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ExecutiveSummary

TheUnited State€EnvironmentaProtectionAgency(EPA) releasedheIntegratedScienceAssessmerfor
ParticulateMatter (ExternalReview Draft) (herein referred to as thelraft ISA") in October2018 (US
EPA, 2018. Thedraft ISA indicatesthat recentepidemiologystudiesof long-term PM; s exposureand
mortality generallysupportalinear,no-thresholdrelationshipwith confidencaen somestudiesn therange
of 58 ¢ grP. It also concludeshat long-term PM.s exposureis likely causallyassociatedvith both
nervoussystemeffectsandcancer.

There ardhreeoverarching issues in the draft ISA evaluatidinealth and welfare effectisat undermine
its conclusionghatrelate to thesystematiageview protocol, study quality and relevance, and the causality
framework

SystematicReview Protocol

A The draft ISA lacks a sufficiently detailed systematic review ptocol. Thelackof asufficiently
detailedprotocol hasled to an evaluationthat was not conductedn a systematicunbiased or
transparenmanner. The protocol should include welleveloped methods for the literature search
strategy; study inclusion and exclusion criteria; a process for data extractigualitg control;
specific, prescriptive criteria for evaluating study quality; methods for data analyses; and PM
specific methods for evidence integration and causality determinations.

StudyQuality and Relevance

A Study quality is not sufficiently consideed. While the draft ISAhas alist of important study
guality aspectdor evaluating health effecis Appendix 1(but no comparable list for welfare
studies) it is not completer sufficiently detailed to allovior a consistent evaluation of individual
study quality Also, only high-quality studies should be considered key stu@ies given the most
weight in analysesandthe quality of all studies, including new and previously evaluated studies,
should be considered for causal determinations.

A Study quality and relevance impact how informative a study isStudies 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 restulte considered relevant to the
US population as a whole, or to-tigk" populations, should be explicitly stated.

A There should be qualitycriteria for in vitro and welfarestudies. EPA cannot determine whether
thesestudessupport or call into quéisn a causal association if it has not evaluated study quality.

A Quality aspectsshould be tabulated for eachindividual study. A systematic review involves
reviewing and judgingthe quality of each individual study in the same mann€his is best
acconplished with tablesand this wasot done in the draft ISAFor practical reasons, quality
aspects for individual studies should at leagbbelatedor key endpoints that inform thdational
Ambient Air Quality StandardéNAAQS) (e.g, total mortality).
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The CausalrBmework

A The causal framework is structured in such a way that biases towards a causal conclusidn.
should be revised to be more balanced.

Because of these overarching issues, the available evidence is not reviewed and integetedistent,
systematic way, and consequently, the causal conclusiohgalth and welfare effecése not warranted
based on the weight of scientific evidence.

This is exemplified in the draft ISA's causal determination regarding neurologicaseffde draft ISA

doesnot presentany systematicstudy quality evaluation when it summarizése availableliterature,nor

doesit appearto considerstudy quality when synthesizinghe evidence. Epidemiologystudiesof brain

volume,cognitivefunction, anddementighaveconsiderabldimitationsanduncertaintieshatundermined
the observedassociationdetweenlong-term fine particulate matterPM..5) exposureand neurological
endpoints but this was not considered in the ISA.ndthgsfrom animaltoxicity studiesdo not provide
evidencdor apicalendpointsandmay havelimited relevancego humans.

Similarly, the draft ISA concludes that there is a likely causal relationship betweettetand®M s
exposure and cancer, primarily based on epidemyastgdies 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 methodologatairisnit

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 édence does not support a likely causal relationship betweertéomgPM s
exposure and cancer.

The draft ISA also concludes that there is a likely causal relationship betwedetongFP exposure and
neurological effects. Because the draft ISA'dation 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 effectthe draft ISA does not acknowledge the uncertaim@tainingto 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 ofteng PM s exposure and morig}
generally support a linear, ftbreshold relationship with confidence in some studies in the range of
58¢ fm°. The draft ISA also discusses evidence from cardiovas(D\dr endpoints as supportive for
PM; s effects at low concentration§Vith regard to shosterm PM s exposure and mortality, the draft ISA
indicates that epidemiology studies conductedhim US provide evidence for a linear relationship at
concentrations as low ag5(m°. The draft ISA does not systematically evaluate the quality of these studies
or fully consider potential biases and uncertainties when evaluating the evidence retierdihgpe of
concentratiorresponse curves. In addition, the draft ISA's evaluation is not systematic or consistent across
studies oroutcomes. We demonstrate that considerable methodological limitations and uncertainties in
these epidemiology studiesegtude the observed concentratimsponse 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 defeations for health effects are biased towards causation, and undue
confidence is placed in observational concentratesponse data that contain substantial uncertainties.
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1 Introduction

In its last review of particulatematter(PM), the United StatesEnvironmentalProtectionAgency (EPA)
concludedhatexposureo ambientPM; s causedor wasassociatedvith a wide variety of healtheffects,
andthatno thresholdhadbeenidentified belowwhich thesehealtheffectsdo not occur(US EPA, 2009.

EPA releasedhe IntegratedScienceAssessmentor ParticulateMatter (ExternalReview Draft) (herein

referred to as thedtaft ISA") in October2018 (US EPA, 2018. The draft ISA indicatesthat recent
epidemiologystudiesof long-term PM, s expasureand mortality generallysupporta linear, no-threshold
relationshipwith confidencein somestudiesin therangeof 5-8 ¢ gnf. It alsoconcludeghatlong-term

PM. s exposurds likely causallyassociatedvith both nervoussystemeffectsandcancer and that long

term exposure to ultrafine particles (UFPs) are likely causally associated with nervous system effects.
Thesethreecausal determinatiorege the only onethatchangedsincethe 2009 PM ISA

As discussedbelow in Section2, there are severaloverarchingissuesin the draft ISA evaluationthat
undermineits conclusionsincluding the lack of a detailedprotocolfor the entireassessmenthe limited
evaluationof study quality and relevangeand limitations with the causalframework all of these issues
resultedn individual studiesnot beingreviewedandintegratedn a consistentsystematiavay, andcausal
corclusionsthat are not warrantedbasedon the weight of scientific evidence. Section3 discussesiow
concentratiorresponserelationships between PMzs and mortality/morbidity outcomesobservedin
epidemiology studies were likely impacted by many biasesand uncertainties both overall and at
concentrationsin the range of 5-8 & gn’. Sections 4 and 5 discuss the epidemiology and
toxicology/mechanistievidenceregardingong-term PM; s exposureandneurologicaleffectsandcancey
respectively. In both cases,the available epidemiology studies are underminedby considerable
methodologicallimitations, and the quality and humanrelevanceof the experimentalfindings are not
considered.Section 6 discusses the toxicology/mechanistic evidence regardingelomg FP exposure
and nervous system effects, dralvthe quality and huamn relevance of the experimental findings are not
consideredn the draft ISA Section7 discusses thissues witltheevaluation of welfare effects in the draft
ISA. Finally, Section 8 provides recommendations thoe Clean Air Scientific Advisory Comrttee
(CASAQ) 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
confiderce is placed in observational concentratiesponse data that contain substantial uncertainties.

Thes comments wer@reparedvith funding from the American Petroleum Institute, but the conclusions
and recommendations are based on Gradient's indepegudient and evaluation.
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2 Overarchinglssuedn the Draft ISAEvaluation

2.1 TheDraft ISALacksa SufficientlyDetailed SystematicReviewProtocol

The draft ISA states"The U.S. EPA usesa structuredand transparenprocessfor evaluatingscientific

informationanddeterminingthe causalnatureof relationshipsetweenair pollution exposuresndhealth
effects[details providedin the Preambleo the IntegratedScienceAssessment@UJ.S. EPA, 2015)]' (US

EPA, 2018 p P-11). However,the processis not transparentin that both the draft ISA and Preamble
primarily discussoverarchingprinciples. In addition,neither havesufficient detail to ensurethat studies
areidentified andreviewedin a systematicand consistenimanner,or integratedin a way that considers
studyquality andthe coherencef resultsacrossstudieswithin andacrosdlisciplines.

The draft ISA should haveincluded a protocol that includeswell-developedmethodsfor the literature
searchstrategy(including keywordsanddatabaseto be searched)studyinclusionandexclusioncriteria;
aprocesdor dataextractionandquality control; specific,prescriptivecriteriafor evaluatingstudyquality;
methoddor dataanalysesandPM-specificmethoddor evidenceantegrationandcausalitydeterminatios
(including plansfor assessinglata gaps,limitations, and uncertaintiesin the evidenceand the overall
systematiaeview). A detailedprotocolwould havelimited potentialbiasesin the draft ISA andhelped
ensurethat its analysesand resultscould be reproducedby others. The lack of a sufficiently detailed
protocol hasled to an evaluationthat was notconductedn a systematicunbiasedor fully transparent
manner.

2.2 StudyQuality Is Not SufficientlyAddressed

In its comments on thdraft Integrated Review PI4IRP) for the National Ambient Air Quality Standards
for Particulate MatterCASAC (2019 stated:

The evaluation of study quality was found to be somewhat vague, and the document would
benefit from aditional 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 howitthe qual
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 readefor 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
metaanalyses. We recommend that the IRP inclpgeific information about the quality
assessment process and criteria to be used, acknowledging the limitations and difficulties
involved.

ThedraftISA hasatablewith aspect®f studyquality thatshouldbe consideredvhenevaluatingscientific
eviderceon health effect@here is no comparable table for welfare effecid)istableis in Appendix1 of
thedraftISA (andreproducedhereas Table 2.). Thetextimmediatelyprecedinghetablesays(US EPA,
2018 p A-1):
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Table A-1 describesaspectsconsideredn evaluatingstudy quality of controlledhuman
exposureanimaltoxicological,andepidemiologicstudies. Theaspect$oundin TableA-
1 areconsistentvith currentbestpracticedor reportingor evaluatinghealthsciencedata.
Additionally, the aspectsare compatiblewith publishedU.S. EPA guidelinesrelatedto
cancerneurotoxicity,reproductivetoxicity, anddevelopmentatoxicity (U.S.EPA, 2005,
1998,1996,1991).

Theseaspectsverenot usedasa checklist,andjudgmentsveremadewithout considering
the resultsof a study. The presenceor absenceof particularfeaturesin a studydid not
necessariljjeadto the conclusionthata studywaslessinformative or to excludeit from
considerationn theISA. Further,theseaspectsverenot usedascriteriafor determining
causality in the five-level hierarchy. As describedin the Preamble, causality
determinationsvere basedon judgmentsof the overall strengthsand limitations of the
collective body of available studiesand the coherenceof evidenceacrossscientific
disciplinesandrelatedoutcomes.TableA-1 is notintendedo bea completdist of aspects
thatdefinea study'sability to inform the relationshipbetweenPM andhealtheffects,but
it describeghe majoraspectxonsideredn this ISA to evaluatestudies. Wherepossible,
study elements,such as exposureassessmenand confounding (i.e., bias due to a
relationshipwith the outcomeand correlationwith exposurego PM), are considered
specificallyfor PM. Thus,judgmentson the ability of a studyto inform the relationship
betweenan air pollutantand health can vary dependingon the specific pollutant being
assessed.

The tableis fairly detailed,and the study quality aspectsdiscussedare generallyconsistentwith those
considereestpracticeshy severalotheragenciesandorganizations.We agreethatit is importantthat
theseaspectsiot be usedasa checklist,andthatthey not be usedto excludestudiesfrom considerationn

thedraft ISA (exclusionshouldbe basedsolely onrelevance).We alsoagreethat studyresultsshouldnot
be consideredvhenevaluatingstudyquality.

However,thereare somegapsin the quality evaluationsystem,andthe applicationof the quality criteria
hasnot beenperformedin a consistentsystematiovay. Theseshortcomingsdiscussedn more detail
below,haveresultedn causalkconclusiondor both health and welfare effedtsatarenot warrantedbased
ontheweightof scientificevidence.

2.2.1 ThereAre No Quality Qriteria for In Vitro or Welfare Sudies

In thePrefacethedraft ISA states;'WhereaghelSA tendsnotto focusthe evaluationof the healtheffects
evidenceon in vitro studies for the purposeof examiningthe mutagenicityof PM in vitro systemsare
discwssedbecauseheyinform thebiological pathwaysunderlyingcancer'(US EPA, 2018 p. P-16).

It is not clearhow EPA candeterminewhetheran in vitro study supportsor callsinto questiona causal
associationf it has notevaluatedstudyqudity. Thisis particularlytrue for genotoxicitystudiesbecause
not allin vitro assays of DNA damage predict carcinogenesigesof geneticdamageassociatedvith
cancerinvolve permanenthangesn geneexpressionjncluding mutationsand structuraland numerical
chromosomeaberrations but cytotoxic DNA damagewill not be sustainedin future cell generations
(Dearfieldetal., 2002. Indicatortestsarethosethatevaluatewhethera substanceaninteractwith DNA
without necessarilycaushg permanenthangesn geneexpressionwhile mutagenicitytestsspecifically
evaluatewhethera substanceancausegenemutationsor permanenalterationsn thestructureor number
of chromosomegEastmondetal., 2009 WHO, 2007).

GRADIENT 3



IndicatortestsincludethosethatevaluatesisterchromatidexchangeDNA strandbreakgsuchasthecomet
assay)DNA adducts,and unscheduledNA synthesisg(Eastmondet al., 2009 WHO, 2007). Positive
resultsfrom indicatortestsprovide suggestivebut not definitive, evidencethata substancés mutagenic.
A positiveresultfrom amutagenicitytestprovidesclearerevidencehatasubstanceancauseDNA damage
that could potentiallyleadto cancer. Mutagenicitytestsincludethose that specificallytestfor mutations
(such as the Salmonella typhimuriumbacterialassayand the mouselymphomaassay)and thosethat
evaluateeffectson chromosomesgsuchaschromosomeberratiorandmicronucleusassays).

Perhapsnoreimportantly,genotoxicity studiesvary considerablyn their ratesof falsepositiveresults. In
generalthereis a known high rate of false positiveswith many commonsubstanceshat do not posea
carcinogenigisk underhumanexposureconditions(DearfieldandMoore, 2005 Pottengeetal., 2007).

Despitethesecritical issuesthe draft ISA takesall resultsof genotoxicityassaysat face value, without
consideringhereliability of theavailablestudies. Thedraft ISA shouldhaveconsideredtudy quality of
all in vitro studieswith a particularfocuson methodghathavebeenfoundto lower falsepositiveresults,
including the use of p53-competenthumancells, measuref cytotoxicity basedon cell proliferation,
guality checkson the sourceand characterizatiorof the cells used, and tests at reducedmaximum
concentrationCorvi andMadia, 2017. Severalexisting study quality evaluationsystemsare available
from which EPA could draw criteria; one of the more well-developedtools is the SciRaptool, which
includesa setof criteriafor both reportingand methodologicaljuality (in additionto four parameterso
evaluaterelevance)Beroniusetal., 2018.

With regard to welfare effectthere are no specific quality @rtadiscussed in théraftISA. The Preamble
briefly discussethe importance of using wedlstablished measurement and modeling techniques (US EPA,
2018, but does not provide a comprehensive and detailed set of criteria to fully asseslahdittidy
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 StudyQuality FeaturesimpactHow Informative a Studyls

Appendix 1 of the draft ISA(US EPA, 2018 states"The presencer absencef particularfeaturesn a
studydid not necessariljeadto the conclusionthata studywaslessinformative." Quality andrelevance
aretheonly factorsthatdeterminewvhetherandto whatdegreea studyis informative. More robuststudies
shouldbeconsiderednoreinformative,while thosewith limitationsshouldbe consideredessinformative.
For example|f thedraft ISA consideredh particularstatisticalmodela limitation for onestudy, it should
haveconsideredhat studylessinformativethana studythatuseda moreappropriatemodel. Similarly, it
shouldhaveconcludedhatall studieshatusedthis modelwerelessinformativeunlesstherewasareason
to concludeotherwise In otherwords,one particularstudystrengthor limitation could "outweigh”all the
othersin termsof its impacton theinterpretatiorof results This critical featuremayvary acrosdifferent
endpointor studydesignshowever,studyquality criteriacanbetailoredto accounfor this. EPA should
havedeterminecritical featuredor eachtype of evidenceandoutcomea priori andappliedstudyquality
criteriaconsistently.

2.2.3 StudyQuality Impactsthe Strengthsand Limitationsof the CollectiveBodyof Evidence

Appendix1 of the draft ISA(US EPA, 20138 stateshat"these[quality] aspectsverenot usedascriteria
for determiningcausalityin thefive-levelhierarchy.As describedn thePreamblecausaity determinations
werebasedn judgmentsf the overallstrengthsandlimitations of the collectivebody of availablestudies
andthe coherencef evidenceacrossscientific disciplinesandrelatedoutcomes." The collective body of
studiesis madeup of individual studies. The only way to determinethe strengthsand limitations of the
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body of studiesis to determinethe strengthsandlimitations of eachindividual study,andstudiesthatare
of higherquality shouldbeweighedmorein thecausalitydetemination regardlessf results. Furthermore,
all bodiesof evidencehavesomelevel of inconsistencyn resultsacrossstudiesandwithout considering
individual studyquality, it is nearlyimpossibleto determinevhich studiesaremostlikely to reflect thetrue
exposureresponseelationship(or lack thereof) assuch,those studieshouldbe given the mostweight
whenmakingconclusions.

In addition, he draft ISA doesnot sufficiently address study quality when evaluating expoesesponse

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 concentratémponse relationships. For causal
determinations, studies need to establish the preseh@n effect following an exposure, but for
concentratiorresponse 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 TableA-1 ShouldContaina CompleteListof StudyQuality Aspects

Appendix1 of the draft ISAUS EPA, 2018stateghat"Table A-1 is notintendedio be a completdlist of
aspectghatdefinea study'sability to inform the relationshipbetweenPM andhealtheffects." However,
thedraftISA shouldhaveincludedafull list of everyaspecbof studyquality thatEPA usedto evaluatehow
informativeeachstudywasfor causalitydeterminations This list shouldhavebeen developedeforethe
evaluatiorbeganandupdatedasneededwith thecaveathatall updatesnustbejustifiedanddocumented.
Without a fully comprehensivdist, individual studiescould be evaluatedin a biasedand inconsistent
manner(e.g, two studieswith the samestrengthsor limitations could carry differentweightsin the causal
analysis).

In addition, the level of detail varies throughoutthe table. The table should have included enough
informationsothatsomeoneouldevaluatehe quality of a studyin theexactmannerasthedraftISA. As
it standspnewould not beableto determinehow decisionsveremadefor certainstudies.

For example the tableshouldhavediscused all of the waysin which PM exposurecanbe measuredthe
strengthsndlimitationsof eachmethod thepotentialfor exposuremeasuremergrror,andwhich methods
carry the mostweight. Thereshouldhavealsobeen a discussiorof statisticalmethodsusedamongall
studiesevaluatecandwhich specificmethodsaremorerobustandwhy for eachstudydesign(e.g, whether
multiple comparisonhavebeenaddressedr whetherassumptiongn Cox proportionalhazardmodelare
appropriate). The tableshould have addresed specific confounderge.g, copollutants,socioeconomic
statugSES],age,weather)in termsof howtheyarehandledin differentstudiesandtheir likely impacton
results. While someconfounderslike age areuniversal otherswill bespecificto thestudytype,exposure,
metric, or outcome(e.g, confounderdor neurotoxicity studieswill be different than thosefor cancer
studies). For eachstudytype,all knownpotentialconfoundershouldhavebeenlistedin thetable.

Finally, other factors the draft ISA should have specifiedin more detail include measuremenbias,
measuremenprecision, replicability of observationsdata reliability, outliers, and selective outcome
reporting.

2.25 Quality AspectsShouldbe Tabulatedfor Eachindividual Study

A systematicreview involves reviewing the quality of eachindividual study in the samemanner,and
judgingthe quality of eachstudyin a consistentnanner. The bestway to dothisis by usingstudyquality
tables.
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Severalgood examplescan be found in Goadmanet al. (2018 (in SectionsS1.2in eachof the three
supplementsandZu etal. (2018 (Study Quality Evaluationin MethodsandResultsandTable2). These
systematiaeviewsexplicitly statethe metricsusedto determinestudyquality for eachdisciplineandwhat
constituteshigherandlower quality. Quality considerationgor ead studyaretabulatedwith studiesin

rowsandstudyquality aspectsn columns. All metricswith lower scoresarehighlighted sothatthequality
of theliteratureis clear.

2.26 Highquality StudiesShouldbe ConsideredeyStudies

Thereis no exgicit rationalein the draft ISA regardingthe study quality of key studies,or why certain
studiesare consideredkey evidence while othersof similar quality are not. Only high-quality studies
shouldbe consideredkey studies,andall studiesof similar high quality mustbe considerecandweighed
equally. For example,a studywith positive resultsshouldnot be weighedmore thana study with null
resultsif theyarebothof the samequality. ThedraftISA shouldhaveincluded a thoroughdescriptionof
the reasonsvhy specific studieswere selectedas key evidenceand how they relateto other studiesthat
werewell conductedut consideredssupportingevidence.

2.2.7 Quality of All StudiesShouldbe Considered

The quality ofall studieshatcontributeto theweightof evidenc WoE) needs to be evaluate@he2009
ISA did not conducta formal study quality evaluation;thus, all studiesincludedin the 20091SA should
havebeenevaluatedn the sameway asthe newstudiesconsideredor the currentdraftISA. All evidence
shouldhavethenbeenre-integratedo determinehe causakonclusionsconsideringhe quality of eachof

theavailableindividual studiespnewandold. ThedraftISA shouldhavealsoassessdthequality of studies
that do not addresghe PM-health outcomeassociatiorspecifically (e.g, studiesthat evaluate"at-risk"

factors),becausehesestudiesarestill fundamentato EPA'sdecisionmaking.

2.3 StudyRdevanceCriteriaShouldBe Explicit

Relevancecan be an isswe for epidemiology studies (e.g, generalizability or relevanceto the US
population) butit is alwaysanimportantconsideratiorior toxicity andmechanististudies. Thedraft ISA
should explicitly statecriteria that must be met for study resultsto be consideed relevantto the US
populationasawhole,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 ahctiszhin the US and Canada are
considered more relevant (US EPA, 2815The draft ISA should include more explicit and complete
relevance criteria for welfare studies.

2.4 CausaFrameworkShouldBeUpdated

The EPA causaframeworkfor evaluaing health effectdrawsits languagdrom sourcesacrosghefederal
governmenandscientificcommunity andparticularlyrelieson aninstituteof Medicine(IOM) reporttitled
Improvingthe Presumptiveisability DecisionmakingProcesdor VeterangIOM, 2008. WhereasOM
recommendedour categoriedor thelevel of evidencefor causationTable2.2), EPA hasfive categories
for causalrelationships(Table 2.3). Basedon thesecategoriesthe draft ISA determineswhich health
effectswill beevaluatedn quantitativerisk assessmentdNotably,thedraftISA usesadifferentframework
(Table2.4)for classifyingeffectmodifiers(whichit calls"atrisk factors) thatis muchmoresimilarto the
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IOM framework althoughthedraftISA indicatesthatthis frameworkis basedon EPA'scausalframework
(asshownin Table2.3).

EPA'scausafframeworkis alsoostensiblybasedon modified BradfordHill aspects.Boththeoriginaland
modified Bradford Hill aspects(i.e., strengthof association,consstency and coherence biological
plausibility, biological gradientor exposureresponsespecificity, temporalityof effect,andadversity)are
usefultoolsfor evaluatingcausationit maybedifficult to ascribeobservationso causationf theseaspects
arenot met,whereast maybedifficult to ascribeobservationso anythingotherthancausatiorif theyare
met In its currentform, however,EPA'scausaframeworkis not congruentwith thejudgmentsbasecon
the original or modified BradfordHill agpects. For example the frameworkclaimsto rely heavily on the
aspectof consistencyacrossstudiesin its categorizatiorschemebut, in practice,EPA doesnot always
fully evaluateconsistencyor considerotheraspectsuchascoherencebiological plausibility, biological
gradientandstrengthof association.ln manycasesthedraft ISA assumesssociationndicatescausation
evenwhencausaimodelingmayindicateotherwise.

Thedraft ISA stateghatevidences sufficientto concludea causalrelaionshipif "chance confounding,
andotherbiaseqcan] be ruled out with reasonableonfidence'(US EPA, 2018), yetthereis no guidance
onwhatconstitutesreasonableonfidence."Basednthecurrentframework thedraftISA cannotreliably
makethat determinationbecausdt doesnot fully explore chance,confounding,and other biasesin a
consistentmanner. The draft ISA suggestghat "controlled humanexposurestudiesthat demonstrate
consisteneffects"constituteevidencdor a causakelationslip (US EPA, 2018), butit shouldindicatethat
this is only true if the exposuresare at concentrationgelevantto ambientexposureand the resultsare
coherentith otherlinesof evidence.Thedraft ISA alsoindicatesthat"observationaktudiesthatcannot
be explainedby plausiblealternatives'tonstituteevidenceor a causakelationship(US EPA, 2018). Yet,
thedraftISA doesnotfully explorealternativeexplanationgor studyresults. Currently,thedraftISA sets
forth a hypothesig(i.e., a criteria pollutantcausesa particularhealtheffect) and determinesvhetherthe
evidencesupportghathypothesis. The draft ISA doesnot, but shouldhave fully explorewhetherandto
whatdegreethe evidencesupportsother hypothesege.g, a confounderyatherthanthe criteria pollutant,
causes particularhealtheffect). It is only in this mannerthat alternativehypothesegantruly beruled
out.

The draft ISA statesthat evidenceis sufficient to concludea likely causalrelationshipif "copollutant
exposuresaredifficult to addressand/orotherlines of evidence(controlledhumanexposureanimal,or
modeof actioninformation)arelimited or inconsistent'or if "animaltoxicologicalevidencerom multiple
studiesfrom different laboratoriesdemastrateeffects, but limited or no humandataare available"(US
EPA, 2018). ThedraftISA concludeghatevidencds suggestivef a causalrelationshipif "at leastone
high-quality epidemiologicstudy showsanassociatiorwith a givenhealthoutcomebut the resultsof other
studiesareinconsistentbrif "awell-conductedoxicologicalstudy,suchasthoseconductedn theNational
Toxicology Program(NTP), showseffectsin animalspecie$ (US EPA, 2018).

For makingdeterminationsegardingcausality it is importantto evaluateall availableevidenceg(positive,
null, andnegative)n whatis referredto asa WoE evaluation.Any WoE evaluationpy definition, involves
a consideratiorof all lines of evidencein a consistenand coherentmanner. It is not aboutresolvingall
uncertaintyratherthe goalof a WoE evaluationis to determinevhetherthe evidenceasa whole supports
causationmore than it supportsa lack of effect. If copollutantscannotbe addressedr studiesare
inconsistentthe WoE may indicate a lack of causalityor inadequateevidenceto assesgausation. If
positiveeffectsin high-doseanimalstudiescannotberelatedto humansthis doesnot constitutesuggestive
evidence;instead theseeffectsare essentiallyuninformativeregardingcausationn humans. Not every
studyevaluatingcriteriapollutantsis informativefor evaluatinghumanhealthrisk, andthedraftISA should
not placeundueweighton thesestudies.
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It is notablethatthe EPA causalframeworkrequiresonly onehigh-quality studyfor evidenceof a causal
relationshipto be deemedsuggestive.Underthis definition, high-quality studiesthatareinconsistentvith

evidenceof an associatiormay exist, but aslong asone high-quality study demonstratean effect, there

would still be enoughevidenceto constitutea suggestiverelationship. Instead,all studiesshould be
reviewedusingthe samecriteria,andoneshouldconcludea suggestiveeausakhssociatioronly if the WoE
indicateghata causabssociations morelikely thannot, basednall theevidencecombined.In situations
where there are multiple, but inconsistenthigh-quality studies,the appropriateconclusionis that the
evidencds belowequipoisgIOM, 2008.

Finally, evaluatingthe eviden@ asa whole meanghat one shouldevaluatenot only how muchevidence
canbe adducedo support(or to counter)the hypothesizedcausaleffect, but also how separatdines of
evidencesupport(or contradict)one another. It is critical to determinethe most likely explanationfor
discrepancieacrossstudiesby evaluatingall of theevidenceandnot selectivelyconsideringevidencehat
supportsor countersa givenhypothesis.

Although the frameworks diffeglightly, manyof theissueshotedabovealso gply to the causal framework
for evaluating ecological and other welfare effecthie issuedor both health and welfare effeateuld
generally be resolved pdatingthedraftISA's categoriedor causaldeterminatiorto be moreconsistent
with thelOM framework(on which it wasbasedoriginally), outlinedin Table2.2. ThedraftISA should
have evaluatel all the evidencein a consistentmanner,using well-specified criteria, and determiné
whetherasawhole,it constitutesvidencedor causatioror is morelikely to besupportiveof analternative
hypothesis.EPA shouldproceedwith arisk assessmenmn a particularhealthor welfareeffectonly if the
evidencads clearly supportiveof causatior(i.e., equipoiseandabovein the IOM framework).
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Table 2.1Scientific Considerations for Evaluating the Strength of Inference from Studies on the Health
Effects of Particulate Matter
Study Design

Controlled Human Studies should clearly describe the primary and any secondary objectives of t
Exposure study, or specific hypotheses being teste8tudy subjects should be randomly
exposed without knowledge of the exposure conditid®reference is given to
balanced crossover (repeated measures) or parallel design studies which incly
control exposuresdg., to clean filtered air) In crossover studies, a sufficient ang
specified time between exposure days should be provided to avoid carry over
effects from prior exposure daysn parallel design studies, all arms should be
matched for individual charaetistics such as age, sex, race, anthropometric
properties, and health statudn studies evaluating effects of disease,
appropriately matched healthy controls are desired for interpretative purposes

Animal Toxicology Studies should clearly describestprimary and any secondary objectives of the
study, or specific hypotheses being testettudies should include appropriately
matched control exposure® (g, to clean filtered air, time matchedtudies
should use methods to limit differences in baselcharacteristics of control and
exposure groupsStudies should randomize assignment to exposure groups an
where possible conceal allocation to research person@bups should be
subjected to identical experimental procedures and conditions; antauad
including housing, husbandry, etshould be identical between group8linding of
research personnel to study group may not be possible due to animal welfare
experimental considerations; however, differences in the monitoring or handlin
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 shortterm exposure, timeseries, case crossover, and panel studies are
emphasized over crosectional studies because they examine temporal
correlations and are less prone to confounding by factors that differ between
individuals €.g, SES, agepPanel studies with scripted expass, in particular, can
contribute to inference because they have consistent, \defined exposure
durations across subjects, measure personal ambient pollutant exposures, an
measure outcomes at consistent, wdkfined lags after exposureStudies wih
large sample sizes and conducted over multiple years are considered to prody
more reliable results Additionally, multicity studies are preferred over singtéy
studies because they examine associations large diverse geographic areas ug
consigent statistical methodology, avoiding the publication bias often associate
with singlecity studies® If other quality parameters are equal, multicity studies
carry more weight than singleity studies because they tend to have larger sam
sizes anddwer potential for publication bias

For longterm exposure, inference is considered to be stronger for prospective
cohort studies and caseontrol studies nested within a cohor.g., for rare
diseases) than crossectional, other caseontrol, or ectogic studies Cohort
studies can better inform the temporality of exposure and effé@ther designs
can have uncertainty related to the appropriateness of the control group or val
of inference about individuals from grodevel data Study desigtimitations 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 matche
age, sex, race, anthropometric propertiesdehealth status In studies evaluating
effects of specific subject characteristies, disease, genetic polymorphism, etc
appropriately matched healthy controls are preferreddelevant characteristics an
health status should be reported for eaekperimental group Criteria for
including and excluding subjects should be clearly indicafen the examination
of populations with an underlying health conditioang. asthma), independent,
clinical assessment of the health condition is ideal, lelftreport of physician
diagnosis generally is considered to be reliable for respiratory and cardiovasct
disease outcome% The loss or withdrawal of recruited subjects during the cour
of a study should be reportedSpecific rationale for excludiraybject(s) from any
portion of a protocol should be explained.

Animal Toxicology

Ideally, studies should report species, strain, substrain, genetic background, a
sex, and weightUnless data indicate otherwise, all animal species and strains
consdered appropriate for evaluating effects of PM exposultas preferred that
the authors test for effects in both sexes and multiple lifestages, and report the
result for each group separatelAll animals used in a study should be accounte
for, and mtionale for exclusion of animals or data should be specified.

Epidemiology

There is greater confidence in results for study populations that are recruited f
and representative of the target populatiorstudies 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 hi&learly specified criteria for
including and excluding subjects can aid assessment of selectiorHoias
populations with an underipig health condition, independent, clinical assessme
of the health condition is valuable, but se#fport of physician diagnosis generally
is considered to be reliable for respiratory and cardiovascular disdases
Comparisons of groups with and without anderlying health condition are more
informative if groups are from the same source populati®election bias can
influence results in either direction or may not affect the validity of results but
rather reduce the generalizability of findings to ttaeget population.

Pollutant

Controlled Human
Exposure

Studies should(1) include a composite measure of PiM.( PM s, PM.25, Or
ultrafine particles [UFP)]or (2) apply some approacé.g, particle trap or filter) to
assess the effects of PM in a complex air pollution mixtuee diesel exhaust,
gasoline exhaust, wood smoke).

Animal Toxicology

Studies should{(1) irclude a composite measure of PMe(, PM:5, PMia.2 5 Or
ultrafine particles [UFP)]or (2) apply some approacé.g, particle trap or filter) to
assess the effects of PM in a complex air pollution mixtuee diesel exhaust,
gasoline exhaust, woodroke).
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Epidemiology

Health effects are evaluated primarily using a composite measure of. @MP{\b 5,
PMa.25, or ultrafine particles [UFB]from studies using ambient measurements,
model predictions, or a combination of measured and modeled .dStadies of
PM components must also include a composite measure of BiMdies of source
related indicators are also evaluated where the indicator is derived using ambi
PM concentrations.

Exposure Assessment or

Assignment

Controlled Human
Exposure

Fa this assessment, the focus is on studies that utilize PM concentrations <2
mg/mé. Studies that use higher exposure concentrations may provide informat
relevant to biological plausibility, dosimetry, or intgpecies variationStudies
should have wi-characterized pollutant concentration, temperature, and relativ
humidity and/or have measures in place to adequately control the exposure
conditions Preference is given to balanced crossover or parallel design studie
which include control exposurée.g, to clean filtered air) Study subjects should
be randomly exposed without knowledge of the exposure conditidiethod of
exposure €.g, chamber, facemask, etc.) should be specified and activity level
subjects during exposures should be welcttterized.

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 informat
relevant to biological plausibility, dosimetry, or intgpeciesvariation Studies
should characterize pollutant concentration, temperature, and relative humidity
and/or have measures in place to adequately control the exposure condititimes
focus is on inhalation exposur&lorrinhalation exposure experimentsd.,
intratracheal instillation [IT]) are informative for size fractioag( PMa.5) that
cannot penetrate the airway of a study animal and may provide information
relevant to biological plausibility and dosimetrin vitro studies may be included i
they provide mechanistic insight or examine similar effects as in vivo studies, |
are generally not includedAll studies should include exposure control groups
(e.g, clean filtered air).
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Epidemiology

Of primary relevance are relationships of headffects with the ambient
component of PM exposureHowever, information about ambient exposure rare
is available for individual subjects; most often, inference is based on ambient
concentrations Studies that compare exposure assessment methods are
considered to be particularly informativenference is stronger when the duration
or lag of the exposure metric corresponds with the time course for physiologicg
changes in the outcome (g, up to a few days for symptoms) or latency of diseq
(e.g, seveal years for cancer).

Given that the spatial variability of PM composite measures varies among size
fractions, with more homogeneity for PMthan either PMq...5 or UFP, the need
for capturing spatial contrasts is stronger for Biyls or UFP compared with PM
Validated measurements, whether averaged across multiple monitors or assig
from the nearest or single available monitor, adequately capture tenalpar
spatial variation in exposure to BMldue to the high correlation between persong
exposure and ambient concentratiotdowever, for more spatially heterogeneouy
PMa.25and UFP, the spatial correlation between personal exposure and ambi
concerirations is lower Similarly, PM components show increased spatial
variability relative to PMs. In this case, validated methods that capture the extg
of variability for the particular study design (temporal gpatial contrasts) and
location carrygreater weight Inference based on central site measurements ca
be adequate if correlated with personal exposures, closely located to study
subjects, highly correlated across monitors within a location, used in locations
well-distributed sources, ocombined with timeactivity information.

In studies of shorterm exposure, temporal variability of the exposure metric is
primary interest For all PM size fractions, studies that incorporate taogvity
data with personal or microenvironmental miboring or modeling data may carry
greater weight because residential\ehicle, 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 judgmebisut causality of
PM6 SOl dzaS AYyFSNBYyOS Aa o6lasSR 2y |y
andthe potential for copollutant confounding may be reduced compared to
ambient exposuresResults for total personal exposure can inform understandi
of the effects of ambient exposure when well correlated with ambient
concentrations.

For longterm exposures, methods that well represent witkiommunity spatial
variation in individual exposure may be given more weight for spatralligble
ambient PMa.2.5 or ultrafine particles For PM s, within-community variation in
exposure is less important given that PMends to be more homogeneous.

Exposure measurement error often attenuates health effect estimates or incre
the imprecision of the assodian (i.e., width of 95% CIs), particularly association
based on temporal variation in sheterm exposure However, exposure
measurement error can bias estimates away from the null in some epidemiolo
studies of longerm exposures where the PM sizadtion is more spatially
heterogeneousi(e., PMa.250or 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 categorieghere the 2009 PM ISA concluded & | dza
NBfIGA2YAKALE GKS T2 0d82 W@AS y2iyNIATRZRN
However, studies that examine a previously identified uncertainty or limitation
the evidence are evaluated even if meanR@2 y OSY G NI G A 2y & |
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Outcome Assessment/Evaluation

Controlled Human
Exposure

Endpoints should be assessed in the same manner for control and exposure ¢
(e.g, time after exposure, methods, endpoint evaluator) using valid, reliable
methods Blinding of endpoint evaluators idgal, especially for qualitative
endpoints €.g, histopathology) For each experiment and each experimental
group, including controls, precise details of all procedures carried out should b
provided including how, when, and wher&ime of the endpoinévaluations is a
key consideration that will vary depending on endpoint evaluatéddpoints
should be assessed at time points that are appropriate for the research questi

Animal Toxicology

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

Epidemiology

Inference is stronger when outcomes are assessed or reported without knowle
of exposure statusKnowledge of exposure status could produce artefactual
associations Confdence 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 methddslependent,
clinical assessment is valuable émtcomes such as lung function or incidence o
disease, but report of physician diagnosis has shown good religbility

When examining shotterm exposures, evaluation of the evidence focuses on
specific lags based on the evidence presented in ind@igiudies 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 healt
effect or outcome:

A Distributed lag models;

A Average of mulfile days .9, 0-2);

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

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

When health effects of lorterm exposure are assessed by acute events such g
symptoms or hospital admissions, inference is strengthened when results are
adjusted for shoriterm exposure Validated questionnaires for subjective
outcomes such as symptoms are regarded to be religpéeticularly when
collected frequently and not subject to long recdtor biological samples, the
stability of the compound ahterest and the sensitivity and precision of the
analytical method is consideredf 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
Expaure

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

Animal Toxicology

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

Epidemiology

Not accounting for potential copollutant confounding can produce artefactual
associations; thus, studid¢isat examine copollutant confounding carry greater
weight The predominant method is copollutant modelingg( two-pollutant
models), which is especially informative when correlations are not Higtwever,
when correlations are highr ¢ 0.7), suchsathose often encountered for UFP and
other traffic-related copollutants, copollutant modeling is less informative
Although the use of singlpollutant models to examine the association between
PM and a health effect or outcome are informative, ideaihdees should also
include copollutant analysesCopollutant confounding is evaluated on an
individual study basis considering the extent of correlations observed between
copollutant and PM, and relationships observed with PM and health effects in
copollutant models.

Other Potential Confounding Factdrs

Controlled Human
Exposure

Preference is given to studies utilizing experimental and control groups that ar
matched for individual level characteristiesd, race/ethnicity, sex, body weight,
smokig history, age) and time varying factoesy, seasonal and diurnal patterns

Animal Toxicology

Preference is given to studies utilizing experimental and control groups that ar
matched for individual level characteristiesd, strain, sex, body weht, litter size,
food and water consumption) and time varying facta@gy( seasonal and diurnal

patterns).

Epidemiology

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

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

Shortterm exposure studies: Meteorology, day of week, season, medication us
allergen exposure, and lortgrm temporal trends.

Longterm exposure studies: Socioeconomic status, race, age, medication use
smoking status, stress, noise, and occupational exgssu
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Statistical Methodology

Controlled Human Statistical methods should be clearly described and appropriate for the study
Exposure design and research questiog.§., correction for multiple comparisons)
Generally, statistical significance is use@taluate the findings of controlled
human exposure studiedHowever, consistent trends are also informative
Detection of statistical significance is influenced by a variety of factors includin
but not limited to, the size of the study, exposure andamme measurement
error, and statistical model specificatianSample size is not a criterion for
exclusion; ideally, the sample size should provide adequate power to detect
hypothesized effectse(g, sample sizes less than 3 are considered less
informative). Because statistical tests have limitations, consideration is given t
both trends in data and reproducibility of results.

Animal Toxicology Statistical methods should be clearly described and appropriate for the study
design and research questid¢e.g, correction for multiple comparisons)
Generally, statistical significance is used to evaluate the findings of animal
toxicology studiesHowever, consistent trends are also informati2etection of
statistical significance is influenced by aiety of factors including, but not limited
to, the size of the study, exposure and outcome measurement error, and statig
model specificationsSample size is not a criterion for exclusion; ideally, the
sample size should provide adequate power toede hypothesized effectse(g,
sample sizes less than 3 are considered less informatda)ause statistical tests
have limitations, consideration is given to both trends in data and reproducibilif
results.

Epidemiology Multivariable regression odels 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 b
informative. Models with interaction terms aith the evaluation of potential
confounding as well as effect modificatioBensitivity analyses with alternate
specifications for potential confounding inform the stability of findings and aid i
judgments of the strength of inference from results the case of multiple
comparisons, consistency in the pattern of association can increase confidenc
associations were not found by chance aloi&atistical methods that are
appropriate for the power of the study carry greater weighkor example,
caegorical analyses with small sample sizes can be prone to bias results towa
away from the null Statistical tests such agests and Chsquared tests are not
considered sensitive enough for adequate inferences regardingn&iith effect
associatios. For all methods, the effect estimate and precision of the estimate
(i.e., width of 95% CI) are important considerations rather than statistical
significance.

Notes:

Cl = Confidence InterydSA = Integrated Science Assessment; PM = ParticulatefM&ES = Socioeconomic Status; UFP =
Ultrafine Particle.

(a) US EPA (2008, as citet/® EPA018).

(b) Murgiaet al. (2014); Weaklegt al. (2013); Yanet al. (2011); Heckberet al. (2004); Baret al. (2002); Muhajarinet al.
(1997), Tora et al. (1993); Burnegt al. (1989), all as cited idS EPA2018).

(c) UFPs are defined as particles <100 nm in size, but studies often include size fractions larger than 100 nm in the agbessment
the relationship between UFP exposure and Itreaffects.

(d) Many factors evaluated as potential confounders caretfect measure modifiere(g, season, comorbid health condition)

or mediators of health effects related to PM (comorbid health condition). The relationship between an air paiutiameéalth

can vary depending on the specific pollutant being assessed.

Source:Adapted fromUS EPA2018, Table A).
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Table2.2 Institute of Medicine'sRecommendedCategoriedor the Levelof Evidencegor Causation

CausabDetermination

Evidene

Sufficient

Theevidenceis sufficientto concludethat a causarelationshipexists. For
example: a) replicatedand consistentevidenceof an associatiorfrom several
high-quality epidemiologicstudiesthat cannotbe explainedoy plausiblenoncausal
alternatives(e.g, chance bias,or confounding);or b) evidenceof causationfrom
animalstudiesand mechanistiknowledge;or c) compellingevidencefrom animal
studiesand strongmechanisticevidencefrom studiesin exposechumans,
consistentwith (i.e., not contradictedby) the epidemiologicevidence.

Equipoiseandabove

Theevidenceis sufficientto concludethat a causarelationshipis at leastaslikely
asnot, but not sufficientto concludethat a causakelationshipexists. For
example: a) evidenceof anassociatiorfrom the preponderanceof severahigh-
quality epidemiologicstudiesthat cannotbe explainedby plausiblenoncausal
alternatives(e.g, chance bias,or confoundinglaswell asanimalevidenceand
biologicalknowledgeconsistentwith a causakelationship;or b) strongevidence
from animalstudiesor mechanistieevidencethat is not contradictedby humanor
other evidence.

Belowequipoise

Theevidenceis not sufficientto concludethat a causakelationshipis at leastas
likelyasnot, or is not sufficientto makea scientificallyinformedjudgment. For
example: a) consistenthumanevidenceof an associatiorthat is limited by the
inability to rule out chance bias,or confoundingwith confidence andweakanimal
or mechanistieevidence;or b) animalevidencesuggestiveof a causakelationship,
but weakor inconsistenthumanand mechanistieevidence;or c) mechanistic
evidencesuggestiveof a causakelationship,but weakor inconsistentanimaland
humanevidenceor d) the eviderce baseisverythin.

Against Theevidencesuggestshe lackof a causakelationship. Forexample: a) consistent
humanevidenceof no causalssociatiorfrom multiple studiescoveringthe full
rangeof exposuresencounteredby humans;or b) animalor mechanisticevidence
supportiveof alackof a causakelationship.

Note:

Source:IOM (2008).
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Table 2.3 EPA'sNeight of BEvidencefor CausalDetermination

Causal Determination

Health Effects

Ecological and Other Welfare Effects

Causatelationship

Evidencas sufficientto concludethat thereisa causal
relationshipwith relevantpollutant exposurege.g, dosesor
exposuregyenerallywithin oneto two ordersof magnitudeof
recentconcentrations).Thatis, the pollutant hasbeenshown
to reault in healtheffectsin studiesin whichchance,
confoundingand other biasescouldbe ruled out with
reasonableconfidence.Forexample: (1) controlledhuman
exposurestudiesthat demonstrateconsistenteffects,or (2)
observationaktudiesthat cannd be explainedby plausible
alternativesor that are supportedby other linesof evidence
(e.g, animalstudiesor mode of actioninformation). Generally,
the determinationis basedon multiple high-quality studies
conductedby multiple researchgroups.

Bvidence is sufficient to conclude that there isausal
relationship with relevant pollutanéxposures.That is, the
pollutant has beershown to result in effects in studies in
whichchance, confounding, and other biases coulduided
out with reasonal# confidence.Controlledexposure studies
(laboratory or smallto medium-scale field studies) provide th
strongest evidence for causality, but the scajenference
may be limited.Generally, thedetermination is based on
multiple studiesconducted bymultiple research groups, and
evidence that is considered sufficient to infecausal
relationship is usually obtained from th@nt consideration of
many lines of evidencthat reinforce each other.

Likelyto be acausal
relationship

Evidencas sufficientto concludethat a causakelationshipis
likelyto existwith relevantpollutant exposures.Thatis,the
pollutant hasbeenshownto resultin health effectsin studies
whereresultsare not explainedby chance confounding.and
other biasesput uncertaintiesremainin the evidenceoverall.
Forexample: 1) observationaktudiesshowan associationput
copollutantexposuresare difficult to addressand/or other
linesof evidence(controlledhumanexposure animal,or mode
of actioninformation)are limited or inconsistentor (2) animal
toxicologicakvidencefrom multiple studiesfrom different
laboratoriesdemonstrateeffects,but limited or no humandata
are available. Generallythe determinationis basedon
multiple high-quality studies.

Evdence is sufficient to conclude that there ifilkely causal
association with relevant pollutamxposures.That is, an
association has beavbserved between the pollutant and the
outcome in studies in which chanamnfounding, and other
biases are mimhizedbut uncertainties remainFor example,
field studies show a relationship, but suspeciateracting
factors cannot be controlled, arather lines of evidence are
limited orinconsistent. Generally, the determination tsased
on multiple studies bynultiple researctgroups.

ERADIENT

17



Causal Determination

Health Effects

Ecological and Other Welfare Effects

Suggestivef acausal
relationship

Evidencas suggestiveof a causakelationshipwith relevant
pollutantexposuresut islimited, and chance confounding,
andother biasescannotbe ruled out. Forexample: (1)when
the body of evidenceisrelativelysmall,at leastone high-
quality epidemiologicstudy showsan associatiorwith a given
health outcomeand/or at leastone high-quality toxicological
studyshowseffectsrelevantto humansin animalspeciesor
(2)whenthe body of evidenceisrelativelylarge,evidencefrom
studiesof varyingquality is generallysupportivebut not
entirely consistentandthere maybe coherenceacrosdinesof
evidence(e.g, animalstudiesor mode of actioninformation)
to supportthe determinaion.

Evidence is suggestive of a causal relationslitip relevant
pollutant exposures, but chancepnfounding, and other
biases cannot be ruledut. For example, at least one high
quality studyshows an effect, but the results of other studies
are incorsistent.

Inadequateto infer a
causakelationship

Evidencdsinadequateto determinethat a causakelationship
existswith relevantpollutant exposures.Theavailablestudies
are of insufficientquantity, quality, consistencyor statistical
powerto permit a conclusiorregardingthe presenceor
absenceof an effect.

Evidence is inadequate to determine thatausal relationship
exists with relevant pollutanéxposures.The available studies
are ofinsufficient quality, consistency, or statistigadwer to
permit a conclusion regarding thesence or absence of an
effect.

Not likelyto be a causal

Evidencendicatesthere is no causarelationshipwith relevant

Evidence indicates there is no causal relationship veitbvant

relationship pollutantexposures.Severahdequatestudies,coveringthe pollutant exposures.Several adequatstudies examining
full rangeof levelsof exposurethat humanbeingsare known relationships with relevangéxposures are consistent in failing
to encounterand consideringat-risk populationsandlifestages, to show an effect aany level of exposure.
are mutually consistentin not showingan effect at anylevel of
exposure.
Notes:

EPA= United StatesEnvironmentaProtectionAgency.
Source:USEPA(2015b, Tablelll).
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Table 2.4 EPA'lassificatiorof Evidencefor Potential At-risk Factors

Classification

Health Effects

Adequateevidence

Thereis substantial consistentevidencewithin a disciplineto concludethat a
factor resultsin apopulationor lifestagebeingat increasedisk of air
pollutant-related health effect(s)relative to somereferencepopulationor
lifestage. Whereapplicable this evidenceincludescoherenceacross
disciplines.Evidenceancludesmultiple high-quality studies.

Suggestig evidence

Thecollectiveevidencesuggestshat a factor resultsin a populationor
lifestagebeingat increasedisk of an air pollutant-related health effect(s)
relativeto somereferencepopulationor lifestage but the evidenceis limited
dueto someinconsistencyvithin a disciplineor, where applicable alackof
coherenceacrosdisciplines.

Inadequateevidence

Thecollectiveevidencesinadequateto determineif a factor resultsin a
populationor lifestagebeingat increasedisk of anair pollutant-related
health effect(s) relativeto somereferencepopulationor lifestage. The
availablestudiesare of insufficientquantity, quality, consistencyand/or
statisticalpowerto permit a conclusiornto be drawn.

Evidenceof no effect

Thereis substantial,consistentevidencewithin a disciplineto concludethat a
factor doesnot resultin apopulationor lifestagebeingat increasedisk of air
pollutant-related health effect(s)relativeto somereferencepopulationor
lifestage. Whereapplicable, the evidenceincludescoherenceacross
disciplines.Evidencéancludesmultiple high-quality studies.

Notes:

EPA= United StatesEnvironmentaProtectionAgency.

(@ An"at-riskfactor" is bestdescribedasan effect modifier, which is a technicalterm definedin epidemiologyasa

variablethat differentiallymodifiesthe observedeffect of ariskfactor on diseasestatus.
Source USEPA(2015b, Tablelll).

2.5 Implications for Causal Determinations of Health and Welfare Effects

As discusse above, e review process lacks arpriori detailed protocol, and as a result, is not systematic
and not consistent across studies, endpoints, or disapli8audy quality is not sufficiently considered
when appraising and integrating evidente adlition, the causal framework employed by EPA is biased

towards causality. These limitations call into question the validity of the cdetsaiminationsvith regard
to the health and welfare effeadfSPM in the draft ISA.The draft ISA's conclusions ragling he causal

and likely causatelationships between PM exposures wadous health and welfare effects are not based

on a systematic and unbiased evaluation.
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3 ConcentrationrresponseRelationships

The draft ISA indicatesthat recentepidemiolgy studiesof longterm PM.s exposureand mortality
generally"supporta linear, no-thresholdrelationship especiallyat lower ambientPM, s concentrations,
with confidencein somestudiesin therangeof 5-8 ¢ ¢m® (US EPA, 2018 p. 1-50). ThedraftISA also
indicatesthat while most epidemiologystudiesof long-term PM.s exposureand cardiovasculai(CV)
outcomeg(i.e., morbidity or mortality) supporta linear, no-thresholdrelationship,somestudiessuggesta
supralineacconcentratiofresponseelationship. With regardto shortterm PM; s exposureand mortality,
the draft ISA indicatesthat epidemiologystudiesconductedin the US provide evidencefor a linear
relationshipat concentrationsslow as5 e fme.

ThedraftISA doesnotsystematicallyevaluatehe quality of thesestudiesor fully considempotentialbiases
anduncertaintiesvhenevaluatingthe evidenceregardingthe shapeof concentratiofresponseurves. In
addition,thedraft ISA's evaluationof concentratiofresponseelationship is not systemati@r consistent
acrossoutcomes.Below, we discusgn moredetailhowthe observedconcentratiorresponseelationships
betweenPM; s and mortality/morbidity outcomesbservedn epidemiologystudies werelikely impacted
by manybiasesanduncertaintiesandthusshouldnot be a basisto setthe level of the National Ambient
Air Quality Standard§NAAQS). We also point out severalissuesin the draft ISA's evaluationof this
topic.

3.1 EpidemiologyStudiesDo Not Establisha Linear,No-threshold Relationship
BetweenLongterm PM, s Exposureand Total Mortality or Cardiovascular
Mortality/Morbidity

3.1.1 Biasand UncertaintyUndermineMortality EpidemiologyStudyResults

The draft ISA discussesa number of epidemiologystudiesthat evaluatedthe concentratiorresponse
relationshipbetweenongtermPM, s exposureandtotal mortality (Section11.2.4,Table11-7 in thedraft
ISA). Here,we presenkey characteristicandmainresultsof all of thesestudiesin Table3.1, andsources
of biasanduncertaintyin Table3.2

Basedon the study quality consideration®utlinedin the Preamblefor the ISAs (US EPA, 2018) and

Appendix 1 in thedraft ISA (US EPA, 2018)we consideredseveralbroadcategoriesvherebiasesand

uncertaintiexcould arise,including exposureassessmengdjustment foiindividuatlevel covariatesand

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

consideredriariousmethodologicalissueghatimpactstudyquality andthe potentialfor bias. Forexample,
with regardto exposureassessmentye consideredvhethera studyonly usedcentralsite monitoringdata
with low spatial resolutions,whether PM; s exposureestimateswere validated whetherthe temporal
variationor residentiaimobility wasaccountedor, whetherPM; s exposuresn multiple time periodswere
evaluatedo identify the mostrelevantexposurevindows andwhetherthe exposureperiodappropriately
matchedhefollow-up periodfor mortality.

As shown in Table 3.2, the studies of longterm PM.s exposureand total mortality had many
methodologicalimitations thatlikely led to substantiabiasesand/oruncertaintiesn the results. While
moststudiesusal andvalidatedP M, s exposureestimatestarelativelyhigh spatialresolution thepotential
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for exposuraneasuremergrrorwaslikely high for severalotheraspectf the exposureassessmentA

striking limitation of mostof thesestudieds amismathbetweerthe PM; s exposurgeriodandthefollow-

up periodfor mortality. For atleastsomeof theparticipantsthe PM. s exposurgeriodsincludel time after
death which violatesthe temporalityrule in causality(i.e., the causehasto occurbeforethe effect). In

addition,severaktudiegdid notaccounfor temporalariationin thePM. s exposureusingatime-invariant
exposureestimatein the analyses. Also, more than half of the studiesdid not accountfor residential
mobility, likely resuling in considerablexposureneasuremergrror. Most studiesdid not asses$M; s

in multiple time periodsto identify the mostrelevantexposurevindow.

Confoundingis anothermajor issuein thesestudies. Although most studiesconsidereda humber of
individuatlevel and communitylevel covariates,residentialand unmeasurecconfoundingwere likely
present. For example, recent studies have shown that both individual and comm@&t3 have a
considerable impact on mortalitgtfinghiniet al, 2017 Steelet al,, 2018. Although most epidemiology
studies adjusted for some socioeconomic factors at individual and/or community level when evaluating the
concentratiorresponse relationship between lelegmPM. s exposure and mortalityhese socioeconomic
factors were measured crudely and likeig diot entirely account for the effects of individual and
community SES on mortality, thus residual confounding BSES s likely. In addition, few studies
accounted for individual smoking, dietnd exercise, or communilgvel 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,moststudiesdid notas®ssor adjustfor copollutantsthusthe observectoncentratiorresponse
relationshipsn thesestudiesmay not reflecttheindependenéffectsof PMas.

With regardto statigical analysesnoneof the studiesaccountedor multiple comparisos. Most studies
did not testthe assumption®f the statisticalmodelsused,statistically test nonlinearity, or specifically
assesthepresencef a potentialthreshold. Whenstudiesusednaturalsplinesto examinethe shapeof the
concentratiofresponseurves the curveswere sensitiveto the degreeof freedomchosenindicatingthe
resultswerenotrobust.

Collectively, the epidemiologystudiesof long-term PM; s andtotal mortality sufferedfrom considerable
methodologicalimitations which likely hadsubsantialimpacton the validity of the studyresults. These
studiesarenot sufficiently robustto establisha linear,no-thresholdconcentratiofresponseelationship.

3.1.2 NoEvidencéor a LinearRelationshipwith Total Mortality Downto 5-8 > An*PM. s

ThedraftISA indicateshatLepeuleetal. (2012, Shiet al (2016), andDi etal. (2017a) "observedinear,
no-thresholdconcentratiofresponseelationshipgfor total (nonaccidentalmortality, with confidencein
therelationshipdownto aconcentratiorf 8,5,and6 e (m®, respectively."However eachof thesestudies,
aspresentedn Tables3.1and3.2, sufferedfrom severakey methodologicalimitationsthatconsiderably
increasedthe uncertaintyin the study results and likely underminedthe validity of the observed
concentratiofresponseelationships.

Lepeuleetal. (2012 conductedan updatedanalysisof the HarvardSix City (HSC) cohortwith mortality
follow-up from 1974to 2009. To estimatandividual PM. s exposuresl.epeuleetal. (2012 reliedon one
fixed-site monitorin eachof the six cities from 197 to 19861988, then estimatedPM, s concentrations
from monitored PMo data and visibility data between19861988 and 1998, and finally useddirect
measurementsf PM; s by EPAmonitors. This processonsiderablyncreasedhe uncertaintyin the PM. s
exposureestimates
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Anothercritical limitation of Lepeuleetal. (2012 is confounding.Only severaindividual-level covariates
(includingsmokingstatusandpackyears)wereadjustedor in thestatisticalanalyseswith educatiorievel

being the only socioeconomigelated measure. Residualconfoundingby socioeconomidactors and
unmeasuredonfounding(e.g, diet andphysicalactivity) werelikely present.In addition,Lepeuleet al.

(2012 did not adjustfor any communitylevel covariateor copollutants.

Exposuremeasuremengrror and confoundingseverelyunderminethe observedconcentratiorresponse
relationship thus Lepeuleet al. (2012 did not establisha linear, no-thresholdconcentratiorresponse
relationshipfor total mortality, with confidencen therelationshipdownto aconcentratiorof 8 £ ¢gmd.

Theanalyss by Shietal. (2016) wasconductecamongMedicareenrolleesn the New Englandareain the
US from 2003to 2008. While the authorsusedvalidatedmodelsto estimatethe 12-monthaveragePM: 5
concentrationgrior to deathor censoringthe validity of the PM; s estimatesvaslimited by the quality of
theinput variablessuchasthe Aerosol Optical Depth (AOD) datg as satellitebasedAOD measurements
canbe biasedby unresolvedcloud, watervapor,and smoke. BecauseMedicarerecordsdo not provide
informationon addreshangesthe authorshadto assumehatsubjectsemainedat the sameaddresgor
the durationof the studyperiod. Also, consideringthe potentialmechanismsinderlyingthe PM. s effect
on mortality, the 12-monthperiodprior to deathlikely wasnottherelevantexposurevindow. In addition,
Shietal. (2016) did notexcludedeathdrom unnaturalcauseswhich likely biasedtheresults Finally, no
individuaklevel confoundersvereadjustedor in the analyseswhich severelyunderminedhe validity of
theobservedconcentratiorresponseelationship

Di et al. (2017 evaluatedthe relationshipbetweenlong-term PM, s exposureand total mortality in
Medicareenrolleesn the continentalUS from 2000to 2012. They useda differentmodelthanShietal.
(2016) to estimatePM; s concentrations.Although this modelwasvalidatedand moreflexible regarding
complexnonlinearrelationshipsit still dependedn the sameinput variables asthe exposurenodelused
by Shietal. (2016). Thus thevalidity of PM. s estimatesvasstill impactedby theissuediscussed above
with theseinput data. In addition, becauseMedicarerecordswere used,residentialmobility was not
accourted for and deatts from unnaturalcausesvere not excluded,resultingin errorsin exposureand
outcomeassessmentS.heannualPM. s concentratiornn theyearprior to deathor censoringvasevaluated
in the concentratiorresponseanalysis,which likely wasnot the relevantexposurenvindow, asdiscussed
above.Regardingheadjustmentor confoundersyhile Di etal. (2017a) includedseveraindividuallevel
covariatesimportantconfoundersuchassmokingandBMI werenot availablefor the Medicarecohort.

In light of thesemethodologicalimitations,the concentratiorresponseelationshipgeportedoy Shietal.
(2016) andDi etal. (2017a) arenotsufficiently robustin generalanddo notestablishalinear,no-threshold
relationshipfor total mortality downto PM. s concentrationsf 5-6 & ¢m°.
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Table 3.1 Key Characteristics and Results of Epidemiology Studies ct&ondM, 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 =&médeaicCOPD

= Chronic Obstructive Pulmonary Disease;-ICBSCancer Prevention Study HRG: Concentrationesponse; CTM = Chemical
Transport Modeldf = Degrees of Freedom; IQR = Interquartile Range; LUR stafegression; Ml = Myocardial hetzon; NA

= Not Applicable; N£= Nitrogen Dioxide; NR = Not Reported;=00zone; PMs = Particulate Matter Less Than 2.5 Microns in
Diameter; PMSA = Primary Metropolitan Statistical Area; ppb = Parts Per Billion; SD = Standard Deviation; SESien8ocioeco

Status.

(@) PMsmoving average was 1 year before death or censor fezaalbe deaths,-B years for cardiovascular and lung cancer
deaths, and 35 years for COPD deaths.
(b) PM estimates were obtained from centrally located monitors from 19949861988, depending on the city; EPA M

monitors from the end of monitoring until 1998; and EPA:BMonitors from 1999 to 2009.
(c) Mean £ SD of RMquartiles: Q1:32.6 +1.03; Q2: 34.6 + 0.43; Q3: 36.2 + 0.53; Q4: 38.8 + 1.34.
(d) Results preented as percent increase in mortality.
(e) The analysis was restricted only to person time with chronigsRMO pg/ns.
(f) The pvalue for the Norway cohort was significant (0.03); all other cohesalpes were > 0.05.
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Table 3.2 Sources of Bias abdcertainty in Epidemiology Studies of Loigrm PM, s Exposure and Total MortalityThis table summarizes several broad
methodological categories where biases and uncertainties could arise in estimated concenteafionse relationships between lobgrm PM s exposure and total
mortality, including exposure assessment, individeakl covariates, ecological covariates, evaluation of copollutants, and statistical analyses. Red shading indicates the
potential for bias and/or the presence of uncertaintith 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 examplegetCab(28812) did not accaut for temporal variation when
assessing PM exposure, thus the red shading with an "X" reflects the potential for bias and the presence of uncertainty in this aspéditioh, Crouset al.(2012)

did not report how information on covariates wasllected, therefore, red shading with an "NR" indicates the potential for bias and the presence of uncertainty with
regard to information bias.

= e 1B L | 1= = |3 |3 | 3
, , taltglis|ielteligss|Easa|SaSa|Ya|sE
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
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 X
Unmeasured confounding (e.g., pre-existing conditions) X X X 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 X X
Residential mobility not accounted for X X X X X
Unmeasured confounding (e.g., access to health care, violence) X X 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 X X
Analyses C-R curves sensitive to df (natural splines) X 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:
GR = Concentrationesponse; df = Degrees of Freedom; NR = Not Reportegls PMarticulate Matter LesThan 2.5 Microns in Diameter.
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3.1.3 Biasand Uncertainty Undermine ObservedConcentrationresponseRelationshipsfor
CardiovasculaEffects

ThedraftISA discusses numberof epidemiologystudiesof CV morbidity (Section6.2.16,Table6-51 of

thedraftISA) andmortality (Section6.2.16,Table6-52 of thedraft ISA) thatevaluatedhe concentration
responseelationshipswith long-term PM. s exposure. Similar to the total mortality studieswe tabulated
key characteristicand main resultsof thesestudes in Tables3.3 (morbidity) and 3.4 (mortality), and
source®f biasanduncertaintyin Tables3.5 (morbidity) and3.6 (mortality).

As demonstrateth Tables3.5and3.6, studiesof CV morbidity andmortality hadsimilar methodological
limitations asthe total mortality studies,with the mostbiasanduncertaintyin the exposureassessmest
and confoundingadjustment. Most studieshad mismatchedexposureand follow-up periods,did not
accountfor time variationin PM exposuresgr did nottry to identify the mostrelevantexposurevindows.
Exposuremeasuremergrrorin thesestudieswerelikely substantial. Confoundingat the individual level
(e.g, physicalactivity, SES)and/orthecommunitylevel (e.g, accesso andquality of healthcare violence
wasalsoa majorissuein thesestudies. In addition,the statisticalanalysesvere generallyinsufficientto
establisitheshapeof the concentratiorresponseurvesbhecausgas indicated in the draft ISAost studies
did not conduct a thorough evatiom of alternatives to linearity

In light of theselimitations, epidemiology studiesdo not provide strong evidencefor any specific
concentratiofresponseelationshipbetweernong-term PM; s exposureandCV effects particularlyin the
low PM2.s concentrations

3.1.4 TheDraft ISA'sEvaluationof the ConcentrationresponseRelationshipds Flawed

Thereare severalissueswith the draft ISA's evaluationof concentratiorresponseadata. As discussedn
Section2, thedraftISA doesnotsufficientlyaddessstudyquality. While thelack of athorough systematic
studyquality evaluationis anissuefor determiningcausationit is evenmoreproblematian the contextof
concentratiofresponseelationshig. For causaldeterminatios, studiesneedto estblishthe presencef
an effect following an exposure but for concentratiorresponserelationshifs, studiesneedto not only
establishthepresencef aneffect,butalsothemagnitudeof aneffectin relationto thelevel of theexposure.

ThedraftISA doesnot presentiny studyquality evaluatiors for theepidemiologystudiesonwhichit relies
for concentratiorresponseaelationships. For example,the draft ISA indicatesthat theseepidemiology
studiesuseda variety of statisticalmethodsbut doesnot discussthe strengthsand limitations of these
statisticalmethodsor considerwhetherthesemethodswere appropriatelyusedin the studies. The draft

ISA also doesnot considersensitivity analysesin studieswhere the observedconcentratiorrespons

relationshipswere sensitiveto the degres of freedomchosa for the naturalspline, indicating that the

resultswerenot robust

A major source of bias and uncertainty in epidemiology studies is expassessment Analyses by
Rhomberget al (2011) and Cox (201Bdemonstratethat exposure measurement error tetadlinearize
the estimated concentrativaesponse relationship and mask any true threshDiespite acknowledging
that exposure measurement error can lead to biathier €irection regarding estimation of health effects,
the draft ISAdoes not consider this issue when evaluating concentiasponse data.

Settingasidetheissuesf studyquality, thedraft ISA doesnot fully considerthe consistencyf thereailts
acrossstudes Fortotalmortality,asacknowledgedh Sectionl1.2.40f thedraftISA, while severabktudies
observeda linear relationship,some studiessuggestedh supralinearrelationshipor the presenceof a
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threshold. The draft ISA concludesa linear, no-thresholdconcentratiorresponseelationshipwithout
giving anyrationalefor disregardingstudieshatsupportnonlinearor thresholdrelationships.

In contrastfor CV effects,thedraft ISA stateghattheinterpretatiorof the concentrdbn-responselatais

complicatedby "boththe lack of thoroughempiricalevaluationsf alternativedo linearity aswell asthe
resultsfrom cut-point analyseghat provide somepotentialindicationfor nonlinearityin the relationship
betweernong-termPM. s exposurendcardiovasculadiseasé (Section6.2.16,P 6-203). Thesessuesare
alsoapplicableto studiesof total mortality, but the draft ISA doesnot addresshemwhenevaluatingthe
concentratiorresponseelationshipfor total mortality. This indicatesthat the draft ISA doesnot takea

consistenapproacho evaluateconcentratiorresponselataacrossendpoins.
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Table 3.3 Key Characteristics and Results of Epidemiology Studies ofttomd®M. 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
Cancer Prevention Study II; CT = Computed TomograpRy=CConcentrationesponse;df = Degrees of Freedom; IQR =
Interquartile Range; LUR = Lanse Regression; MDCT = Multiple Detector Computed Tomogralghy Not Applicable; N&

Nitrogen Dioxide; NR = Not Reported;®00zone; PMs = Particulate Matter Less Than 2.5 Microns in Diameter; ppb = Parts Per
Billion; S@= Sulfur Dioxide.

(a) For the year 2003.

(b) Results presented in Agatstomits/year.

(c) End of followup period was not reported; mean duration of follayp was 11.5 years.

GRADIENT 32



Table 3.4 Key Characteristics and Results of Epidemiology Studieergfterm 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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Notes:

Maximum Entropy; BMI = Body Mass Index; CHD = Coronary Heart Disease; COPD = Chronic Obstructive Pulmonary-Disease; CPS
Il = Cancer Prevention Study HRG Concentrationesponse EPA = United States Environmental Protection Agency; df = Degrees
of Freedom; HR = Hazard Ratio; LUR =-LaadRegressioNG = Nitrogen Dioxide; NR = Not Report€d;= OzonePM s =
Particulate Matter Less Than 2.5 Microns in Diameter; PMSA = Rrivieropolitan Statistical Area; ppb = Parts Per Billion; SD
= Standard Deviation; SES = Socioeconomic Status.

(@) PMys moving average was 1 year before death or censor fezaalbe deaths,-B years for cardiovascular and lung cancer
deaths,and 15 years for COPD deaths.

(b) Centrally located monitors: from 1974 to 198838, depending on the city; EPAkLo monitors: from the end of monitoring

until 1998; EPARM, s monitors: from 1999 to 2009.

(c) Most models averaged data for 268204, except onenodel PM: s RS 0406) that averaged data for 20€2006.

(d) Jerrett et al. (2016) used six exposure models described in other published studies plus one model developedufdy:this st
PM.s HBMCMAQ 024 yielded estimates at 36 km spatial resolutiBb s RS 0906 andPM, s BME 0204, at 10 kmPM, 5 No

GWR RS 624 andPM,5s GWR RS 0624, at 1 kmPM,s BMELUR 024 andPM, s BMELURRS @2, at 30 m.

(e) HR (95% CI) was 2.21 (1.17, 4.16) for definite diagnosis of CHD, 1.26 (0.62, 2.56) fodipgssible of CHD.
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