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1 There Are Many Unresolved I ssueswith the PM 2.5 Epidemiology

1.1  Reported associationsfor PM 5 are not equivalent to causation

The California Air Resources Board (CARB) has esged interest in understanding the potential
health impacts of near-roadway exposures to vehécessions, focusing primarily on diesel exhaust
particles (DEP). Epidemiologic studies have regmbrstatistical associations between ambient PM f{due
part to vehicle traffic intensity) and mortalitydamorbidity (increased respiratory symptoamsl decreased
pulmonary function). These effects cannot be tielinked to DE and DEP, because there are other
contributing sources to near-roadway exposures asicbad dust, brake wear, tire wear, and gasehigee
exhaust. Even more important, there are majornteniogies and assumptions inherent to the inteapicet of
PM-mortality associations reported in epidemiolagydies. For example, the cohort (ACS) studieshav
shown that mortality rates vary widely from city ity for reasons not understood. The time series
(NMMAPS) studies have shown that the PM “effectdes” very from city to city, with some cities shig

reduced mortality with increasing PM. The “explamg effect” of PM in both cases is small.

1.2  Problemswith assuming causality from single-pollutant associations

The epidemiologic associations between ambient2B8vievels and morbidity and mortality rates
have been based on "opportunistic” data, in thegdlcorrelative analyses relied on air monitoriegighed
for other purposeds.€, NAAQS compliance). And, the mortality and moihjdstatistics used in the PM-
epidemiology studies were collected for routineckmag of US public health by the National Center fo
Health Statistics. Because the correlations replodre between population statistics and centralitoo

PM-2.5 levels i(e., exposure at the population level), these studiesecologi®r semiecologicin nature.

(or semi-ecologic in the case of the cohort stydieSary Taubes, in his article "Epidemiology Fatiss
Limits,” (1995), summarized the numerous uncern@sniassociated with observational epidemiological
studies, and the difficulty in assigning a meanimgcausal basis to reported associations. In #mticle
"Time Series Analyses of Air Pollution and HealBtraining at Gnats and Swallowing Camels," Lumleg a

Sheppard (2003) also emphasized the daunting olgaliefaced by air pollution epidemiologists:



"Estimation of very weak associations in the preseof measurement error and strong

confounding is inherently challenging. In this ation, prudent epidemiologists should

recognize that residual bias can dominate theultesBecause the possible mechanisms of

action and their latencies are uncertain, the gioldly correct models are unknown. This

model selection problem is exacerbated by the campractice of screening multiple

analyses and then selectively reporting only aifeportant results."
As discussed extensively by Taubes, smaller RBRs RR<3) are generally considered to be weak inreatu
and to require other lines of evidenedy(, toxicological evidence, highly plausible biologiecnechanism) to
demonstrate causality. As discussed recently lifeBaet al. (2008) and Fewedt al. (2007), it is plausible
that RRs on the order of 1.5 to 2.0 can be expthlmeresidual and/or unmeasured confounding. Given
well-known examples of epidemiological false-pagt that include erroneously predicting increasgdaf
pancreatic cancer from coffee drinking and errosBowredicting a protective effect from hormone
replacement therapy (HRT) on heart attack risk astmenopausal women, prudent public health policy
requires caution when relying exclusively on RR2 <let alone RRs that barely exceed 1.0, without
confirmatory evidence from other kinds of healtfeefs studies, including human clinical studies and

animal toxicology, both of which are available EP.

Among the uncertainties inherent to the interpi@taof associations reported in air pollution
epidemiology studies are the following. Epidemgital studies often include zero effect in the eamnd
effects reported, and the model analyses incorparany assumptions that can markedly affect thatses
obtained. Problem areas include: (1) model spatibn, (2) treatment of co-pollutants [both measuand
unmeasured], (3) correction for seasonal trend}exXdosure misclassification / measurement error,
(5) actual years of life lost for the calculateardths," (6) effect modifierse)g., educational achievement],
(7) corrections for seasonal and day-to-day vaniatiin risk factors, and (8) the fact that variatio results

by locale bears little or no relation to PM-2.5 gmwsition at that locale.

These problems for PM-2.5 and other criteria allutants have received extensive commentary
(e.g., Gamble, 1998; Gamble and Nicolich, 2000; Keatiage Donaldson, 2001; Greerral., 2002; Phalen,
2002; Stiebet al., 2002; Valberg, 2004; Koop and Tole, 2004; Moolgay 2005, 2006; Henderson, 2006;
Keatingeet al. 2006). It is now clearly recognized that theerof specificconstituents of air pollution in the
associations remains highly uncertain and not wtded. Daily mortality can be statistically coateld not
only with PM, but also with all other common airllptants €.g., the criteria pollutants carbon monoxide,
ozone, nitrogen dioxide, and sulfur dioxide), adlwas with non-criteria pollutants (Hagest al., 2000;
Oftedalet al. 2003). That is, for ambient PM, for a varietyamhbient criteria pollutant gases, and for other
airborne chemicals, daily fluctuations in concetiras are found to correlate with health statisti&tieb

and colleagues (2002) performed meta-analyses udd8gtime-series studies that reported associations



between daily mortality rates and criteria-polluteoncentrations in ambient air. The following |isovides
Stiebet al.'s reported estimates of percent increases ioaalte mortality (and 95% confidence intervals)
associated with an increment in ambient air leviels each criteria pollutant of a size equal to the
representative mean ambient concentration for pbititant. Notably, they found each associatiorb¢o
statistically significant (SS). For the criterimllptants, Stiebet al. (2002) found that the following

percentage increments in daily mortality correlatgith increases in each substance:

Carbon monoxide: +1.7% (1.2 — 2.2%)

Nitrogen dioxide: +2.8% (2.1 — 3.5%)
PM;o +2.0% (1.5 — 2.4%)
PM, 5 +2.0% (1.2 — 2.7%)
Ozone +1.6% (1.1 — 2.0%)
Sulfur Dioxide +0.9% (0.7 — 1.2%)

Such positive, statistically significant resultgyht be interpreted to suggest that, for eanbof the
criteria pollutants, present-day atmospheric leeeésacutely deadly. But, studies in laboratorynats and
elevated PM exposures in humans demonstrate thataficentrations at which these substances cae caus
death are thousands of times higher than ambigstsle This represents a dramatic contradictiomvéen
the correlative, epidemiologic studies on PM-2ebsus laboratory-animal and human clinical data on DEP

exposure.

Not only is it unclear which (if any) criteria palant(s) underlie the epidemiologic associatidns,
also other airborne pollutants, called "hazardaugpallutants" or HAPs d€.g., formaldehyde, methanol,
benzene, 1,3 butadiene), can be expected to cowitnyPM-2.5 levels. However, HAPs levels are not
routinely measured, and hence, it has not beenibpes® rule out a role of HAPs in reported PM

associations.

13 The PM-health-effect associations show troublesome inconsistencies

Even aside from the uncertainty as to the cauasishof "associations" between ambient PM-2.5
levels and health statistics, there are a numbprarhinent epidemiological studies that have foeaitlkder no
correlation between health impacts and increasegsPM "protective” effects of air pollutants, inclngd in
locales with elevated PM-2.5 concentratioag).[ the Vennerst al., 2003, study of daily mortality in the
district of Chongqing, China, where a mean PM-2Bocentration of 147ig/n? was reported, yet negative
(not statistically insignificant) associations wdoeind between daily mortality and mean daily RMere

observed on all days]. As discussed subsequenggction 1.3, other studies have identified very important



factors €.g., stress and activity patterns) that are likely foanders of air-pollutionvs. health-effect

associations.

The 90-city National Morbidity, Mortality, and AiPollution Study (NMMAPS) investigated the
relationship between daily ambient PM-10 levels daitly mortality in 90 of the largest US citiesjngsdata
collected from 1987 to 1994. The original studpa® was issued in 2000, but it turned out thereewe
problems with the model fitting software. Compatedhe 2000 publication, the re-analysis showeldiced
PM effect factors and revealed considerable hetereity among the "PM effect factorsfor individual
cities, with more than one-third of the cities simgvnegative associations between mortality andiemb
PMyo levels (meaning that PMincreases were associated with decreases in mgrimhd only two cities
showing positive and statistically significant Pieet factors (New York at 0.8%, with a RMmean level
of 28.8ug/n?; and Oakland at 1.6%, with a RiMnean level of 26.pg/n?) based on the updated maximum
likelihood estimates (new) obtained for the gendiaarized model (GLM) with natural splines for
covariates. Examination of the updated NMMAPS-biyycity results reveals that several of the citiethe
Southeast U.Si.é., Jackson, MS; Nashville, TN; Knoxville, TN; AtlantGA) show_negativassociations
between total mortality and Pl as well as between cardiovascular and respiratastality and PM,

meaning that higheambient PM, levels correlate with decreasaeanortality (Dominiciet al., 2003).

Furthermore, the NMMAPS city-by-city results alsoggest that the actual level of PM does not
affect the PM associations with health outcomeschvis strangely contradictory to toxicology. Higul
below illustrates the heterogeneity in the NMMARSUIts, showing that neither the direction (positdr
negative) nor the magnitude of the PM effect faitaelated to the average PMoncentrations in the study
cities. The heterogeneity is highlighted by thet that the PM effect factor for the US city withetlowest
PM levels (Honolulu) is in fact slightly greatemtihthe PM effect factor for the US city with theglmést PM
levels (Riverside), although neither result is istaally significant. Although differences in PM
composition may be one possible explanatory fafborthe city-by-city heterogeneity, differences in

potentially confounding factors are another possi)planation.

Another major study is the American Cancer SoqiayS) prospective cohort study, which focused
on PM-2.5 and covered about 151 metropolitan amedls,the initial analysis covering 1982 to 198%he
ACS cohort yielded a number of results that sugtiesPM-mortality associations may not be causalst
of all, the comprehensive Krews&i al. (2000) reanalysis of the ACS cohort concluded é&ffects of co-

pollutants were important, and adjustment for cbupents decreased the PM risk estimate. For ei@mp

PM “effect factors" are typically given in uniisf "percent change in mortality" per "1fig/nT change in PM
concentration.”



Table 47 in the Krewslét al. reanalysis showed that when the PM relative faskall-cause mortality was
adjusted for gaseous co-pollutants (and Bparticular), the relative risk (RR) was redut¢ediearly unity
(1.0),i.e., there was no increased risk from fine PM. Thius,use of concentration-response functions based
on single-pollutant models can result in overedtiomaof the health impacts attributable to PM, hesea
such statistical associations may include the &ffexf other ambient pollutants (both measured and
unmeasured), as well as other uncontrolled varafglg., meteorological variables, geographical location
variables, and other risk factors). The Krewetlal. authors concluded:

We observed a stronger association between suifuide levels and mortality from all
causes in the ACS Study than between either fingiclgs or sulfate and all cause
mortality.” (p. 224)

Secondly, the Popet al. (2002) reanalysis discovered a number of inctersisand unexplained

results in the ACS study cohort dagay., correlations that showed:

(@) immunity from PM-associated mortality with ieasing educational level;

(b) reduced PM-associated cardiopulmonary and eramwortality with increased smoking
history;

(© a protective effect of ambient carbon monoxadainst cardiopulmonary mortality and lung

cancer mortality;
(d) a protective effect of ambient total suspengdicles (“TSP”) against lung cancer risk;

(e) a protective effect of PM against all-otheusmz mortality (non-cardiopulmonary, non-
cancer) that depended on which of the alternativdeating approaches was used; and
() a protective effect of ambient ozone on luagaer mortality.

In the ACS study, individual-level factors canio@ accounted for because the individuals in the
ACS study filled out only one questionnaire, batk982. In fact, it is unclear how the study aushadealt
with city-to-city relocation of enrolled individuglin the time period between 1982 and the presé.
stated in Popet al. (2002),

"The data on smoking and other individual risk éast however, were obtained directly by
guestionnaire at time of enrollment [1982] and duf reflect changes that may have
occurred following enrollment. The lack of risk fac follow-up data results in some
misclassification of exposure, reduces the precisiocontrol for risk factors, and constrains
our ability to differentiate time dependency."
Furthermore, a subsequent Papal. (2004) reanalysis reported findings indicatingratective effect of
long-term PM s exposures on diseases of the respiratory systepecifically, Popest al. (2004) reported
that a 10ug/n? increase in average BMlevels was associated with an 8% decrdasdiseases of the

respiratory system, with this finding achievingtistiical significance (RR=0.92, 95% CI: 0.86-0.98).

Similar to the ACS study, the Harvard Six-Citydstus another long-term cohort study of the health

effects of air pollution, consisting of a cohort approximately 8,100 adults in six U.S. communities



(Watertown, MA; Kingston and Harriman, TN; St. LeyMO; Steubenville, OH; Portage, Wyocena, and
Pardeeville, WI; and Topeka, KS). While the oraibockeryet al. (1993) analysis of data from a 14-to-
16-year mortality follow-up (1974 to 1989) reportadstatistical association between RMand excess
mortality, it is also important to note that Docket al. (1993) reported similar associations for neallipf
the other pollutants considered in their analysesnpely sulfate, sulfur dioxide, and nitrogen di@xidAs
noted by Krewsket al. (2000), who re-analyzed the Docketyal. (1993) data, the Harvard Six-City study
findings may be more reflective of the adverse thegifects of the overall air pollution mixture mat than

of any one constituent, such as PM:

"The Six Cities Study, with its small number ofiest and high degree of correlation among
the air pollutants monitored, did not permit a cldastinction among the effects of gaseous
and fine particle pollutants. Indeed, estimatethefrelative risk of mortality from all causes
were similar for exposure to fine particles, sdfatulfur dioxide, and nitrogen dioxide. Of
the gaseous co-pollutants in the Six Cities Staayy ozone did not display an association
with mortality."

These findings for both short-term (NMMAPS) anddeterm (ACS and Harvard Six-City) studies
illustrate that one cannot establish that a cdoasils exists between all PM types and various tityrend
morbidity health endpoints based on statisticatdamtions" reported for PM and health. In additio the
results discussed above, a number of publicatieport a failure to detect a statistically signifita
correlation of PM levels with health impacts, oemtify flaws in the associations. Although there a
greater number of publications reporting a posifRM associatiorvs. those reporting a null result, the
reason for the heterogeneity in results is unknownshould be remembered that "publication biaslym
prevent many negative studies from reaching the-mgéewed literature. Also, for those studiesamrting a
positive association, the models used to yield tbssilt are variable, that is, authors will often different
analyses, and upon finding one that gives a pes#dssociation, publish the result. Finally, eachlished
article tends to be remembered for the positivaltest reported, although each study may haveetest

numerous other associations, finding several tlegewull in their study but not null in other stesli

Furthermore, PM epidemiological studies have alsgerved peculiarities in dose-response that are
inconsistent with toxicological principles, suchseemingly increased potency of PM at low concéotia
compared to high concentrations. As an exampldiisntime-series analysis of associations betweéen a
pollution and daily mortality in Cook County, lllois, Moolgavkar (2003) reported significant depaasu
from linearity for PM effects. Specifically, Moagkar (2003) observed an actual decrease in righk wi
increasing PN concentrations above about f@/n®. Abrahamowiczet al. (2003) observed a similar
phenomenon in their re-analysis of the ACS prospeciohort data, with stronger effects of fine s in

the lower range of 10 to 1@g/m’ than at higher concentrations. This attenuatioRM effect factors, and



even reversal of risk at higher PM concentratidasdiscordant with biologically plausible hypothgse
regarding mechanisms of harm. Findings such aetbhEnon-linearities in dose-response relatiorstijse
additional uncertainty regarding the biological ydibility of epidemiological associations and their
reliability for inferring health impacts.
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Figure 1.
City-specific PM ;o mortality increments vs. mean daily PM 4, concentrations for the NMM APS cities. The two citieswith the highest PM (g
concentrations are Riverside, CA and Bakersfield, CA. Honolulu, HI, isthe lowest. Mean daily PM 1, concentrations and revised
PM ;o excessrisks were obtained from http://www.ihapss.jhsph.edu/data/NMMAPS.




1.4 Non-pollutant factors may play arole, and have not been ruled out

There are a variety of potential confounding Malda, many of which are either inadequately
controlled or uncontrolled in air pollution epideftgical studies, that may contribute to or evetirely
explain epidemiological associations reported féd-P5 and adverse health effects. The diseases
considered in air pollution epidemiological studlesse multiple known risk factors. Yet, psychosbci
factors that are shown in the medical literaturbeaelated to such adverse health outcomes asditzank
risk and premature mortality are rarely if ever sidered in air pollution epidemiological studies.
Although epidemiological analyses typically attertgpaddress known confounding variables such as tim
trends, temperature, season, and weather, recefiesthave demonstrated how difficult it is to remo

these potential effects from the associations.

An HEI expert panel emphasized the sensitivitytred epidemiologic findings to the analytic
methods used, and in particular, for different fgtions for confounding variables, such as tiared
weather (HEI, 2003). The HEI Special Panel, wtield been convened to address a widespread problem
in air pollution epidemiology studies involving th@proper application of a popular statistical gsed
software program, also determined that substaatiakrtainties remain regarding model specification

epidemiological investigations and proper contfgbatential confounders:

"Neither the appropriate degree of control for timethese time-series analyses nor the

appropriate specification of the effects of weatles been determined. This awareness

introduces an element of uncertainty into the teedes studies that has not been widely
appreciated previously. At this time, in the alusenf adequate biological understanding

of the time course of PM and weather effects apd thteractions, the Panel recommends

exploration of the sensitivity of these studiesatavider range of alternative degrees of

smoothing and to alternative specifications of Wweatariables in time-series models."

In addition, the HEI Special Panel concluded that remaining uncertainties in epidemiological
studies have served to decrease the level of emd&that can be placed in these studies, whiteasag
the weight that must be placed on other typesufiss,i.e., studies in human volunteers and laboratory
animals:

"Further, uncertainty regarding the estimates tdatffrom time-series studies can also be
expected to place additional emphasis on long-taeimpollution studies, on studies of
natural experiments (the so-called quasi-experiaiesttidies), and on human experimental
and animal toxicologic studies.”

In addition to the HEI expert panel, a renewedragiption of the potential confounding role of
weather and temperature in the PM associationddas recognized by others. Keatinge, 2002; Keating

and Donaldson, 2001; 2006 have pointed out thattder to adequately correct for the importanta@ffef
10



temperature and other weather factors, they needet@ntered as confounding variables at multiple
simultaneous time lags, not just one time positaanhas been the practice up to now. When thisiaas

for London data covering 1976-1995, it was fourat the "data confirmed that the large, delayedease

in mortality after low temperature is specifica#lgsociated with cold, and is not due to associgatiegrns

of wind, rain, humidity, sunshine, S@O, or smoke" (Keatinge and Donaldson, 2001). uBsequent
study that focused on the effects of hot weathendathat: "With allowance for [heat stress] comfdung
factors, generalized additive modeling showed goicant mortality due to ozone, PM, or sulfur xiide"
(Keatinge and Donaldson, 2006).

The PM associations cannot differentiate effedsray from different criteria pollutants, HAPs, or
different PM constituents. More importantly, nooHptant factors correlated with PM-2.5 may cauag-d
to-day variations in mortality. For example, aaeicanalysis of correlations between heart attestkand
subjects' daily activities (Peteesal., 2004) reported a role for "exposure-to-traffgttess in heart attack
risk. This link between "use of vehicle" and "anskEmyocardial infarction” related increased hesdtack
risk with "presence of traffic,” even apart fromyapollutant exposure. In fact, the Petetsal.
investigators found_naassociation of heart attack risk with air pollativariables (Tosteson and
Greenbaum, 2005J. That is, any increase in heart attack risk likalgse from stress factors such as noise,

anxiety, and anger that often accompany driving@rdmuting.

Furthermore, in a recent, large case-crossovely sifi the relationship between acute myocardial
infarction (AMI or heart attack) and physical exent Von Klotet al. (2008) analyzed data for over one
thousand patients who reported physical activitytenday of the AMI and three days preceding trenev
Compared to light or no exertion, the risk of hestack after strenuous activity was increasedIiynéar
fold (RR = 5.7; 95% CI 3.6-9.0). In addition, tlithors found that even moderate exercise was
significantly associated with increased risk ofAl (RR = 1.6; 95% CI: 1.2-2.1). Interestingly, rair
pollution variables were considered in this studhjch instead showed increases in relative riskb wi

increased exertion level, demonstrating a dosesresgpbetween the stress of activity and risk of AMI

Confounding by day-to-day stress levels is sumablty the known role of stress as a strong risk
factor in cardiovascular deaths (RR up to ~ 25)I{d¢icet al., 1999; 2005; Kotomt al., 2004; Culicet al.,
2005). Thus, the weak RR's in mortality-PM tinegiss associations could easily arise from uncdato
confounding by population stress factors. Noisesstis one component of traffic that is knowmirease
risk of adverse cardiovascular effects (Babistlal., 2005; Ising and Kruppa, 2004; Neus and Boikat,

2000). Moreover, there are likely other factorsvadl, because nationwide mortality statistics show

Even though the Petegsal. (2004) investigators collected air pollution d&iatheir traffic study, they did not explain
in their NEJM article that there was no associalietween heart attack risk and PM or any air pafiut A Letter to the
Editor from the sponsoring agency (Health Effecistitute) (Tosteson and Greenbaum, 2005) stated'dfrgpollution
levels just before the myocardial infarctions [wWeret associated with an increased risk of myoedidfarction.”
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correlations with calendar date (Philligsal., 1999; 2001; 2004; Valberg, 2003). For examplllips et

al. (2001) demonstrated that there is greater cardatality among Chinese and Japanese Americans on
days considered unlucky.€., the fourth day of the month, given the Chinesa dapanese aversion to the
number 4), consistent with the hypothesis thatiaardhortality is elevated by psychologically stfess
occasions. If living in areas that have pooremgaiality leads to stress, then such psychosocitbia are
important for possibly confounding the long-termheod associations between mortality and PM
(Pickering, 2001; Molleet al., 2005; Everson-Rose and Lewis, 2005).

Another article relevant to whether incrementsahicle exhaust are causally related to increments
in mortality is that of Kloneet al. (2009) "Comparison of total and cardiovasculatkeates in the same
city during a losing versus winning super bowl cpanship." The purpose of this study was to deteem
whether there were changes in community death vetbes a local football team participated in a wimgni
or losing Super Bowl. The Super Bowl-related ddysng LA's losing 1980 game were associated with
higher daily death rates in LA County (per 100,p0@ulation) for all deaths (2.4482 vs. 2.0968 fontcol
days, p <0.0001), circulatory deaths (1.3024 \8685 for control days, p <0.0001), deaths from ésgic
heart disease (0.8551 vs. 0.7143 for control day€).0001), and deaths from acute myocardial itifars
(0.2710 vs. 0.2322 for control days, p = 0.0218). contrast, the Super Bowl-related days during the
winning 1984 game were associated with a lower ofitall-cause death (2.1870 vs. 2.3205 for control
days, p = 0.0302). In conclusion, the emotionadsstrof loss and/or the intensity of a game played b
sports team in a highly publicized rivalry such #® Super Bowl can trigger total deaths and
cardiovascular deaths. This study showed thatpallutants from LA “traffic congestion" during
"winning" versus "losing" days had opposite effects daily mortality. This goes contrary to an

assumption of a causal link between increasing BidPincreasing mortality rates.

If PM-mortality/morbidity associations are confalea by factors that can vary with PM, but form
no part of PM (or other combustion products moreaegeally), then relying on the epidemiology
associations to perform risk assessment for DEFemak sense. The PM health-effect associatiorss thu
need to be carefully tested and re-evaluated ® aut alternative causal pathways. In the meantihee

inherent variability and uncertainty in these agsimns need be presented quantitatively (NRC, 2002

In summary, the presence of numerous potentigbamding variables that have not been ruled out
makes the epidemiological associations difficulirtterpret and reduces the weight that should beeul
on these resultgersus other lines of evidence such as animal studies aamirolled human exposure

studies.
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15 Thereisnoreliable marker for partitioning the DEP part in generic ambient PM

Not only are the causal bases of the generic-axtBi® vs. mortality / morbidity associations
unknown, but also, such associations cannot baress$to be applicable to DEP, which is only a siatt
of ambient PM. Ambient PM from monitoring sitedasgely dominated by emissions from surface street
and from gasoline vehicles; in addition, the apporhent of exhaust emissions between gasoline and
diesel vehicles is highly variable by location (Eugt al., 2007). Even more troublesome is the fact that
no reliable marker exists specifically for the DE®mponent of ambient PM. Consequently, it is not
feasible to undertake population epidemiology stsidivith regard to associations between “ambient DEP

mass” and morbidity and/or mortality rates.

While some studies may use ambient elemental na(B®) and nitrogen dioxide (NP as
exposure surrogates for DE emissions, it is immbria recognize that neither EC nor Ni® ambient air is
a sufficiently specific marker for DE, due to theltiiude of other common sources of these two pafits.
Thus, unacceptable uncertainties are associatdd thwtir use as markers of DE contributions to PM
concentrations. In particular, Schaweral. (2003) concluded that EC is not a unique tracerOEP,
pointing to EC emissions from gasoline-powered muéhicles, coal-fired and fuel oil-fired power pta,
incinerators, jet engines, wood-burning, and indsmurces €.g., church candles, cigarette smoke). ,NO
also has numerous common sources, including fdesil power plants, gasoline-powered vehicles,
incinerators, as well as a number of indoor souftmsacco burning, wood stoves, candles, and theofis
gas-fired appliances and oil stoves), as well asymmtural sources (intrusion of stratosphericogin
oxides, bacterial and volcanic action, forest firasd lightning). If, for example, we had reliable

measurement of personal bl@nd/or EC exposure, there is no way to transhaseinto DEP exposure.

As the HEI report on "Diesel Exhaust" pointed odigsel engine N®emissions and DEP
emissions often track in opposite directioins, for cooler-running engine conditions, Némissions tend
to be lower, but DEP emissions can be higher; figirees running at high temperatures, DEP emissioms

reduced, but NQemissions may increase (HEI, 1995).

Study findings from researchers investigating dayreek differences in the mean concentrations
of a number of air pollutants (NOO;, VOCs, PM) raise further questions regarding ttigyuof NO, as
an exposure surrogate for DE (Blanchardil., 2008; Motallebiet al., 2003). In particular, while these
studies have generally reported consistently |oM@x concentrations for weekend dayssus weekdays
at numerous sites in different geographical areap, Blanchardet al., 2008, who observed mean NO
concentration declines of 49% for the time peri@®82003 for monitoring sites in 23 states), more
variable trends have been observed for PM and E@. example, for the time period June 1998-August

1999, Motallebiet al. (2003) generally observed lower EC concentratianéve California monitoring
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sites on weekendgrsus weekdays, but there was some variability in tlze sif these declines between
locations. Importantly, these data suggested rdiffe relationships between ambient N@nd EC

concentrations and well-established weekend-weelkti@aynges in heavy-duty diesel vehicle traffic and
miles traveled.

Finally, the ACES study demonstrated that, for ttiewhnology diesel engines (NTDE), the EC
component of DEP is small, as illustrated on the ghart below (SwRI, 2009). Hence, EC would be a
poor marker for DEP in ambient PM mass concentnatio

|_ Sulfate 0 Organic Carbon M Elemental Carbon & Metals & Elements|

Figure 2.
As shown above, 2007 diesel technology engine PM is composed mainly of sulfate and organic
carbon, with a small fraction of elemental carbon and metals and elements
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2 Laboratory studies of animalsand human volunteersinhaling DEP

Data from human volunteers inhaling controlledelevof diesel exhaust (DE) provide insights on
the potential health effects of near-roadway DEosypes. These exposures to whole diesel exhaust ha
used DEP mass concentrations much higher thanroadway exposures, yet the lung effects elicited
include a mild, transient inflammatory responsed @ome evidence for transient thrombogenic and
ischemic effectss Moreover, chronic inhalation exposures with arirsecies at levels 10-30 times
higher than near-roadway DE levels have reporteabaence of adverse effects (see Figure 3 at thefen
this text). Thus, experimental studies of DE expesuggest a low potential for harm at the lefaimd
near-roadways. Exhaust emissions from new-teclgyottiesel engines, which are much lower than for

older diesel technology, are expected to pose kgsof a potential health concern.

2.1 Roadsidelevelsof diesal exhaust represent upper-bounds of exposure

DE is a complex mixture that has components simdagasoline engine exhaust, and a unique
marker to measure near-roadway DE has not beelishtsd. Elemental carbon (EC) is frequently used
a measurement surrogate, because DE is the mainesofi EC along roadways. EC, however, is an
imprecise measure of DE as there are other roadwdynon-roadway sources that contribute to roadside
EC (e.g., fossil fuel combustion, meat-cooking,né@s burning). On road measurements of DE or DEP
can provide an upper bound for near-roadway DEl$exand DEP concentrations decline rapidly as one
moves away, down wind from the roadway. In-vehit@osure levels to DEP ranging from 6488m’
have been measured in California. EC exposuregyaoLondon street restricted to diesel trucks edng
from 4-16ug/nt. As new technology diesels replace aging dieseld,as diesels are retrofitted with the

new emission control technology, these exposurgldesan be expected to decline.

2.2 Reviews of DE health effects

Two integrative reviews of DEP non-cancer heaffeots are relevant to DEP risk assessment,
namely, the USEPA 2002 Health Assessment Docuneerdiésel exhaust, and the more recent, updated
review of DEP health effects (Hesterbetal., 2009). It is notable that the 2002 EPA revimwmcluded
that evidence for occupational exposure to DE ceusion-cancer health effects was inadequate.
Consequently, EPA, relying primarily on DE exposut@ animals, derived a reference concentratio@)Rf

of 5ug/n. That is, EPA judged the available chronic-expesanimal inhalation studies to be sufficient to

Importantly, most of the DE data collected téedaere for exposures to exhaust from older diesgines, manufactured
before emission regulations were mandated. Withemsingly stringent emission standards, new tdolggodiesel
engines have been developed that provide dranatiections in diesel-engine emissions..
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derive a lifetime-exposure reference concentratiRiC) of Sug/n? of diesel exhaust particulate (DEP).
This RfC is derived so as to represent an expdswed to which humans may be continuously exposed
throughout their lifetime without being at apprdxterisk of adverse noncancer health effects. mbee
recent review (Hesterberfjal., 2009), included consideration not only of animgbosures to DE, but also
recent studies of human volunteers exposed to [Eantrolled human exposure studies at elevated
exposure levels .., for DEP in the range 100 to 3Q@/nT) largely support the pro-inflammatory role of
DE for such exposures, but did not provide conststepport for the hypothesis that asthmatic ané?BO
populations are at greater risks of DE-inducediraspy effects. Controlled human exposure studie
have provided results suggestive of cardiovaschéalth effects from short-term inhalation of DE at
elevated concentrations. New laboratory animalistucontinue to support the adjuvant effects oPRIa
allergenic responses, as well as other immunoladiects including modulation of susceptibility to
infection, with observed responses depending nigt @m dose and DEP source, but also on the timfng o
exposure and the animal species. However, thatbwenclusion of the recent review was that, ia thse

of potential non-cancer health effects of DE, récka support EPA’s current human RfC, set ag/5r,

as being adequately health protective.

An important caveat to currently available datdahist wide-ranging quantitative and qualitative
changes have occurred in the composition of DE gamis, including marked reductions in PM emissions
and polycyclic aromatic hydrocarbon (PAH) concditres. That is, New Technology Diesel Exhaust
(NTDE, i.e.,, post-2006 DE) has physical and chemical charatter that more closely resemble those of
compressed natural gas emissions or gasoline emgmesions, rather than Traditional Diesel Exhaust
(TDE, i.e., unregulated pre-1988 DE). Very few animal stadi@d none of the human studies used DE
from new technology diesel engines (NTDE), and &amithl data on health effects of NTDE emissions are

necessary for risk assessment, because the destakfrapidly changing over to this new technglog

The NTDEversus non-NTDE difference is illustrated by McDonadgal. (2004), who investigated
the relative toxicity of acute inhalation exposu(@srs per day over 7 days) for a baseline unotatt,
traditional diesel exhaust (TDE) emissions caser@pmately 200ug/n® DEP) versus an emissions
reduction (ER) case (low sulfur fuel, catalyzedaceic trap, near background levels for all emissiouis
NO,). They studied a suite of sensitive measures atealung toxicity in mice, including lung
inflammation, RSV resistance, and oxidative streBer the baseline TDE case, McDonatdal. (2004)
observed statistically significant DE-induced effefor each class of responses, while these effeets
either nearly or completely eliminated for the Efs&. Despite the need to confirm these findingsafo

broader range of ER technologies and operatingittonsl and for other classes of health endpoiats,(

4 This RfC was derived from a 70-year-duration HorEmjuivalent Concentration (HEC) of DEP correspogdp a “No

Observable Adverse Effect Level” (NOAEL) of 144y/n?. Application of an uncertainty factor of 30 bringhis
NOAEL down to an RfC of fg/nt.
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cardiovascular effects, allergenic effects), McOdraal. (2004) concluded that their findings suggest that
ER technologies can effectively reduce potentialthehazards of DE exposures. Given findings sagh
those of McDonaldet al. (2004), comprehensive toxicological investigasicere needed to determine
whether study findings of TDE and transitional DBEply to NTDE, including diesel engines with

retrofitted particle traps and alternative diesell$.

It should also be noted that Seagravel. (2002) and McDonalét al. (2007) reported findings
indicating that gasoline engine emissions can esigrilar or even greater biological responses tliagel
engine emissions. For example, McDonatdal. (2007) reported that inhalation of gasoline eagin
emissions resulted in many of the same respiradog; cardiovascular changes that were observed after

exposure to elevated levels of DE.

2.3  Controlled DE-exposure studies with human volunteers

Controlled DE exposure studies with human voluistdeave been conducted at inhaled DEP
concentrations ranging from 100 to 3@@/m, which are many-fold higher than levels found near
roadways. That is, DEP concentrations in the hunpiemcal studies are substantially higher thanneve
estimates of short-term in-vehicle DEP concentreti@.g., 7.3 to 23ug/n? from Fruinet al., 2004) and of

roadway elemental carbon measuremeatg, (3.9 to 16ug/m® from McCreanogt al., 2007).

231 Lunginflammation and immune system changes

The results of controlled DE exposure studies ssgthat DEP concentrations on the order of
100pg/m® are well-tolerated by the lung due to its protextantioxidant capacity, which prevents the
occurrence of lung injury and inflammation. Resultf elevated DE inhalation levels by asthmatic
volunteers were variable, but with little evideniwe greater adverse respiratory effects, compaced t
normal volunteers. Although human studies extdbitsiderable heterogeneity, perhaps attributabibeo
source of DEP, the conclusions of the human stugliggest that the tested levels of DEP can eligitld,

transient inflammatory response that is not higldyerse for either healthy individuals or asthnzatic

Laboratory animal studies of controlled exposure®levated DE concentrations have reported
changes in inflammatory markers, such as immunatgjolevels, cell infiltration into the lungs, cyme
concentrations, reactive oxygen species, and stisitiyp to infection. However, the results show
considerable variability and inconsistency in @lerresponses to DEP across animal species, disease
model, study protocol, and particularly, amongefidint sources of DEP. For example, some studies ha

concentrated on observed adjuvant effects of naswdtilled or lung-administered DEP, with results
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depending critically on the source of the DEP. cAIBEP doses were generally 50 times or more higher

than would be achievable for typical, near-roadvesgls.

Several large-scale animal experiments of multgplecies have investigated chronic effects of DE
inhalation on the respiratory system. These dad&ate that highly elevated DEP doses (conceatrai

duration) can lead to chronic lung inflammationt that lower doses, still much above typical levefs

roadside DEP, yield little in the way of adversermeversible effects.

2.3.2 Cardiovascular health effects

Findings from human volunteers exposed to DE ssiggeme thrombogenic and ischemic effects
of inhaled DE, albeit at exposure levels 10-15 snmgher than typical roadside levels. Studies in
laboratory animals provide some insights on themidl mechanisms underlying observed cardiovascula
health response=.¢., abnormal electrical activity, increase in vascul#lammatory factors, platelet
activation). But, given the use of unrealisticadlgvated DE exposure levels, the mechanisms fahby

these studies may not be relevant at lower, nesdway DE exposure levels.

2.3.3 Other health endpoints

Some findings in animals are suggestive of patéméproductive responses, such as increased
testosterone levels and decreased spermatogemesisorisiderably elevated DE exposures occurring
during gestation (fetal development), but theradsevidence of reproductive responses at DE |leveds

the ranges typical of either occupational or am@svironments.

2.34 Occupational studies

Studies of occupationally exposed workers in tlamdgportation industry (trucking, busing, and
railroad), where DE levels were higher than neadway DE levels, show small associations with lung
cancer risk (risk ratios generally below 1.5). itglly, however, no increase in lung cancer ratéh w
increasing duration of employment or DE exposurs been found. Thus, a dose response for DE is
lacking, and no causal relationship between DE lang cancer risk in humans has been adequately
demonstrated. The studies are also limited by & lafc quantitative concurrent exposure data and
inadequate or lack of controls for potential comfders, particularly tobacco smoking. Furthermoregr
to dieselization, similar elevations in lung cano®idence have been reported for truck driverhiese
findings suggest that unidentified occupationalra(s or lifestyle factor(s) might be responsibde the
small elevations in lung cancer reported in thedpartation studies. In contrast, underground raifie
dieselized mines experience the highest occupateqmesures to DEP, but do not show elevationsig |
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cancer. Also, coal miners, the worker populatiarstiikely to have experienced "lung overload"imes

past, do not show elevations in lung cancer.

235 Laboratory studiesand cancer

Laboratory studies using rats exposed to highlde@EDE over their lifetimes must be interpreted
with caution with respect to predicting the cargenic potential of DE in humans (Hesterbetrgl., 2005,
2006). Life-span bioassays in rats, mice, and temdrave demonstrated that chronic inhalationigth h
concentrations of DE (> 1,0®/m® DEP) can cause lung tumors in rats, but not inengic hamsters.
Moreover, even in rats, a threshold level may haeen identified below which no elevations in excess
lung tumors were observed. Subsequent researcbhioas that, in rats, similarly high chronic expesur
to particulate matter generally considered of lowidity (such as carbon black and titanium dioxidkso
can cause increased lung tumors in exposed raitsappears to be the result of an overloading ®fuhg
clearance of particles, which, in rats, leads boiigd up of particles in the lung, sustained inftaation and
cell proliferation, and eventually lung fibrosisdatumors. This mechanism of action would not becexgd
to occur in humans exposed under occupational @iearhconditions. For example, the occupation with
historically the greatest lifetime lung burdensimtialed particulate is coal mining, and althoughsth
heavy particle retentions have been shown to pedacious lung diseases in coal miners, lung caiscer

not increased among coal miners.

24  Conclusionsfrom human volunteer s and animals exposed to DE

Near-roadway levels of DE are typically much lowleain those that have been used in controlled
DE exposure studies with humans and laboratory @sim/hile high levels of DE may cause lung
inflammation, cardiovascular, and immunologicakef§, the data suggest that current near-roadway DE
levels do not pose a significant health concermisBions from new technology diesel engines, whieh
much lower than older diesel engines, are expdotegsult in near-roadway levels of DE that will éeen

less likely to be a cause of concern.

In addition to the use of elevated DEP concemnatiit is important to note that human volunteers
in clinical studies of whole DE exposures are digncally exposed to highly elevated levels of gase
DE constituents, including nitrogen dioxide, nitdgide, and carbon monoxide. For example, Mitlsl.
(2005) measured an N@oncentration of 1.6 ppm for their human contalexposure study of vascular
dysfunction in healthy male volunteers, which i£1020 times higher than the median Ngdncentration
measured by McCreanet al. (2007) along a heavily-trafficked London Stre@s a result of the elevated

exposures to gaseous DE constituents, there rermamnssderable uncertainty regarding whether thecef
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observed in the human clinical studies of whole &b be interpreted as attributable to DEP, or atste

attributable to DE gases.

Figure3.
Range of Typical DEP Concentrations Employed in Recent Controlled Human Exposure Studies
versus Ranges of M ean Short-term (e.g., Hourly) and Long-term (e.g., Annual Average) DEP
Concentrations Representative of General Population Exposures
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