Air pollution and mental health: associations, mechanisms and methods. 
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Abstract 

Purpose of review: There is increasing interest in the links between exposure to air pollution and a range of health outcomes. The association with mental health however is much less established. This article reviews developments in the field over the past 12 months, highlighting the evidence for causation, associations between multiple air pollutants and mental health outcomes, and assesses the challenges of researching this topic. 

Recent findings: Increasingly rigorous methods are being applied to the investigation of a broader range of mental health outcomes. These methods include basic science, neuroimaging, and observational studies representing diverse geographical locations. Cohort studies with linked high resolution air pollutant exposure data are common, facilitating advanced analytic methods. To date meta-analyses have demonstrated small and significant positive associations between long-term exposure to fine particulate matter and depressive symptoms and cognitive decline. Methodological complexities in measuring exposure and outcome pose ongoing difficulties for the field.

Summary: Literature on this topic has recently seen an appreciable expansion. Work that better estimates daily exposure, controls for complex confounders, and is driven by hypotheses founded in candidate causal mechanisms would help clarify associations, and inform targeted interventions and policy makers.  
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Introduction 

Air pollution is a world-wide concern. The WHO Global Air Quality Guidelines, updated for 2021, report that 99% of the global population is exposed to air pollution levels higher than the recommended limits, placing it alongside smoking and poor diet as a leading contributor to preventable disease [1**]. Seven million deaths each year are attributed to air pollution, mostly through links to cardiovascular, cerebrovascular, respiratory disease, preterm birth, and cancer, disproportionately affecting the world’s poorest citizens [1**-4]. Key sources of outdoor emissions include heavy industry, energy generation with fossil fuels and motor vehicles, and worldwide individuals are additionally exposed to unventilated household air pollutants from solid fuel burning and cooking. 

Mental health outcomes rarely feature in public health or policy reports of the health consequences of air pollution, in part because of insufficiencies in the evidence base. The task of establishing an association between an environmental exposure and mental illness is difficult, but is made more so by socioeconomic, geographic, and clinical confounders, complexities in measuring mental health outcomes and determining caseness, and worse follow-up rates among cases versus controls. Similarly, estimating individual exposure to a myriad of pollutants must also contend with spatial, temporal, and meteorological dynamics in modelling. The hypothesised biological, psychological and sociological pathways linking air pollutant exposure and mental health outcomes require interdisciplinary expertise to develop and research, and are limited by barriers typical to translational science. 

‘Air pollution’ describes any substance which “modifies the natural characteristics of the atmosphere”[1**]. Air pollutants under the most study because of their impact on human health include gaseous air pollutants (oxides of nitrogen (NO2, NOx), sulfur dioxide (SO2), carbon monoxide (CO), and ground-level ozone (O3)), and particulate matter (PM). PM is a non-specific term for air-borne particles which are small enough to be inhaled by humans, including both organic and non-organic compounds grouped by aerodynamic size into coarse (PM10), fine (PM2.5), and ultrafine PM (PM0.1). Despite long standing links between lead and neuropsychiatric outcomes, heavy metal air pollutants, also including iron, mercury, cadium among others, are less studied. 

This paper updates previous work [5] and reviews the relevant literature published in 2021, focusing on: 1) the evidence for an association between various air pollutants and mental health disorders; 2) current trends in understanding the causal pathways; and 3)  methodological limitations of the research. Only the direct impacts of air pollutants on mental health disorders will be discussed, but many other consequences of environmental damage caused by air pollutants – e.g., a warming planet [6], acid rain, eco-anxiety [7], and an apparent increase in the number and severity of natural disasters – must also be noted for their impact on mental health. 


Epidemiological associations between air pollutants and mental health disorders

The number of studies linking air pollutants and mental health disorders increased substantially in 2021, especially in regard to low and middle-incomes countries. Air pollution also continues to be explored indirectly, particularly as an explanatory factor within natural environment research [8]. Moreover the range of conditions explored expanded, and now includes perinatal mental health [9, 10, 11*, 12, 13], and emotional distress [14, 15]. 

Work in 2021 increasingly turned to health service use data for estimating disorder prevalence, as a proxy of severity, for case-identification, assessing the impact on mental health associated healthcare costs, and the role of air pollutants in mediating relapse. Of note, several studies explore emergency room visits [16, 17], psychiatric hospital use [18-23] and outpatient mental health services [24-27] in relation to short-term air pollutant exposure for a range of affective, anxiety, cognitive and psychotic disorders and self-harm and suicide. Mixed findings for the associations among pollutant of interest, mental health outcome, and lag times, may relate to differences in location, ambient air pollutant levels, non-random underestimates of prevalence and incidence of mental health disorders by using health service user data, and differences in health systems and psychiatric care pathways. 

Affective disorders

The association between air pollutants and depressive symptoms remains the most investigated, with two systematic syntheses [28*, 29] in 2021 joining three others in recent years, [30-32] each using different sets of inclusion criteria (including population of interest), quality assessment and analytic approaches. Both concluded that within current methodological limits a small but increased risk of depressive symptoms exists among individuals more exposed to PM2.5 in the long-term (relative risks between 1.074 – 1.18 per 10μg/m3 average increase), and evidence of a positive association with PM10 in the short term. Outcomes for other air pollutants were variably reviewed between syntheses. Publication bias was highlighted as a significant problem in more than 50% of the analysed observations by some reviews [28*, 31] suggesting that studies reporting weaker or negative effect sizes were less likely to have been published. There was disagreement between the two 2021 meta-analyses about whether their included studies of long-term exposure to PM2.5 and depressive symptoms experienced publication bias [28*, 29], likely explained by differences in their population of interest. 

Since these reviews additional studies providing some of the strongest evidence to date have been published from Chinese prospective cohort data with between 3 and 10 year follow-ups [33*, 34], including a quasi-experimental approach [35**]. Each demonstrated small significant positive associations between increasing PM2.5 exposure in adults or older adults and depression assessment scores. Recent smaller studies reported similar findings [36] including for all common mental health disorders [37*], and one study which did not find an association contextualised their findings insofar as average annual exposure to pollutants were drastically lower than in most other studies [38]. 

Additionally, 2021 saw further interest in whether the source of air pollutants associated with depressive outcomes mattered in the context of better targeting clean air interventions. Examining household air pollutants large Chinese cohort [39, 40], and cross-sectional [41] studies, demonstrated positive associations, and of a handful of cross-sectional studies in other settings some replicated these findings [42, 43], with others examining specific elements of biomass-burning including black carbon [44] and bushfire smoke [45]. 

Work assessing manic states is much less evidenced [30], albeit they were recently measured in health service use studies [17] along with one new cross-sectional study specifically in bipolar affective disorder [46]. 

Anxiety disorders

The most recent systematic review reported inconclusive or non-significant findings linking exposure to air pollutants and anxiety disorders [47]. Of interest only 5 studies reporting sulfur dioxide (SO2) data were identified. SO2 exposure has been linked with anxiety for many years, as one of the only foul-smelling pollutants awareness of one’s exposure is more likely at lower levels [48]. Perception of poor physical environment and awareness of poor quality air, have been proposed as a psychological pathway linking air pollution to distress [48, 49]. Recently it was therefore of note that case-crossover and a time-series studies identified short-term higher SO2 exposure associated with more frequent presentation to health services with anxiety symptoms [21, 25]. Few other studies have recently added to the evidence base [50].

Psychosis 

In recent months, limited evidence about the role of air pollutants and risk of relapse in chronic psychotic disorders has come from hospital attendance data [17, 20]. In London, individuals living with schizophrenia made greater use of mental health services in the years following their first psychotic episode in line with greater PM2.5 exposures at the time of diagnosis [22]. Further cross-sectional evidence supported long-term exposure to PM10 associating with self-reported psychotic experiences after socioeconomic adjustments [37*].  

Cognitive impairment

Following many previous syntheses on the topic, the most recent [51] continues to demonstrate an increased risk of cognitive decline particularly from increasing PM2.5, while the associations with dementia, and from other pollutants are less consistent. Specific patterns of cognitive profiles associated with the highest exposure to multiple air pollutants, and neuroimaging studies, have shown incongruencies [52*-55]. 

Since these reviews large cohorts have replicated positive associations between PM2.5 and incidence of all-cause dementia [56, 57], including French cohort data utilizing robust clinical assessment to identify cases [58*] (instead of commonly used population-level data approaches) and Swedish cohort research which has described the appreciable modifying effect of cerebrovascular disease [59*] building on previous work [60]. A handful of studies assessed specific sources of air pollutants [61] or specific cognitive profiles [62], and of interest new data suggested a weak mediating role of depressive symptoms between NO2, PM2.5 and acceleration of decline in episodic memory [63].

Recent neuroimaging studies report findings consistent with others, but are not able to resolve the ongoing inconsistencies in this area [64, 65], despite further experimental mouse modelling [66]*.  

Other recent evidence continues to point towards air pollution accelerating cognitive decline among those already at risk for Alzheimer’s Disease (AD) [67], and that certain protective factors of cognitive function and decline, including educational level (68), and physical activity [69] could continue to be protective despite the detrimental effects of PM2.5 [70, 71*]. 

Neurodevelopmental, Child and Adolescent mental health 

Reviews in 2021 demonstrated strong associations between maternal exposure to PM and risk of pre-term birth, low birth-weight [72] and neurological development [73], all risk factors for later life physical, mental and neurodevelopmental disorders. Further data suggest that prenatal PM exposure relates to reduced whole brain weight in mice [74], and in humans prenatal exposure to PM2.5 is increasingly being studied in its associations with childhood behaviour [75, 76].  

Particular emphasis has been placed on exploring the risk associated with autistic spectrum disorders (ASD), with multiple additional recent meta-analyses of observational studies reporting increased risk of ASD with increasing PM2.5 and PM10 exposure during pregnancy, the postnatal period [77], and early life [78], but which concluded findings were overall limited by unexplained heterogeneity among small study numbers. Commentors have collated potential causal explanations [79]. Several recent reports among geographically distant populations with improving methodological approaches continue to demonstrate small weak positive associations with case-control [80*], cross-sectional [81] retrospective cohort designs [82], and some sources provide reassurance about furthering the methodological rigor of future studies [83]. 

Studies of childhood global developmental [84], internalizing behaviour [85] and neurobehavioral and attention-deficit hyperactivity disorder (ADHD) [86-88] outcomes and childhood air pollutant exposure were also published in 2021. ADHD has been explored on many occasions with mixed results; recent longitudinal research supports a mediating role of air pollution in the observed beneficial relation between increasing childhood availability of environmental greenspace and ADHD diagnosis [89]. Data now also variably supports the association between childhood air pollutant exposure and self-harming behaviours [90*], and the development of psychopathology at 18 years [91]. But while authors contributing to the latter study were in agreement that children living with exposures to the highest burdens of PM2.5 and NO2 experience higher risks to their mental health, adjusting for air pollutants in a risk prediction model of major depressive disorder (MDD) did not improve the model’s predictive potential [92*]. A systematic review of the associations between air pollutants and adolescents’ mental health outcomes is expected in coming months [93]. 

Self-harm and suicide

Three systematic syntheses [29, 94, 95] conducted this year agreed that increasing short-term exposure to NO2, PM2.5 and PM10 is associated with small but significant increased incidence of suicide. Of interest, there was no association between suicide and day-to-day spikes in air pollutant levels, suggesting instead a cumulative impact of consecutive days of high pollutant levels, an idea supported by more recent emergency department attendance data [17]. There were a handful of additional studies on the topic [90*, 96] including some supporting evidence that depressive symptoms may mediate the association between air pollutants and suicidal ideation [97]. 


Developments in understanding a causal mechanism

[bookmark: last]A host of causal pathways between air pollution and risk for mental disorders have been proposed. The number of potential confounders, including the links between socioeconomic status, location of residence, other non-measured air pollutants [98, 99], physical health status, and occupation, makes it likely that residual confounding explains some of any observed relationship. For example, physical and mental health states reciprocally predispose individuals to the other. Further evidence in 2021 saw the mediating role of physical health disorders in the association between air pollutants and mental health; with breathing difficulties [43, 100], and cerebrovascular disease [59*]. The role of co-morbid health behaviours, particularly smoking, continues to be studied [101].

While cerebrovascular damage, and mediation by other physical health states are key candidates for explaining observations, current opinion increasingly supports a role for neuroinflammatory and oxidative stress pathways [102-105], implication of the hypothalamic-pituitary axis [106-108], mitochondrial dysfunction [109], and genetic mediation [110, 111] to brain function and mental disorders. 

Another parallel series of psychological explanations are also poised to explain observations. Worldwide, living in an environment perceived as deleterious to one’s health is associated with distress [49], incremental evidence links distress and subjective perception of the deleterious effects of air pollutants, with increasing objective air pollutant exposure [11*, 112]. 

Work which advances understanding of these mechanisms in human populations is to be welcomed and would add significantly to the field.


Ongoing methodological challenges

In the last 12 months the employment of increasingly sophisticated methodologies by the highest quality studies in the field is noticeable. Cohort studies are now common, accompanied by a handful with quasi-experimental methods. Bias and error in measuring exposure and outcome remains a significant problem. Cohorts using linked health record datasets and the rising number of studies using health service use data as estimates of incidence or prevalence likely underestimate true figures [113], whereas cohorts using community samples often fail to report differential attrition or exclude participants without complete data. Measures of common confounders particularly socioeconomic status and urban residence, are often measured crudely and are unlikely to represent the true mediation of these factors.

More widely available high-resolution satellite-based estimates of air pollutant exposure, or individual-level assessments of exposure utilizing global positioning system data [114*] along with the development of new wearable measurement technologies [115, 116], could lead to less exposure misclassification. Presently almost all studies estimate exposure based on disclosed residential address, without factoring in time spent elsewhere, and individual-level protective or exacerbating factors including air filtration devices or mask-wearing are included as mediators in few studies [33*]. Without readily available air pollutant assessments, some models - which inform policy makers and steer intervention approach - resort to proxy measures, like binary assessments of urban residence, which are unlikely to capture the complexity or ubiquity of exposure [117]. WHO Global Air Quality Guidelines offer general advice on improving methodological quality [1**]. 


Conclusions

Mental health disorders remain among the most impacting health conditions on quality of life and disability [118]; suicide is a leading cause of death in adults and adolescents, and physical health conditions with stronger associations to air pollutant exposures contribute to mental health outcomes, yet little of this effect is currently captured in institutional figures assessing the impact of air pollutants. Even small reductions in particulate matter, associated with often clinically small decreases in depressive symptoms or slowing of cognitive decline, are likely to make significant population-level contributions to mental health burden given the coverage of exposure. 

On the whole there is consistency between animal models, neuroimaging studies and observational studies when explored in the most evidenced associations [52*]. Heterogeneities are likely due to how exposure and outcome are measured, and perhaps a non-linear benefit from reductions in highly exposed versus low exposure areas. While some studies begin analysis of large datasets without clear hypotheses, research driven by modelling candidate causal networks better places the field to develop interventions and advocate for reducing population-level air pollution exposure where the evidence is currently strongest: slowing cognitive decline and the prevalence of depressive symptomatology. 




Key points:

· Evidence linking long-term exposure to PM2.5 with an increased risk of cognitive decline and depressive symptoms is demonstrated across systematic syntheses and large contemporary studies of improved methodological rigor. 
· The complexities of air pollutant and health interactions, socioeconomic, clinical and geographical confounders, alongside attributing the indirect effects of air pollutants - for example through the mental health impacts of climate change - makes the full extent of impact difficult to measure, and therefore the benefits of intervention difficult to anticipate. 
· This field could benefit from future work which: employs more rigorous assessments of mental health outcomes and exposure to pollutants, is driven by hypotheses founded in candidate causal mechanisms, develops basic science or psychological candidate models of causation, and uses quasi-experimental models of change associated with air quality improvement interventions.
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