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Executive Summary 

The United States Environmental Protection Agency (EPA) released the Integrated Science Assessment for 

Particulate Matter (External Review Draft) (herein referred to as the "draft ISA") in October 2018 (US 

EPA, 2018).  The draft ISA indicates that recent epidemiology studies of long-term PM2.5 exposure and 

mortality generally support a linear, no-threshold relationship, with confidence in some studies in the range 

of 5-8 ɛg/m3.  It also concludes that long-term PM2.5 exposure is likely causally associated with both 

nervous system effects and cancer. 

 

There are three overarching issues in the draft ISA evaluation of health and welfare effects that undermine 

its conclusions that relate to the systematic review protocol, study quality and relevance, and the causality 

framework: 

 

Systematic Review Protocol 
 

Á The draft ISA lacks a sufficiently detailed systematic review protocol.  The lack of a sufficiently 

detailed protocol has led to an evaluation that was not conducted in a systematic, unbiased, or 

transparent manner.  The protocol should include well-developed methods for the literature search 

strategy; study inclusion and exclusion criteria; a process for data extraction and quality control; 

specific, prescriptive criteria for evaluating study quality; methods for data analyses; and PM-

specific methods for evidence integration and causality determinations. 

 

Study Quality and Relevance 
 

Á Study quality  is not sufficiently considered.  While the draft ISA has a list of important study 

quality aspects for evaluating health effects in Appendix 1 (but no comparable list for welfare 

studies), it is not complete or sufficiently detailed to allow for a consistent evaluation of individual 

study quality.  Also, only high-quality studies should be considered key studies (i.e., given the most 

weight in analyses) and the quality of all studies, including new and previously evaluated studies, 

should be considered for causal determinations.  

Á Study quality and relevance impact how informative a study is.  Studies of higher quality should 

be considered more informative, while those with more limitations should be considered less 

informative.  In addition, criteria that must be met for study results to be considered relevant to the 

US population as a whole, or to "at-risk" populations, should be explicitly stated.   

Á There should be quality criteria  for  in vitro and welfare studies.  EPA cannot determine whether 

these studies support or call into question a causal association if it has not evaluated study quality. 

Á Quality  aspects should be tabulated for  each individual  study.  A systematic review involves 

reviewing and judging the quality of each individual study in the same manner.  This is best 

accomplished with tables, and this was not done in the draft ISA.  For practical reasons, quality 

aspects for individual studies should at least be tabulated for key endpoints that inform the National 

Ambient Air Quality Standards (NAAQS) (e.g., total mortality).   
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The Causal Framework   
  

Á The causal framework is structured in such a way that biases towards a causal conclusion.  It 

should be revised to be more balanced. 

 

Because of these overarching issues, the available evidence is not reviewed and integrated in a consistent, 

systematic way, and consequently, the causal conclusions for health and welfare effects are not warranted 

based on the weight of scientific evidence.  

 

This is exemplified in the draft ISA's causal determination regarding neurological effects.  The draft ISA 

does not present any systematic study quality evaluation when it summarizes the available literature, nor 

does it appear to consider study quality when synthesizing the evidence.  Epidemiology studies of brain 

volume, cognitive function, and dementia have considerable limitations and uncertainties that undermined 

the observed associations between long-term fine particulate matter (PM2.5) exposure and neurological 

endpoints, but this was not considered in the ISA.  Findings from animal toxicity studies do not provide 

evidence for apical endpoints and may have limited relevance to humans. 

 

Similarly, the draft ISA concludes that there is a likely causal relationship between long-term PM2.5 

exposure and cancer, primarily based on epidemiology studies of lung cancer incidence and mortality, as 

well as experimental studies that the draft ISA considers to provide evidence for biological plausibility.  

However, the available epidemiology studies are undermined by considerable methodological limitations; 

most critically, they do not, or do not adequately, account for latency, smoking, and family history of lung 

cancer.  Also, the draft ISA does not consider the quality or human relevance of the experimental findings.  

Collectively, the available evidence does not support a likely causal relationship between long-term PM2.5 

exposure and cancer. 

 

The draft ISA also concludes that there is a likely causal relationship between long-term UFP exposure and 

neurological effects.  Because the draft ISA's evaluation does not take into consideration the quality and 

human relevance of the animal toxicity studies, the conclusion of a likely causal relationship is not 

warranted. 

 

With regard to welfare effects, the draft ISA does not acknowledge the uncertainties pertaining to the PM 

size fractions, which preclude visibility impairment and effects on materials from being used in quantitative 

risk assessments.   

 

Finally, the draft ISA indicates that recent epidemiology studies of long-term PM2.5 exposure and mortality 

generally support a linear, no-threshold relationship with confidence in some studies in the range of 

5-8 ɛg/m3.  The draft ISA also discusses evidence from cardiovascular (CV) endpoints as supportive for 

PM2.5 effects at low concentrations.  With regard to short-term PM2.5 exposure and mortality, the draft ISA 

indicates that epidemiology studies conducted in the US provide evidence for a linear relationship at 

concentrations as low as 5 ɛg/m3.  The draft ISA does not systematically evaluate the quality of these studies 

or fully consider potential biases and uncertainties when evaluating the evidence regarding the shape of 

concentration-response curves.  In addition, the draft ISA's evaluation is not systematic or consistent across 

studies or outcomes.  We demonstrate that considerable methodological limitations and uncertainties in 

these epidemiology studies preclude the observed concentration-response data from being used as a basis 

to revise the level of NAAQS. 

 

Overall, the draft ISA does not evaluate and integrate the evidence in a transparent, systematic, and unbiased 

manner.  As a result, the causal determinations for health effects are biased towards causation, and undue 

confidence is placed in observational concentration-response data that contain substantial uncertainties. 
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1 Introduction 

In its last review of particulate matter (PM), the United States Environmental Protection Agency (EPA) 

concluded that exposure to ambient PM2.5 caused or was associated with a wide variety of health effects, 

and that no threshold had been identified below which these health effects do not occur (US EPA, 2009).  

EPA released the Integrated Science Assessment for Particulate Matter (External Review Draft) (herein 

referred to as the "draft ISA") in October 2018 (US EPA, 2018).  The draft ISA indicates that recent 

epidemiology studies of long-term PM2.5 exposure and mortality generally support a linear, no-threshold 

relationship, with confidence in some studies in the range of 5-8 ɛg/m3.  It also concludes that long-term 

PM2.5 exposure is likely causally associated with both nervous system effects and cancer, and that long-

term exposure to ultrafine particles (UFPs) are likely causally associated with nervous system effects.  

These three causal determinations are the only ones that changed since the 2009 PM ISA. 

 

As discussed below in Section 2, there are several overarching issues in the draft ISA evaluation that 

undermine its conclusions, including the lack of a detailed protocol for the entire assessment, the limited 

evaluation of study quality and relevance, and limitations with the causal framework; all of these issues 

resulted in individual studies not being reviewed and integrated in a consistent, systematic way, and causal 

conclusions that are not warranted based on the weight of scientific evidence.  Section 3 discusses how 

concentration-response relationships between PM2.5 and mortality/morbidity outcomes observed in 

epidemiology studies were likely impacted by many biases and uncertainties, both overall and at 

concentrations in the range of 5-8 ɛg/m3.  Sections 4 and 5 discuss the epidemiology and 

toxicology/mechanistic evidence regarding long-term PM2.5 exposure and neurological effects and cancer, 

respectively.  In both cases, the available epidemiology studies are undermined by considerable 

methodological limitations, and the quality and human relevance of the experimental findings are not 

considered.  Section 6 discusses the toxicology/mechanistic evidence regarding long-term UFP exposure 

and nervous system effects, and how the quality and human relevance of the experimental findings are not 

considered in the draft ISA.  Section 7 discusses the issues with the evaluation of welfare effects in the draft 

ISA.  Finally, Section 8 provides recommendations for the Clean Air Scientific Advisory Committee 

(CASAC) to consider. 

    

Overall, the draft ISA does not evaluate and integrate the evidence in a transparent, systematic, and unbiased 

manner.  As a result, the causal determinations for health effects are biased towards causation, and undue 

confidence is placed in observational concentration-response data that contain substantial uncertainties. 

 

These comments were prepared with funding from the American Petroleum Institute, but the conclusions 

and recommendations are based on Gradient's independent review and evaluation.   
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2 Overarching Issues in the Draft ISA Evaluation 

2.1 The Draft ISA Lacks a Sufficiently Detailed Systematic Review Protocol 

The draft ISA states, "The U.S. EPA uses a structured and transparent process for evaluating scientific 

information and determining the causal nature of relationships between air pollution exposures and health 

effects [details provided in the Preamble to the Integrated Science Assessments (U.S. EPA, 2015)]" (US 

EPA, 2018, p P-11).  However, the process is not transparent, in that both the draft ISA and Preamble 

primarily discuss overarching principles.  In addition, neither have sufficient detail to ensure that studies 

are identified and reviewed in a systematic and consistent manner, or integrated in a way that considers 

study quality and the coherence of results across studies within and across disciplines.   

 

The draft ISA should have included a protocol that includes well-developed methods for the literature 

search strategy (including keywords and databases to be searched); study inclusion and exclusion criteria; 

a process for data extraction and quality control; specific, prescriptive criteria for evaluating study quality; 

methods for data analyses; and PM-specific methods for evidence integration and causality determinations 

(including plans for assessing data gaps, limitations, and uncertainties in the evidence and the overall 

systematic review).  A detailed protocol would have limited potential biases in the draft ISA and helped 

ensure that its analyses and results could be reproduced by others.  The lack of a sufficiently detailed 

protocol has led to an evaluation that was not conducted in a systematic, unbiased, or fully  transparent 

manner. 

 

2.2 Study Quality Is Not Sufficiently Addressed 

In its comments on the draft Integrated Review Plan (IRP) for the National Ambient Air Quality Standards 

for Particulate Matter, CASAC (2016) stated: 

 

The evaluation of study quality was found to be somewhat vague, and the document would 

benefit from additional detail and clarification.  The IRP describes a "uniform approach" 

to study quality, but this is not well supported in the text. It is important to be transparent 

about the process and criteria used in the study quality assessment, and how the quality 

ratings will be used. For example, it is not clear whether every study will be given some 

kind of quality rating, who will do the quality assessments, or whether poor quality studies 

will be rejected from consideration.  The studies that will be reviewed for the ISA cross 

scientific disciplines and include a wide variety of approaches and outcomes.  This limits 

the ability to establish standard quality ratings, as is done in some systematic reviews and 

meta-analyses.  We recommend that the IRP include specific information about the quality 

assessment process and criteria to be used, acknowledging the limitations and difficulties 

involved.  

 

The draft ISA has a table with aspects of study quality that should be considered when evaluating scientific 

evidence on health effects (there is no comparable table for welfare effects).  This table is in Appendix 1 of 

the draft ISA (and reproduced here as Table 2.1).  The text immediately preceding the table says (US EPA, 

2018, p A-1): 
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Table A-1 describes aspects considered in evaluating study quality of controlled human 

exposure, animal toxicological, and epidemiologic studies.  The aspects found in Table A-

1 are consistent with current best practices for reporting or evaluating health science data.  

Additionally, the aspects are compatible with published U.S. EPA guidelines related to 

cancer, neurotoxicity, reproductive toxicity, and developmental toxicity (U.S. EPA, 2005, 

1998, 1996, 1991).  

 

These aspects were not used as a checklist, and judgments were made without considering 

the results of a study.  The presence or absence of particular features in a study did not 

necessarily lead to the conclusion that a study was less informative or to exclude it from 

consideration in the ISA.  Further, these aspects were not used as criteria for determining 

causality in the five-level hierarchy.  As described in the Preamble, causality 

determinations were based on judgments of the overall strengths and limitations of the 

collective body of available studies and the coherence of evidence across scientific 

disciplines and related outcomes.  Table A-1 is not intended to be a complete list of aspects 

that define a study's ability to inform the relationship between PM and health effects, but 

it describes the major aspects considered in this ISA to evaluate studies.  Where possible, 

study elements, such as exposure assessment and confounding (i.e., bias due to a 

relationship with the outcome and correlation with exposures to PM), are considered 

specifically for PM.  Thus, judgments on the ability of a study to inform the relationship 

between an air pollutant and health can vary depending on the specific pollutant being 

assessed. 

 

The table is fairly detailed, and the study quality aspects discussed are generally consistent with those 

considered best practices by several other agencies and organizations.  We agree that it is important that 

these aspects not be used as a checklist, and that they not be used to exclude studies from consideration in 

the draft ISA (exclusion should be based solely on relevance).  We also agree that study results should not 

be considered when evaluating study quality.   

 

However, there are some gaps in the quality evaluation system, and the application of the quality criteria 

has not been performed in a consistent, systematic way.  These shortcomings, discussed in more detail 

below, have resulted in causal conclusions for both health and welfare effects that are not warranted based 

on the weight of scientific evidence. 

 

2.2.1 There Are No Quality Criteria for In Vitro  or Welfare Studies 

In the Preface, the draft ISA states, "Whereas the ISA tends not to focus the evaluation of the health effects 

evidence on in vitro studies, for the purposes of examining the mutagenicity of PM in vitro systems are 

discussed because they inform the biological pathways underlying cancer" (US EPA, 2018, p. P-16).    

 

It is not clear how EPA can determine whether an in vitro study supports or calls into question a causal 

association if  it has not evaluated study quality.  This is particularly true for genotoxicity studies because 

not all in vitro assays of DNA damage predict carcinogenesis.  Types of genetic damage associated with 

cancer involve permanent changes in gene expression, including mutations and structural and numerical 

chromosome aberrations, but cytotoxic DNA damage will  not be sustained in future cell generations 

(Dearfield et al., 2002).  Indicator tests are those that evaluate whether a substance can interact with DNA 

without necessarily causing permanent changes in gene expression, while mutagenicity tests specifically 

evaluate whether a substance can cause gene mutations or permanent alterations in the structure or number 

of chromosomes (Eastmond et al., 2009; WHO, 2007).   
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Indicator tests include those that evaluate sister chromatid exchange, DNA strand breaks (such as the comet 

assay), DNA adducts, and unscheduled DNA synthesis (Eastmond et al., 2009; WHO, 2007).  Positive 

results from indicator tests provide suggestive, but not definitive, evidence that a substance is mutagenic.  

A positive result from a mutagenicity test provides clearer evidence that a substance can cause DNA damage 

that could potentially lead to cancer.  Mutagenicity tests include those that specifically test for mutations 

(such as the Salmonella typhimurium bacterial assay and the mouse lymphoma assay) and those that 

evaluate effects on chromosomes (such as chromosome aberration and micronucleus assays).   

 

Perhaps more importantly, genotoxicity studies vary considerably in their rates of false positive results.  In 

general, there is a known high rate of false positives with many common substances that do not pose a 

carcinogenic risk under human exposure conditions (Dearfield and Moore, 2005; Pottenger et al., 2007).   

 

Despite these critical issues, the draft ISA takes all results of genotoxicity assays at face value, without 

considering the reliability of the available studies.  The draft ISA should have considered study quality of 

all in vitro studies, with a particular focus on methods that have been found to lower false positive results, 

including the use of p53-competent human cells, measures of cytotoxicity based on cell proliferation, 

quality checks on the source and characterization of the cells used, and tests at reduced maximum 

concentration (Corvi and Madia, 2017).  Several existing study quality evaluation systems are available 

from which EPA could draw criteria; one of the more well-developed tools is the SciRap tool, which 

includes a set of criteria for both reporting and methodological quality (in addition to four parameters to 

evaluate relevance) (Beronius et al., 2018).  

 

With regard to welfare effects, there are no specific quality criteria discussed in the draft ISA.  The Preamble 

briefly discusses the importance of using well-established measurement and modeling techniques (US EPA, 

2018), but does not provide a comprehensive and detailed set of criteria to fully assess individual study 

quality.  Detailed quality criteria should be developed for studies of ecological and other welfare effects to 

allow for a consistent and transparent evaluation of individual study quality. 

 

2.2.2 Study Quality Features Impact How Informative a Study Is 

Appendix 1 of the draft ISA (US EPA, 2018) states, "The presence or absence of particular features in a 

study did not necessarily lead to the conclusion that a study was less informative."  Quality and relevance 

are the only factors that determine whether and to what degree a study is informative.  More robust studies 

should be considered more informative, while those with limitations should be considered less informative.  

For example, if  the draft ISA considered a particular statistical model a limitation for one study, it should 

have considered that study less informative than a study that used a more appropriate model.  Similarly, it 

should have concluded that all studies that used this model were less informative unless there was a reason 

to conclude otherwise.  In other words, one particular study strength or limitation could "outweigh" all the 

others in terms of its impact on the interpretation of results.  This critical feature may vary across different 

endpoints or study designs; however, study quality criteria can be tailored to account for this.  EPA should 

have determined critical features for each type of evidence and outcome a priori  and applied study quality 

criteria consistently.   

 

2.2.3 Study Quality Impacts the Strengths and Limitations of the Collective Body of Evidence 

Appendix 1 of the draft ISA (US EPA, 2018) states that "these [quality] aspects were not used as criteria 

for determining causality in the five-level hierarchy.  As described in the Preamble, causality determinations 

were based on judgments of the overall strengths and limitations of the collective body of available studies 

and the coherence of evidence across scientific disciplines and related outcomes."  The collective body of 

studies is made up of individual studies.  The only way to determine the strengths and limitations of the 
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body of studies is to determine the strengths and limitations of each individual study, and studies that are 

of higher quality should be weighed more in the causality determination, regardless of results.  Furthermore, 

all bodies of evidence have some level of inconsistency in results across studies, and without considering 

individual study quality, it is nearly impossible to determine which studies are most likely to reflect the true 

exposure-response relationship (or lack thereof); as such, those studies should be given the most weight 

when making conclusions.  

 

In addition, the draft ISA does not sufficiently address study quality when evaluating exposure-response 

data.  While the lack of a thorough, systematic study quality evaluation is an issue for determining causation, 

it is even more problematic in the context of concentration-response relationships.  For causal 

determinations, studies need to establish the presence of an effect following an exposure, but for 

concentration-response relationships, studies need to not only establish the presence of an effect, but also 

the magnitude of an effect in relation to the level of the exposure.   

 

2.2.4 Table A-1 Should Contain a Complete List of Study Quality Aspects 

Appendix 1 of the draft ISA (US EPA, 2018) states that "Table A-1 is not intended to be a complete list of 

aspects that define a study's ability to inform the relationship between PM and health effects."  However, 

the draft ISA should have included a full  list of every aspect of study quality that EPA used to evaluate how 

informative each study was for causality determinations.  This list should have been developed before the 

evaluation began, and updated as needed, with the caveat that all updates must be justified and documented.  

Without a fully  comprehensive list, individual studies could be evaluated in a biased and inconsistent 

manner (e.g., two studies with the same strengths or limitations could carry different weights in the causal 

analysis). 

 

In addition, the level of detail varies throughout the table.  The table should have included enough 

information so that someone could evaluate the quality of a study in the exact manner as the draft ISA.  As 

it stands, one would not be able to determine how decisions were made for certain studies.   

 

For example, the table should have discussed all of the ways in which PM exposure can be measured, the 

strengths and limitations of each method, the potential for exposure measurement error, and which methods 

carry the most weight.  There should have also been a discussion of statistical methods used among all 

studies evaluated and which specific methods are more robust and why for each study design (e.g., whether 

multiple comparisons have been addressed or whether assumptions in Cox proportional hazard model are 

appropriate).  The table should have addressed specific confounders (e.g., copollutants, socioeconomic 

status [SES], age, weather) in terms of how they are handled in different studies and their likely impact on 

results.  While some confounders, like age, are universal, others will  be specific to the study type, exposure, 

metric, or outcome (e.g., confounders for neurotoxicity studies will  be different than those for cancer 

studies).  For each study type, all known potential confounders should have been listed in the table.  

 

Finally, other factors the draft ISA should have specified in more detail include measurement bias, 

measurement precision, replicability of observations, data reliability, outliers, and selective outcome 

reporting.   

 

2.2.5 Quality Aspects Should be Tabulated for Each Individual Study 

A systematic review involves reviewing the quality of each individual study in the same manner, and 

judging the quality of each study in a consistent manner.  The best way to do this is by using study quality 

tables.   
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Several good examples can be found in Goodman et al. (2018) (in Sections S1.2 in each of the three 

supplements) and Zu et al. (2018) (Study Quality Evaluation in Methods and Results and Table 2).  These 

systematic reviews explicitly state the metrics used to determine study quality for each discipline and what 

constitutes higher and lower quality.  Quality considerations for each study are tabulated, with studies in 

rows and study quality aspects in columns.  All  metrics with lower scores are highlighted, so that the quality 

of the literature is clear.   

 

2.2.6 High-quality Studies Should be Considered Key Studies 

There is no explicit  rationale in the draft ISA regarding the study quality of key studies, or why certain 

studies are considered key evidence, while others of similar quality are not.  Only high-quality studies 

should be considered key studies, and all studies of similar high quality must be considered and weighed 

equally.  For example, a study with positive results should not be weighed more than a study with null 

results if  they are both of the same quality.  The draft ISA should have included a thorough description of 

the reasons why specific studies were selected as key evidence and how they relate to other studies that 

were well conducted but considered as supporting evidence.  

 

2.2.7 Quality of All Studies Should be Considered 

The quality of all studies that contribute to the weight of evidence (WoE) needs to be evaluated.  The 2009 

ISA did not conduct a formal study quality evaluation; thus, all studies included in the 2009 ISA should 

have been evaluated in the same way as the new studies considered for the current draft ISA.  All  evidence 

should have then been re-integrated to determine the causal conclusions, considering the quality of each of 

the available individual studies, new and old.  The draft ISA should have also assessed the quality of studies 

that do not address the PM-health outcome association specifically (e.g., studies that evaluate "at-risk" 

factors), because these studies are still fundamental to EPA's decision making. 

 

2.3 Study Relevance Criteria Should Be Explicit 

Relevance can be an issue for epidemiology studies (e.g., generalizability or relevance to the US 

population), but it is always an important consideration for toxicity and mechanistic studies.  The draft ISA 

should explicitly state criteria that must be met for study results to be considered relevant to the US 

population as a whole, or to "at-risk" populations.  

 

For welfare studies, the Preamble defines ecological effects considered in the ISAs and discusses briefly 

that studies evaluating effects at or near ambient concentrations and conducted in the US and Canada are 

considered more relevant (US EPA, 2015a).  The draft ISA should include more explicit and complete 

relevance criteria for welfare studies. 

 

2.4 Causal Framework Should Be Updated 

The EPA causal framework for evaluating health effects draws its language from sources across the federal 

government and scientific community, and particularly relies on an Institute of Medicine (IOM) report titled 

Improving the Presumptive Disability Decision-making Process for Veterans (IOM, 2008).  Whereas IOM 

recommended four categories for the level of evidence for causation (Table 2.2), EPA has five categories 

for causal relationships (Table 2.3).  Based on these categories, the draft ISA determines which health 

effects will  be evaluated in quantitative risk assessments.  Notably, the draft ISA uses a different framework 

(Table 2.4) for classifying effect modifiers (which it calls "at-risk factors") that is much more similar to the 
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IOM framework, although the draft ISA indicates that this framework is based on EPA's causal framework 

(as shown in Table 2.3). 

 

EPA's causal framework is also ostensibly based on modified Bradford Hill  aspects.  Both the original and 

modified Bradford Hill  aspects (i.e., strength of association, consistency and coherence, biological 

plausibility, biological gradient or exposure-response, specificity, temporality of effect, and adversity) are 

useful tools for evaluating causation; it may be difficult  to ascribe observations to causation if  these aspects 

are not met, whereas it may be difficult  to ascribe observations to anything other than causation if  they are 

met.  In its current form, however, EPA's causal framework is not congruent with the judgments based on 

the original or modified Bradford Hill  aspects.  For example, the framework claims to rely heavily on the 

aspect of consistency across studies in its categorization scheme, but, in practice, EPA does not always 

fully  evaluate consistency or consider other aspects such as coherence, biological plausibility, biological 

gradient, and strength of association.  In many cases, the draft ISA assumes association indicates causation 

even when causal modeling may indicate otherwise. 

 

The draft ISA states that evidence is sufficient to conclude a causal relationship if  "chance, confounding, 

and other biases [can] be ruled out with reasonable confidence" (US EPA, 2018), yet there is no guidance 

on what constitutes "reasonable confidence."  Based on the current framework, the draft ISA cannot reliably 

make that determination, because it does not fully  explore chance, confounding, and other biases in a 

consistent manner.  The draft ISA suggests that "controlled human exposure studies that demonstrate 

consistent effects" constitute evidence for a causal relationship (US EPA, 2018), but it should indicate that 

this is only true if  the exposures are at concentrations relevant to ambient exposure and the results are 

coherent with other lines of evidence.  The draft ISA also indicates that "observational studies that cannot 

be explained by plausible alternatives" constitute evidence for a causal relationship (US EPA, 2018).  Yet, 

the draft ISA does not fully  explore alternative explanations for study results.  Currently, the draft ISA sets 

forth a hypothesis (i.e., a criteria pollutant causes a particular health effect) and determines whether the 

evidence supports that hypothesis.  The draft ISA does not, but should have, fully  explore whether and to 

what degree the evidence supports other hypotheses (e.g., a confounder, rather than the criteria pollutant, 

causes a particular health effect).  It is only in this manner that alternative hypotheses can truly be ruled 

out. 

 

The draft ISA states that evidence is sufficient to conclude a likely causal relationship if  "copollutant 

exposures are difficult  to address and/or other lines of evidence (controlled human exposure, animal, or 

mode of action information) are limited or inconsistent" or if  "animal toxicological evidence from multiple 

studies from different laboratories demonstrate effects, but limited or no human data are available" (US 

EPA, 2018).  The draft ISA concludes that evidence is suggestive of a causal relationship if  "at least one 

high-quality epidemiologic study shows an association with a given health outcome but the results of other 

studies are inconsistent" or if  "a well-conducted toxicological study, such as those conducted in the National 

Toxicology Program (NTP), shows effects in animal species" (US EPA, 2018). 

 

For making determinations regarding causality, it is important to evaluate all available evidence (positive, 

null, and negative) in what is referred to as a WoE evaluation.  Any WoE evaluation, by definition, involves 

a consideration of all lines of evidence in a consistent and coherent manner.  It is not about resolving all 

uncertainty; rather, the goal of a WoE evaluation is to determine whether the evidence as a whole supports 

causation more than it supports a lack of effect.  If  copollutants cannot be addressed or studies are 

inconsistent, the WoE may indicate a lack of causality or inadequate evidence to assess causation.  If  

positive effects in high-dose animal studies cannot be related to humans, this does not constitute suggestive 

evidence; instead, these effects are essentially uninformative regarding causation in humans.  Not every 

study evaluating criteria pollutants is informative for evaluating human health risk, and the draft ISA should 

not place undue weight on these studies. 
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It is notable that the EPA causal framework requires only one high-quality study for evidence of a causal 

relationship to be deemed suggestive.  Under this definition, high-quality studies that are inconsistent with 

evidence of an association may exist, but as long as one high-quality study demonstrates an effect, there 

would still be enough evidence to constitute a suggestive relationship.  Instead, all studies should be 

reviewed using the same criteria, and one should conclude a suggestive causal association only if  the WoE 

indicates that a causal association is more likely than not, based on all the evidence combined.  In situations 

where there are multiple, but inconsistent, high-quality studies, the appropriate conclusion is that the 

evidence is below equipoise (IOM, 2008). 

 

Finally, evaluating the evidence as a whole means that one should evaluate not only how much evidence 

can be adduced to support (or to counter) the hypothesized causal effect, but also how separate lines of 

evidence support (or contradict) one another.  It is critical to determine the most likely explanation for 

discrepancies across studies by evaluating all of the evidence and not selectively considering evidence that 

supports or counters a given hypothesis. 

 

Although the frameworks differ slightly, many of the issues noted above also apply to the causal framework 

for evaluating ecological and other welfare effects.  The issues for both health and welfare effects could 

generally be resolved by updating the draft ISA's categories for causal determination to be more consistent 

with the IOM framework (on which it was based originally), outlined in Table 2.2.  The draft ISA should 

have evaluated all the evidence in a consistent manner, using well-specified criteria, and determined 

whether, as a whole, it constitutes evidence for causation or is more likely to be supportive of an alternative 

hypothesis.  EPA should proceed with a risk assessment on a particular health or welfare effect only if  the 

evidence is clearly supportive of causation (i.e., equipoise and above in the IOM framework). 
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Table 2.1  Scientific Considerations for Evaluating the Strength of Inference from Studies on the Health 
Effects of Particulate Matter 

Study Design 

Controlled Human 
Exposure 

Studies should clearly describe the primary and any secondary objectives of the 
study, or specific hypotheses being tested.  Study subjects should be randomly 
exposed without knowledge of the exposure condition.  Preference is given to 
balanced crossover (repeated measures) or parallel design studies which include 
control exposures (e.g., to clean filtered air).  In crossover studies, a sufficient and 
specified time between exposure days should be provided to avoid carry over 
effects from prior exposure days.  In parallel design studies, all arms should be 
matched for individual characteristics such as age, sex, race, anthropometric 
properties, and health status.  In studies evaluating effects of disease, 
appropriately matched healthy controls are desired for interpretative purposes. 
 

Animal Toxicology Studies should clearly describe the primary and any secondary objectives of the 
study, or specific hypotheses being tested.  Studies should include appropriately 
matched control exposures (e.g., to clean filtered air, time matched).  Studies 
should use methods to limit differences in baseline characteristics of control and 
exposure groups.  Studies should randomize assignment to exposure groups and 
where possible conceal allocation to research personnel.  Groups should be 
subjected to identical experimental procedures and conditions; animal care 
including housing, husbandry, etc.  should be identical between groups.  Blinding of 
research personnel to study group may not be possible due to animal welfare and 
experimental considerations; however, differences in the monitoring or handling of 
animals in all groups by research personnel should be minimized. 
 

Epidemiology Inference is stronger for studies that clearly describe the primary and any 
secondary aims of the study, or specific hypotheses being tested.   
 
For short-term exposure, time-series, case crossover, and panel studies are 
emphasized over cross-sectional studies because they examine temporal 
correlations and are less prone to confounding by factors that differ between 
individuals (e.g., SES, age).  Panel studies with scripted exposures, in particular, can 
contribute to inference because they have consistent, well-defined exposure 
durations across subjects, measure personal ambient pollutant exposures, and 
measure outcomes at consistent, well-defined lags after exposures.  Studies with 
large sample sizes and conducted over multiple years are considered to produce 
more reliable results.  Additionally, multi-city studies are preferred over single-city 
studies because they examine associations large diverse geographic areas using a 
consistent statistical methodology, avoiding the publication bias often associated 
with single-city studies.a  If other quality parameters are equal, multicity studies 
carry more weight than single-city studies because they tend to have larger sample 
sizes and lower potential for publication bias.   
 
For long-term exposure, inference is considered to be stronger for prospective 
cohort studies and case-control studies nested within a cohort (e.g., for rare 
diseases) than cross-sectional, other case-control, or ecologic studies.  Cohort 
studies can better inform the temporality of exposure and effect.  Other designs 
can have uncertainty related to the appropriateness of the control group or validity 
of inference about individuals from group-level data.  Study design limitations can 
bias health effect associations in either direction. 
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Study Population/Test Model 

Controlled Human 
Exposure 

In general, the subjects recruited into study groups should be similarly matched for 
age, sex, race, anthropometric properties, and health status.  In studies evaluating 
effects of specific subject characteristics (e.g., disease, genetic polymorphism, etc.), 
appropriately matched healthy controls are preferred.  Relevant characteristics and 
health status should be reported for each experimental group.  Criteria for 
including and excluding subjects should be clearly indicated.  For the examination 
of populations with an underlying health condition (e.g., asthma), independent, 
clinical assessment of the health condition is ideal, but self-report of physician 
diagnosis generally is considered to be reliable for respiratory and cardiovascular 
disease outcomes.b  The loss or withdrawal of recruited subjects during the course 
of a study should be reported.  Specific rationale for excluding subject(s) from any 
portion of a protocol should be explained. 

 

Animal Toxicology Ideally, studies should report species, strain, substrain, genetic background, age, 
sex, and weight.  Unless data indicate otherwise, all animal species and strains are 
considered appropriate for evaluating effects of PM exposure.  It is preferred that 
the authors test for effects in both sexes and multiple lifestages, and report the 
result for each group separately.  All animals used in a study should be accounted 
for, and rationale for exclusion of animals or data should be specified. 

 

Epidemiology There is greater confidence in results for study populations that are recruited from 
and representative of the target population.  Studies with high participation and 
low drop-out over time that is not dependent on exposure or health status are 
considered to have low potential for selection bias.  Clearly specified criteria for 
including and excluding subjects can aid assessment of selection bias.  For 
populations with an underlying health condition, independent, clinical assessment 
of the health condition is valuable, but self-report of physician diagnosis generally 
is considered to be reliable for respiratory and cardiovascular diseases.b  
Comparisons of groups with and without an underlying health condition are more 
informative if groups are from the same source population.  Selection bias can 
influence results in either direction or may not affect the validity of results but 
rather reduce the generalizability of findings to the target population. 

 

Pollutant 

Controlled Human 
Exposure 

Studies should:  (1) include a composite measure of PM (i.e., PM2.5, PM10ҍ2.5, or 
ultrafine particles [UFP]c) or (2) apply some approach (e.g., particle trap or filter) to 
assess the effects of PM in a complex air pollution mixture (i.e., diesel exhaust, 
gasoline exhaust, wood smoke). 

 

Animal Toxicology Studies should:  (1) include a composite measure of PM (i.e., PM2.5, PM10ҍ2.5, or 
ultrafine particles [UFP]c) or (2) apply some approach (e.g., particle trap or filter) to 
assess the effects of PM in a complex air pollution mixture (i.e., diesel exhaust, 
gasoline exhaust, wood smoke). 
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Epidemiology Health effects are evaluated primarily using a composite measure of PM (i.e., PM2.5, 
PM10ҍ2.5, or ultrafine particles [UFP]c) from studies using ambient measurements, 
model predictions, or a combination of measured and modeled data.  Studies of 
PM components must also include a composite measure of PM.  Studies of source-
related indicators are also evaluated where the indicator is derived using ambient 
PM concentrations. 

 

Exposure Assessment or Assignment 

Controlled Human 
Exposure 

For this assessment, the focus is on studies that utilize PM concentrations <2 
mg/m3.  Studies that use higher exposure concentrations may provide information 
relevant to biological plausibility, dosimetry, or inter-species variation.  Studies 
should have well-characterized pollutant concentration, temperature, and relative 
humidity and/or have measures in place to adequately control the exposure 
conditions.  Preference is given to balanced crossover or parallel design studies 
which include control exposures (e.g., to clean filtered air).  Study subjects should 
be randomly exposed without knowledge of the exposure condition.  Method of 
exposure (e.g., chamber, facemask, etc.) should be specified and activity level of 
subjects during exposures should be well characterized. 

 

Animal Toxicology For this assessment, the focus is on studies that utilize PM concentrations <2 
mg/m3.  Studies that use higher exposure concentrations may provide information 
relevant to biological plausibility, dosimetry, or inter-species variation.  Studies 
should characterize pollutant concentration, temperature, and relative humidity 
and/or have measures in place to adequately control the exposure conditions.  The 
focus is on inhalation exposure.  Non-inhalation exposure experiments (i.e., 
intratracheal instillation [IT]) are informative for size fractions (e.g., PM10ҍ2.5) that 
cannot penetrate the airway of a study animal and may provide information 
relevant to biological plausibility and dosimetry.  In vitro studies may be included if 
they provide mechanistic insight or examine similar effects as in vivo studies, but 
are generally not included.  All studies should include exposure control groups 
(e.g., clean filtered air). 
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Epidemiology Of primary relevance are relationships of health effects with the ambient 
component of PM exposure.  However, information about ambient exposure rarely 
is available for individual subjects; most often, inference is based on ambient 
concentrations.  Studies that compare exposure assessment methods are 
considered to be particularly informative.  Inference is stronger when the duration 
or lag of the exposure metric corresponds with the time course for physiological 
changes in the outcome (e.g., up to a few days for symptoms) or latency of disease 
(e.g., several years for cancer). 

Given that the spatial variability of PM composite measures varies among size 
fractions, with more homogeneity for PM2.5 than either PM10ҍ2.5 or UFP, the need 
for capturing spatial contrasts is stronger for PM10ҍ2.5 or UFP compared with PM2.5.  
Validated measurements, whether averaged across multiple monitors or assigned 
from the nearest or single available monitor, adequately capture temporal or 
spatial variation in exposure to PM2.5 due to the high correlation between personal 
exposure and ambient concentration.  However, for more spatially heterogeneous 
PM10ҍ2.5 and UFP, the spatial correlation between personal exposure and ambient 
concentrations is lower.  Similarly, PM components show increased spatial 
variability relative to PM2.5.  In this case, validated methods that capture the extent 
of variability for the particular study design (temporal vs.  spatial contrasts) and 
location carry greater weight.  Inference based on central site measurements can 
be adequate if correlated with personal exposures, closely located to study 
subjects, highly correlated across monitors within a location, used in locations with 
well-distributed sources, or combined with time-activity information. 

In studies of short-term exposure, temporal variability of the exposure metric is of 
primary interest.  For all PM size fractions, studies that incorporate time-activity 
data with personal or microenvironmental monitoring or modeling data may carry 
greater weight because residential, in-vehicle, and workplace PM exposures may 
differ in their temporal variability.  Results for total personal and indoor PM 
exposure are other lines of evidence that may inform judgments about causality of 
PM ōŜŎŀǳǎŜ ƛƴŦŜǊŜƴŎŜ ƛǎ ōŀǎŜŘ ƻƴ ŀƴ ƛƴŘƛǾƛŘǳŀƭΩǎ ƳƛŎǊƻŜƴǾƛǊƻƴƳŜƴǘŀƭ ŜȄǇƻǎǳǊŜǎ 
and the potential for copollutant confounding may be reduced compared to 
ambient exposures.  Results for total personal exposure can inform understanding 
of the effects of ambient exposure when well correlated with ambient 
concentrations. 

For long-term exposures, methods that well represent within-community spatial 
variation in individual exposure may be given more weight for spatially-variable 
ambient PM10ҍ2.5 or ultrafine particles.  For PM2.5, within-community variation in 
exposure is less important given that PM2.5 tends to be more homogeneous. 

Exposure measurement error often attenuates health effect estimates or increases 
the imprecision of the association (i.e., width of 95% CIs), particularly associations 
based on temporal variation in short-term exposure.  However, exposure 
measurement error can bias estimates away from the null in some epidemiologic 
studies of long-term exposures where the PM size fraction is more spatially 
heterogeneous (i.e., PM10ҍ2.5 or UFP), depending on the locations of the monitor 
and sources with respect to the study population.   

To streamline the health effects discussion on studies that are most policy-
relevant, for those health categories where the 2009 PM ISA concluded a άŎŀǳǎŀƭ 
ǊŜƭŀǘƛƻƴǎƘƛǇέ ǘƘŜ ŦƻŎǳǎ ƛǎ ƻƴ ǎǘǳŘƛŜǎ ǿƛǘƘ ƳŜŀƴ ta2.5 ŎƻƴŎŜƴǘǊŀǘƛƻƴǎ ғнл ˃ƎκƳ3.  
However, studies that examine a previously identified uncertainty or limitation in 
the evidence are evaluated even if mean PM2.5 ŎƻƴŎŜƴǘǊŀǘƛƻƴǎ ŀǊŜ Ҕнл ˃ƎκƳ3. 
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Outcome Assessment/Evaluation 

Controlled Human 
Exposure 

Endpoints should be assessed in the same manner for control and exposure groups 
(e.g., time after exposure, methods, endpoint evaluator) using valid, reliable 
methods.  Blinding of endpoint evaluators is ideal, especially for qualitative 
endpoints (e.g., histopathology).  For each experiment and each experimental 
group, including controls, precise details of all procedures carried out should be 
provided including how, when, and where.  Time of the endpoint evaluations is a 
key consideration that will vary depending on endpoint evaluated.  Endpoints 
should be assessed at time points that are appropriate for the research questions. 

 

Animal Toxicology Endpoints should be assessed in the same manner for control and exposure groups 
(e.g., time after exposure, methods, endpoint evaluator) using valid, reliable 
methods.  Blinding of endpoint evaluators is ideal, especially for qualitative 
endpoints (e.g., histopathology).  For each experiment and each experimental 
group, including controls, precise details of all procedures carried out should be 
provided including how, when, and where.  Time of the endpoint evaluations is a 
key consideration that will vary depending on endpoint evaluated.  Endpoints 
should be assessed at time points that are appropriate for the research questions. 

 

Epidemiology Inference is stronger when outcomes are assessed or reported without knowledge 
of exposure status.  Knowledge of exposure status could produce artefactual 
associations.  Confidence is greater when outcomes assessed by interview, self-
report, clinical examination, or analysis of biological indicators are defined by 
consistent criteria and collected by validated, reliable methods.  Independent, 
clinical assessment is valuable for outcomes such as lung function or incidence of 
disease, but report of physician diagnosis has shown good reliability.b   

 

When examining short-term exposures, evaluation of the evidence focuses on 
specific lags based on the evidence presented in individual studies.  Specifically, the 
following hierarchy is used in the process of selecting results from individual 
studies to assess in the context of results across all studies for a specific health 
effect or outcome: 

 

Á Distributed lag models; 

Á Average of multiple days (e.g., 0-2); 

Á If a priori lag days were used by the study authors these are the effect 
estimates presented; or 

Á If a study focuses on only a series of individual lag days, expert judgment is 
applied to select the appropriate result to focus on considering the time course 
for physiologic changes for the health effect or outcome being evaluated. 

 

When health effects of long-term exposure are assessed by acute events such as 
symptoms or hospital admissions, inference is strengthened when results are 
adjusted for short-term exposure.  Validated questionnaires for subjective 
outcomes such as symptoms are regarded to be reliable,c particularly when 
collected frequently and not subject to long recall.  For biological samples, the 
stability of the compound of interest and the sensitivity and precision of the 
analytical method is considered.  If not based on knowledge of exposure status, 
errors in outcome assessment tend to bias results toward the null. 
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Potential Copollutant Confounding 

Controlled Human 
Exposure 

Exposure should be well characterized to evaluate independent effects of PM of 
various size fractions.  Studies should apply some approach (e.g., particle trap or 
filter) to assess the effects of PM when examining exposures to complex air 
pollution mixtures (i.e., diesel exhaust, gasoline exhaust, wood smoke). 

 

Animal Toxicology Exposure should be well characterized to evaluate independent effects of PM of 
various size fractions.  Studies should apply some approach (e.g., particle trap or 
filter) to assess the effects of PM when examining exposures to complex air 
pollution mixtures (i.e., diesel exhaust, gasoline exhaust, wood smoke). 

 

Epidemiology Not accounting for potential copollutant confounding can produce artefactual 
associations; thus, studies that examine copollutant confounding carry greater 
weight.  The predominant method is copollutant modeling (i.e., two-pollutant 
models), which is especially informative when correlations are not high.  However, 
when correlations are high (r > 0.7), such as those often encountered for UFP and 
other traffic-related copollutants, copollutant modeling is less informative.  
Although the use of single-pollutant models to examine the association between 
PM and a health effect or outcome are informative, ideally studies should also 
include copollutant analyses.  Copollutant confounding is evaluated on an 
individual study basis considering the extent of correlations observed between the 
copollutant and PM, and relationships observed with PM and health effects in 
copollutant models. 

 

Other Potential Confounding Factorsd 

Controlled Human 
Exposure 

Preference is given to studies utilizing experimental and control groups that are 
matched for individual level characteristics (e.g., race/ethnicity, sex, body weight, 
smoking history, age) and time varying factors (e.g., seasonal and diurnal patterns). 

 

Animal Toxicology Preference is given to studies utilizing experimental and control groups that are 
matched for individual level characteristics (e.g., strain, sex, body weight, litter size, 
food and water consumption) and time varying factors (e.g., seasonal and diurnal 
patterns). 

 

Epidemiology Factors are considered to be potential confounders if demonstrated in the scientific 
literature to be related to health effects and correlated with PM.  Not accounting 
for confounders can produce artefactual associations; thus, studies that statistically 
adjust for multiple factors or control for them in the study design are emphasized.  
Less weight is placed on studies that adjust for factors that mediate the 
relationship between PM and health effects, which can bias results toward the null.   

 

Confounders vary according to study design, exposure duration, and health effect 
and may include, but are not limited to the following: 

 

Short-term exposure studies: Meteorology, day of week, season, medication use, 
allergen exposure, and long-term temporal trends. 

 

Long-term exposure studies: Socioeconomic status, race, age, medication use, 
smoking status, stress, noise, and occupational exposures. 
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Statistical Methodology 

Controlled Human 
Exposure 

Statistical methods should be clearly described and appropriate for the study 
design and research question (e.g., correction for multiple comparisons).  
Generally, statistical significance is used to evaluate the findings of controlled 
human exposure studies.  However, consistent trends are also informative.  
Detection of statistical significance is influenced by a variety of factors including, 
but not limited to, the size of the study, exposure and outcome measurement 
error, and statistical model specifications.  Sample size is not a criterion for 
exclusion; ideally, the sample size should provide adequate power to detect 
hypothesized effects (e.g., sample sizes less than 3 are considered less 
informative).  Because statistical tests have limitations, consideration is given to 
both trends in data and reproducibility of results. 

 

Animal Toxicology Statistical methods should be clearly described and appropriate for the study 
design and research question (e.g., correction for multiple comparisons).  
Generally, statistical significance is used to evaluate the findings of animal 
toxicology studies.  However, consistent trends are also informative.  Detection of 
statistical significance is influenced by a variety of factors including, but not limited 
to, the size of the study, exposure and outcome measurement error, and statistical 
model specifications.  Sample size is not a criterion for exclusion; ideally, the 
sample size should provide adequate power to detect hypothesized effects (e.g., 
sample sizes less than 3 are considered less informative).  Because statistical tests 
have limitations, consideration is given to both trends in data and reproducibility of 
results. 

 

Epidemiology Multivariable regression models that include potential confounding factors are 
emphasized.  However, multipollutant models (more than two pollutants) are 
considered to produce too much uncertainty due to copollutant collinearity to be 
informative.  Models with interaction terms aid in the evaluation of potential 
confounding as well as effect modification.  Sensitivity analyses with alternate 
specifications for potential confounding inform the stability of findings and aid in 
judgments of the strength of inference from results.  In the case of multiple 
comparisons, consistency in the pattern of association can increase confidence that 
associations were not found by chance alone.  Statistical methods that are 
appropriate for the power of the study carry greater weight.  For example, 
categorical analyses with small sample sizes can be prone to bias results toward or 
away from the null.  Statistical tests such as t-tests and Chi-squared tests are not 
considered sensitive enough for adequate inferences regarding PM-health effect 
associations.  For all methods, the effect estimate and precision of the estimate 
(i.e., width of 95% CI) are important considerations rather than statistical 
significance. 

Notes:  
CI = Confidence Interval; ISA = Integrated Science Assessment; PM = Particulate Matter; SES = Socioeconomic Status; UFP = 
Ultrafine Particle. 
(a)  US EPA (2008, as cited in US EPA, 2018). 
(b)  Murgia et al. (2014); Weakley et al. (2013); Yang et al. (2011); Heckbert et al. (2004); Barr et al. (2002); Muhajarine et al. 
(1997), Toren et al. (1993); Burney et al. (1989), all as cited in US EPA (2018). 
(c)  UFPs are defined as particles <100 nm in size, but studies often include size fractions larger than 100 nm in the assessment of 
the relationship between UFP exposure and health effects. 
(d)  Many factors evaluated as potential confounders can be effect measure modifiers (e.g., season, comorbid health condition) 
or mediators of health effects related to PM (comorbid health condition).  The relationship between an air pollutant and health 
can vary depending on the specific pollutant being assessed. 
Source:  Adapted from US EPA (2018, Table A-1).  



 

   16 

 

Table 2.2  Institute of Medicine's Recommended Categories for the Level of Evidence for Causation 
Causal Determination Evidence 

Sufficient The evidence is sufficient to conclude that a causal relationship exists.  For 
example:  a) replicated and consistent evidence of an association from several 
high-quality epidemiologic studies that cannot be explained by plausible noncausal 
alternatives (e.g., chance, bias, or confounding); or b) evidence of causation from 
animal studies and mechanistic knowledge; or c) compelling evidence from animal 
studies and strong mechanistic evidence from studies in exposed humans, 
consistent with (i.e., not contradicted by) the epidemiologic evidence. 

Equipoise and above The evidence is sufficient to conclude that a causal relationship is at least as likely 
as not, but not sufficient to conclude that a causal relationship exists.  For 
example:  a) evidence of an association from the preponderance of several high-
quality epidemiologic studies that cannot be explained by plausible noncausal 
alternatives (e.g., chance, bias, or confounding) as well as animal evidence and 
biological knowledge consistent with a causal relationship; or b) strong evidence 
from animal studies or mechanistic evidence that is not contradicted by human or 
other evidence. 

Below equipoise The evidence is not sufficient to conclude that a causal relationship is at least as 
likely as not, or is not sufficient to make a scientifically informed judgment.  For 
example:  a) consistent human evidence of an association that is limited by the 
inability to rule out chance, bias, or confounding with confidence, and weak animal 
or mechanistic evidence; or b) animal evidence suggestive of a causal relationship, 
but weak or inconsistent human and mechanistic evidence; or c) mechanistic 
evidence suggestive of a causal relationship, but weak or inconsistent animal and 
human evidence; or d) the evidence base is very thin. 

Against The evidence suggests the lack of a causal relationship.  For example:  a) consistent 
human evidence of no causal association from multiple studies covering the full 
range of exposures encountered by humans; or b) animal or mechanistic evidence 
supportive of a lack of a causal relationship. 

Note: 
Source:  IOM (2008). 
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Table 2.3  EPA's Weight of Evidence for Causal Determination 
Causal Determination Health Effects Ecological and Other Welfare Effects 

Causal relationship Evidence is sufficient to conclude that there is a causal 
relationship with relevant pollutant exposures (e.g., doses or 
exposures generally within one to two orders of magnitude of 
recent concentrations).  That is, the pollutant has been shown 
to result in health effects in studies in which chance, 
confounding, and other biases could be ruled out with 
reasonable confidence.  For example:  (1) controlled human 
exposure studies that demonstrate consistent effects, or (2) 
observational studies that cannot be explained by plausible 
alternatives or that are supported by other lines of evidence 
(e.g., animal studies or mode of action information).  Generally, 
the determination is based on multiple high-quality studies 
conducted by multiple research groups. 

Evidence is sufficient to conclude that there is a causal 
relationship with relevant pollutant exposures.  That is, the 
pollutant has been shown to result in effects in studies in 
which chance, confounding, and other biases could be ruled 
out with reasonable confidence.  Controlled exposure studies 
(laboratory or small- to medium-scale field studies) provide the 
strongest evidence for causality, but the scope of inference 
may be limited.  Generally, the determination is based on 
multiple studies conducted by multiple research groups, and 
evidence that is considered sufficient to infer a causal 
relationship is usually obtained from the joint consideration of 
many lines of evidence that reinforce each other. 

Likely to be a causal 
relationship 

Evidence is sufficient to conclude that a causal relationship is 
likely to exist with relevant pollutant exposures.  That is, the 
pollutant has been shown to result in health effects in studies 
where results are not explained by chance, confounding, and 
other biases, but uncertainties remain in the evidence overall.  
For example:  1) observational studies show an association, but 
copollutant exposures are difficult to address and/or other 
lines of evidence (controlled human exposure, animal, or mode 
of action information) are limited or inconsistent, or (2) animal 
toxicological evidence from multiple studies from different 
laboratories demonstrate effects, but limited or no human data 
are available.  Generally, the determination is based on 
multiple high-quality studies. 

Evidence is sufficient to conclude that there is a likely causal 
association with relevant pollutant exposures.  That is, an 
association has been observed between the pollutant and the 
outcome in studies in which chance, confounding, and other 
biases are minimized but uncertainties remain.  For example, 
field studies show a relationship, but suspected interacting 
factors cannot be controlled, and other lines of evidence are 
limited or inconsistent.  Generally, the determination is based 
on multiple studies by multiple research groups. 
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Causal Determination Health Effects Ecological and Other Welfare Effects 

Suggestive of a causal 
relationship 

Evidence is suggestive of a causal relationship with relevant 
pollutant exposures but is limited, and chance, confounding, 
and other biases cannot be ruled out.  For example:  (1) when 
the body of evidence is relatively small, at least one high-
quality epidemiologic study shows an association with a given 
health outcome and/or at least one high-quality toxicological 
study shows effects relevant to humans in animal species, or 
(2) when the body of evidence is relatively large, evidence from 
studies of varying quality is generally supportive but not 
entirely consistent, and there may be coherence across lines of 
evidence (e.g., animal studies or mode of action information) 
to support the determination. 

Evidence is suggestive of a causal relationship with relevant 
pollutant exposures, but chance, confounding, and other 
biases cannot be ruled out.  For example, at least one high-
quality study shows an effect, but the results of other studies 
are inconsistent. 

Inadequate to infer a 
causal relationship 

Evidence is inadequate to determine that a causal relationship 
exists with relevant pollutant exposures.  The available studies 
are of insufficient quantity, quality, consistency, or statistical 
power to permit a conclusion regarding the presence or 
absence of an effect. 

Evidence is inadequate to determine that a causal relationship 
exists with relevant pollutant exposures.  The available studies 
are of insufficient quality, consistency, or statistical power to 
permit a conclusion regarding the presence or absence of an 
effect. 

Not likely to be a causal 
relationship 

Evidence indicates there is no causal relationship with relevant 
pollutant exposures.  Several adequate studies, covering the 
full range of levels of exposure that human beings are known 
to encounter and considering at-risk populations and lifestages, 
are mutually consistent in not showing an effect at any level of 
exposure. 

Evidence indicates there is no causal relationship with relevant 
pollutant exposures.  Several adequate studies examining 
relationships with relevant exposures are consistent in failing 
to show an effect at any level of exposure. 

Notes: 
EPA = United States Environmental Protection Agency. 
Source:  US EPA (2015b, Table III). 

 



 

19 

 

Table 2.4  EPA's Classification of Evidence for Potential At-risk Factorsa 

Classification Health Effects 

Adequate evidence  There is substantial, consistent evidence within a discipline to conclude that a 
factor results in a population or lifestage being at increased risk of air 
pollutant-related health effect(s) relative to some reference population or 
lifestage.  Where applicable, this evidence includes coherence across 
disciplines.  Evidence includes multiple high-quality studies.  

Suggestive evidence  The collective evidence suggests that a factor results in a population or 
lifestage being at increased risk of an air pollutant-related health effect(s) 
relative to some reference population or lifestage, but the evidence is limited 
due to some inconsistency within a discipline or, where applicable, a lack of 
coherence across disciplines.  

Inadequate evidence  The collective evidence is inadequate to determine if a factor results in a 
population or lifestage being at increased risk of an air pollutant-related 
health effect(s) relative to some reference population or lifestage.  The 
available studies are of insufficient quantity, quality, consistency, and/or 
statistical power to permit a conclusion to be drawn.  

Evidence of no effect  There is substantial, consistent evidence within a discipline to conclude that a 
factor does not result in a population or lifestage being at increased risk of air 
pollutant-related health effect(s) relative to some reference population or 
lifestage.  Where applicable, the evidence includes coherence across 
disciplines.  Evidence includes multiple high-quality studies. 

Notes: 
EPA = United States Environmental Protection Agency. 
(a)  An "at-risk factor" is best described as an effect modifier, which is a technical term defined in epidemiology as a 
variable that differentially modifies the observed effect of a risk factor on disease status. 
Source:  US EPA (2015b, Table III). 
 

2.5 Implications for Causal Determinations of Health and Welfare Effects 

As discussed above, the review process lacks an a priori detailed protocol, and as a result, is not systematic 

and not consistent across studies, endpoints, or disciplines.  Study quality is not sufficiently considered 

when appraising and integrating evidence.  In addition, the causal framework employed by EPA is biased 

towards causality.  These limitations call into question the validity of the causal determinations with regard 

to the health and welfare effects of PM in the draft ISA.  The draft ISA's conclusions regarding the causal 

and likely causal relationships between PM exposures and various health and welfare effects are not based 

on a systematic and unbiased evaluation.    
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3 Concentration-response Relationships 

The draft ISA indicates that recent epidemiology studies of long-term PM2.5 exposure and mortality 

generally "support a linear, no-threshold relationship, especially at lower ambient PM2.5 concentrations, 

with confidence in some studies in the range of 5-8 ɛg/m3" (US EPA, 2018, p. 1-50).  The draft ISA also 

indicates that while most epidemiology studies of long-term PM2.5 exposure and cardiovascular (CV) 

outcomes (i.e., morbidity or mortality) support a linear, no-threshold relationship, some studies suggest a 

supralinear concentration-response relationship.  With regard to short-term PM2.5 exposure and mortality, 

the draft ISA indicates that epidemiology studies conducted in the US provide evidence for a linear 

relationship at concentrations as low as 5 ɛg/m3. 

 

The draft ISA does not systematically evaluate the quality of these studies or fully  consider potential biases 

and uncertainties when evaluating the evidence regarding the shape of concentration-response curves.  In 

addition, the draft ISA's evaluation of concentration-response relationships is not systematic or consistent 

across outcomes.  Below, we discuss in more detail how the observed concentration-response relationships 

between PM2.5 and mortality/morbidity outcomes observed in epidemiology studies were likely impacted 

by many biases and uncertainties, and thus should not be a basis to set the level of the National Ambient 

Air Quality Standards (NAAQS).  We also point out several issues in the draft ISA's evaluation of this 

topic. 

 

3.1 Epidemiology Studies Do Not Establish a Linear, No-threshold Relationship 
Between Long-term PM2.5 Exposure and Total Mortality  or Cardiovascular 
Mortality/Morbidity  

3.1.1  Bias and Uncertainty Undermine Mortality  Epidemiology Study Results 

The draft ISA discusses a number of epidemiology studies that evaluated the concentration-response 

relationship between long-term PM2.5 exposure and total mortality (Section 11.2.4, Table 11-7 in the draft 

ISA).  Here, we present key characteristics and main results of all of these studies in Table 3.1, and sources 

of bias and uncertainty in Table 3.2.   

 

Based on the study quality considerations outlined in the Preamble for the ISAs (US EPA, 2015a) and 

Appendix 1 in the draft ISA (US EPA, 2018), we considered several broad categories where biases and 

uncertainties could arise, including exposure assessment, adjustment for individual-level covariates and 

ecological covariates, evaluation of copollutants, and statistical analyses.  Within each category, we 

considered various methodological issues that impact study quality and the potential for bias.  For example, 

with regard to exposure assessment, we considered whether a study only used central site monitoring data 

with low spatial resolutions, whether PM2.5 exposure estimates were validated, whether the temporal 

variation or residential mobility was accounted for, whether PM2.5 exposures in multiple time periods were 

evaluated to identify the most relevant exposure windows, and whether the exposure period appropriately 

matched the follow-up period for mortality.   

 

As shown in Table 3.2, the studies of long-term PM2.5 exposure and total mortality had many 

methodological limitations that likely led to substantial biases and/or uncertainties in the results.  While 

most studies used and validated PM2.5 exposure estimates at a relatively high spatial resolution, the potential 
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for exposure measurement error was likely high for several other aspects of the exposure assessment.  A 

striking limitation of most of these studies is a mismatch between the PM2.5 exposure period and the follow-

up period for mortality.  For at least some of the participants, the PM2.5 exposure periods included time after 

death, which violates the temporality rule in causality (i.e., the cause has to occur before the effect).  In 

addition, several studies did not account for temporal variation in the PM2.5 exposure, using a time-invariant 

exposure estimate in the analyses.  Also, more than half of the studies did not account for residential 

mobility, likely resulting in considerable exposure measurement error.  Most studies did not assess PM2.5 

in multiple time periods to identify the most relevant exposure window. 

 

Confounding is another major issue in these studies.  Although most studies considered a number of 

individual-level and community-level covariates, residential and unmeasured confounding were likely 

present.  For example,  recent studies have shown that both individual and community SES have a 

considerable impact on mortality (Stringhini et al., 2017; Steel et al., 2018).  Although most epidemiology 

studies adjusted for some socioeconomic factors at individual and/or community level when evaluating the 

concentration-response relationship between long-term PM2.5 exposure and mortality, these socioeconomic 

factors were measured crudely and likely did not entirely account for the effects of individual and 

community SES on mortality, thus residual confounding by SES is likely.  In addition, few studies 

accounted for individual smoking, diet, and exercise, or community-level confounders such as access to 

and quality of health care and violence.  The lack of robust adjustment for these factors significantly 

increased the uncertainty in the study results.  

 

In addition, most studies did not assess or adjust for copollutants; thus the observed concentration-response 

relationships in these studies may not reflect the independent effects of PM2.5.   

 

With regard to statistical analyses, none of the studies accounted for multiple comparisons.  Most studies 

did not test the assumptions of the statistical models used, statistically test nonlinearity, or specifically 

assess the presence of a potential threshold.  When studies used natural splines to examine the shape of the 

concentration-response curves, the curves were sensitive to the degree of freedom chosen, indicating the 

results were not robust. 

 

Collectively, the epidemiology studies of long-term PM2.5 and total mortality suffered from considerable 

methodological limitations which likely had substantial impact on the validity of the study results.  These 

studies are not sufficiently robust to establish a linear, no-threshold concentration-response relationship. 

 

3.1.2  No Evidence for a Linear Relationship with Total Mortality  Down to 5-8 ˃ Ǝ/ m3 PM2.5 

The draft ISA indicates that Lepeule et al. (2012), Shi et al. (2016), and Di et al. (2017a) "observed linear, 

no-threshold concentration-response relationships for total (nonaccidental) mortality, with confidence in 

the relationship down to a concentration of 8, 5, and 6 ɛg/m3, respectively."  However, each of these studies, 

as presented in Tables 3.1 and 3.2, suffered from several key methodological limitations that considerably 

increased the uncertainty in the study results and likely undermined the validity of the observed 

concentration-response relationships. 

 

Lepeule et al. (2012) conducted an updated analysis of the Harvard Six City (HSC) cohort with mortality 

follow-up from 1974 to 2009.  To estimate individual PM2.5 exposures, Lepeule et al. (2012) relied on one 

fixed-site monitor in each of the six cities from 1979 to 1986-1988, then estimated PM2.5 concentrations 

from monitored PM10 data and visibility  data between 1986-1988 and 1998, and finally used direct 

measurements of PM2.5 by EPA monitors.  This process considerably increased the uncertainty in the PM2.5 

exposure estimates.   
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Another critical limitation of Lepeule et al. (2012) is confounding.  Only several individual-level covariates 

(including smoking status and pack-years) were adjusted for in the statistical analyses, with education level 

being the only socioeconomic-related measure.  Residual confounding by socioeconomic factors and 

unmeasured confounding (e.g., diet and physical activity) were likely present.  In addition, Lepeule et al. 

(2012) did not adjust for any community-level covariates or copollutants. 

 

Exposure measurement error and confounding severely undermine the observed concentration-response 

relationship; thus Lepeule et al. (2012) did not establish a linear, no-threshold concentration-response 

relationship for total mortality, with confidence in the relationship down to a concentration of 8 ɛg/m3.  

 

The analysis by Shi et al. (2016) was conducted among Medicare enrollees in the New England area in the 

US from 2003 to 2008.  While the authors used validated models to estimate the 12-month average PM2.5 

concentrations prior to death or censoring, the validity of the PM2.5 estimates was limited by the quality of 

the input variables such as the Aerosol Optical Depth (AOD) data, as satellite-based AOD measurements 

can be biased by unresolved cloud, water vapor, and smoke.  Because Medicare records do not provide 

information on address changes, the authors had to assume that subjects remained at the same address for 

the duration of the study period.  Also, considering the potential mechanisms underlying the PM2.5 effect 

on mortality, the 12-month period prior to death likely was not the relevant exposure window.  In addition, 

Shi et al. (2016) did not exclude deaths from unnatural causes, which likely biased the results.  Finally, no 

individual-level confounders were adjusted for in the analyses, which severely undermined the validity of 

the observed concentration-response relationship. 

 

Di et al. (2017a) evaluated the relationship between long-term PM2.5 exposure and total mortality in 

Medicare enrollees in the continental US from 2000 to 2012.  They used a different model than Shi et al. 

(2016) to estimate PM2.5 concentrations.  Although this model was validated and more flexible regarding 

complex nonlinear relationships, it still depended on the same input variables as the exposure model used 

by Shi et al. (2016).  Thus, the validity of PM2.5 estimates was still impacted by the issues discussed above 

with these input data.  In addition, because Medicare records were used, residential mobility was not 

accounted for and deaths from unnatural causes were not excluded, resulting in errors in exposure and 

outcome assessments.  The annual PM2.5 concentration in the year prior to death or censoring was evaluated 

in the concentration-response analysis, which likely was not the relevant exposure window, as discussed 

above.  Regarding the adjustment for confounders, while Di et al. (2017a) included several individual-level 

covariates, important confounders such as smoking and BMI  were not available for the Medicare cohort. 

 

In light of these methodological limitations, the concentration-response relationships reported by Shi et al. 

(2016) and Di et al. (2017a) are not sufficiently robust in general, and do not establish a linear, no-threshold 

relationship for total mortality down to PM2.5 concentrations of 5-6 ɛg/m3.  
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Table 3.1  Key Characteristics and Results of Epidemiology Studies of Long-term PM2.5 Exposure and Total Mortality 
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Notes:  
AMI = Acute Myocardial Infarction; BME = Bayesian Maximum Entropy; BMI = Body Mass Index; CI = Confidence Interval; COPD 
= Chronic Obstructive Pulmonary Disease; CPS-II = Cancer Prevention Study II; C-R = Concentration-response; CTM = Chemical 
Transport Model; df = Degrees of Freedom; IQR = Interquartile Range; LUR = Land-use Regression; MI = Myocardial Infarction; NA 
= Not Applicable; NO2 = Nitrogen Dioxide; NR = Not Reported; O3 = Ozone; PM2.5 = Particulate Matter Less Than 2.5 Microns in 
Diameter; PMSA = Primary Metropolitan Statistical Area; ppb = Parts Per Billion; SD = Standard Deviation; SES = Socioeconomic 
Status. 
(a)  PM2.5 moving average was 1 year before death or censor for all-cause deaths, 1-3 years for cardiovascular and lung cancer 
deaths, and 1-5 years for COPD deaths. 
(b)  PM2.5 estimates were obtained from centrally located monitors from 1974 to 1986-1988, depending on the city; EPA PM10 
monitors from the end of monitoring until 1998; and EPA PM2.5 monitors from 1999 to 2009. 
(c)  Mean ± SD of PM2.5 quartiles:  Q1: 32.6 ± 1.03; Q2: 34.6 ± 0.43; Q3: 36.2 ± 0.53; Q4: 38.8 ± 1.34. 
(d) Results presented as percent increase in mortality. 
(e) The analysis was restricted only to person time with chronic PM2.5 < 10 µg/m3. 
(f)  The p-value for the Norway cohort was significant (0.03); all other cohort p-values were > 0.05.
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Table 3.2  Sources of Bias and Uncertainty in Epidemiology Studies of Long-term PM2.5 Exposure and Total Mortality  This table summarizes several broad 
methodological categories where biases and uncertainties could arise in estimated concentration-response relationships between long-term PM2.5 exposure and total 
mortality, including exposure assessment, individual-level covariates, ecological covariates, evaluation of copollutants, and statistical analyses.  Red shading indicates the 
potential for bias and/or the presence of uncertainty with regard to a specific methodological characteristics, but does not reflect the magnitude of such a bias/uncertainty 
on study results.  Unshaded cells indicate there are no apparent biases/uncertainties.  For example, Crouse et al. (2012) did not account for temporal variation when 
assessing PM2.5 exposure, thus the red shading with an "X" reflects the potential for bias and the presence of uncertainty in this aspect.  In addition, Crouse et al. (2012) 
did not report how information on covariates was collected, therefore, red shading with an "NR" indicates the potential for bias and the presence of uncertainty with 
regard to information bias. 

 
Notes: 
C-R = Concentration-response; df = Degrees of Freedom; NR = Not Reported; PM2.5 = Particulate Matter Less Than 2.5 Microns in Diameter.
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3.1.3 Bias and Uncertainty Undermine Observed Concentration-response Relationships for 
Cardiovascular Effects 

The draft ISA discusses a number of epidemiology studies of CV morbidity (Section 6.2.16, Table 6-51 of 

the draft ISA) and mortality (Section 6.2.16, Table 6-52 of the draft ISA) that evaluated the concentration-

response relationships with long-term PM2.5 exposure.  Similar to the total mortality studies, we tabulated 

key characteristics and main results of these studies in Tables 3.3 (morbidity) and 3.4 (mortality), and 

sources of bias and uncertainty in Tables 3.5 (morbidity) and 3.6 (mortality). 

 

As demonstrated in Tables 3.5 and 3.6, studies of CV morbidity and mortality had similar methodological 

limitations as the total mortality studies, with the most bias and uncertainty in the exposure assessments 

and confounding adjustment.  Most studies had mismatched exposure and follow-up periods, did not 

account for time variation in PM exposures, or did not try to identify the most relevant exposure windows.  

Exposure measurement error in these studies were likely substantial.  Confounding at the individual level 

(e.g., physical activity, SES) and/or the community level (e.g., access to and quality of health care, violence) 

was also a major issue in these studies.  In addition, the statistical analyses were generally insufficient to 

establish the shape of the concentration-response curves because, as indicated in the draft ISA, most studies 

did not conduct a thorough evaluation of alternatives to linearity. 

 

In light of these limitations, epidemiology studies do not provide strong evidence for any specific 

concentration-response relationship between long-term PM2.5 exposure and CV effects, particularly in the 

low PM2.5 concentrations. 

 

3.1.4 The Draft ISA's Evaluation of the Concentration-response Relationships Is Flawed 

There are several issues with the draft ISA's evaluation of concentration-response data.  As discussed in 

Section 2, the draft ISA does not sufficiently address study quality.  While the lack of a thorough, systematic 

study quality evaluation is an issue for determining causation, it is even more problematic in the context of 

concentration-response relationships.  For causal determinations, studies need to establish the presence of 

an effect following an exposure, but for concentration-response relationships, studies need to not only 

establish the presence of an effect, but also the magnitude of an effect in relation to the level of the exposure.   

 

The draft ISA does not present any study quality evaluations for the epidemiology studies on which it relies 

for concentration-response relationships.  For example, the draft ISA indicates that these epidemiology 

studies used a variety of statistical methods but does not discuss the strengths and limitations of these 

statistical methods or consider whether these methods were appropriately used in the studies.  The draft 

ISA also does not consider sensitivity analyses in studies where the observed concentration-response 

relationships were sensitive to the degrees of freedom chosen for the natural spline, indicating that the 

results were not robust.   

 

A major source of bias and uncertainty in epidemiology studies is exposure assessment.  Analyses by 

Rhomberg et al. (2011) and Cox (2018) demonstrates that exposure measurement error tends to linearize 

the estimated concentration-response relationship and mask any true threshold.  Despite acknowledging 

that exposure measurement error can lead to bias in either direction regarding estimation of health effects, 

the draft ISA does not consider this issue when evaluating concentration-response data.      

 

Setting aside the issues of study quality, the draft ISA does not fully  consider the consistency of the results 

across studies.  For total mortality, as acknowledged in Section 11.2.4 of the draft ISA, while several studies 

observed a linear relationship, some studies suggested a supralinear relationship or the presence of a 
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threshold.  The draft ISA concludes a linear, no-threshold concentration-response relationship without 

giving any rationale for disregarding studies that support nonlinear or threshold relationships. 

 

In contrast, for CV effects, the draft ISA states that the interpretation of the concentration-response data is 

complicated by "both the lack of thorough empirical evaluations of alternatives to linearity as well as the 

results from cut-point analyses that provide some potential indication for nonlinearity in the relationship 

between long-term PM2.5 exposure and cardiovascular disease" (Section 6.2.16, P 6-203).  These issues are 

also applicable to studies of total mortality, but the draft ISA does not address them when evaluating the 

concentration-response relationship for total mortality.  This indicates that the draft ISA does not take a 

consistent approach to evaluate concentration-response data across endpoints.   
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Table 3.3  Key Characteristics and Results of Epidemiology Studies of Long-term PM2.5 Exposure and 
Cardiovascular Morbidity 
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Notes:  
BC = Black Carbon; BMI = Body Mass Index; CO = Carbon Monoxide; COPD = Chronic Obstructive Pulmonary Disease; CPS-II = 
Cancer Prevention Study II; CT = Computed Tomography; C-R = Concentration-response; df = Degrees of Freedom; IQR = 

Interquartile Range; LUR = Land-use Regression; MDCT = Multiple Detector Computed Tomography; NA = Not Applicable; NO2 = 

Nitrogen Dioxide; NR = Not Reported; O3 = Ozone; PM2.5 = Particulate Matter Less Than 2.5 Microns in Diameter; ppb = Parts Per 
Billion; SO2 = Sulfur Dioxide. 
(a)  For the year 2003.  
(b)  Results presented in Agatston units/year. 
(c) End of follow-up period was not reported; mean duration of follow-up was 11.5 years. 
  



 

   33 

 

 
 
 
 
Table 3.4  Key Characteristics and Results of Epidemiology Studies of Long-term PM2.5 Exposure and 
Cardiovascular Mortality 
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Notes: 
Maximum Entropy; BMI = Body Mass Index; CHD = Coronary Heart Disease; COPD = Chronic Obstructive Pulmonary Disease; CPS-
II = Cancer Prevention Study II; C-R = Concentration-response; EPA = United States Environmental Protection Agency; df = Degrees 
of Freedom; HR = Hazard Ratio; LUR = Land-use Regression; NO2 = Nitrogen Dioxide; NR = Not Reported; O3 = Ozone; PM2.5 = 
Particulate Matter Less Than 2.5 Microns in Diameter; PMSA = Primary Metropolitan Statistical Area; ppb = Parts Per Billion; SD 
= Standard Deviation; SES = Socioeconomic Status.  
(a)  PM2.5 moving average was 1 year before death or censor for all-cause deaths, 1-3 years for cardiovascular and lung cancer 
deaths, and 1-5 years for COPD deaths.  
(b)  Centrally located monitors: from 1974 to 1986-1988, depending on the city; EPA PM10 monitors: from the end of monitoring 
until 1998; EPA PM2.5 monitors: from 1999 to 2009. 
(c)  Most models averaged data for 2002-2004, except one model (PM2.5 RS 01-06) that averaged data for 2001-2006.  
(d)  Jerrett et al. (2016) used six exposure models described in other published studies plus one model developed for this study:  
PM2.5 HBMCMAQ 02-04 yielded estimates at 36 km spatial resolution; PM2.5 RS 01-06 and PM2.5 BME 02-04, at 10 km; PM2.5 No 
GWR RS 02-04 and PM2.5 GWR RS 02-04, at 1 km; PM2.5 BMELUR 02-04 and PM2.5 BMELURRS 02-04, at 30 m. 
(e)  HR (95% CI) was 2.21 (1.17, 4.16) for definite diagnosis of CHD, 1.26 (0.62, 2.56) for possible diagnosis of CHD.














































