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Abstract

The American Thoracic Society has published Statements on What Constitutes an Adverse Effect on Health of Air Pollution in 1985 and 2000. The focus in these Statements was on effects on the respiratory system. Since then, many studies have documented effects of air pollution on other organ systems such as the cardiovascular and central nervous system. Also, many new biomarkers have been developed and applied in air pollution studies. 
This current report seeks to integrate the latest science into a framework for interpreting the adversity of effects of air pollution. Rather than trying to provide a catalogue of what is and what is not an adverse effect of air pollution, we are proposing a set of considerations to be applied in forming judgments of adversity of not only currently documented, but also emerging and future effects of air pollution on human health. These considerations are illustrated by a discussion of a series of different types of health effects of air pollution.

1. Background
The health effects of outdoor air pollution have gained prominence as a global public health concern. Indeed, the most recent Global Burden of Disease (GBD) report lists outdoor air pollution as a leading cause of death and lost disability-adjusted life years, accounting for an estimated more than 3 million premature deaths per year globally [1, 2], in addition to similarly large numbers of deaths associated with indoor exposure to biomass and coal smoke. However, outdoor air pollution exposures and trends are quite disparate in different parts of the globe: in developed countries, the principal community air pollutants monitored for regulatory purposes (carbon monoxide, nitrogen dioxide, sulfur dioxide, particles and ozone) show generally declining concentrations, while in the low- and middle-income countries (LMIC) pollutant levels have risen dramatically in some (e.g., in China and India) [3], but declined in others (e.g., Mexico). 

The contrasting situations (i.e., improving vs, deteriorating air quality) around the globe present differing challenges to the evaluation of air pollution health effects. In the developed world, the critical question is whether adverse effects still occur at lower air pollution concentrations and warrant further regulation below the current national standards and guidelines of the WHO. In contrast, in other countries there is uncertainty as to whether the concentration-response functions for adverse health effects estimates (e.g, increased risk of death per μg/m3 PM2.5) derived in the developed world are directly applicable to the differing pollution mixes & concentrations, and differing demographic compositions (e.g, higher percentages of the young) found in some low- and middle income countries. In these countries, the existence of a health hazard may also be questioned, absent relevant local documentation of effects. 

Whether in the high income or LMICs, the aim of air quality management is to limit or avoid adverse impacts of air pollution on the public’s health. Thus, there is a need to identify those effects that are considered “adverse”, and to separate them from those effects not considered adverse, thereby focusing control measures on the pollutants causing, and populations experiencing, the greatest health impacts. For example, while the U.S. Clean Air Act[footnoteRef:1] requires that the Administrator of the U.S. Environmental Protection Agency promulgate, for certain ”Criteria” pollutants, standards that will be sufficient to protect against adverse effects of the air pollutants on health, the Act is silent on the definition of “adverse effect”, leaving flexibility for consideration of new knowledge regarding our understanding of this language. In Europe, the preamble of the Air Quality Standards also mentions the word ‘adverse’ without further classification: “Humans can be adversely affected by exposure to air pollutants in outdoor air. In response, the European Union has developed an extensive body of legislation which establishes health based standards and objectives for a number of pollutants in air.” (http://ec.europa.eu/environment/air/quality/standards.htm). Thus, guidance as to what the latest science indicates to constitute an adverse effect is essential to developing and implementing air pollution control policies in all parts of the world [4]. [1:  42 U.S.C.  United States Code, 2013 Edition. Title 42 - THE PUBLIC HEALTH AND WELFARE. CHAPTER 85 - AIR POLLUTION PREVENTION AND CONTROL, SUBCHAPTER I - PROGRAMS AND ACTIVITIES, Part A - Air Quality and Emission Limitations, Sec. 7409 - National primary and secondary ambient air quality standards.  From the U.S. Government Publishing Office, www.gpo.gov.   http://www.gpo.gov/fdsys/pkg/USCODE-2013-title42/html/USCODE-2013-title42-chap85-subchapI-partA-sec7409.htm] 


The American Thoracic Society (ATS) has previously provided such guidance on the definition of adverse health effects of air pollution, beginning with a 1985 Statement, followed by the most recent 2000 ATS Statement, “What Constitutes an Adverse Health Effect of Air Pollution” [5], both of which focused largely on impacts to the respiratory system. However, since that time, new toxicological, clinical, and epidemiological studies have identified significant health effects of air pollution beyond the respiratory tract. New types of data streams and approaches to toxicity assessments have also become relevant, generated by the various emerging “omics” and exposure technologies, as well as newly developed systems approaches to toxicity and exposure assessment [6, 7]. Since 2000, substantial evidence has also accumulated on air pollution and the cardiovascular system. As a result, it is now clear that the numbers of excess morbidity and mortality cases related to cardiovascular effects of air pollution exceed those from respiratory effects [8]. Additionally, new evidence is accumulating for adverse effects of air pollution on the central nervous system (CNS), reproduction and development, and certain metabolic outcomes as well as cancer [9]. In this document, the ATS and the European Respiratory Society (ERS) now cooperatively update the ATS 2000 Statement to address these new scientific findings. 
 
This new Statement, like the 2000 Statement, is intended to provide guidance to policy makers, clinicians, and public health professionals, as well as to others who interpret the scientific evidence on the health effects of air pollution for risk management purposes. Because we now can consider a wider, and still growing, range of biomarkers of exposure and health effects of air pollution, this Statement first includes a list of general considerations as to what constitutes an adverse health effect, in order to provide guidance to researchers and policymakers when new health effects markers or health outcome associations might be reported in future. These considerations, as summarized in Table 2.1 of the next section, are applied within this Statement to a number of concrete examples of effects, to help in the general assessment as to whether or not specific outcomes can be considered adverse or not. It is hoped that this approach allows this Statement to be a “living” document that is applicable to future assessments regarding whether an effect is adverse or not, analogous to the broad applicability of Bradford Hill’s 1965 considerations for judging causality of associations between environment and disease [10]. As such, this Statement does not offer strict rules or numerical criteria, but rather proposes considerations to be weighed in setting boundaries between adverse and non-adverse health effects.  

The scope of this statement is limited to adverse health effects of direct exposure to outdoor air pollutants. The committee recognized the wide-ranging and serious secondary and higher-order adverse health effects attributable to rising atmospheric concentrations of greenhouse gases and black carbon. For additional consideration of the effects of climate change, the reader is referred to recent reviews, including those of the IPCC and US National Climate Assessment [11, 12].        




2. Adverse effects of air pollution on health – elements of an analytic framework

Introduction
[bookmark: 30]In this joint Statement, we seek to update past ATS statements on what constitutes an adverse health effect of outdoor air pollution [5, 13]. In the interim since 2000, additional useful Statements on the topic have been produced, e.g., [14]. As discussed above, we do not attempt to provide an exact definition or fixed list of health impacts that are, or are not, adverse. Instead, we propose a number of generalizable “considerations”, with examples, to evaluate whether an effect is adverse or not. We aim to provide guidance for evaluation of effects that may be identified in the future, not just the ones seen “under the lamppost” of today’s knowledge. How we assess whether the literature supports an assessment of adversity is key to our discussion of guidelines. There cannot be precise numeric criteria, as broad clinical knowledge and societal judgments, which can change over time, figure into determining adversity. The World Health Organization (WHO) [15] has provided one practical framework, categorizing evidence of adversity according to benchmarks. The first is that single, not (yet) verified observations by themselves only indicate a need for further research, while the opposite benchmark of adversity is the availability of clear, verified, evidence for clinical or pathological change. In between these extremes, to which most of our discussion will apply, are those changes where exposure-response relationships can be posited and assessed in terms of multiple lines of evidence, but there is an absence of overt or clinical disease. The more strongly such changes (including most human “biomarkers”) are linked to a clinical condition, a pathological change, or a pathway to those changes, and the more multiple biomarkers converge on a mechanistic pathway, the stronger the evidence for an adverse effect.    

The Global Burden of Disease
 As a starting list of adverse health effects , we include effects on any condition that contributes to the global burden of disease, as published in the GBD Lancet issue of December 2012 and September 2015 [1, 2, 16]:

In the GBD reports, air pollution indoors and outdoors is already considered to be a significant risk factor for:
•  ischemic heart disease, chronic obstructive pulmonary disease, lung cancer, stroke and childhood respiratory infections [1, 2, 16]; 
• a cluster of physiologic risk factors: high plasma fasting glucose, high total cholesterol, high blood pressure, high body mass index, and low bone mineral density.  Any effect of air pollution on one or more of these physiologic risk factors is therefore also considered adverse, as these physiologic risk factors have adverse effects on one or more GBD health outcomes.   

The GBD project is also an ongoing effort that does not provide a final list of every possible health condition contributing to the burden of disease, Therefore, we also consider, as potentially adverse effects of air pollution, certain clinically relevant conditions that are not (yet) listed in GBD, but which have been associated with air pollution exposure, as judged by the Committee. 


Effects of air pollution on biomarkers of exposure and disease
In recent decades, many biomarkers of exposure, susceptibility, and disease have been identified and studied epidemiologically in relation to air pollution exposure, and it is important to consider them as potentially adverse health outcomes.  

 Biomarkers of respiratory and cardiovascular outcomes have been prominently used in studies of controlled exposures to ozone, nitrogen dioxide, and various types of particulate matter, contributing particularly to our understanding of cardiovascular and respiratory effects (see below for specific examples) (Rom et a)l.  	Comment by Kipen: Experimental human exposure to air pollutants is essential to understand adverse health effects.
Rom WN, Boushey H, Caplan A.
Am J Respir Cell Mol Biol. 2013 Nov;49(5):691-6. doi: 10.1165/rcmb.2013-0253PS.
PMID:
24024529


Genetic susceptibility, such as the null variant of GSTM1, can enhance susceptibility to biomarker change associated with air pollution (Schwartz et al), and epigenetic changes are garnering increased attention in air pollution research (Burris HH) 	Comment by Kipen: Am J Respir Crit Care Med. 2005 Dec 15;172(12):1529-33. Epub 2005 Jul 14.
Glutathione-S-transferase M1, obesity, statins, and autonomic effects of particles: gene-by-drug-by-environment interaction.
Schwartz J1, Park SK, O'Neill MS, Vokonas PS, Sparrow D, Weiss S, Kelsey K.
	Comment by Kipen: J Appl Toxicol. 2014 Feb;34(2):113-6. doi: 10.1002/jat.2904. Epub 2013 Jul 9.
Environmental epigenetics: from novelty to scientific discipline.
Burris HH1, Baccarelli AA.


Biomarkers have been defined, in a report for the US Food and Drug Administration (FDA) by the Institute of Medicine (IOM) [21], as follows:
“Biomarkers are characteristics that are objectively measured and evaluated as indicators of normal biological processes, pathogenic processes, or pharmacologic responses to an intervention. Cholesterol and blood sugar levels are biomarkers, as are blood pressure, enzyme levels, measurements of tumor size from magnetic resonance imaging (MRI) or computed tomography (CT), and the biochemical and genetic variations observed in age-related macular degeneration…they can help public health professionals to identify and track health outcomes. ”

While it is recognized that not all biomarkers are in the causal pathway for development of a disease, they can nevertheless be valuable indices of a change in disease status or risk. The IOM [21] suggested that the Hill considerations [10] can be used to assess the prognostic value or degree of association between a biomarker and a clinical endpoint [19]. Temporality, strength of association, consistency, and biological plausibility were recognized to be of particular importance. Of major importance to the present document, it was recognized by the IOM that acceptance and use of biomarkers may be different for clinical risk prediction and treatment in individuals, versus for planning and evaluation of public health programs in populations, as also emphasized by other NAS committees (6,7).

Since the list of biomarkers studied to date [20] is extensive, with new biomarkers constantly being added, we cannot review the detailed evidence for or against adversity for each of these. Rather, in line with previous expert committee reports [6, 7] we instead provide a number of specific factors to evaluate when considering effects of air pollution on human biomarkers, and their potential for associated adverse health outcomes.
The IOM suggested a three-stage framework for the development and validation of biomarkers [21]: 
1) Analytical validation: to ensure reliability, reproducibility, sensitivity, and specificity of the measurement of the biomarker; 
2) Qualification: to confirm a strong association with the clinical outcome of concern; and, 
3) Utilization: contextual analysis to determine that the biomarker is appropriate for the proposed use. 

Of these, Stage 2 and 3 seem especially relevant to consideration of biomarkers as metrics of adverse health effects of air pollutants. The final section of the 2000 ATS statement establishes a baseline of understanding [5], stating that “the committee cautions that not all changes in biomarkers related to air pollution should be considered as indicative of injury that represents an adverse effect.”  We therefore include here illustrative examples of biomarkers that are most strongly associated with adverse effects in this Statement’s various sections on each respective organ system.

When multiple biomarkers reflective of a particular pathophysiologic pathway (e.g., pulmonary inflammation) have been demonstrated to change together, it is deemed that this gives greater credibility to their individual and joint relevance. For instance, in a study of subacute responses to large governmentally imposed changes in air pollution emissions during the 2008 Beijing Summer Olympics, investigators showed that Forced exhaled Nitric Oxide (FeNO, a measure of airway inflammation) and multiple exhaled breath condensate measures (pH, nitrite, nitrate, 8-isoprostane, and malondialdehyde) all responded in unison to decreases in pollutant concentrations, followed by opposite responses to subsequent increases in pollutant levels [22, 23]. Such collective coherence (a Bradford Hill causality consideration factor) among various biomarkers strengthens the evidence for a shared pathophysiological process: in this case, oxidative stress and inflammation, which have been associated with various adverse health effects (although health effects as such were not measured in this particular panel study). Such collective support need not come from within a single study, but the above study does illustrate how considerations for causality, such as consistency, coherence, and biological plausibility, can also be incorporated into the assessment of adversity. The importance of all of the above pathways, and their respective markers, underlies much of the growing recognition of the range of cardiovascular, systemic/metabolic, and developmental effects of air pollution.  

Biomarkers can show substantial changes when ambient pollution changes dramatically.  Approximate 50% reductions in ambient pollution attained in Beijing during the 2008 Olympics resulted in 30-60% reductions in multiple biomarkers of respiratory oxidative and stress and inflammation and even greater increases when strict pollution controls were relaxed (Huang et al.).  In these healthy, young subjects individual risk for a clinical event is minimal, but population risk, including susceptible subpopulations such as elderly, is likely substantial.

Population Health Effects
As discussed in the 2000 ATS Statement, the effects of air pollution can be viewed in terms of an increment in an individual’s risk for disease or injury, or in terms of an additional public health risk incurred by a population [17]. Both perspectives are pertinent: any health risk or change beyond some critical boundary, incurred by an exposed individual, could be deemed adverse, while exposure to air pollution could also enhance risk for a portion of the population beyond an acceptable degree. In the case where the relationship between a risk factor and the disease is deemed causal, the 2000 ATS committee considered (and we concur) that “such a shift in the risk factor distribution, and hence the risk profile of the exposed population should be considered adverse, even in the absence of the immediate occurrence of frank illness”. Further, considerations of health equity and environmental justice (e.g., socioeconomically disadvantaged populations being more exposed to air pollutants) are also similarly relevant to an assessment of adversity at the population level. These issues have received increased recognition and research funding from US EPA and NIH [18].

The context of application to individuals versus populations may also affect interpretation of the validity of biomarkers as predictors of adverse health effects. This is illustrated by the emergence of biomarkers of inflammation as potential indicators of either cardiovascular disease or disease risk. For example, C-reactive protein (CRP) is an independent predictor of cardiovascular risk, and is considered to be the best inflammatory marker available at this time [25]. However, it is not known to be in the causal pathway for cardiovascular disease (CVD), and it is not clear if reductions of CRP by themselves are consistently associated with better clinical outcomes. Thus, the IOM [21] concluded CRP is not appropriate for use as a surrogate endpoint, but it may be useful for population risk prediction. 
General Considerations for Assessing Adversity of Effects
Overall, considerations of health outcomes and biomarker validity as indicators of adverse effects are complex. Table 2.1 lists several general factors for consideration of adversity. 



Table 2.1. Considerations for Assessing Adversity of Clinical or Pathological Effects 

	CONSIDERATION
	PERTINENT QUESTIONS

	1.Persistence of Effect
	How persistent over time is the effect? (Generally, persistent effects are of greater concern, although short term reversible exposures may lead to changes that increase risk for triggering acute adverse events, such as myocardial infarction)

	2. Population Risk
	Is there a shift in the population risk distribution of an adverse event?

	3. Susceptibility 
	Are the very young, older adults, or individuals with preexisting health conditions or specific genetic characteristics more likely to be affected?

	4. Medical/Functional Significance
	Is there evidence of one or more of the following:(1) interference with the activity of the affected person or persons, (2) incapacitating illness, (3) permanent injury, and/or (4) progressive dysfunction, (5) reduced quality of life?



Table 2.2 Considerations for Assessing Reliability and Adversity of Biomarker Changes
1. Analytical validation 
2. Relevance to a clinical condition
3. Appropriateness for Proposed Use: Population v. Individual Characterization
4. Presence of multiple converging biomarkers
5. Degree of adherence to Bradford Hill Guidelines for causal link to air pollution (especially dose/response; replication; biological plausibility; cessation of exposure)
6. Adversity considerations as in Table 2.1 (including adversity of associated clinical endpoints)
3. Assessment of Adversity by Biological System
In the following, we will discuss the evidence for adverse health effects of air pollution, considering several organs and outcomes. Figure 1 presents a cartoon noting established air pollution adverse effects, as well as those for which evidence of an association with air pollution and/or adversity is emerging according to the committee. 

One further issue in the consideration of toxicity or adversity is the rapidly developing context of methods for toxicity testing [26], as addressed by the IOM in 2007. Here, animal models of toxicity are being replaced by new in vitro approaches to define toxicity, many of which can be seen as analogs of webs of mechanistically informed biomarkers, often relying on ‘omics’ approaches [27]. Specific consideration of these methods are beyond the scope of this review, but they should be kept in mind as these innovative approaches are validated in future studies. 

Figure 1: Overview of potential diseases, conditions. and biomarkers affected by outdoor air pollution. Updated based on [28]. Conditions currently listed in the Global Burden of Diseases are shown in bold

[image: ]



a. Respiratory Effects

The respiratory tract is the primary portal of entry for air pollutants, and consequently respiratory effects have been studied for decades. In the 15 years since publication of the previous ATS version of this document, much progress has been made in understanding the pathogenetic processes and pathophysiology involved in chronic respiratory disease. For example, both asthma and COPD, as well as other lung diseases, involve airway inflammation, airway remodeling, changes in airways responsiveness, reduced airway clearance, and impaired host defense against infection. It is reasonable to suspect that air pollution effects on any of these contributing processes may contribute to the underlying disease itself, and examples of such candidate effect biomarkers are provided in Table 3.2.

Effects of air pollution on onset and/or clinical course of any of the respiratory clinical conditions assessed in the GBD are considered here to constitute adverse effects, as are effects on quality of life. The 2000 ATS document provided a list of respiratory health effects that included adverse clinical outcomes, symptoms, and diseases, most of which are included in the GBD disease list. Table 3.1 below similarly provides examples of common respiratory conditions and outcomes that have been associated with air pollution exposure. This list is illustrative, and not intended to be exhaustive.



	Table 3.1. Examples of respiratory clinical effects associated with air pollution


	Increased respiratory mortality

	Increased incidence of malignancies of the respiratory tract

	Increased incidence, prevalence or frequency of exacerbations in chronic pulmonary disease: asthma, COPD, cystic fibrosis

	Increased incidence or severity of upper and lower respiratory tract infections

	Increased respiratory symptoms that affect quality of life: 
cough, phlegm, wheezing, dyspnea, nasal drainage

	Increased incidence of preterm birth, low birth weight, or growth restriction leading to adverse respiratory outcomes

	Reduced growth of lung function in children

	Transient (hours) reductions in spirometric parameters of lung function (e.g., FEV1) associated with symptoms

	Persistent or chronic (weeks, months, years) reductions in spirometric parameters of lung function (e.g., FEV1)




There is convincing evidence that both short-term and long-term exposures to air pollutants, including PM, ozone, black carbon, and nitrogen oxides, are associated with increases in respiratory mortality [29, 30]. PM exposure also increases the risk for lung cancer [31-33]. Clearly, the increased mortality associated with higher exposure to air pollution is considered adverse.

It is also well established that increased exposures to various air pollutants contribute to exacerbations in patients with chronic respiratory disease, such as asthma, chronic obstructive pulmonary disease (COPD), and cystic fibrosis [34]. Exposure to traffic-related air pollution (TRAP) has been associated with worsening of asthma and wheezing [35]. A review of the evidence by the U.S. based Health Effects Institute [36] found that “sufficient” evidence existed to conclude that TRAP causes respiratory symptoms and exacerbations in children with asthma. However, evidence that TRAP actually causes asthma in children or COPD / asthma in adults was considered insufficient [37, 38]. Another more recent review found additional evidence for a link between TRAP and asthma incidence [39]
Long-term improvements in air quality are associated with clinically significant positive effects on lung-function growth in children [40]. There is also increasing evidence of associations between increased long-term exposure to traffic-related air pollution and lung function decline in adults [41], as well as attenuation of this decline with air pollution reductions [42]. An increase of the rate of long-term decline in lung function in adults, or a decrease in lung function growth in children, are considered adverse.

The previous ATS Statement addressed the important question of whether small, transient reductions in lung function, as can be seen in susceptible subjects following acute exposure to ozone, should be considered adverse. The document concluded that small transient changes in FEV1 alone were not necessarily adverse in healthy individuals, but should be considered adverse when accompanied by symptoms. We support the conclusion that small (e.g., less than 10%) declines in FEV1, without associated symptoms, that are fully reversible within 24 hours, do not necessarily constitute an adverse health effect in otherwise healthy individuals [43]. In contrast, such small lung function changes should be considered adverse in individuals with extant compromised function, such as from asthma, even without the co-presence of respiratory symptoms.

Moreover, in considering the magnitude of change and clinical significance, there must also be a distinction made between population mean changes and individual changes in lung function measures. As discussed in the previous ATS Statement, a small but statistically significant mean reduction in FEV1 in a population means that some people had larger reductions, with the likelihood that reductions in a subset of susceptible subjects can have passed a threshold for clinical importance. For example, re-analysis of data from a study by Adams et al. [44, 45], involving 30 subjects exposed to 0.06 ppm ozone for 6.6 hours, showed an approximately 3% mean decrease in FEV1. However, two of the subjects had declines in FEV1 of greater than 10% [46]. The more recent literature on long-term effects of air pollution on lung function decline in adults provides further examples on the complexities to define “adverse effects” for individuals as effects may depend on a variety of susceptibility factors such as genetic make-up, medication, diet habits, physical activity or varying metabolic states as seen in diabetics or the obese [47-49].

Given the marked expansion of biomarkers of respiratory disease and pathobiology since the 2000 ATS Statement, there is a need to consider the interpretation of changes in biomarkers as potentially adverse, even in the absence of measurable clinical effects. Table 3.2 provides examples of biomarkers of respiratory health or function that have been used in studies of the respiratory effects of air pollution (for the purposes of this document, we do not consider FEV1 and other spirometric parameters as biomarkers, because spirometry is a direct measure of organ function, and is therefore considered in Table 3.1.).

Table 3.2. Examples of biomarkers of potentially adverse respiratory health effects
	Increased levels of markers of airway inflammation (e.g., PMNs or inflammatory cytokines in BAL or sputum)

	Increased levels of markers of airway injury or inflammation in exhaled breath (e.g., increased acidity of exhaled breath condensate or increased FeNO in asthmatics)

	Increased levels of blood markers of lung injury (e.g., 8-isoprostanes, club cell secretory protein)

	Imaging evidence for lung injury or reduced lung volume

	Reduced pulmonary gas exchange (e.g., DLCO, DLNO, arterial pO2, pulse oximetry)

	Increased airways responsiveness to nonspecific challenge

	Increased airways hyperresponsiveness (AHR) in asthmatics



The clinical significance of changes in FEV1 has been studied extensively over the years, but this is not the case for many newer and less-studied markers. There may be considerations similar to those for FEV1: a small transient change in one of these biomarkers, by itself, may not be adverse. However, such a biomarker change should be considered adverse when additional evidence provides a context for clinical adversity, including changes in complementary biomarkers (as enumerated above for the Beijing Olympics study), as well as associations with respiratory symptoms or adverse health outcomes in people with respiratory disease or associations with any adverse effect of air pollution. For example, a small increase in leukocytes in induced sputum following ozone exposure that resolves in less than 48 hours may not, by itself, be considered adverse. Yet when such evidence for transient airway inflammation is considered in the context of acute decrements of lung function and/or increases in respiratory symptoms, as well as increased risk for exacerbations in people with respiratory disease, adversity is evidenced. 

Some pollutant exposures have been shown to transiently increase airways responsiveness (AR) [50, 51]. Is this adverse if there are no symptoms or other clinical effects? Airways hyperresponsiveness (AHR) to a specific allergen or a nonspecific challenge (such as methacholine, mannitol, or cold air) is an almost universal finding in asthma. AHR gets worse during asthma exacerbations, and improves with treatment. There is evidence that recurrent episodes of bronchoconstriction in people with asthma promote airways remodeling [52], which may lead to irreversible airways obstruction. We conclude that clinically relevant increases in AHR in asthmatics following pollutant exposure may appropriately be considered adverse, even without accompanying symptoms or other clinical effects.  

AHR is frequently found in healthy people without airways disease. Such individuals have an increased risk for reduced lung function and the development of asthma [53]. Worsening of AHR by air pollution in this group may be deemed adverse, especially if persistent, or accompanied by symptoms. However, it is less clear whether transient increases in AR alone are adverse in healthy people with normal AR at baseline. Similar to the considerations for FEV1, as discussed above, we propose that small, transient changes in AR following air pollution exposure in healthy people, without symptoms or clinical illness, are not always adverse. However, as was the case for FEV1, small mean population changes can encompass larger effects in some individuals. If the magnitude of the AR increase is sufficient for a subject with previously normal AR to cross the threshold of AHR (e.g., PD20 less than or equal to 8 mg/ml), adversity should be concluded, even in the absence of symptoms [54].


b. Cardiovascular Effects
Since the last ATS Statement, numerous studies have examined associations between both acute and chronic exposures to outdoor air pollutants and acute cardiovascular events, as well as biomarkers of relevant cardiovascular mechanisms [8, 55]. In this section, we provide examples as to how to apply the analytic framework described above for both acute and chronic pollutant/cardiovascular event associations and acute and chronic pollutant/biomarker associations. These examples should not be interpreted as providing arguments for or against causal effects on each outcome, but are the committee’s interpretations of the literature, providing a demonstration as to how this Statement’s framework regarding adversity of effects can be applied. Table 4.1 provides examples of common cardiovascular conditions that have been linked with air pollution, and which are included in the GBD reports [1, 2].

	Table 4.1. Cardiovascular clinical effects associated with air pollution

	Mortality

	Myocardial infarction

	Stroke 

	Increased blood pressure 
Arrhythmias
Hospital admissions for congestive heart failure




Myocardial infarction (MI)
Multiple studies have reported acute triggering of myocardial infarction (MI) associated with increased pollutant concentrations in the previous few days/hours [56, 57]. Although a meta-analysis using data from 22 European cohort studies reported no clear association between deaths from cardiovascular diseases and long-term concentrations of several PM metrics [58], many other studies have reported associations between long-term averages of air pollutant concentrations and increased cardiovascular mortality and morbidity [59-66], or increased risks of coronary heart disease or coronary events [60, 67, 68]. Thus, acute fatal and/or non-fatal MI represents an adverse effect of air pollution on both the acute and chronic time scales of exposures.


Heart failure and stroke 
Both heart failure and stroke have been associated with exposure to air pollution levels experienced over the prior few days, as documented in systematic reviews and meta-analyses [69, 70]. While longer-term exposures have been associated with an increased risk for stroke, few studies have evaluated the risks of heart failure. Such increased risks of heart failure and stroke (particularly of ischemic etiology) can be defined as adverse effects of air pollution on an acute time scale. While the risk of stroke can likely be considered an adverse event due to long-term exposures, the risk of heart failure has not yet been conclusively investigated in this regard. 

Arrhythmia
While some studies have reported increased risks of ventricular and atrial arrhythmias associated with outdoor air pollutant levels over the previous few hours and days, the findings are not consistent [71-75]. Should future studies corroborate the indications that air pollution may prompt cardiac arrhythmias, such events would be considered adverse. 

High Blood Pressure
High blood pressure (BP) is the leading risk factor for morbidity and mortality worldwide, accounting for nearly half of all myocardial infarctions and strokes [1, 76]. It is also listed in the GBD risk assessment [1, 77, 78]. Mounting epidemiological and mechanistic evidence from human and animal studies demonstrates that air pollution is an additional environmental factor capable of increasing BP [79-81]. The ensuing health consequence are demonstrated by a recent meta-analysis whereby short-term increases in outdoor PM2.5 trigger an elevation in BP (1-2 mm Hg per 10 µg/m3) over a five day period, while longer-term exposures in the order of 30 days to one year prompt even larger pro-hypertensive responses (5-10 mm Hg) [80]. Perhaps most importantly, a growing number of studies further demonstrate that living in regions with higher levels of PM2.5 may also promote the genesis of the chronic hypertensive-disease state per se [80, 81]. While some studies indeed support this pathway, firm conclusions cannot be established, at this point in time, given the relative paucity of published evidence on this endpoint. Given the well-established linkages between higher BP and the long-term risk for multiple cardiovascular events, chronically increased BP induced by air pollution can itself be considered adverse, while more transient increases qualify as a concern. 



Table 4.2. Illustrative Examples of biomarkers of cardiovascular effects
	Decreased heart rate variability (HRV)
Changes in ECG depolarisation and repolarisation 
Increased carotid intima-media thickness (CIMT)
Increased coronary artery calcification (CAC)
Carotid artery stenosis
Increased aortic calcification 
Increased arterial stiffness
Impaired vascular endothelial function
Impaired vascular fibrinolysis
Increased platelet adhesiveness or activation 
Increased thrombogenicity
Increased Markers of systemic inflammation, endothelial function, nitric oxide metabolism, oxidation etc.



Atherosclerosis is the primary long-term disease mechanism leading to myocardial infarction and stroke [55]. A change in a single biomarker of vascular dysfunction, potentially leading to reduced blood flow may or may not be relevant to a specific ultimate vascular adverse event. However, as discussed above, the effects of air pollution on biomarkers are considered adverse when such effects occur on a suite of related pathophysiological biomarkers that, together, increase the risk of the clinical outcomes listed in table 4.1. Such a possible chain of events can be seen for many of the biomarkers listed in Table 4.2. Substantial progression of CIMT or increased arterial calcification indicates progression of atherosclerosis and increased risk for ischemic events. Experimental studies in humans have indicated that such a collection of related pathophysiological biomarkers may be adversely affected by air pollution exposures (e.g., increased arterial stiffness, reduced bioavailability of vascular nitric oxide, reduction of flow mediated and endothelial dependent vasodilatation, reduced fibrinolytic capacity/tissue plasminogen activator (tPA) release, increased thrombocyte adhesiveness, increased ex-vivo thrombogenicity, and ECG ST-T segment depression).

We now discuss in more detail some of the CV biomarkers for which there is specific evidence of an association with air pollution.


Heart rate variability (HRV)
Heart rate and HRV are regulated, in part, by the parasympathetic and sympathetic nervous systems. Decreased HRV has been associated with cardiovascular mortality and morbidity in older populations and those at higher risk for CV events [8, 82]. While acute changes in HRV over hours-to-days have convincingly been linked to air pollution exposures [82], the health relevance is uncertain. It may be postulated that the change in this biomarker reflects an underlying autonomic imbalance that could play a role in triggering clinically significant arrhythmias and other acute cardiovascular events; however, this remains speculative at present. The linkages between changes in HRV and a worsened prognosis have generally been documented in association with presumed chronic reductions in HRV. However, associations between long-term exposure and chronic markers of autonomic function has been a research subject in only a few studies, which indicate possibly complex interactions between long-term exposure to air pollution, HRV, and individual susceptibility factors [83-85]. Thus, it is uncertain at this time if alterations in individual HRV metrics after short-term or long-term exposure themselves can be considered adverse biomarkers or effects of air pollution.   

Carotid Intima-Media Thickness (CIMT) 
Carotid intima-media thickness (CIMT), measured with ultrasound technique, is an established marker of atherogenesis. Since its first use [86], several cross-sectional studies reported associations between home outdoor levels of air pollution and CIMT including a recent one combining data from four cohort studies [87]. As summarized in a recent meta-analysis, both, the cross-sectional and longitudinal associations between CIMT and air pollution were significant, though the associations between CIMT progression and long-term exposure was based on only three studies [88]. The findings are in line with experimental evidence confirming an atherogenic role of outdoor PM in various animal models. An increase in CIMT can be considered an adverse biomarker/effect of air pollution on a chronic time scale, as it shifts the risk of future severe CVD events.

Carotid Arterial Stenosis (CAS)
Carotid artery stenosis (CAS) has been assessed via bilateral carotid artery duplex ultrasound. A recent study from the U.S. has indicated that long term PM2.5 air pollution exposures are independently associated with increased CAS, an important risk factor for cerebrovascular disease and stroke [89].

Vascular Function 
Several air pollutants have been associated with impaired microvascular and conduit vascular function in human panel and controlled exposure studies, as well as animal experiments [90-92]. Chronic endothelial dysfunction is an important biomarker that is both predictive of and causally-related to cardiovascular diseases and events [93]. Recent PM2.5 exposures in the prior few days can also impair flow-mediated dilatation (FMD) of conduit arteries [90]. This likely occurs as a consequence of air pollution-mediated tissue oxidative stress and inflammation, reducing nitric oxide bioavailability while potentiating vasoconstrictive mediators (e.g., endothelin) and pathways [92]. The independent associations between endothelial dysfunction and heightened cardiovascular risk are all in the chronic time scale, and assume that a persistent impairment in vascular health is ongoing. In this regard, recent evidence also supports that long-term air pollution exposures over months-to-years are linked to a chronic impairment in vascular endothelial function [90]. Chronic endothelial and vascular dysfunction is a biomarker of adverse air pollution effects on health. The health relevance of acute reductions in endothelial function induced by air pollution is less certain.

Other Biomarkers
Numerous other biomarkers, intermediate health endpoints, and pathophysiological changes associated with heightened cardiovascular risk have been investigated in relation to air pollution exposures [8]. A short list of examples is provided in Table 4.2, as a comprehensive list is beyond the scope and focus of this Guideline. Further to what has been noted above, changes in markers of inflammation (e.g., hsCRP, IL-6, TNF-alpha), coagulation (e.g., prothrombin time, fibrinogen, ex vivo thrombus formation time), thrombosis (e.g., CD40L, p-selectin, platelet activation metrics), adipocytokines (e.g., leptin, adiponectin), endothelial activation, hemodynamic markers (e.g., vWF, endothelin, nitrite), and lipid oxidation (LDL-oxidation status, HDL dysfunction), have been noted. In addition to blood-based biomarkers, markers of heightened arrhythmia potential (e.g., repolarization abnormalities), and myocardial ischemia (ST-depression) have been associated with air pollution exposure in human studies. Many of these endpoints are indeed linked to a greater cardiovascular risk in the long run. However, most of the associations with air pollution have only been shown to occur over short time scales of exposures, i.e. in the order of days. Assessing changes in multiple biomarkers as discussed above may strengthen the case for adversity. While it is possible that acute or transient perturbations in these biomarkers might play a role in triggering an acute event, no firm conclusion can be made at this time to determine that these other acute biomarker changes individually constitute adverse health effects.

d. Emerging Adverse Effects of Outdoor Air Pollution
The assessment of adverse health effects of outdoor air pollution initially focused on respiratory health outcomes, and more recently cardiovascular outcomes. However, associations have increasingly been reported between outdoor air pollution and systemic or metabolic effects involving multiple pathophysiological pathways. These have included systemic inflammation, oxidative stress, immune modulation, and genetic as well as epigenetic alteration, suggesting that multiple health outcomes, not necessarily detectable by short term studies (e.g., time series), may also be relevant.    

Diabetes and Obesity
There is an emerging body of evidence linking outdoor air quality to type 2 diabetes as suggested by a recent systematic review and meta-analysis [94]. This review specifically indicated that the observed associations were stronger among women than men, and also more pronounced in association with NO2 than PM2.5, potentially highlighting the role of traffic-related outdoor air pollution to these outcomes. These findings are strongly supported by animal experiments, which indicated that systemic inflammation, immune responses in adipose tissue, and peripheral insulin resistance can be induced by particulate matter exposure [95]. This evidence is further supported by reports of insulin resistance and elevated haemoglobin A1c concentrations associated with air pollution [96, 97]. Epidemiological studies of short-term exposure to outdoor air pollution have indicated changes in systemic inflammation markers in individuals with diabetes or impaired glucose tolerance. A few prospective cohort studies have also suggested that environmental pollutants contribute to the development of childhood obesity [98], and a variety of mechanisms that may contribute to obesity and enhanced insulin resistance have been demonstrated. These possible mechanisms include glucose and lipid dysregulation in tissues such as adipose, hepatic, skeletal muscle and brown adipose through pathways well known to be altered in insulin resistance [98]. In line with this observation, associations between air pollution exposures at the place of residence and liver enzymes have also been observed [99, 100]. Immune modulatory effects of outdoor air pollution are further hypothesised to promote an earlier onset of type 1 diabetes [101, 102]. Clearly, development of these systemic/metabolic outcomes would be considered adverse but their associations with air pollution are not sufficiently robust to currently consider them as adverse effects of air pollution.  
Epigenetic Alterations
Emerging evidence suggests that outdoor air pollution is altering the epigenetic regulation of white blood cells and other tissues potentially resulting in transient, as well as permanent, changes in gene regulation in various tissues [103]. Such epigenetic changes suggest a mechanism for understanding the links between outdoor air pollution exposure and impaired function of multiple organs. Furthermore, changes in micro ribonucleic acids (miRNAs) and other RNA species may constitute important signalling pathway, orchestrating an interplay between different organs that may indicate impairment by outdoor air pollution exposures. 

Pregnancy and Developmental Outcomes
The 2000 ATS statement identified infants as a susceptible group, but did not directly address the question of adverse effects of in utero exposures. In this section, we therefore consider the emerging evidence that maternal exposure to air pollution results in a wide range of adverse effects that may resolve after birth, continue, or may increase susceptibility to disease in later life [104, 105].

Birth weight and Prematurity
A number of epidemiological studies report associations between maternal exposure to air pollution and newborn infant outcomes. Among these are reductions in overall birth weight, low birth weight (<2500 g at any gestational age), term low birth weight (<2500 g at 37 or more weeks of gestation), and preterm birth (<37 weeks of gestation). Preterm birth and low birth weight are well-known for their association with neonatal morbidity and mortality and have also been associated with adult morbidity [106-108]. A 2012 systematic review and meta-analysis reported reduced birth weight and increased risk for low birth weight (LBW) associated with exposure to NO2, PM10, and PM2.5 for entire pregnancy exposures [109]. The meta-analysis also reported positive associations between air pollutant exposures and increased risk of preterm birth. Following this review, two recent multi-cohort studies have focused on the association between maternal exposure and “low birth weight at term (tLBW)” because infants in this weight category are considered to have suffered fetal growth restrictions. This outcome is known to be associated with increased risk of neonatal death and has been associated with other adverse outcomes [110-115]. Two so-called ‘natural experiments’ also found community level air pollution interventions to affect both air pollution preterm birth or birth weight [116, 117]. Results from these recent studies and meta-analysis indicate that maternal air pollution exposure is associated with increased risk of LBW, but there was considerable variability in risk estimates by specific exposure period during pregnancy. We conclude that term low birth weight and prematurity are adverse effects, when caused by maternal air pollution exposure. 

Stillbirth
Stillbirth has been associated with maternal exposure to PM and NO2 [118-121], however not all studies agree [121]. Stillbirth is a clearly adverse outcome. 

Congenital abnormalities
In a study in the San Joaquin Valley of California, it was reported that the highest quartile of maternal NO2 exposure was associated with neural tube defects [122]. However, evidence for an association between air pollution and congenital abnormalities has been inconsistent to date [123, 124]. Congenital abnormality is a clearly adverse outcome, but its association with air pollution exposure is still uncertain. 
 
Early effects on the Respiratory System
Effects of air pollution on lung function in the first weeks of life, including respiratory rate and tidal breathing flows, have been reported [125] and are of concern, since poor neonatal airway function is a risk factor for airflow obstruction in young adults [126]. Subtle changes in infant lung function associated with maternal exposure to air pollution are a putative biomarker for long-term consequences of maternal exposure on children’s lung function. Evidence for long-term effects of intrauterine and early postnatal exposure on lung function at 4.5 years of age has also been reported [127]. If this association is substantiated by further studies, we consider long-term reduced lung function to be an adverse effect of early life exposure to air pollution. 

Neurologic and Psychiatric Outcomes
Substantial new evidence points to a potential role for air pollution in diseases of the central nervous system (CNS) [128-130] and psychiatric disorders [131] (see Table 5.1 and 5.2, below). Biological mechanisms underlying these possible pollution effects are presently not well understood, and relevant epidemiological investigations are still at an early stage. Cognitive function and psychiatric conditions were touched upon briefly under the heading of Quality of Life in the 2000 Statement. Many of these neurologic and psychiatric conditions were considered in the 2010 Global Burden of Disease (GBD) comparative risk assessment [1, 77, 78]. 


	Table 5.1. Neurological and psychiatric conditions associated with air pollution

	Alzheimer’s disease and other dementias
Parkinson’s disease
Reduced cognitive function in adults 
Delayed neurodevelopment in children 
Depression 
Anxiety disorders 




Table 5.2. Examples of markers of neurological effects
	Structural brain damage at functional magnetic resonance imaging (FMRI)
Neurobehavioral testing
Cognitive function testing





Neurodegenerative Disorders 
Alzheimer’s disease (AD) and other dementias, as well as Parkinson’s disease (PD), are neurodegenerative conditions included in the 2010 GBD. Dementia is a general term for loss of memory and other mental abilities severe enough to interfere with daily life. Alzheimer’s disease and vascular dementia, previously known as multi-infarct or post-stroke dementia, are the most common forms of dementia. Higher estimated annual exposure to PM2.5 has been associated with worse performance on cognitive function tests, in particular tests evaluating episodic memory [132]. An increased rate of decline in cognitive function may also be associated with higher air pollution exposures [133]. Some studies have reported associations between exposure to air pollutants and dementia [134, 135], but not all studies are positive [136].
Several pathways leading from inhalation of air pollutants to adverse effects in the CNS have been postulated: direct transport via the olfactory epithelium; traversing metabolic barriers in the olfactory epithelium; systemic transport via the blood brain barrier; and, sensory afferent signaling from the gastrointestinal tract [129]. Evidence of changes in innate immune response, disruption of synaptic function and neuro-inflammation has been observed in response to air pollution [137, 138]. Alternatively, adverse CNS health effects from air pollution may be secondary to systemic impacts mediated by other body systems. Subclinical and clinical cardiovascular and metabolic disease are established risk factors for cognitive decline and dementia [139], and it is likely that at least part of the observed impact of air pollutants on cognitive disease risk occurs as result of air pollution-induced ischemic effects. Whether mediated by systemic disease, or due to direct impact of air pollution on the CNS, neurodegenerative disease outcomes are clearly adverse. 

Neurodevelopment and Behavioral Disorders in Children 
Pioneering studies on lead (Pb) exposures have clearly documented effects on children's neurodevelopment, with endpoints such as increased hyperactivity, reduced attention, and several cognitive deficits [140]. Although cognition in children was not considered in earlier statements, and was not listed in the GBD risk assessment, the 2010 GBD did consider autistic spectrum disorders. Maternal or child exposure to air pollutants during pregnancy, infancy, or childhood when the brain neocortex rapidly develops, has been related to delays in cognitive development in children [141-145]. Recent studies have evaluated the association between prenatal and perinatal exposures to air pollutants and childhood behavioural disorders, but with conflicting results [146-148]. Impaired neurodevelopment in childhood is clearly adverse.    

Psychiatric Disorders 
Some mental disorders, notably depression and anxiety, are included in the 2010 GBD. It has been postulated that air pollution induced oxidative stress can be related to dopaminergic neurotoxicity, and therefore to depressive moods. The association between exposure to outdoor air pollution and depressive symptoms has been evaluated with mixed results [1, 149]. Other studies on the mental health effects of air pollution suggest a link between short term variability in air pollution and suicide [150], although confounding from meteorological conditions, including rainfall and visibility, could not be excluded . Power and colleagues [151] reported an exposure dependent association between higher levels of PM2.5 and anxiety, especially in the month immediately preceding the scoring of anxiety. Depression and anxiety disorders are clearly adverse conditions.  

Imaging and Biomarker Studies 
Advances in functional imaging such as functional magnetic resonance imaging and positron emission tomography scanning have begun to be applied to air pollution health studies. A study on brain imaging and function in pre-adolescence showed structural brain damage related to PAH exposure during pregnancy [152]. Wilker et al. [153] have recently examined the associations between residential long-term exposure to outdoor air pollution and markers of brain aging using magnetic resonance imaging among those 60+ years old and free from dementia and stroke. Exposure to elevated levels of PM2.5 was statistically associated with smaller total cerebral brain volume and with higher odds of covert brain infarcts, indicating that air pollution is associated with evidence of structural brain aging. Such structural brain aging changes would clearly constitute an adverse effect, but specific pollution associated abnormalities have yet to be identified.

Cognitive Impacts
This committee has concluded that any detectable level of transient or permanent loss of cognitive function, measured by a validated test, should be considered adverse. The interpretation of changes in neurobehavioral function is analogous, in some ways, to changes in lung function addressed in previous statements. However, this conclusion is in contrast to the 1985 and 2000 Statements about lung function, which concluded that small, transient changes in lung function should not automatically be considered adverse in healthy individuals, while transient changes in lung function were considered adverse in otherwise healthy individuals if accompanied by symptoms. There are several reasons for our different treatment of cognitive function, as compared to lung function. In contrast to lung function, which has a reserve capacity that is rarely utilized in essential functions of daily living for most individuals, it is unclear to what extent there is a reserve capacity of mental function that is not utilized on a daily basis in modern life. Small impairments in attention and executive function may lead to material increases in risk, such as while driving a motor vehicle. Also, subtle but important deficits in cognition or other neurobehavioral functions do not produce physical sensations, and thus may be less likely to be detected symptomatically compared to changes in respiratory function. A final point of difference is that, in contrast to physical function, for which truly transient and reversible decrements are not be expected to cause cumulative injury, transient and reversible cognitive deficits, if repeated, can theoretically have cumulative effects on educational attainment and achievement. Under a broad definition of health, the committee determined that a decrement in educational achievement due to air pollution exposure would be considered an adverse health effect. The committee was also in agreement that any detectable permanent decrement in cognitive function attributable to air pollution should be considered an adverse health effect, given that such a permanent decrement would increase an individual’s risk of crossing a clinical threshold with further cognitive decline, age-related or otherwise, in the future.

4. Discussion and Conclusions
	
The 2015 Committee has recognized and discussed substantial new areas of human health effects from air pollution, choosing the Global Burden of Disease (GBD) reports as a starting point for identification of health effects to be considered adverse when convincingly associated with air pollution exposure. The Committee also identified a series of considerations to help define adversity of effects of air pollution on subclinical changes short of disease. These included changes in biomarkers that contribute to the development of clinical disease.  Effects on the respiratory system listed in the prior ATS Statement were elaborated upon, and newly recognized respiratory effects of exposure to air pollution during pregnancy were detailed in a section on developmental effects. Cardiovascular endpoints were especially considered here as an important expansion of the prior ATS Statement, in large part because cardiovascular disease is so widespread and increasing around the globe, but also because of the enormous volume of new literature now supporting adverse effects of air pollution on cardiovascular disease. Systemic conditions are also a new area of concern, where ample evidence for effects of air pollution on biomarkers of systemic effects is available. Wholly new sections on metabolic dysfunction, pregnancy and developmental outcomes, as well as CNS and psychiatric effects, were now included. It is clear from the vantage point of 2016, more than 15 years since the prior Statement, that the list of, and measures for, air pollution health effects continues to expand, and discerning adverse effects is more and more important. Air quality regulatory efforts to protect public health should take the full breadth of adverse health effects into consideration.

Future Statements should continue to build upon the considerations for adversity presented here, into areas such as systemic effects, reproductive effects, and CNS effects, while also advancing our understanding of the best uses of biomarkers across the wide spectrum of outcomes affected by outdoor air pollution.
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