within environmental health research (Güil-Oumrait et al., 2024; Kou et al., 2026).
However, several limitations were evident. Cross-sectional studies limited causal interpretation, while smaller studies reduced generalisability (Frndak et al., 2019; Kou et al., 2026; Pulliam et al., 2025). Some investigations relied on environmental modelling rather than direct monitoring, increasing the risk of exposure misclassification (Brown et al., 2024; Kou et al., 2026). In addition, the predominantly observational nature of the evidence means that residual confounding cannot be entirely excluded (Harris et al., 2018; Spratlen et al., 2020). Overall, although the evidence base is methodologically robust, caution is required when interpreting causal relationships.
[bookmark: _Toc232050452]5.6 Linking Findings to the Theoretical Framework
The findings of this review support both the Driving Force–Pressure–State–Exposure–Effect–Action (DPSEEA) model and the Social Ecological Model (SEM) as useful frameworks for understanding the association between environmental conditions and children's health outcomes (World Health Organization, 2022). The DPSEEA model is reflected within the reviewed evidence because environmental factors were consistently linked to exposure pathways and subsequent developmental effects, demonstrating the sequential relationship between environmental conditions, exposure and health outcomes (Braun et al., 2017; Kou et al., 2026; Frndak et al., 2019). 
The findings therefore support the model's assumption that environmental pressures may contribute to adverse developmental consequences and highlight the importance of preventative action at multiple stages of the pathway (Tsocheva et al., 2023; Brown et al., 2024).
The findings also support the Social Ecological Model by showing that children's health is shaped by factors acting beyond the individual level. (World Health Organization, 2022). Evidence relating to residential environments, school settings and wider environmental conditions suggests that developmental health is shaped by interactions between individual vulnerability, community environments and broader policy contexts (Rowe et al., 2016; Brown et al., 2024; Pulliam et al., 2025). 
Moreover, studies investigating environmental interventions and policy measures highlight the value of broader strategies for reducing environmental health risks in children.(Brown et al., 2024; Tsocheva et al., 2023; Lalli et al., 2024). Collectively, both frameworks provide a valuable theoretical basis for interpreting the findings and reinforce the need for multi-level public health strategies to protect children's health and development.
[bookmark: _Toc232050453]5.7 Strengths and Limitations of this Systematic Literature Review
This review has several strengths that support the credibility of its findings. The review adopted a systematic and transparent approach informed by PRISMA, with predefined inclusion and exclusion criteria used throughout study selection (Page et al., 2021). The use of multiple databases and reference-list searching improved the comprehensiveness of the evidence base, while CASP and JBI appraisal tools strengthened quality assessment and reduced the risk of bias during study evaluation (Booth et al., 2021; CASP, 2024; Joanna Briggs Institute, 2017).
[bookmark: _Toc232050454]However, several limitations should be acknowledged. Only 15 studies met the inclusion criteria, limiting the volume of evidence available for synthesis (Page et al., 2021). A major limitation was the scarcity of UK-based studies, resulting in substantial reliance on international evidence, which may reduce the direct applicability of findings to UK populations and policy contexts (Brown et al., 2024; Tsocheva et al., 2023). The included studies also varied considerably in design, exposure assessment and outcome measurement, limiting direct comparison across studies (Braun and Clarke, 2006). Furthermore, restricting the review restricting the review to English-language and published studies may have resulted in language and publication bias (Greenhalgh et al., 2018). Consequently, the findings should be considered in light of these methodological limitations.
5.8 Implications for Practice and Policy
The findings highlight the importance of prioritising environmental health within child health and public health strategies in the UK (Brown et al., 2024; Lalli et al., 2024). Addressing environmental risks requires coordinated action across healthcare, education, environmental agencies and local authorities (Lalli et al., 2024).
Improved environmental monitoring and surveillance are needed to identify at-risk populations and support evidence-based interventions (Brown et al., 2024; Tsocheva et al., 2023). Schools and communities may also provide important settings for prevention, awareness raising and health promotion activities (Brown et al., 2024; Lalli et al., 2024).
The evidence further supports continued investment in environmental protection measures and evaluation of existing interventions (Brown et al., 2024; Tsocheva et al., 2023). Stronger collaboration between policymakers, public health organisations and environmental agencies is essential to support evidence-informed decision-making and improve child health protection in the UK (Lalli et al., 2024).
[bookmark: _Toc232050455]5.9 Summary
This chapter critically discussed the findings in relation to the study objectives and wider environmental health evidence. The review identified generally consistent evidence linking environmental factors with children's developmental health, although methodological differences influenced the strength of available evidence (Braun et al., 2017; Harris et al., 2018). Key issues included limited UK-specific research, methodological heterogeneity and challenges in establishing causality (Tsocheva et al., 2023; van den Bosch et al., 2022). Theoretical interpretation using the DPSEEA and Social Ecological models highlighted the importance of multi-level approaches to environmental health protection (World Health Organization, 2022; Lalli et al., 2024). Overall, the findings support the need for stronger UK evidence and continued evidence-informed policy development.







[bookmark: _Toc232050456]Chapter 6: Conclusion 
[bookmark: _Toc232050457]6.1 Conclusion
This systematic literature review examined the effects of exposure to environmental toxins on the neurological health and development of children in the United Kingdom. The review addressed four objectives relating to the existing evidence base, major environmental exposures, developmental outcomes and research gaps. Although the review focused on the UK context, the findings drew substantially upon international evidence because of the limited availability of UK-specific studies examining environmental exposures and child neurological health (Brown et al., 2024; Tsocheva et al., 2023).
The overall evidence indicates that environmental exposures remain an important factor influencing children's health and development. Across the reviewed literature, environmental factors were consistently associated with adverse developmental outcomes, despite variations in study design, exposure assessment and outcome measurement approaches (Braun et al., 2017; Harris et al., 2018; Kou et al., 2026). The predominance of prospective cohort studies strengthened the evidence base by enabling assessment of exposure during critical developmental periods and subsequent health outcomes (Skogheim et al., 2020; Spratlen et al., 2020).
The review identified air pollution, endocrine-disrupting chemicals, pesticides, metals and radon as the principal environmental exposures investigated within the included studies (Braun et al., 2017; Frndak et al., 2019; Pulliam et al., 2025; Kou et al., 2026). Air pollution and endocrine-disrupting chemicals were the most commonly investigated exposure categories, reflecting growing concern regarding their widespread presence and potential effects on child development (Brown et al., 2024; Harris et al., 2018). Furthermore, recent studies increasingly examined exposure mixtures rather than individual toxicants, recognising that children are exposed to multiple environmental hazards simultaneously (Güil-Oumrait et al., 2024; Kou et al., 2026).
The findings further demonstrated that environmental exposures may influence several domains of child development. Cognitive outcomes were the most consistently reported across the reviewed studies, particularly those relating to memory, learning and broader cognitive performance (Frndak et al., 2019; Kou et al., 2026; Skogheim et al., 2020). Behavioural and psychological outcomes were also frequently identified, including attention difficulties, emotional problems and behavioural dysregulation (Braun et al., 2017; Sagiv et al., 2023). In addition, neurological evidence suggested that environmental exposures may affect developmental processes within the brain, providing biological support for the observed developmental associations (Pulliam et al., 2025).
Despite the overall consistency of findings, important limitations remain within the existing evidence base. Most studies relied on observational methodologies, which limit the ability to determine causal links between exposure and outcome (Braun et al., 2017; Harris et al., 2018). Considerable heterogeneity was also evident across studies in relation to exposure assessment, outcome measurement and follow-up duration, making direct comparison challenging (Güil-Oumrait et al., 2024; Kou et al., 2026). Furthermore, relatively few studies originated from the UK, highlighting a notable gap within the existing evidence base and limiting the availability of context-specific findings relevant to UK public health policy (Brown et al., 2024; Tsocheva et al., 2023).
The findings also supported the relevance of both the DPSEEA and Social Ecological Model frameworks introduced in Chapter 2. The DPSEEA model helped explain how wider environmental and societal drivers contribute to exposure pathways and subsequent health effects, while the Social Ecological Model highlighted the interaction between individual, household, community and policy-level influences on children's environmental health risks (World Health Organization, 2022; Lalli et al., 2024). Together, these frameworks emphasise that environmental health protection requires coordinated action across multiple levels rather than focusing solely on individual behaviour.
Overall, this review concludes that environmental toxin exposure represents a significant public health issue with potential implications for children's neurological, cognitive and behavioural development. While further research is required to strengthen causal understanding, the consistency of evidence across multiple studies suggests that reducing environmental exposure should remain an important priority within child health and public health policy.
[bookmark: _Toc232050458]6.2 Recommendations
Based on the findings and evidence gaps identified within this review, the following recommendations are proposed.
First, future UK research should prioritise large-scale longitudinal studies examining environmental exposures from early childhood through adolescence. This would strengthen understanding of long-term developmental effects and improve causal inference (van den Bosch et al., 2022; Kou et al., 2026).
Second, future investigations should adopt multi-exposure approaches that reflect real-world environmental conditions. Greater emphasis on cumulative exposure assessment would improve understanding of how multiple environmental hazards interact to influence child development (Güil-Oumrait et al., 2024; Kou et al., 2026).
Third, environmental monitoring and biomonitoring programmes should be strengthened to improve exposure measurement and support earlier identification of populations at increased risk (Brown et al., 2024; Tsocheva et al., 2023).
Fourth, policymakers should continue supporting interventions that reduce children's exposure to environmental hazards within schools, residential areas and local communities. Improved evaluation of such interventions would strengthen the evidence available for future policy development (Brown et al., 2024; Lalli et al., 2024).
Finally, greater collaboration between public health organisations, local authorities, environmental agencies and educational settings is needed to translate research evidence into practical action aimed at protecting children's health and development (Lalli et al., 2024).
In conclusion, reducing environmental exposure during childhood may contribute to better developmental outcomes and promote healthier future generations.Continued research, effective policy implementation and evidence-informed public health action remain essential for addressing this important environmental health challenge.
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[bookmark: _Toc232050460]Appendix 1 – Critical Appraisals
	Study
	Study Design
	Appraisal Tool Used
	Appropriate Design
	Exposure Measurement Valid
	Outcome Measurement Valid
	Confounders Addressed
	Statistical Analysis Appropriate
	Overall Quality

	Braun et al. (2017)
	Prospective cohort
	JBI Cohort Checklist
	Yes
	Yes
	Yes
	Yes
	Yes
	High

	Lalli et al. (2024)
	Policy review
	CASP Systematic Review Checklist
	Yes
	N/A
	N/A
	Partially
	Yes
	Moderate

	Kou et al. (2026)
	Cross-sectional
	JBI Analytical Cross-Sectional Checklist
	Yes
	Yes
	Yes
	Yes
	Yes
	High

	Brown, Hayes & Barnes (2024)
	Dispersion modelling study
	CASP Quantitative/Modelling Adaptation
	Yes
	Yes
	N/A
	Partially
	Yes
	Moderate

	van den Bosch et al. (2022)
	Study protocol
	JBI Cohort Checklist (Adapted)
	Protocol
	Planned
	Planned
	Planned
	Planned
	Moderate

	Krapohl et al. (2017)
	Population cohort study
	JBI Cohort Checklist
	Yes
	Yes
	Yes
	Partially
	Yes
	High

	Tsocheva et al. (2023)
	Prospective natural experiment protocol
	JBI Cohort Checklist (Adapted)
	Protocol
	Planned
	Planned
	Planned
	Planned
	Moderate

	Güil-Oumrait et al. (2024)
	Population-based birth cohort
	JBI Cohort Checklist
	Yes
	Yes
	Yes
	Yes
	Yes
	High

	Frndak et al. (2019)
	Cross-sectional study
	JBI Analytical Cross-Sectional Checklist
	Yes
	Yes
	Yes
	Partially
	Yes
	High

	Pulliam et al. (2025)
	Cross-sectional neuroimaging study
	JBI Analytical Cross-Sectional Checklist
	Yes
	Yes
	Yes
	Partially
	Yes
	Moderate–High

	Harris et al. (2018)
	Prospective birth cohort
	JBI Cohort Checklist
	Yes
	Yes
	Yes
	Yes
	Yes
	High

	Skogheim et al. (2020)
	Prospective cohort
	JBI Cohort Checklist
	Yes
	Yes
	Yes
	Yes
	Yes
	High

	Spratlen et al. (2020)
	Prospective birth cohort
	JBI Cohort Checklist
	Yes
	Yes
	Yes
	Yes
	Yes
	High

	Rowe et al. (2016)
	Longitudinal birth cohort
	JBI Cohort Checklist
	Yes
	Yes
	Yes
	Yes
	Yes
	High

	Sagiv et al. (2023)
	Prospective birth cohort
	JBI Cohort Checklist
	Yes
	Yes
	Yes
	Yes
	Yes
	High



Key:
Yes = Criterion met
Partially = Criterion partially met
Planned = Protocol study appraised according to proposed methodology
Protocol = Study protocol without published outcome data
N/A = Not applicable to the study design
Quality Rating:
High = Most appraisal criteria satisfied with low risk of bias
Moderate–High = Generally strong methodology with some limitations
Moderate = Important methodological limitations or protocol-only evidence
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