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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 PM2s exposure and
mortality generally support a linear, no-threshold relationship, with confidence in some studies in the range
of 5-8 pug/m*. It also concludes that long-term PM_s 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

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

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.

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.

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.

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

» 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 (PM2s) 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 PMzs
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 PM2s
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 s exposure and mortality
generally support a linear, no-threshold relationship with confidence in some studies in the range of
5-8 ug/m®. The draft ISA also discusses evidence from cardiovascular (CV) endpoints as supportive for
PM s effects at low concentrations. With regard to short-term PM2 s 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 ug/m®. 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 PM, s 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 PM_s exposure and mortality generally support a linear, no-threshold
relationship, with confidence in some studies in the range of 5-8 ug/m®. It also concludes that long-term
PM.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 PMs 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 pg/m°. Sections 4 and 5 discuss the epidemiology and
toxicology/mechanistic evidence regarding long-term PM s 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 (I0OM, 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 (I0M, 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.? 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.” 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.?
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., PMys, PMyg-35, Or
ultrafine particles [UFP]) 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., PMss, PMig_5, Or
ultrafine particles [UFP]) 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., PM3s,
PMjo-25, or ultrafine particles [UFP]¢) 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., PMio-25) 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 PM, s than either PMyo-,5 or UFP, the need
for capturing spatial contrasts is stronger for PM1_,5 or UFP compared with PM,s.
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 PM, s due to the high correlation between personal
exposure and ambient concentration. However, for more spatially heterogeneous
PMjio-25 and UFP, the spatial correlation between personal exposure and ambient
concentrations is lower. Similarly, PM components show increased spatial
variability relative to PM,s. 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 because inference is based on an individual’s microenvironmental exposures
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 PMyo-, 5 or ultrafine particles. For PM,s, within-community variation in
exposure is less important given that PM, s 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% Cls), 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., PM1o-2 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 “causal
relationship” the focus is on studies with mean PM,s concentrations <20 pg/m3.
However, studies that examine a previously identified uncertainty or limitation in
the evidence are evaluated even if mean PM,s concentrations are >20 pg/m3.
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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.?

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:

= Distributed lag models;

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

= |f a priori lag days were used by the study authors these are the effect
estimates presented; or

= |f 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,® 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 Factors®

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 Statistical methods should be clearly described and appropriate for the study
Exposure 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% Cl) are important considerations rather than statistical
significance.

Notes:

Cl = 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).
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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

Evidence indicates there is no causal relationship with relevant

Evidence indicates there is no causal relationship with relevant

relationship pollutant exposures. Several adequate studies, covering the pollutant exposures. Several adequate studies examining
full range of levels of exposure that human beings are known relationships with relevant exposures are consistent in failing
to encounter and considering at-risk populations and lifestages, to show an effect at any level of exposure.
are mutually consistent in not showing an effect at any level of
exposure.
Notes:

EPA = United States Environmental Protection Agency.
Source: US EPA (2015b, Table 1l1).
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Table 2.4 EPA's Classification of Evidence for Potential At-risk Factors?

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 I11).

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 PM2s exposure and mortality
generally "support a linear, no-threshold relationship, especially at lower ambient PM,s concentrations,
with confidence in some studies in the range of 5-8 pg/m*" (US EPA, 2018, p. 1-50). The draft ISA also
indicates that while most epidemiology studies of long-term PM.s 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 PM; s 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 pg/m?.

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 s 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 PM; s 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 PM2s 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 PM2s exposure estimates were validated, whether the temporal
variation or residential mobility was accounted for, whether PM_s 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 PM.s 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 PM. s 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 PM; s exposure period and the follow-
up period for mortality. For at least some of the participants, the PM.s 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 PM; s 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 PMas
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 PM, s 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 PMs.

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 PM;s 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 pg/m3PM,s

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 ug/m?®, 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 PM. s exposures, Lepeule et al. (2012) relied on one
fixed-site monitor in each of the six cities from 1979 to 1986-1988, then estimated PM, s concentrations
from monitored PMj, data and visibility data between 1986-1988 and 1998, and finally used direct
measurements of PM2 s by EPA monitors. This process considerably increased the uncertainty in the PMzs
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 ug/m?®.

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 PMzs
concentrations prior to death or censoring, the validity of the PM2 s 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 PM. s 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 PM.s 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 PM_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 PM. s 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 PM. s 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 PM_ s concentrations of 5-6 pg/m®.
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Table 3.1 Key Characteristics and Results of Epidemiology Studies of Long-term PM; s Exposure and Total Mortality

Characteristics and Results Crouse et al. [2012) Crouse et al. [2015) villeneuve et al . [2015)
Location Canada Canada canada
Study Type cohort cohort Cohort
Source Population CanCHEC CanCHEC CMBSS
Sample Size 2.1 miillion 2.5 million 89,248
Study Period 1991-2001 (11-year) 1951-2006 | 16-year) 1930-2005 |26-year)
Exposure Metric annual mean PM. . redian annual PM. annual mean P, .
Exposure period 2001- 2006 1995-2006 1993- 2006
Exposure windows Single Single single
Spatial scale 20 km grid 10 ki grid 10 km grid
Tempaoral variation Tirme-invariant Time-invariant Time-invariant
Residential mability Mot considered Considered Mot considerad
Source Satellite-based estimates satellite- based estimates satellite-based estimates, GEOS-chem
models
Level jpg/m’) Mean 5D | 87t39 IR | 5.8 edian (range) | 9.1(1.3, 17.6)
Outcome Endpaoint Mon-accidental mortality Non-accidental mortality MNon-accidental maortality
Source canadian Mortality Database Canadian Mortality Database Canadian Mortality Database
Individual Wariables Age, sex, aboriginal ancestry, visible | Age, sex, aborigingl ancestry, visible Age at entry, occupation, marital
Covariates minority, marital status, highest level | minority status, education, marital | status, education, BMI, cigarette pack
of education, employment status, |status, immigrant status, employment years
ocoupational classification status, socupational classification,
quintiles of household income
Source Questionnaire at enroliment Questionnaire at enrollment Cuestionnaire at enrollment
Ecological variables Unemployed adults (%), adults Immigrants (5], adults without high Mean income, with high school
Covariates without high school diplomas (%), school diplomas (%), subjects in the education (%), low income
subjects in the lowest income quintile lowest income quintile (%) households (%), unemployment rate
(%], population size of home
Source Ccanada Census (1991) Canada Census (1991, 1996, 2001, Canada Census (1291}
2006)
Copollutants Wariable Mane wWarm-season | Annuzl mean MO, Mone
Time period 2002-200% 2006
Spatial scale 21 km grid Surface
Temporal scale Time-invariant Time-invariant
Source Canadian air LUR
quality forecast
models and
monitors
Linear Exposure contrast Per 10 pg/m” Per mean-5" percentile increment |5 Per 10 pg/m’
Association pg/m’)
Analyses
Statistical models Standard Random-effects | Single-pollutant | Multi-pollutant Standard
Cox models Cox models Cox models Cox models Cox models
all-cause/Non-accidental 1.15 110 1.035 1041 112
{1.13,1.15) (1.05, 1.15) (1020, 1.041) {1003, 1.020) [1.04, 1.19)
C-R Analyses outcome mMon-accidental mortality Non-accidental mortality Non-accidental martality
splinas (df ) Matural splines (=4 df) Matural splines (2 df) Matural splines (3 df )
Maonlinearity statistically Tested, p-value not reported p < 0.D001 Not tested
tested
Observed/reported shape Linear supralinear [Le. , larger changes in risk MNonlinear V-shaped
of the C-R ourve for low concentrations)
Threshold Threshald modeal mMot conducted Mot conducted Hockey-stick linear splines (assuming
Analyses no assodation below the threshold),
starting from 2 to 14 pz/m” at 1-
pE/m” increments
Threshold identification Minimizing the -2*log-likelihood
Qutcome MNon-accidental maortality
Thrashold estimate 11 pg/m” [p = 0.004)
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Characteristics and Results chen et oi._[2016) Pinault et al. [2016] Wong et al. [2015)
Location Canada Canada China
Study Type cohort cohort cohort
Source Population EFFECT CCHS Elderly Health Centre Study
Sample Size BA73 299,500 66,820
Study Period 1999-2011 (13-year) 2000-2011 [12-year] 1908-2011 (13-year]
Exposurs Metric annual mean PR annuzl mean P s annual mean Ph.
Exposure period 2001-2010 19952010 2000-2011
Exposure windows Single Single single
Spatial scale 10 km grid 1 km grid 1 km grid
Tempaoral variation Time-invariant I-year moving average Time-invariant
Residential mobility Considered Mot considered Not considered
Source Satellite-based estimates, GEOS-chem |Satellite-based estimates, GEOS-cham satellite-based estimates
maodels models
Level [pg/m’) Mean [range) | 10.7 [2.2-16.5) Miean =50 63225 Median {range] | 35.3 (26.4-24.5]"
Outcome Endpoint Mon-accidental mortality Non-accidental mortality Non-accidental martality
Source ontario Registrar General's Death Canadian Mortality Database Death Registry
Database
Individuzl ariables Age, sEx, region, marital status, Age sex, immigrant status, visible Age, sex, BMI, smoking status,
Covariates employment, major cardiac risk minority status, aboriginal status, | physical exercise, education, monthly
factors (including smoking status, marital status, income adequacy [
family history of coronary artary quintile, educational attainment,
disease, diabetes, hyperlipidemia, | employment status, smoking status,
hypertension, stroke, previous ARMI, alocohol consumption, fruit and
and previous percutaneous Cononary wegetable consurmption, BM
intersention), AMI type (STEMI Non-
STEMI), GRACE risk score, acute
pulmonary edema, in-haospital care,
medications, select comorbidities
Source Medical records CCHS survey In-person interviews
Ecological warizbles Subjects aged 15+ without high Recent immigrants (%), completed TPU-lewel: subjects aged 65+ (%),
Covariates school diplomas (%), unemployment high school (%), low income subjects with = secondary education
rate (%), mean household income household (%) (%), average monthly income; District-
lewel: smokers aged 15+ years from
1596 to 2001 (%)
Source Canada Census [2001) Canada Census (2001 or 2006) Hong Kiong Census [2001)
Copollutants Variable Mone None None
Time period
Spatial scale
Temporal scale
source
Linear Expasure contrast Per 10 pg/m” Per 10 pg/m’ Per 10 pg/m’
Association Statistical models rRandom-effects Standard Standard
Analyses Cox models Cox models Cox madels
all-cause/MNon-accidental 1.22 1261 114
{1.03, 1.45) [1.190, 1.336) [1.07,1.22)
C-R Analyses Qutcome mMon-accidental mortality Non-accidental mortality MNon-accidental maortality
splinas (af) Matural splines (< 4 df) Splines Matural splines (df MR}
Monlinearity statistically Tested, p-value not reported Mot tested p-value: 0.772
tested
Ohbserved/reported shape Linear Not specified; appears supralinear Linear
of the C-R curve
Threshold Threshold modal Mot conducted Hockey-stick linear splines [assuming Not conducted
Analyses no association below the threshold),
starting from 1 to 10 pg/m” at 1-
pg/m” increments
Threshold identification Minimizing the -2*log-likelihood
Outcome Non-accidental mortality
Threshold estimate 0 pg/m® [+95% C1: 4.5 pgim” )
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Characteristics and Results Beelen ef ol [2014) Cesaroni et ol [2013)
Lacation Ewrope (13 courntries) Itaky
Study Type Meta analysis of 22 Cohorts Cohort
Source Population ESCAPE Rols
Sample Size 367,251 1.2 million
Study Pericd 1985-2010 2001-2010 [3-year]
Expasure Metric annual mean PMos Annuzl mean Phi s
Exposure pericd 2008-2011 2005
Exposure windows single Single
Spatial scale Surface 1 km grid
Temporal variation Time-invariant Time-invariant
Residential mobility Mot considerad Considerad
Source LUR Eulerian dispersion model
Level (pefm’] range of means 6.6-31 Kiean £ 50 2344
Dutcome Endpoint MNon-accidental mortality Non-accidental mortality
Source martality registries Rome Municipal Register
Imdividiual ariables Age sex, smoking status, smoking intensity, smoking | Age, sex, marital status, place of birth,
Covariates duration, environmental tobacco smake, fruit intake, education, oocupation
vegetables intake, alcohol consurnption, BMI, educational
level, oocupational class, employment status, and marital
status
Source Questionnaire at enrollmant Rorme Municipal Register
Ecological Variables SES variables {maostly mean mcome of the neighborhood | Census-block sociceconomic position
Covariates or municipality] index (derived based on a factor
analysis including education,
oocupation, house ownership, family
comiposition, crowding, and
immigrant status)
Source MR Rorme Census (2001) ascertained from
Rome Municipal Register
Copaollutants wariable annual mean Ny annual mean PM_,,... Annual mean NO,
Time period 2008-2011 20082011 2007
Spatial scale surface Surface surface
Temporal scale Time-inwariant Tirme-invariant Time-invariant
Source LUR LUR LUR
Linear Exposure contrast Per 5 pg/m’ Per 10 pg/m’
Association statistical models Caox models and mata analysis single-poliutant Multi-pollutant
Analyses single-pollutant |  Two-pollutant Two-pollutant Cox models Cox models
(adjust for NO,) [@djust for
[ W
All-cause/Mon-accidental 107 1.06 1.07 104 101
(102, 1.13) {0.98, 1.15) (1.0, 1.14) [103,1.05) {0.99, 1.02)
C-R Analyses Outcome MNaon-accidental mortality Non-accidental mortality
splines (df ) Matural splines (2 af ) Natural splines (< 4 4f)
Nonlinearity statistically p-value range: 0.03-0.85 Tested, p-value not reported
tested
Cbsarved,reported shape Linear Linear
of the C-R curve
Threshold Threshold model Restricting analyses to subjects with exposura levels Mot conducted
Analyses below pre-specified threshaolds [e.g., 25, 20, 15, 10 pg/m’)
Threshold identification Slope became insignificant
Outcome MNon-accidental mortality
Threshold estimate Between 15 and 20 pg/m’
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Characteristics and Results Thurston et al. [2016) Di et al. [2017a)
Lacation s us
Study Type Cohort Cohort
Source Population MIH-AARP Medicare population
Sample Size 517,041 &1 million
Study Period SO0 [ 10-year) 2000-2012 |13-year)
Exposurs Betric Annuzl mean PR s Annual mean Ph:.
Exposure period 1999-2003 2000-2012
Exposure windows Single Single
Spatial scale Surface 1km grid
Temporal variation Time-irvariant |time-independant]; vearhy
Yearly [1-year lag) (time-dependent)
Residential mobility Considered Considered
SOurce LUR, BME satellite-basad estimates, newral network, CTM
Level (pufm’] Range 2028 Mean 11
Cutcome Endpoint All-cause mortality All-cause mortality
Source Social Security Administration Death Centers for Medicare and Medicaid services
kiaster File
Individual ariables Age, sex, race, education, marital | Age at study entry, sex, race, eligible for Medicaid, region
Covariates status, BMI, alcohol consumption, indicator
smoking history, region indicator
Source QOuestionnaire at enrallment Centers for Medicare and Medicaid services
Ecological variables Median income, = high schoal Hispanic %], Black (%], Median househaold income,
Covariates education (%) median value of housing, below poverty level (%), did not
complate high school (%), owner-cocupied housing (%),
population density, low-density lipoprotein level
measurad (%), Ghcated hemoglobin level measuraed [%),
=1 ambulatory visits (%], county-level BiI, ever smoked
Source US Census |2000) U5 Census [2000, 2010, American Community Survey
[2005-2012), CDC BRFSS
copollutants wariahle Annual mean Oy Warm-season mean O,
Time period 2000 IOO0-2012
Spatial scale PMISA-level 1km grid
Temporal scale Time-invariant Yearhy
Source Fixed-site monitors catellite-basad estimates, newral network, CTM
Linear Exposure contrast Per 10 pg/m’ Per 10 pg/m”
Association Statistical models Standard Cox models Single pollutant Two-pollutant Cox models
Analyses Time-dependent |Time-independant Cox models Full cohaort Lona-g parsure
EXpOsuUne Sxposure
All-cause/Mon-acadental 103 1.03 1.084 1073 1.136
(0.2, 1.05) {1.00, 1.05) [1.081, 1.085) (1071, 1.075) {1131, 1.141)
C-R Analyses Outcome All-cause mortality All-cause mortality
splimes [df ) Natural splines (= 4 df) Penalized splines
Nonlinearity statistically Mot tested Mot tested
tested
Observed/reported shape|  Authors specify monctonically Linear with no sizgnal of a threshold down to 5 pg/m”
of the C-R curve increasing; appears non-lingar
Thirashold Thireshold model Mot conducted Mot conducted
Analyses Threshold identification
Outcome
Thrashaold estimate
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Characteristics and Results Lepeule et al. [2012) Hart et @l [2015) shi et al. [2016)
Location us us us
Study Type Cohort Cohort Ecologic
Source Population HSC MHS Medicare population
Sample Size B,096 108,767 551,024
study Period 1974-2009 |35-year) 2000-2006 (6-year) 2003-2008 (5-year)
Exposure Metric annual mean PR Konthly mean P« annual mean PM.
Exposure period 1574-2009 2000-2006 2003-2008
Exposure windows Multiple single single
Spatial scale City-lewvel Surface 1 km grid
Tempaoral variation N-year moving average' 12-manth moving average 1-year moving average
Residential mability Mot considered Considered Mot considerad
source Fixed-site maonitors Spatio-temporal models satellite-based estimates
Level (pg/m’) rzan | 15.9 Mean £ 50 | 12%28 Mean £ 50 8.12%228
Outcome Endpoint 2ll-cause mortality Mon-accidental mortality All-cause mortality
source National Death Index State vital statistics records, Mational | Centers for Medicare and Medicaid
Death Index SETVIES
Individuzl Wariables Age, sex, BMI, education, smoking Age, race, physical activity, BMI, MNone
Covariates status, cumulative smoking (pack- | hypercholesterolemia, family history
years) of MI, smoking pack-years, current
smoking status, diet, education,
parents’ occupation, marital status,
husband's education
Source Questionnaire at enroliment Cuestionnaires Na
Ecological variables Mane Median income, median house value Zip-code level: race, education,
Covariates meadian household income; county-
level: every day smoking prevalence
Source MA US Cansus {2000 US Cansus (2000,
CDC BRF3S
Copollutants Variable Mone None MNone
Time period
Spatial scale
Temporal scale
Source
Linear Exposure contrast Per 10 pg/m® Per 10 pg/m’® Per 10 pg/m’
Association Statistical models Standard Standard Cox models Tima series analyzed
Analyses Caox models spatio-temporal | Nearest monitors Full cohort Low-2xposure”
models
all-cause/Non-accidental 114 118 1322 752573 928t g.88"
{107, 1.23) [1.02, 1.38) [1.02, 1.45)
C-R Analyses outcome All-cause mortality Non-accidental mortality All-cause mortality
splinas (df ) Penalized splines Restricted cubic splines Penalized splines
Maonlinearity statistically p-value range: 0.24-0.43 Mot tested Not tested
tested
Obserced/reported shape Linzar Mot spadfied; appears linear Linear down to 6 pgfm”, and
of the C-R curve attenuated below 6 pg/m®
Threshaold Threshaold model Mot conducted Not conducted Not conducted
Analyses Thrashold identification
Outcome
Threshold estimate
Notes:

AMI = Acute Myocardial Infarction; BME = Bayesian Maximum Entropy; BMI = Body Mass Index; Cl = Confidence Interval; COPD
= Chronic Obstructive Pulmonary Disease; CPS-Il = Cancer Prevention Study Il; 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; NO; = Nitrogen Dioxide; NR = Not Reported; O; = Ozone; PM; s = 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) PM,.s 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) PM, s estimates were obtained from centrally located monitors from 1974 to 1986-1988, depending on the city; EPA PMyg
monitors from the end of monitoring until 1998; and EPA PM,.s monitors from 1999 to 2009.
(c) Mean + SD of PM, s 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 PM, 5 < 10 pg/m?3.

(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 PM;_s 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 PM, s 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 PM, s 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.

. . |8 ) P =
3|3 _Is _[3 |3 _[3_|3 |¢_|3 |3 _|«_ E___._:..‘
. . EN|Ewn|ow| «C| @B |2mun|on B o|la 2
Sources of Bias and Uncertainty Y § ¥ § E § = § = § ) § 5 :?.' E § 2 § ; § B :.;," § § %2
A E it B A it ) B P B
J [%] = [ @ L] =
S =
PM; 5 Exposure |Central site monitoring (low spatial resclution) X
Assessment No validation for PM, ; data X X
Tempeoral variation not accounted for X X X X X X
Residential mobility not accounted for X X X X X X
No evaluation on multiple exposure windows X X X X X X X X X X X
Personal activities not accounted for (e.g., time spent indoors) X X X X X X X X X X X X
Mismatch of PM, 5 exposure window and mortality X X X X X X X X
Individual No adjustment of individual covariates
Covariates Information bias (e.g., self-reported covariates) X X X X X X X X X
Temporal variation not accounted for X X
Unmeasured confounding (e.g., pre-existing conditions) X X X X X X X X X X
Ecological No adjustment of ecological covariates
Covariates Temporal variation not accounted for X X X X X X X X X
Residential mobility not accounted for X X X X
Unmeasured confounding (e.g., access to health care, violence) X X X X X X X X X X X
Evaluation of |No adjustment of copollutants
Copollutants  [central site monitoring (low spatial resolution) X
No validation for copollutants data X
Temporal variation not accountad for X X X X X - X X . . - X
Residential mobility not accounted for X X
Personal activities not accounted for (e.g.,, time spentindoors) X X X X X
Collingarity/nonlinear relationship with PM, 5 not addressed/accounted for X
Mismatch of copollutants window and mortality X X X X
Statistical Model assumptions not tested/relaxad X X X X X X X X
Analyses C-R curves sensitive to df (natural splines) X X X NR X X X
Nonlinearity not assessed statistically X X X X X X
Threshold not assessed X X X X X X X X X X
Notes:

C-R = Concentration-response; df = Degrees of Freedom; NR = Not Reported; PM, s = 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 PM2s 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 PM_s exposure and CV effects, particularly in the
low PM_ 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 PM_ s 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 PM,s Exposure and

Cardiovascular Morbidity

Characteristics and Results Chen et oi. [2014) Cesaroni et al. [2014) Miller et al. (2007)
Location Canada Europe |5 countrias) us
Study Type Cohort Meta analysis of 11 cohorts Cohaort
Source Population MNPHS and CCHS respondents ESCAPE WHI
sample Size 35,303 100, 165 55,893
Study Period 1996-2010 | 15-year) Start 1997, end not reported” 1994-2003 (10-year]
Exposure Metric Annual mean PM:= annuzl mean Phs annual mean P,
Exposure period 2001- 2006 2008-2011 2000
Exposure windows Multiple Single single
Spatial scale 10 km grid Surface Ccomrmunity-level
Tempaoral scale Tirme-invariant Time-imvariant Time-invariant
Residential mobility Considered Considered Naot considerad
Source Satellite-based estimates LUR Fixed-site monitors
Level (p/m’) Mean [range) | 10.7 (2.9, 19.2] | Range of means 7-31 Mean [range| 13.5(3.4, 28.3)
Outcome Endpint Hypertension Acute coronary diseasa [ACD) Cardiovascular disease [CVD)
Source Omtario Hypertension Database Hospital discharge and mortality redical records, annual
Individuzl variables Age, sex, marital status, education, | Age, sex, year of enrolment, marital Age, race, education, housshold
Covariates household income adequacy, race, status, education, oCcupation, income, smoking status, systolic blood
BMI, smoking, physical activity, smioking status, smoking duration, prassure, BMI, presence/absence of
drinking, diet, urban residency, smoking intensity diabetes, hypertension, or
preezisting diabetes mellitus or COPD, hypercholesterolemia
region indicator
Source Survey at baseline NR Questionnaire at enrollment
Ecological variables Unemployment rate, less than high SOCEConomic status indicator None
Covariates school education (%), mean
household income
Source Canada Census (1996, 2001, 2006) NR Na
Copollutants variable Mone None PM e, €O, 505, NO,, Oy
Time period MR
Spatial scale Ccomrmunity-level
Tempaoral scale Time-invariant
SOurce Fixed-site monitors
Linear EXposure contrast Par 10 pg/m’ Per 5 pg/m® Par 10 pg/m’
Association Statistical models Random-effects Cox models and meta analysis standard Cox models
analyses Cox models Singlepollutant | Multi-pollutant
Cardiovascular event MR MR 1.24(1.09,1.43) | 153121 1.04)"
coronary heart disease MR MR 1.21 (1.04,1.43) MR
Acute coronary events MR 1.13 (0.98, 1.30) MR MR
Cerebrovasoular MR NR 1.35 (1.08, 1.68) MR
Wryacardial infarction MR HR 1.06 (0.85, 1.34) MR
Coronary MR NR 1.20(1.00,1.43) MR
Hypertension 1.13 {1.05, 1.23) MR MR MR
Stroke MR MR 1.28 (1.02,1.61) MR
C-R Cutcome Hypertension Mot conducted CVD
Analyses Splines Natural splines (2, 3 df) Splines
Monlinearity statistically Tested, p-value not reported Not tested
tested
Observed/reported shape Linear authors did not specify; appears
of the C-R curve supralinear
Threshold Thireshold model Mot conducted Restricting analyses to subjects with Mot conducted
Analyses Threshold identification Slope changed from significant to not
Outcome ACD
Threshold estimate Mo threshold
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Characteristics and Results

Dorans et ol [2016)

Kaufman et al. [2016)

Location us us
study Type Cohort cohort
Source Population FHS Offspring and Third Generation MESA &ir
coharts
Sample Size 3,389 6,795
Study Period 2002- 2005, 2008-2011 2000-2012 [13-yaar)
Exposurs Metric annual mean P Long-term average PM.. between basaling/follow-up exams
Exposure period 2003 1999-2012
Exposure windows Single Simgle
Spatial scale 1 km grid Surface
Temporal scale Time-invariant Time-invariant
Residential mobility Mot considerad Considered
Source Spatictemporal model Spatictemporal model
Level (pg/m’) Median [IOR) | 10.7 (14" Mean [50) 14.3 (2.5
Outcome Endpaoint Coronary artery calcium [CAC) Coronary artery calcium [CAC) progression
source MDCT scans CT scans
Individual Wariables Age at scan, sex, BMI, smoking status, Baseline age, sex, athnicity, city, income, CT scanner type, BMI, physical
Covariates pack-years, education, cohort, scan, activity, smoking status and second-hand smoke exposure, employment,
date of scan, number of days between adiposity, cholesterol, statin use
scan and examination
Source Physician interview and physical Questionnaire and physical examinations
examination
Ecological variables Median value of owner-ocoupied Sociceconomic index, level of education, income
Covariates Source US Census (2000 MR
Copollutants Variable None NO,, MOy BC
Tirme period 1999-2012 2005-2008
Spatial scale Surface
Temporal scale Tirme-invariant
Source Spatictemporal model
Linear Exposure contrast Per IR (1.4 pg/m’) Per 5 pg/m”
Association Statistical models Logistic regression Mixed effects model
Analyses Single-pollutant WO, adjusted Ny, adjusted BC adjusted
Coronary artery calcium 1.02 (0.81, 1.14| 41(14,68" 3.1(-13,7.6)° 4102, 81 45 (18,73)"
C-R Outcome CAC progression (log-transformed) CAC progression
Analyses Splines Restricted cubic spline (5 knots) Thim plate regression spline (5 df)
Maonlinearity statistically Mot tested Mot tested
tested
Ohbserved/reported shape MNonlinear [suggested positive Authors did not specify; appears supralinear
of the C-R cunve association at lower PM levels, (attenuation at higher levels)
suggested negative association at
higher levels)
Threshold Threshold model Mot conducted Mot conducted
analyses Threshold identification
Outcome
Threshold estimate
Notes:

BC = Black Carbon; BMI = Body Mass Index; CO = Carbon Monoxide; COPD = Chronic Obstructive Pulmonary Disease; CPS-I|
Cancer Prevention Study Il; 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; NO,

Nitrogen Dioxide; NR = Not Reported; O3 = Ozone; PM, s = Particulate Matter Less Than 2.5 Microns in Diameter; ppb = Parts Per
Billion; SO, = 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.
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Table 3.4 Key Characteristics and Results of Epidemiology Studies of Long-term PM,s Exposure and
Cardiovascular Mortality

Characteristics and Results Gan et ol [2011) Crouse et ol. [2012) villeneuve et ol. [2015)
Location Canada Canada Canada
Study Type Cohort Cohort Cohort
Source Population Metropolitan Vancouver residents CanCHEC CNB5S
sample size 452,735 2.1 million 89,248
Study Period 1955-2002 [4-year) 1551-2001 [11-year) 1980-2005 (26-year]
Exposure Metric Monthly mean PM,;s Annual mean P s Annual mean P,
Exposure period 1554- 1908 2001-2006 1993- 2006
Exposure windows zingle Single single
Spatial scale 10 m grid 10 krm grid 10 km grid
Tempaoral scale Time-invariant Time-imvariant Time-invariant
Residential mobility Considered Mot considered Naot considerad
Source LUR satellite- based estimates Satellite-based estimates, GEOS-chem
Level (p/m’] Meantsp | 4oE:ie3 Meanisp | 87238 Median (range] | 2.1(13,17.6)
Outcome Endpint Muortality: Coronary heart disease Martality: Cardiovascular disease Mortality: Cardiovascular disease
{CHD) [cvD], cerebrovascular disease {cvD), 1schemic heart disease (IHD)
[CBVD), Ischemic heart disease (IHD)
Source Provincial death registration database Canadian Mortality Database Canadian Mortality Database
Individual variables &ge sex, preexsting comorbidities | Age, sex, aboriginal ancestry, visible &ge at entry, cocupation, marital
Covariates |diabetes, COPD, hypertensive heart | minority, marital status, highest level | status, education, BMI, cigarette pack
disease| of education, employment status, Years
occupational classification
Source Provincial hospitalization records and Questionnaire at enrollment Questionnaire at enrollment
death registration records
Ecological variables Neighborhood SES Unemployed adults (%), adults Kiean income, with high school
Covariates without high school diplomas (%), education (%), low income
subjects in the lowest income quintile | households (%), unemployment rate
(%), population size of home
Source Canada Census (2001) Canada Census [1991) Canada Census [1991)
Copollutants variable Maonthly mean | Monthly mean BC None None
Time period 1504-1993
Spatial scale 10m grid
Tempaoral scale Time-invariant
Source LUR
Linear Exposure contrast Per I0# [1.58 pg/m”) Per 10 pg/m’ Per 10 pg/m’
Association Statistical models single-pollutant Fulti-pollutant Standard Random-effects Standard
Analyses Cox models Cox models Cox models Cox models Cox models
cardiovascular disease MR MR 116(1.13,1.19) | 1.15(1.07,1.24) 132 (1.14,1.53)
Coronary heart disease | 101 (0.98, 1.05) | 1.00 (096, 1.03) MR MR MR
Ischemic heart disease NR MR 131(1.27,1.35) | 130(1.18 1.43) 1.34 (1.09, 1.66)
Cerebrovasoular disease NR NR 104 (0.99,1.10) | 1.04 [0.93, 1.15) NR
Circulatory disease MR NR 1.16(1.13, 1.18) | 1.14 (106, 1.22) 132 (1.14,152)
C-R Outcome CHD maortality CVDYCEVD IHD rortality CVIDYIHD mortality
Analyses Splines/linear trend test Linear trend test across quintiles Natural splines (4 df ) Matural splines (3 df )
Manlinearity statistically Peena = 0.813 Tested, p-valus not reported Mot tested
tested
Observed/reported shape Monlinear Linear MNonlinear Linear
of the C-R curve
Threshold Threshold model Mot conducted Mot conducted Hockey-stick linear splines (assuming
Analyses no association below the threshaold),
starting from 2 to 14 pg/m’” at 1-
pg/m” increments
Threshold identification Minimizing the -2*log-likelihood
Outcome CVIDYIHD mortality
Threshold estimate No threshold
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Characteristics and Results cesaroni et al. {2013) miller et @l. [2007) Lepeule et al. {2012)
Location Ialy us us
Study Type cohort Cohort Cohort
Source Population RoLS WHI HSC
Sample Size 1.2 rmiillion 65,893 EB,096
Study Period 2001-2010 [9-year) 1954-2003 [ 10-year) 1974-2009 (36-year)
Exposure Metric annual mean Phiss annual mean PR, Annual mean P
Exposure period 2005 2000 1974- 2009
Exposure windows Single Single Multiple
Spatial scale 1 krn grid Community-level City-level
Temporal scale Time-invariant Time-invariant N-year moving averags”
Residential mobility Considered Mot considered Mot considerad
Source Eulerian dispersion maodel Fixed-site monitors Fined-site monitors”
Level (ugfm’) Mean 50 23taa Mean (range) | 13.5 (3.4, 28.3) Mean 15.9
Outcome Endp-int Muortality: Cardiovascular disease Mortality: Cardiovascular disease Mortality: Cardiovascular disease
[cwD), Ischemic haart disease (IHD) [cwD) {cvD)
Source Rome Municipal Register Prooy reports, National Death Index Mational Death Index
Individuz| variables Age, sex, marital status, place of birth,|  Age, race, education, househaold Age, sex, BMI, education, smoking
Covariztes education, occupation income, smoking status, cigarattes history
per day, smoking duration, systolic
blood pressure, BMI,
presence/absence of diabetes,
hypertension, or
Source Rome Municipal Register Questionnaire at enrcliment Cuestionnaire at enrollment
Ecological variables Cansus-block socioeconomic position None None
Covariates index (derived based on a factor
analysis including education,
ocoupation, house ownership, family
compasition, crowding, and
immigrant status)
Source Rome Census (2001) ascertained from MAa Na
rRome Municipal Registar
Copollutants variable Annual mean Ny None None
Time period 2007
Spatial scale surface
Temporal scale Tirme-invariant
Source LUR
Linear Exposure contrast Per 10 pg/m” Per 10 pg/m’ Per 10 pg/m’
Association Statistical models single-poliutant | Multi-pollutant Standard standard
Analyses Cox models Cox models Cox modals Cox models
cardiovascular disease | 1.06 (1.04, 1.08) NR 1.76 (1.25, 2.47) 1.26 (1.14, 1.40)
Coronary heart disease NR MR 221117, 418" NR
Ischemic heart disease | 1.10(1.06,1.13] MR NR NR
Cerebrovascular disease | 108 (1.04,1.13) MR 1.83(1.11, 3.00) MR
C-F Outcome CVDyIHD mortality CWD maortality WD mortality
Analyses Splines/linear trend test Natural splines (< 4 df) Splines Penalized splines
Monlinearity statistically Tested, p-value not reported Mot tested p-value range: 0.24-0.43
tested
Observed/reported shape Linear Generally inear Linear
of the C-R curve
Threshold Threshold model Mot conducted Not conducted Not conducted
analyses Threshold identification
Outcome
Threshold estimate
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Characteristics and Results Weichenthal et al. [2014) Jerrett et al. [2017) Thurston et ai. [2016)
Location us us us
Study Type cohort cohort Cohort
Source Population AHS CPS-| NIH-AARP
sample Size E3,37E 668,629 517,041
Study Period 1993-2009 (17-year) 1962-2004 [23-year) 2000-2009 [10-year)
Exposurs Metric annual mean PR Annual mean PR, annual mean PMs
Exposure period 2001-2006 2002-2004" 1999- 2008
Expasure windows Single singla single
Spatial scale 10 km grid 36 km, 10 km, 1 km, 30 m grid* Surface
Temporal scale Tirme-invariant Time-imvariant Time-invariant [time-independent);
vearly [1-year lag) (time-dependent)
Residential mobility Mot considered Mot considered Considerad
Source Satellite-based estimates, GEOS-chem |Satellite-based estimates, GEOS-chem LUR, EME
models rmidels, LUR, BME
Level (pgfm’] Mean [range) | 9.44(5.7,19.2) Range 0.7-26.6 Range 29-25
Outcome Endpint Muortality: Cardiovascular disease Mortality: Circulatory disease Mortality: Cardiovascular disease
SOUrceE state Death registries, Mational Death Mational Death Indax sodial Security Administration Death
Imdex Master File
Individuzl variables Age_ sex, state of enrollment, birth Age, sex, race, smoking history, Age, sex, race, education, marital
Covariates year, smoking pack-years, BMI, secondhand smoke, occupational status, BMI, alcohol consumption,
marital status, education, alcohol PM2.5 exposure, occupational smuoking history, region indicator
consurnption, vegetable intake dust/fumes exposure, marital status,
B, alcohol use, diet, education
Source Questionnaire at enroliment Questionnaire at enrollment Cuestionnaire at enrollment
Ecological variahles Mane rsedian housshold income, income Kedian income, high school or less
Covariates disparity, unemployment, educational %)
level, population who were Black or
Hizpanic (5]
Source N U5 Census (1990) US Census [2000])
Copollutants variable Maone MNone annual mean O,
Time period 2000
Spatial scale PMEA-level
Temporal scale Time-invariant
Source Fixed-site monitors
Linear Expaosure contrast Per 10 pg'm” Per 10 pg/m’ Per 10 pg/m”
Association Statistical models Standard Standard Standard Cox models
Analyses Cox models Cox models Time-dependent |Time-independent
EXpOsSUre EXpOSUre
cardiovascular disease 1.15 (0,76, 1.72) NR 111 [1.06,1.16) | 1.10(1.05,1.15)
Ischemic heart disease MR 1.15(1.11, 119) MR MR
Circulatory disease MR 1.14(1.11 117) MR MR
C-R Cutcome CWD mortality Circulatory mortality CWD mortality
Analyses Splines/linear trend test Natural splines [2 df ) Natural splines (2 df ) Natural splines (= 4 df)
monlinearity statistically Mot tested Mot tested Mot tested
tested
Observed/reported shape| Authors specify linear; appears non- Supralinear Authors specify monotonically
of the C-R curve lin=ar increasing; appears lingar
Threshaold Threshold model Mot conducted Not conducted Not conducted
Analyses Threshold identification
Outcome
Threshold estimate
Notes:

Maximum Entropy; BMI = Body Mass Index; CHD = Coronary Heart Disease; COPD = Chronic Obstructive Pulmonary Disease; CPS-
Il = 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; NO, = Nitrogen Dioxide; NR = Not Reported; O; = Ozone; PM;s =
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) PM,.s 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 PM1o monitors: from the end of monitoring
until 1998; EPA PM,.s monitors: from 1999 to 2009.
(c) Most models averaged data for 2002-2004, except one model (PM, s 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:
PM,s HBMCMAQ 02-04 yielded estimates at 36 km spatial resolution; PM,s RS 01-06 and PM,.s BME 02-04, at 10 km; PM,s No
GWR RS 02-04 and PM, s GWR RS 02-04, at 1 km; PM, s BMELUR 02-04 and PM, s BMELURRS 02-04, at 30 m.

(e) HR(95% Cl) was 2.21 (1.17, 4.16) for definite diagnosis of CHD, 1.26 (0.62, 2.56) for possible diagnosis of CHD.
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Table 3.5 Sources of Bias and Uncertainty in Epidemiology Studies of Long-term PM, s Exposure and
Cardiovascular Morbidity This table summarizes several broad methodological categories where biases and
uncertainties could arise in estimated concentration-response relationships between long-term PM; s exposure and
cardiovascular morbidity, 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,
Cesaroni et al. (2014) did not account for temporal variation when assessing PM, s exposure, thus the red shading
with an "X" reflects the potential for bias and the presence of uncertainty in this aspect. Also, Cesaroni et al. (2014)
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. In addition, Cesaroni et al. (2014)
did not use natural splines to estimate the concentration-response curve, so the unshaded cell with an "NA" indicates
that there is no apparent bias or uncertainty in this aspect.

s _[s_ |3 |5 _|3_
Sources of Bias and Uncertainty E § g § E E 2 E 'E E
Ja|lga £ 8|28
= |° (& |8 |8
PM; s Exposure  [Central site monitoring (low spatial resolution) X X
Assessment No validation for PM, ; data X
Temporal variation not accounted for X X X X X
Residential mobility not accounted for X X
No evaluation on multiple exposure windows X X X X
Personal activities not accounted for (e.g., time spent indoors) X X X X
Mismatch of PM, 5 exposure window and outcome X X X X X
Individual No adjustment of individual covariates
Covariates Information bias (e.g., self-reported covariates) X X X NR [ NR
Temporal variation not accounted for X X X NR
Unmeasured confounding (e.g., pre-existing conditions) X X X X
Ecological No adjustment of ecological covariates
Covariates Temporal variation not accounted for X
Residential mobility not accounted for
Unmeasured confounding (e.g., access to health care, violence) X
Evaluation of No adjustment of copollutants
Copollutants Central site monitoring (low spatial resolution)
No validation for copollutants data X
Temporal variation not accounted for NR . X . -
Residential mobility not accounted for
Personal activities not accounted for (e.g., time spent indoors) X X
Collinearity/nonlinear relationship with PM, ; not addressed/accounted for X
Mismatch of copollutants window and outcome NR X
Statistical Model assumptions not tested,/relaxed X NR X
Analyses C-R curves sensitive to df (natural splines) NR X X NA
Nonlinearity not assessed statistically X X X X
Threshold not assessed X X

Notes:
C-R = Concentration-response; df = Degrees of Freedom; NA = Not Applicable; NR = Not Reported; PM, s = Particulate Matter Less

Than 2.5 Microns in Diameter.
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Table 3.6 Sources of Bias and Uncertainty in Epidemiology Studies of Long-term PM, s Exposure and
Cardiovascular Mortality This table summarizes several broad methodological categories where biases and
uncertainties could arise in estimated concentration-response relationships between long-term PM; s exposure and
cardiovascular 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,
Miller et al. (2007) did not account for temporal variation when assessing PM, s exposure, thus the red shading with
an "X" reflects the potential for bias and the presence of uncertainty in this aspect. Also, Miller et al. (2007) did not
report what spline function was used when assessing the concentration-response relationship, therefore, red
shading with an "NR" indicates the potential for bias and the presence of uncertainty. In contrast, Gan et al. (2011)
did not use natural splines to estimate the concentration-response curve, so the unshaded cell with an "NA" indicates
that there is no apparent bias or uncertainty in this aspect.

Isl2|l8|=I7® 3 S
Sources of Bias and Uncertainty s g ; -g R ;
AHE IR
sl 3|2|5(2|28|B|E|¢
818|88|5|8 8|22
= S
PM; s Exposure  |Central site monitoring (low spatial resclution) X | X
Assessment No validation for PM, s data X X
Temporal variation not accounted for X[ x| x| x] X X | X
Residential mobility not accounted for X[ x| x X | X | x| X
Mo evaluation on multiple exposure windows Xl x| x| x| x Xl X | X
Personal activities not accounted for (e.g., time spent indoors) X[ X | X[ x| X[ x| x| X | X
Mismatch of PM, ; exposure window and mortality X[ x| x| x] X X | X
Individual Mo adjustment of individual covariates
Covariates Information bias (e.g., self-reported covariates) X | X X | X | X | X | X
Temporal variation not accounted for X[ x| x| x| x| x| x| x| x
Unmeasurad confounding (e.g., pre-existing conditions) Xl x| x| x| x| x| x| x| x
Ecological No adjustment of ecological covariates
Covariates Temporal variation not accounted for X | x| x| x| x| x| x| x| x
Residential mobility not accounted for X[ X | X
Unmeasurad confounding (e.g., access to health care, violence) Xl x| x| x| x| x| x| x| x
Evaluation of Mo adjustment of copollutants
Copollutants Central site monitoring (low spatial resclution) ] x|
Mo validation for copollutants data ] x|
Temporal variation not accounted for X X X
Residential mobility not accounted for X 0 I O N B x|
Personal activities not accounted for (e.g., time spentindoaors) X x| x|
Collinearity/nonlinear relationship with PM; s not addressed/accounted for ] T
Mismatch of copollutants window and mortality X | x| x|
Statistical Model assumptions not tested/relaxed X X | X| X X | X | X
Analyses C-R curves sensitive to df (natural splines) Nel X | x| X | NR Xl X | X
Monlinearity not assessed statistically X X X | X | X
Threshold not assessed X[ x X[ x| X | x| X | X

Notes:
C-R = Concentration-response; df = Degrees of Freedom; NA = Not Applicable; NR = Not Reported; PM, s = Particulate Matter Less
Than 2.5 Microns in Diameter.
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3.2 Epidemiology Studies Do Not Establish a Linear, No-threshold Relationship
Between Short-term PM, s Exposure and Total Mortality

The draft ISA discusses recent studies conducted in the US (Lee et al., 2015; Shi et al., 2016; Di et al.,
2017b) and Europe (Samoli et al., 2013) that evaluated the concentration-response relationship between
short-term PM2 s exposure and total mortality (Section 11.1.10 of the draft ISA). Here, we present key
characteristics and main results of these studies in Table 3.7, and sources of bias and uncertainty in Table
3.8. For studies of short-term PM_ 5 exposures and total mortality, the bias and uncertainty categories we
considered include exposure assessment, adjustment for individual-level, ecological, meteorological, and
temporal covariates, evaluation of copollutants, and statistical analysis.

Similar to mortality studies of long-term PM_s exposure, mortality studies of short-term PM.s exposure
have considerable uncertainties in exposure assessments. Samoli et al. (2013) only relied on centrally
located monitors to estimate PMas concentrations at low spatial resolution. While the US studies (Lee et
al., 2015; Shi et al., 2016; Di et al., 2017b) used validated models to estimate PM. s concentrations, they
were still limited by the quality of the input AOD data, as discussed in Section 3.1.2. None of the studies
considered individual activity patterns, such as time spent indoors, outside residential areas, or commuting.

Confounding is likely an issue in all of these studies Samoli et al. (2013) and Shi et al. (2016) conducted
time-series analyses, which are ecological in nature. Unmeasured confounding, such as fluctuations in
society stress levels, is likely. Lee et al. (2016) and Di et al. (2017b) used a case-crossover design; while
time-invariant factors were automatically controlled for, time-variant confounders such as physical
exertion, stress, or influenza epidemics were not accounted for. For all four studies, adjustment for
meteorological and temporal factors was not sufficient, which likely had considerable impact on the study
results. This is because most of the studies only adjusted for temperature, but not humidity, and these
studies did not conduct sufficient sensitivity analyses with alternative forms and lag times for the
meteorological covariates. In addition, except for Samoli et al. (2013), these studies did not adjust for
holidays, thus residual confounding by temporal factors is likely.

In addition, only one study conducted specific threshold analyses, and none statistically tested for
nonlinearity of the concentration-response relationship.

The draft ISA does not consider these study quality issues when discussing the short-term PM;s
concentration-response data. Notably, the draft ISA acknowledges that recent studies have not addressed
the difficulties in assessing the PM.s-mortality concentration-response relationships (e.g., sparse data at
low and high PM2 s concentrations, influence of exposure measurement error), as identified in the 2009 PM
ISA (US EPA, 2009), and that they have not conducted systematic evaluations of alternatives to linearity.
Yet the draft ISA concludes that these studies provide evidence of a no-threshold linear relationship with
confidence down to 5 pg/m® PM,s. This conclusion is not supported by the available evidence and
contradicts the draft ISA's statement of uncertainty.

Given their limitations and uncertainties, the epidemiology studies do not establish a linear, no-threshold
relationship between short-term PM;s exposure and total mortality in general, let alone with low PMzs
concentrations.
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Table 3.7 Key Characteristics and Results of Epidemiology Studies of Short-term PM, s Exposure and
Total Mortality

Characteristics and Results Samoli et al. (2013) Shi et al. (2015)
Location Europe (4 countries) us
Study Type Time series analysis Time series analysis
Source Population MED-PARTICLES Medicare population
Sample Size 15 million 551,024
Study Period 2001-2010 2003-2008 (6-year)
Exposure Metric PM, 5 lagll PM, 4 lag0l
Exposure period 2001-2010 (same with study period for each city) 2003-2008
Exposure windows Multiple Multiple
Spatial scale City-level 1 km grid
Temporal scale Daily Daily
Residential mobility Mot considered Mot considered
Source Fixed site monitors Satellite-based estimates
Level (pg/m?) Range of medians 13.6-27.7 Mean £ 5D 821+510
Outcome Endpoint All-cause mortality All-cause mortality
Source MR Centers for Medicare and Medicaid
services
Individual Variables Mone MNone
Covariates Source NA MA
Ecological Variables Influenza, summer population decrease Zip-code level: race, education,
Covariates median household income; county-
level: every day smoking prevalence
Source Hospital admission records for influenza epidemics US Census (2000), CDC BRFSS
Meteorological Variables Temperature Temperature
Covariates Forms Spline (3 df) Spline (3 df)
Source MR NCDC monitors
Temporal Variables Seasonality, day of the week, holiday Time,/season trend, day of the week
Copollutants Variable PMzzaree | so. | no, | o None
Time period 2001-2010 (same as study pericd for each city)
Spatial scale City-level
Temporal scale Daily
Source Fixed site monitors
Linear Exposure contrast Per 10 pg/m® Per 10 pgfm?
Association Statistical models Time series analyses Time series analyses
Analyses® Single- | Adjust for | Adjustfor | Adjustfor | Adjustfor Low daily
pollutant | PMey.e 50, NO, 0, Full cohort exposure®
All-cause/non-accidental 0.55 0.59 0.33 0.28 046 214+0.75 214+081
{0.27, 0.84) | (0,00, 1.18) | (-0.37, 1.03)|(-0.12, 0.68)| (0.16, 0.76)
C-R Outcome Mot conducted All-cause mortality
Analyses Splines/linear trend test Penalized splines
Nonlinearity statistically Mot tested
tested
Observed/reported Linear
shape of the C-R curve
Threshold Threshold model Hockey-stick linear splines [assuming no association below the Not conducted
Analyses threshold), starting from 0 to 35 pug/m® at S-pg/m’ increments
Threshold identification Minimizing the mean deviance
Outcome All-cause mortality
Thresheold estimate Mo threshold
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Characteristics and Results Lee et al. (2016) Di et al. {2017b)
Location us us
Study Type Case-crossover Case-crossover
Source Population Morth Caroling, South Carolina, and Georgia residents Medicare population
Sample Size BAB 270 22 millicn
Study Period 2007-2011 (5-year) 2000-2012 (13-year)
Exposure Metric PM2.5 lag0l PM2.5 lag0l
Exposure period 2007-2011 2000-2012
Exposure windows Multiple Multiple
Spatial scale 1 km grid 1 km grid
Temporal scale Daily Daily
Residential mobility Not considered Mot considered
Source Satellite-based estimates Satellite-based estimates, neural network, CTM
Level (ug/m) Mean + 5D 111+44 Mean 116
Cutcome Endpaint MNon-accidental mortality All-cause mortality
Source State departments of public health Centers for Medicare and Medicaid services
Individual Variables None None
Covariates Source NA NA
Ecological Variables None MNone
Covariates Source NA NA
Meteorclogical Variables Temperature Temperature, dew point temperature
Covariates Forms Continuous, spline 3 df) Spline (3,6,9 df)
Source NCDC monitors NARR
Tempaoral Variables Day of the week, season Day of the week, time trend, seasonal and subseasonal
Covariates patterns
Copollutants Variable None 0,
Time period 2000-2012 (warm-season)
Spatial scale 1 km grid
Temporal scale Daily [8-hour maximum)
Source Satellite-based estimates, neural network, CTM
Linear Exposure contrast Per 10 pg/m® Per 10 pg/m’®
Association Statistical models Conditional logistic regression model Conditional logistic regression model
Analyses® Low annual Low daily and ] Two-pollutant | Twio-pollutant
Full cohort < 4| Single-pollutant .
exposure annual exposure (full cohort) (low exposure)
All-cause/non-accidental | 1.56(1.19,1.94) | 2.06(197,2.15) | 2.08(199,217) | 1.18(1.09,1.28) | 1.05(0.95,1.15) | 1.61 (1.48,174)
C-R Qutcome Mot conducted All-cause mortality
Anzlyses Splines/linear trend test Penalized splines
Nonlinearity statistically Mot tested
tested
Observedreported Supralinear with less steep slope > 15 pg/m®
shape of the C-R curve
Threshold Threshold model Mot conducted Mot conducted
Analyses Threshold identification
CQutcome
Threshold estimate
Notes:

BMI = Body Mass Index; C-R = Concentration-response; CTM = Chemical Transport Model; df = Degrees of Freedom; NA = Not
Applicable; NARR = North American Regional Reanalysis; NCDC = National Climatic Data Center; NO, = Nitrogen Dioxide; NR =
Not Reported; Oz = Ozone; PM; 5 = Particulate Matter Less Than 2.5 Microns in Diameter; PM; 5 lag01 = the average of PM, s levels
on the same day and the previous day; ppb = Parts Per Billion; SD = Standard Deviation; SO, = Sulfur Dioxide.

(a) Results presented as percent increase in mortality with 95% Cl.

(b) The analysis was restricted only to person time with daily PM, 5 < 30 pg/m3.

(c) The analysis was restricted only to person time with annual PM,s < 12 ug/m3.

(d) The analysis was restricted only to person time with annual PMys < 12 ug/m? and daily PM,s < 35 pg/m?3.
(e) The analysis was restricted only to person time with daily PMys < 25 pg/m?3.
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Table 3.8 Sources of Bias and Uncertainty in Epidemiology Studies of Short-term PM, s Exposure and
Total Mortality This table summarizes several broad methodological categories where biases and uncertainties
could arise in estimated concentration-response relationships between short-term PM,s exposure and total
mortality, including exposure assessment, individual-level covariates, ecological covariates, meteorological
covariates, temporal 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, Samoli et al. (2013) only relied on central site monitoring when
assessing PM, s exposure, thus the red shading with an "X" reflects the potential for bias and the presence of
uncertainty in this aspect. Also, because Samoli et al. (2013) conducted a time-series analysis, an ecological study
design, unshaded cells with an "NA" indicate there is no apparent bias or uncertainty with regard to adjustment for
individual-level covariates. In addition, Samoli et al. (2013) did not use natural splines to estimate the concentration-
response curve, so the unshaded cell with an "NA" indicates that there is no apparent bias or uncertainty in this
aspect. In contrast, Lee et al. (2015) did not conduct any spline analysis when assessing the concentration-response
relationship, therefore, red shading with an "NA" indicates there is increased potential for bias and uncertainty in
this aspect.

&) — | =
5188
= |2 =]
Sources of Bias and Uncertainty ; <! 8 :é
= 3| 9| <
v
PM, - Exposure |Central site monitoring (low spatial resolution) X
Assessment Mo validation for PM, ; data X
Mo evaluation on multiple lags
Personal activities not accounted for (e.g., time spent indoors, Xl X | x| X
Individual Mo adjustment of individual covariates statistically or by study design
Covariates Information bias (e.g., self-reported covariates)
Temporal variation not accounted for NA | NA 3 X
Unmeasured/residual confounding X X
Ecological Mo adjustment of ecological covariates
Covariates Unmeasured/residual confounding W | % XX
Meteorological |No adjustment of meteorological covariates
Covariates Mo evaluation on multiple forms (e.g., varying df, lags) X | x
Unmeasured/Residual confounding % b4 % %
Temporal Mo adjustment of temporal covariates
Covariates Unmeasured/residual confounding ¥ | x| x| x
Evaluation of |No adjustment of copollutants
Copollutants  |central site monitoring (low spatial resolution) X
Mo validation for copollutants data X | X | X
Personal activities not accounted for (e.g., time spent indoors, % %
Collinearity/nonlinear relationship with PM, 5 not addressed/accounted X
Statistical C-R curves sensitive to df (natural splines) MNA MNA
Analyses Monlinearity not assessed statistically Xl X | x| X
Thresheld not assessed X | X[ X

Notes:
C-R = Concentration-response; df = Degrees of Freedom; NA = Not Applicable; PM; s = Particulate Matter Less Than 2.5 Microns
in Diameter.
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4 Long-term PM,s Exposure and Neurological Effects

The draft ISA concludes that there is a likely causal relationship between long-term PM.5 exposure and
nervous system effects, primarily based on animal toxicity studies of inflammation, oxidative stress,
morphological changes, and neurodegeneration in the brain and epidemiology studies of brain volume,
cognitive function, and neurodegenerative diseases.

The draft ISA does not present a systematic study quality evaluation in its summary of the available
literature, nor does it appear to consider study quality when synthesizing the evidence. As discussed below,
epidemiology studies of brain volume, cognitive function, and dementia have considerable limitations and
uncertainties that undermine the observed associations between long-term PM.s exposure and neurological
endpoints. In addition, findings from animal toxicity studies do not necessarily provide evidence for apical
endpoints, and may have limited relevance to humans.

4.1 Epidemiology Studies Do Not Indicate Long-term PM, s Exposure Affects
Brain Volume Changes

The draft ISA concludes that epidemiology studies based on the Women's Health Initiatives Memory Study
(WHIMS) cohort (Chen et al., 2015; Casanova et al., 2016) and the Framingham Offspring Study (FOS)
cohort (Wilker et al., 2015) provide key evidence that long-term PM,s exposure is associated with
reductions in brain volume. The draft ISA's conclusion is not warranted because all three studies evaluated
brain volume cross-sectionally and thus are not informative regarding changes in brain volume over time.
In addition, the draft ISA does not present any quality evaluation of these studies, nor does it appear to
consider study quality when evaluating the results. This is disconcerting because all three studies share
common critical methodological limitations that preclude their utility in causal inference.

Chen et al. (2015), Casanova et al. (2016), and Wilker et al. (2015) used magnetic resonance imaging
(MRI) to assess brain volumes in study participants. Each participant only underwent one MRI scan;
therefore, only cross-sectional measurements of brain volume, instead of changes over time, were available
for these participants. These studies compared the inter-individual differences in brain volumes across
PM 5 concentrations but not how PM- 5 concentrations relate to within-individual changes in brain volume.
The cross-sectional nature of the outcome assessment makes these studies hypothesis-generating at best,
and inappropriate for causal inference.

In addition, there is a high degree of inter- and intra-individual variability in brain volume. Total brain
volume can vary by nearly two-fold among typically developing humans of the same age, and brain size
variation is coupled with brain shape diversity (Reardon et al., 2018). Even within an individual, brain
volume changes because of various physiological and/or pathological processes and factors such as
hydration levels and neurodegenerative diseases (Duning et al., 2005; Nakamura et al., 2014; Maclaren et
al., 2014). Moreover, brain volume measurements by MRI vary considerably due to factors such as the
scanner, imaging protocol, and software used for data processing (Maclaren et al., 2014). Volumetric
measurements from multiple MRI scans of the same individual can fluctuate by as much as 9% for various
brain regions (Maclaren et al., 2014). Even for multicenter studies with harmonized protocols, which is the
case for the studies by Chen et al. (2015) and Casanova et al. (2016), site differences could lead to severe
biases in volumetric analyses (Shinohara et al., 2017). Taken together, these factors indicate that outcome
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measurement error was likely substantial when brain volume was estimated from a single MRI scan in the
studies by Chen et al. (2015), Casanova et al. (2016), and Wilker et al. (2015).

The draft ISA does not consider these critical limitations in the cross-sectional study design and outcome
measurements, and thus its conclusion that long-term PM, s exposure is associated with reductions in brain
volume is not appropriate.

4.2 Bias and Uncertainty Undermine Epidemiology Evidence of Long-term
PM, s Exposure and Cognitive Decline/Dementia

The draft ISA discusses a number of epidemiology studies that evaluated the associations between long-
term PM_5 exposure and cognitive function, measured dichotomously (Section 8.2.5.2, Figure 8-3 in the
draft ISA) or continuously (Section 8.2.5.2, Figure 8-4 in the draft ISA), and neurodegenerative diseases
(Section 8.2.6, Figure 8-6 in the draft ISA). The draft ISA concludes that epidemiology studies report
consistent associations with cognitive decrements and with all-cause dementia, and that these provide
evidence for a likely causal relationship between long-term PM. s exposure and nervous system effects.

As discussed in Section 2, the draft ISA does not sufficiently address study quality when evaluating
evidence for causal determinations. This is the case with epidemiology studies of cognitive function and
neurodegenerative diseases. For example, the draft ISA does not discuss the variability and reliability of
various cognitive function tests used in epidemiology studies or consider how these issues could limit the
utility of study results, particularly those from cross-sectional analyses, in causal inference. The draft ISA
also does not appear to consider the potential for exposure measurement error when epidemiology studies
relied on residential addresses to estimate PM2s exposure without considering residential mobility or
activity patterns (e.g., time spent indoors). Although most studies adjusted for a number of potential
confounders in their analyses, residual confounding was still likely an issue because the information on
covariates was usually assessed at baseline only (i.e., not accounting for changes over time) and by self-
report.

Setting aside study quality issues, the draft ISA does not appear to appraise individual studies or endpoints
in a consistent manner. For example, Loop et al. (2013) conducted a longitudinal analysis in the REasons
for Geographic and Racial Differences in Stroke (REGARDS) Cohort to determine whether long-term
PM2s exposure was associated with incident cognitive impairment among participants who were
cognitively intact at baseline. Loop et al. (2013) reported a null association after robust adjustment for
potential confounders. Despite discussing and acknowledging the null results reported by Loop et al.
(2013), the draft ISA does not consider this study as key evidence in its causal determination (Table 8-20)
or address the inconsistency between results reported by Loop et al. (2013) and others (Weuve et al., 2012;
Cacciottolo et al., 2017).

In addition, Tonne et al. (2014) conducted a longitudinal analysis of cognitive decline in a large cohort in
the UK. While the point estimates of Z-scores for various cognitive test were negative (i.e., in the direction
of adversity), they were small in magnitude, ranging from -0.03 to -0.003, and none were statistically
significant. Yet the draft ISA inappropriately considers these null results as supporting a negative impact
of PM_5 exposure on cognitive function.

Moreover, the draft ISA groups the studies of neurodegenerative diseases, including Parkinson's disease,
Alzheimer's disease, and dementia, and concludes that evidence is inconsistent. It states that "[h]igh quality
studies relying on neurologist confirmed PD [Parkinson's disease] provided no evidence of an association”
and that there is an "[a]ssociation with all-cause dementia determined by physician adjudication observed
in WHIMS but not in registry based follow-up study of Alzheimer's disease in China" (Table 8-20, P 8-63).
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However, the draft ISA only discusses results from select studies of all-cause dementia as being coherent
with animal toxicity data, without providing any rationale for not considering the inconsistent results from
studies of Parkinson's disease and Alzheimer's disease.

Overall, epidemiology evidence, undermined by methodological limitations and inconsistent results, does
not establish an association between long-term PM_ s exposure and cognitive decline/dementia.

4.3 The Draft ISA Does Not Consider the Quality and Relevance of the
Toxicological Data

The draft ISA indicates that "[t]he strongest evidence of an effect of long-term exposure to PM.s on the
nervous system is provided by animal toxicological studies that show inflammation, oxidative stress,
morphologic changes, and neurodegeneration in multiple brain regions following long-term exposure to
PM.s CAPs [concentrated ambient particles]” (Section 8.2.9, P 8-61). However, the draft ISA does not
consider the quality and relevance of the toxicity evidence.

Table A-1 in Appendix 1 of the draft ISA discusses a number of quality-related considerations for
evaluating evidence on PMzs health effects in various disciplines, including animal toxicology. These
considerations include study design, test model, pollutant, exposure assignment, outcome
assessment/evaluation, potential copollutant confounding, other confounding factors, and statistical
methodology. As discussed in Section 2, these criteria are not sufficiently detailed or prescriptive to ensure
a consistent evaluation across studies and endpoints.

In fact, the draft ISA does not discuss the quality of toxicity studies, apparently taking the results of
individual studies at face value without discussing study- and endpoint-specific methodological limitations.
The draft ISA also does not consider study quality when integrating evidence across endpoints and studies.

In addition, the draft ISA does not sufficiently consider the relevance of exposure doses in experimental
studies. For example, Table 8-20 in the draft ISA presents the PM2 s concentrations associated with brain
inflammation and oxidative stress in toxicological studies. These concentrations are generally an order of
magnitude higher than the current NAAQS of 12 ug/m®. It is unclear whether similar molecular and cellular
events occur in humans exposed to ambient PM; s concentrations.

Finally, the draft ISA does not fully consider the human relevance of the observed neurological endpoints
or animal models tested. Many outcomes measured are upstream events, not apical effects. The draft ISA
did not address whether they were homeostatic changes or reversible effects; the detection of an upstream
event alone does not necessarily indicate pathogenesis or disease onset.

Overall, the draft ISA should have assessed these issues when evaluating toxicity evidence for causal
determination on nervous system effects.
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5 Long-term PM; s Exposure and Cancer

The draft ISA concludes that there is a likely to be causal relationship between long-term PM. s exposure
and cancer, primarily based on epidemiology studies of lung cancer incidence and mortality, as well as
experimental studies that the draft ISA concludes provide evidence for biological plausibility. However,
as discussed below, 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 and human relevance of the
experimental findings. Collectively, the available evidence does not support a likely causal relationship
between long-term PM2 s exposure and cancer.

5.1 The Draft ISA Does Not Consider Key Methodological Limitations and
Uncertainties in Lung Cancer Epidemiology Studies

Although the draft ISA indicates that multiple epidemiology studies evaluating long-term PM_s and cancer
are of high quality, it does not present any study quality evaluation. As discussed in Section 2.2, there are
many aspects of study quality that can impact the interpretation of results (e.g., confounding). Below we
discuss two major limitations in the epidemiology studies of long-term PM.s exposure and lung cancer,
and how they significantly increased the uncertainty in the observed associations.

5.1.1 Epidemiology Studies Did Not Evaluate the Relevant Exposure Window

Lung cancer is a chronic disease with a long latency period. For example, an analysis of over 350,000 lung
cancer cases indicated that the time between cancer initiation and diagnosis was approximately 13.6 years
(Nadler and Zurbenko, 2014). Therefore, when evaluating potential lung carcinogens, epidemiology
studies should consider exposure windows at least a decade prior to cancer diagnosis.

This was not done in the epidemiology studies that evaluated associations between long-term PMzs
exposure and lung cancer mortality and incidence. As shown in Figure 5.1, none of the studies reviewed
in the draft ISA included sufficient lag time between the exposure period and follow-up period to account
for latency. Moreover, in most studies, exposure periods included time after the follow-up for cancer ended,
resulting in considerable exposure measurement error. In several studies, the exposure periods occurred
entirely after the cancer follow-up periods, thus violating the temporality rule of causation (i.e., the cause
has to occur before the effect).

Because the relevant exposure window for lung cancer was not evaluated and the potential for substantial
exposure measurement error was high, observed associations between PM;s and lung cancer in these
studies are not reliable. This was not addressed in the draft ISA.
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Figure 5.1 Exposure and Follow-up Periods in Studies of Long-term PM, . Exposure and Lung
Cancer Mortality and Incidence
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5.1.2 Residual Confounding Likely Undermined the Epidemiology Study Results

Lung cancer has several known risk factors, including smoking, exposure to second-hand smoke, having a
family history of lung cancer, and exposure to radon gas, asbestos, arsenic, chromium, and nickel (ACS,
2016a,b).

Smoking accounts for approximately 90% of all lung cancer cases (CDC, 2013). A recent analysis by Thun
et al. (2013), based on close to one million people pooled from five large contemporary cohorts in the US,
showed that compared to men who never smoked, men who are current smokers are nearly 25 times more
likely to die from lung cancer (relative risk [RR] = 24.97, 95% confidence interval [CI]: 24.30-30.70). In
addition, the risk of lung cancer mortality increased with increasing number of cigarettes smoked per day
(intensity), longer duration of smoking, younger age at initiating smoking, and older age at quitting
smoking, and decreased with the number of years since quitting smoking. The RRs of lung cancer mortality
according to number of cigarettes smoked per day and duration of smoking for male current smokers are
presented in Table 5.1.

Table 5.1 Relative Risks of Lung Cancer Mortality in Male Current vs. Never Smokers?®

Cigarettes/Day <10 10-19 20-39 40+ P for Trend
RR 15.83 23.61 3242 41.72 <0.0001
95% ClI 13.45-18.65 20.58-27.09 28.33-37.11 33.18-52.46
Duration (Years) <30 30-39 40-49 50+ P for Trend
RR 3.17 9.58 20.06 29.40 <0.0001
95% ClI 1.01-9.99 4.66-19.69 14.40-27.94 23.29-37.12

Notes:

Cl = Confidence Interval; RR = Relative Risk.
(a) Recreated from Table S3 in Thun et al. (2013).

In addition to active smoking, environmental (passive or secondhand) tobacco smoke is also considered to
be a cause of lung cancer, based on findings from epidemiology studies in nonsmokers (NTP, 2011; US
Public Health Service, 2006). Exposure to spousal smoking is associated with an increase of 20%-30% in
lung cancer risk, while exposure to secondhand smoke at workplace is associated with an increase of 24%
in lung cancer risk in the US.

People with a family history of lung cancer are also at increased risk for developing the disease (CDC,
2013). Having a family history of lung cancer is associated with an increase of over 80% in lung cancer
risk, as reported in two meta-analyses (Matakidou et al., 2005; Gu et al., 2010). Lung cancer risks
associated with a family history of lung cancer by categories of proband® are presented in Table 5.2.

L A proband is a person serving as the starting point for the genetic study of a family.
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Table 5.2 Relative Risks of Lung Cancer Associated with Family History of
Lung Cancer?®

Categories Relative Risk 95% CI P
Relative Affected Father 1.62 1.43-1.82 <0.001
Mother 1.96 1.60-2.41 <0.001
Siblings 1.92 1.68-2.19 <0.001
Smoking Status Smoking 1.73 1.54-1.94 <0.001
Non-smoking 1.42 1.06-1.91 0.02
Notes:

Cl = Confidence Interval.
(a) Adapted from Table 3 in Gu et al. (2010).

When evaluating a potential lung carcinogen in humans, it is important to adjust for these risk factors, as
they are likely confounders. This is especially true for smoking. Because smoking is such a strong risk
factor and multiple smoking metrics are independently associated with lung cancer risk, it is critical to
measure and account for different metrics such as smoking intensity, duration, age at starting smoking, and
years since quitting.

As shown in Table 5.3, this is not the case for the epidemiology studies of long-term PM,s exposure and
lung cancer. None of the studies accounted for family history of lung cancer or all of the relevant smoking
metrics. Several studies did not adjust for smoking status at all, which makes their findings completely
unreliable. Exposure to secondhand smoking, if adjusted for, was assessed with different metrics across
studies. The impact of residual confounding by active and passive smoking and potential confounding by
family history was not given any consideration in the draft ISA and likely biased the observed associations
between long-term PM2s exposure and lung cancer.
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Table 5.3 Adjustment for Selected Confounders in Epidemiology Studies of Long-term PM, s Exposure and Lung Cancer

Study Location Smoking Exposure to Secondhand Family
Status | Intensity | Duration | Pack-years | Other Smoking History
Mortality
Pope et al. (1995) us Y Y Y N N Hours/day exposed to smoking N
McDonnell et al. (2000) usS (CA) Y N N Y N N N
Laden et al. (2006) us Y N N Y N N N
Naess et al. (2007) Norway N N N N N N N
Brunekreef et al. (2009) | Netherlands Y Y Y N N Partner's smoking status N
Krewski et al. (2009) us Y Y Y N Age starting Hours/day exposed to smoking N
smoking
Hart et al. (2011) us N N N N N N N
Lipsett et al. (2011) us (CA) Y N N Y N Exposure to secondhand N
smoking at home (yes/no)
Turner et al. (2011) us Y N N N N Passive smoking (hours) N
Lepeule et al. (2012) us Y N N Y N N N
Cesaroni et al. (2013) Italy N N N N N N N
Carey et al. (2013) UK Y Y N N N N N
Jerrett et al. (2013) us (CA) Y Y Y N Age starting Hours/day exposed to smoking N
smoking
Thurston et al. (2013) us Y Y Y N Age starting Hours/day exposed to smoking N
smoking < 18
Turner et al. (2014) us Y N N N N Hours/day exposed to smoking N
Villeneuve et al. (2015) Canada Y N N Y N N N
Crouse et al. (2015) Canada N N N N N N N
Wong et al. (2016) Hong Kong Y N N N N Percentage of smokers in N
district
Pinault et al. (2016) Canada Y N N N N N N
Weichenthal et al. Canada N N N N N N N
(2016)
Turner et al. (2016) us Y Y Y N Age starting Hours passive smoking N
smoking < 18
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Study Location Smoking Exposure to Secondhand Family
Status Intensity Duration | Pack-years Other Smoking History
Incidence
Beelen et al. (2008) Netherlands Y Y Y N N Partner's smoking status N
Brunekreef et al. (2009) | Netherlands Y Y Y N N Partner's smoking status N
Raaschou-Nielsen et al. Europe Y Y Y N Time since Exposure (yes/no) N
(2013) quitting
Hystad et al. (2013) Canada Y N N Y Time since Person-years of residential and N
quitting occupational exposure
Puett et al. (2014) us Y N N Y Time since Exposure at home, at work, N
quitting and during childhood
Hart et al. (2015) Netherlands Y Y Y N N Partner's smoking status N
Raaschou-Nielsen et al. Europe Y Y Y N Time since Exposure (yes/no) N
(2016) quitting
Tomczak et al. (2016) Canada Y N N Y N N N
Gharibvand et al. us Y Y N N Time since N N
(2017) quitting
Note:
Red shading indicates that the results were in the direction of increased bias or uncertainty.
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5.2 The Draft ISA Does Not Fully Consider the Quality and Relevance of the
Experimental Studies

The draft ISA indicates that "extensive" experimental evidence provides support for biological plausibility
because toxicity studies show PM_ s exhibits several key characteristics of carcinogens, as defined in Smith
et al. (2016). While the draft ISA discusses mechanistic evidence regarding these characteristics, it does
not fully consider the quality, external validity, and relevance of the evidence.

As discussed in Section 2, while the draft ISA includes some overarching principles regarding evaluating
the quality of experimental animal studies (but notably not in vitro studies), it does not provide detailed
quality criteria or appear to consider study quality when integrating evidence. As outlined in Section 4.3,
multiple aspects in the design, implementation, and analysis of animal toxicity studies can impact study
quality, and the draft ISA should have considered these factors and their potential influence on the
interpretation of results.

Even setting this aside, the draft ISA does not consider that many of these key characteristics of carcinogens
are also common to substances that do not cause cancer, so their presence does not necessarily support a
causal association (Goodman and Lynch, 2017). The draft ISA relies on experimental studies as evidence
supporting upstream events (e.g., oxidative stress) but does not acknowledge that these events are not
necessarily indicative of carcinogenesis. That is to say, the draft ISA does not consider the biological
relevance of specific endpoints to humans. It can be difficult to determine whether observed biological
perturbations represent homeostatic changes or molecular initiating events that may lead to cancer (Miller
et al., 2016). This is particularly true for genotoxicity, where different assays differ in their predictive
ability with regard to cancer (as discussed in Section 2.2.1).

Finally, as presented in Table 10-8 of the draft ISA, the exposure doses tested in the animal toxicity studies
were generally at least an order of magnitude higher than what is usually experienced by the general
populations in the US — a critical issue that the draft ISA does not consider. The draft ISA also does not
discuss the possibility that the observed effects are only manifest at high exposure doses when the cellular
defensive mechanisms are overwhelmed.
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6 Long-term UFP Exposure and Neurological Effects

The draft ISA concludes that there is a likely causal relationship between long-term UFP exposure and
nervous system effects, primarily based on animal toxicity studies of inflammation, oxidative stress,
morphologic changes in the brain, cognitive and behavioral effects, and neurodevelopmental effects. The
draft ISA does not consider study quality when integrating the evidence, however. In addition, the findings
from animal toxicity studies do not necessarily provide evidence for apical endpoints and may have limited
relevance to humans.

Regarding long-term exposure to UFP, the draft ISA indicates that "[t]he strongest evidence is provided by
animal toxicological studies showing inflammation, oxidative stress, and neurodegeneration in adult mice
and Alzheimer's disease pathology in a susceptible animal model. In addition, pre- and early postnatal
exposure to UFP results in behavioral effects, inflammation, and persistent morphologic changes” (Section
8.6.7, P. 8-104). However, as with the toxicity evidence for the effects of long-term exposure to PMzs
discussed above in Section 4.3, the draft ISA does not consider the quality and relevance of the toxicity
evidence for effects of long-term exposure to UFP.

The draft ISA does not discuss the quality of toxicity studies; rather, the results of individual studies are
apparently taken at face value without any discussion of study- and endpoint-specific methodological
limitations. The draft ISA also does not consider study quality when integrating evidence across endpoints
and studies. Table 8-38 in the draft ISA lists key evidence from UFP toxicity studies, with a footnote
indicating that such evidence can be supporting or contradicting, yet only positive results are included in
this table. There is no discussion of the basis for considering evidence from a particular study to be key
evidence, such as study quality or other considerations.

Although Table A-1 in Appendix 1 of the draft ISA discusses a number of quality-related considerations
for evaluating animal toxicology evidence on UFP health effects (including study design, test model,
pollutant, exposure assignment, outcome assessment/evaluation, potential copollutant confounding, other
confounding factors, and statistical methodology), as discussed above in Section 2, these criteria are not
sufficiently detailed or prescriptive to ensure a consistent evaluation across studies and endpoints. It is
unclear whether any of these considerations were incorporated in the evaluation of individual UFP studies,
as they are not discussed for any of these studies in the draft ISA.

In addition, the draft ISA does not sufficiently consider the relevance of exposure doses in experimental
studies. For example, Table 8-38 in the draft ISA presents the UFP concentrations associated with the
various neurological effects reported in toxicological studies. All of these concentrations are generally an
order of magnitude higher than the current PM2s NAAQS of 12 pg/m?, of which there is a variable fraction
of UFPs. It is unclear whether similar molecular and cellular events occur in humans exposed to the UFP
fraction at ambient PMs concentrations.

Further, the draft ISA does not fully consider the human relevance of the observed neurological endpoints
or animal models tested. Many outcomes measured are upstream events, not apical effects. As discussed
above in Section 4.3, the draft ISA does not address whether they were homeostatic changes or reversible
effects; the detection of an upstream event alone does not necessarily indicate pathogenesis or disease onset.

For example, the draft ISA discusses several studies that evaluated the expression of genes related to
inflammation in various sections of the brain, but these studies did not provide an indication as to whether
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there was confirmatory evidence for inflammation in the brain. Tyler et al. (2016) reported increased
expression of several genes related to inflammation in mice exposed to UFPs, but stated that there were
only minimal inflammatory effects observed in bronchoalveolar lavage fluid (BALF). This does not fit
with the biological pathway for nervous system effects of long-term UFP exposure proposed in the draft
ISA (i.e., pulmonary inflammation leads to systemic inflammation and neuroinflammation) and calls into
guestion the reliability of the gene expression data for predicting apical effects.

Finally, the draft ISA does not fully discuss the consistency of the various neurological endpoints reported
in the UFP toxicity studies. Most of the effects were evaluated in only one study and need to be confirmed
in other studies before firm conclusions on causality can be made. The draft ISA also does not explicitly
state how the different endpoints are related to each other and whether the results across endpoints are
consistent with a particular outcome. For example, there is no discussion of whether the particular cognitive
and behavioral effects observed in mice would be expected from the reported morphological changes in the
brain. Rather, the integration of the evidence across studies consists of a summary of positive results with
no clear indication of their relevance to each other.

Overall, the draft ISA should have assessed these issues when evaluating the toxicity evidence for a causal
determination on nervous system effects from long-term exposure to UFP. In light of these issues, the
evidence is inadequate to infer a causal relationship between long-term exposure to UFP and neurological
effects.
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7 PM and Welfare Effects

7.1 Overarching Issues

As discussed in Section 2, the draft ISA lacks a detailed systematic review protocol. No information is
given regarding 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; or PM-specific methods for evidence integration and causality determinations.

In addition, the draft ISA does not consider study quality when evaluating evidence on welfare effects of
PM. Specifically:

= While the Preamble to the ISAs discusses several quality considerations for evaluating studies of
welfare effects, these considerations do not include all of the methodological aspects that may
impact the interpretation of the study results. In addition, these considerations are not sufficiently
detailed to allow a systematic and transparent evaluation of individual study quality.

= In the draft ISA, there are no specific quality criteria for studies of welfare effects, like those for
studies of health effects in Appendix 1. Evaluation of individual studies of welfare effects is highly
descriptive without much, if any, discussion on study quality.

= Individual study quality is not appropriately evaluated in the draft ISA; consequently, study quality
is not sufficiently considered when integrating the evidence across studies and endpoints. There is
no indication that the draft ISA gives higher-quality studies more weight or considers the overall
WoOE in the causal determination.

The draft ISA does not explicitly specify relevance criteria for studies of welfare effects. There is little
discussion regarding whether study findings from various PM concentrations, experimental approaches,
and measured outcomes are applicable to welfare effects of ambient PM in the US.

Similar to the causal framework for health effects, the causal framework for welfare effects is biased
towards a causal relationship. EPA should update the causal framework for welfare effects to the IOM
framework, as well.

Unlike the evaluation of health effects, the draft ISA's evaluation of welfare effects generally discusses PM
as a whole without considering different size fractions. The draft ISA should conduct separate analyses for
different size fractions (i.e., PM1o, PM2s.10, PM25, UFP) and various welfare effects (i.e., visibility, climate,
and effects on materials).

7.2 \Visibility Impairment

As in the 2009 PM ISA, the draft ISA concludes that there is a causal relationship between PM exposure
and visibility impairment. The draft ISA states that visibility impairment by atmospheric PM, with
strongest effects in the size range of 0.1 to 1.0 um, is supported by historical data, as well as more recent
studies that are based on measurements of PM, s and light extinction. However, many aspects of visibility
are dependent upon weather, which also introduces uncertainty.
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The Interagency Monitoring of Protected Visual Environments (IMPROVE) algorithm models PM effects
on light extinction and has changed since the last PM review cycle (i.e., addition of a sea salt term,
calculation that relates particulate organic matter concentration from organic carbon concentration,
elevation and mean temperature variable for gas scattering). However, it is not clear whether modeled
visibility impairment takes into account the variability between species, region, season, and whether a
location is urban or rural. Because many processes that influence PM are strongly affected by the weather,
a focused effort to include meteorological processes into the algorithm is necessary to interpret model
outputs.

In addition, light extinction efficiencies can be highly variable between species (up to a factor of 10 has
been reported, as shown in Figure 13-1 in the draft ISA). PM species vary by region and season and by
whether a location is urban or rural, and this also can impact light extinction. It is unclear if these large
variabilities were taken into account in the assessment of PM's effects on visibility.

It is clear that there is a generic causal relationship between PM exposure and visibility impairment.
However, the exposure levels as a function of size fractions (PM.s, PM2s.10, and PMyo) are not well
characterized. Because it is not known which specific PM size fractions cause visibility impairment, the
draft ISA should acknowledge this uncertainty and the fact that this endpoint cannot be used as the basis of
a guantitative risk assessment.

7.3 Effects on Materials

The 2009 and current draft ISA conclude that there is a causal relationship between PM exposure and effects
on materials. The 2009 ISA focused on examining PM impacts on stone used for historic monuments and
buildings. The current draft ISA presents new information for glass and metals, including modeling of
glass soiling and identifying which pollutants are most influential in metal corrosion in a multipollutant
environment, and how that varies between metals. The draft ISA indicates that new research supports a
causal relationship for the deposition of PM on metals, building materials, and glass.

There are several aspects of the assessment that remain unclear, including exposure-response relationships,
damage functions, and interaction of copollutants. In addition, some uncertainties remain, such as
guantitative relationships between particle concentration and frequency of repair, deposition rates of
airborne PM to surfaces, and the interaction of copollutants with regard to materials damage effects.

Thus, while the evidence supports a causal association between PM and effects on materials, it is not clear
which size fractions cause the effects or at what exposure level this occurs. Thus, similar to visibility
impairment, the draft ISA should acknowledge the uncertainty pertaining to size fraction and that effects
on materials should not be used in a quantitative risk assessment.
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8 Recommendations for CASAC

CASAC should recommend that EPA address three overarching issues in the draft ISA that undermine its
evaluations of health and welfare effects. These relate to the systematic review protocol, study quality and
relevance, and the causality framework. Specifically, CASAC should recommend that the ISA:

» Include and follow a sufficiently detailed systematic review protocol;

= Sufficiently address study quality by providing detailed study quality criteria, tabulating study
quality characteristics for individual studies, and specifying how individual study quality impacts
evidence integration;

= Explicitly state study relevance criteria; and

= Update the causal framework in such a way that does not inherently bias towards a causal
conclusion.

CASAC should recommend that EPA re-evaluate causality once these overarching issues with the
evaluation process are addressed. While re-evaluating all endpoints may not be feasible, EPA should at
least re-evaluate the associations that form the basis of the NAAQS and for which causal conclusions in the
current draft ISA differ from those in the 2009 ISA. These include long-term PM.s exposure and total
mortality, nervous system effects, and cancer, and long-term UFP exposure and nervous system effects.

Furthermore, the current lack of a thorough, systematic study quality evaluation was noted by CASAC in
its review of the PM IRP (CASAC, 2016), and is a serious issue for determining causation, and it is even
more problematic in the context of concentration-response relationships. This is because for causal
determinations, studies need to establish the presence of an effect; however, for concentration-response
relationships, studies also need to calculate the magnitude of an effect in relation to the level of exposure.
CASAC should also recommend that the draft ISA include a thorough, systematic quality evaluation of
studies of concentration-response relationships between PM exposures and mortality, and fully consider
the impact of potential biases and uncertainties on the study results.

Finally, CASAC should recommend that the draft ISA discuss the uncertainties associated with PM size
fractions, which preclude visibility impairment and effects on materials from being used in a quantitative
risk assessment.

These recommendations will allow EPA to evaluate and integrate the evidence in a transparent, systematic,
and unbiased manner. As a result, the causal determinations for health and welfare effects will not be
inherently biased towards causation, and undue confidence will not be placed in observational
concentration-response data that have substantial uncertainties.
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