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Nota Aclaratoria
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de Proteccidn Ambiental (EPA) de Estados Unidos, en cuyo caso ha revocado la norma anual de

MP10, manteniendo la norma diara para MP10.
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informacién completa en formato digital {CD adjunto) y se incorpora al expediente el indice dal
documento para visualizar su cantenida y el capitulo 7 sobre los efectos a large plazo del material
particulado, en el cual se puede constatar que la evidencia sobre los efectos perjudiciales a la
salud es mds reciente, ¥ no sugiere una asociacian entre la expasicién de largo plazo del material

particulada grueso v los efectos sobre |a salud de las personas.
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Chapter 7. Integrated Health Effects of
Long-Term PM Exposure

7.1. Introduction

This chapter reviews, summarizes, and integrates the evidence on reiationships between healih
effects and long-term exposures to various size fractions and sources of PM. Cardiopulraonary
health effects of long-term exposure to PM have been examined in an extensive body of
epidemiologic and toxicological studies. Both epidemiologic and toxicological studies provide a
basis for examining reproductive and developmental and cancer health outcomes with regard to
long-term exposure to PM. In addition, there is a large body of epidemiologic literature evaluating
the relationship between mortality and long-term gxposute ko PM,

Conelusions from the 2004 PM AQCD are summarized briefly at the beginning of each
section, and the evaluation of evidence from recent studies builds upon what was available during
the previous review. For each health outcome {¢.g., respiratory infections, lung function), results are
summarized for sdies from the specific scientific discipline, i.e., epidemiologic and toxicological
stdies. The major sections (i.e., cardiovascular, respiratory, reproductive/developmental, cancer)
conclude with summaries of the evidence for the various health outcomes within that category and
integration of the findings that lead to conelusions regarding causality based upon the framework
described m Chapter 1. Determination of causality is made for the overall health effect category,
such as cardiovascular effects, with coherence and plausibility being based upon the evidence from
across disciplines and also across the suite of related health cutcomes mcluding cause-specific
mortality. Section 7.6 provides detailed discussions on the epidemtclogic literature for Jong-term
exposure to PM and meortality. I each summary section (7.2.11,7.3.9, 743, 7.54, and 7.6.5), the
evidence Is briefly reviewed and independent conclusions drawn for relationships with PM, s,
PMm.zj, and UF pﬂrticles {UFPs}.

7.2. Cardiovascular and Systemic Effects

Stodies examining associations berween long-term exposure to ambient PM {over months to
years) and CVD morbidity had not been conducted and thus were nat included in the 1996 or 2004
PM Alr Quality Criteria Documents (U.S. EPA, 1996, (070380; U.S. EPA, 2004, 056905). A number
of studies were included in the 2004 PM AQCD that evaluated the effect of long-term PM, -
exposure on cardiovascular mortality and found consistent associations. No toxicelopical studies
examined chronic atherosclerotic effects of PM exposute in animal models. However, a subchronic
study that evaluated atherosclerosis progression in hyperlipidemic rabhits was discussed and this
study provided the foundation for the subsequent work that has been conducted in this area (Suwa et
al., 2002, 828388). No previous toxicological studies evaluated effects of subchronic or chronic PM
expasure on diabetes measures, or HR or HRY changes, not were there animal toxicological studies
included in the 2004 PM AQCD that evaluared systemic inflammatory or blood coagulation markers
following subchronic or chroric PM exposure.

Several new epidemiclogic studies have examined the long-term PM-CVI} associzgtion among
8. and European populations. The studjes investigate the association of both PM, 5 and PM,
exposures with a variety of clinical and subclinical CVD outecomes. Epidemiclogic and toxicological
studies have provided evidence of the adverse effects of long-term exposure to PM5 s on

Mote: Hypetlinks o the referencs citations theoughaut this docurmeant will take you to the NCEA HERO. datebace (Health and
Envirgnmental Research Online) at hitpsiepa soviery HIERO is a database of scientific |iteratus used by 115, EBA in the process of
developme scienpe asgesments such as the Ineprated Sciencs Assessments (I5A) md the Tntegrated Fisk [mformation System (IRIS).
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cardiovascnlar outcomes, including atherosclerosis, clinfcal 2nd subclinical markers of
cardiovascular morbidity, and cardiovascular mortality. The evidence of these effects from long-term
exposure to PMiy < is wealcer.

7.2.1. Atherosclerosis

Atherosclerosis is a prograssive disease that contributes to several adverse outcomes,
neluding acwute coronary symdromes such as myocardial infarction, sudden cardiac death, stroke and
vascular apeurysms. It is multifaceted, beginning with an early injury or inflammation that promotes
the extravasation of inflammatory cells. Under conditions of oxidative or nitrosatjve stress and high
lipid or cholesterol concentrations, the vessel wall undergoes a chronic remodeling that is
characterized by the presence of foam celis, migrated and differentiated smooth musele cells, and
ultimately & fibrous cap. The advanced lesion that develops from this process can occlude perfusion
1o distal tissue, causing ischemia, and erode, degrade, or even rupture, revesling coagalant initistors
{tissue factor) that promote thrombosis, stenosis, and infarction or stroke. Several detailed reviews of
atherosclerosis pathology have been published elsewhere (Ross, 1999, 156626, Stocker and Keaney,

2004, 157013},
7.21.1. Epidemiofogic Studies

Measures of Atherosclerosis

Aldthough no study has exzmined the association between long-term PM exposure and
lomgitudinal change in subelinical markers of atherasclerosis, several cross sectional studies have
been conducted. Markers of atheroscierosis used in these studies include coronatry artery caleium
{CAC}, carotid intima-media thickness {CIMT), ankle-brachial index (ABI), and abdominal aortic
caleium {AAC). These meagures are deseriad briefly below.

CAC represents the accumulation of caleium m corenary artety macrophages and represents
an advanced stage of atherosclerosis. As such CAC is 2 measure of atherosclerosis assessed by non-
contrast, cardiac-gated electron beam computed tomography (EBCT) or multidetector computed
tormography (MDCT} of the coronary arteries in the heart (Greenland and Kizilbash, 2005, 156494;
Hoffinang et al., 2005, 156536; Mollet et al., 2005, 155988). The prevalence of CAC is strongly
related to age. Few people have detectable CAC in their second decade of life but the prevalence of
CAC rises to approximately 100% by age 80 (Ardehali et al., 2007, 155662). Previous studies
suggest that while the sbsence of CAC does not rule out atherosclerosis, it does imply a very low
likelihood of significant arterial obstruction { Achenbach and Daniel, 2001, 156189; Arad et 2],
1896, 155661; Shaw et al., 2003, 156083 : Shemesh et al., 1996, 156085). Comversely, the presence
of CAC confirms the existence of atherosclerotic plaque and the amount of calcification varies
directly with the likelihood of obstructive disease (Ardehali et al,, 2007, 155662). CAC s a
quantified nsing the Agatston method (Agatston et al,, 1990, 1561 97}. lts repeatability depends on

. the laboratory and the methed of calenlation (O'Rourke et al., 2000, 192159). Agatston scores are
frequently vsed to classify individuals into one of five groups (Zero; mild; moderate; severe;
extensive) or according to age- and sex-specific percentiles of the CAC distribution (Erbel et al.,
2007, 155768). _

CIMT is a measure of atheroselerosis assessed by hiph-resolution, B-mode ultrasonography of
the carotid arteries in the neck, the walls of which have inner {intfmal), middle {medial) and outer
{adventitial) layers (Craven et 20, 1990, 155740: O'Leary et al., 1999, 156826; Wendalhap et 4],
1983 157134). CIMT estimates the distance in mm ot pm between the mnermost (blood-intima) and
outermost {media-adventitia) interfaces, often by averaging over three arterial segments in the
common caratid, carotid bulb, and internal carotid artery (Amatg et al., 2007, 1336581, CIMT has
been associated with atherosclerasis risk factors (Heiss et al., 1991, 136535; O'Leary et al,, 1992,
156823; Salonen and Salonen, 1991, 156938), prevalent eoronary heart disease (Chambless et al.,
1997, 136329; Geroulakos et al,, 1994, 155788), and ineident coronary and cerebral events (O'Leary
etal., 1999, 156826; van der Meer et al., 2004, 156129). Several studies have indicated that CTMT
meagurements are accurate (Girerd 2t al,, 1994, 136474; Pignoli et al., 1986, I560626: Wendelhae et
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al., 1991, 157135} and reproducible (Montavban et al., 1999, 156777; Smiide et al., 1997, 156988
Willekes et al., 1999, 157147), especially for the common carotid artery {Montauban et al., 1999,
1536777, Ll

ABI, which iz also known as the ankle-arm or resting (blood) pressure index, is a measure of
lower extremity arterial occlusive disease commonly caused by advanced atherosclerosis (Weitz et
al., 1996, 156150). It is assessed by continuous wave Doppler and manual or automated
oscillometric sphygmomanometry, the latter having been shown to have higher repeatability and
validity (Weitz et al., 1996, 156150). ABJ is defined as the unitless ratio of ankle to brachial systolic
blood pressares measured in mmHg. As ankle pressure is normally equal to or slightly higher than
arm pressure (resulting in an ABI = 1.0), epidemiologic studies typically define the normal ARI
range as 0.9 to 1.50 (Resnick et al., 2004, 156048}, Low ABI has been assoctated with all-cause and
CVYD mortality (Newman et al., 1993, 136805 Vogt et al., 1993, 157100Y, as well as myocardial
infaretion and stroke (Karthikeyan and Lip, 2007, 156624).

AAC is a measure of atherosclerosis assessed by nen-coatrast, EBCT or MDCT of the
abdominal gorta. Tt is scored much like CAC (Agatston et al., 1990, 156197), but the age-specific
prevalence and extent of AAC is greater, particularly among women and st ages > 30 yr. Although
AAC has not been studied as extensively as CAC, it is associated with carotid and coron
atheroscierosis as well as cardiovascular morbidity and mortality (sllison et al., 2004, 156210;
Allison et al,, 2006, [55653; Hollander et al__ 2003, 156562; Khoury et a),, 1987, 156636; Oel et al_
2002, 156820 Walsh et al_ 2002, 157103; Wilson et 3., 2001, 156139, Witteman et al., 1984,
156161) and measurements are suificiently reproducible to aliow serial investigations over time
{Budoffetal., 2005, 192105),

Stedy Findings

Diez Roux et al. (2008, 156401) conducted cross-sectional analyses of the association of three
of these subelinical markers of athercsclerosis (CAC, CIMT and ABI), collected from 2000 to 2003
during baseline examinations of participants enrolled in the Multi-Ethnic Study of Atherosclerosis
(MESA), with long-term exposure to PM; s and PM ;. The study population included 5,172
ethnically diverse people (53% femaie) residing in Baltimore, MD; Chicago, IL; Fersyth County,
NC; Los Angeles, CA; New York, NY; and St Paul, MN ranging in age from 45 to 84 vr old.
Authors used spatio-temporal modeling of pellutant concentrations, weather and demographic data
to impute 20-yr avg exposures to PMa; s and PM, . They reported small increases in CIMT of 1%
(95% CI: 0-1.4} and 6.3% (95% CI: 0-1), which correspond to absolute changes of § {95% CI: 0-12)
and 7 (93% CI: 0-14) pm, per 10 pg/m” inctease in 20-yr avg PM g and PM; « concentration,
respectively. Evidence of age-, gender-, lipid- and smoking-related susceptibility was lacking, They
also reported weak, non-significant increases in the relative prevalence of CAC of 1% (95% CL: -2 to
4) and 0.5% (95% CI: -2 to 3} per 10 ug/m® increase in PM,q 2nd PM, 5, respectively. Among the
subset of 2,586 participants with EBC T-identified calcification, similarly weak associations were
observed. There was little evidence of modification of the CAC assoclations by demographic,
socigeconomic or climical characteristics. Finally, the authors report no differences in mean ABI with
PMy5 or PM> 5 concentrations. The null findings for ABI exhibited lirte heterpgeneity smong
participant subgroups and were similarly nul] when ABT was modeled as a dichestomous sutcome
5ing a cutpoint of 0,9 units,

MESA investigators also examined the chronje PM, --AAC association in a residentially stable
subset of 1,147 participants {mean age = 66 ¥T; 50% female) randomly selected from all MESA
centers, except Baltimore, MD for enrollment in i Aortic Calciom Ancillary Study{Allen et al_,
2009, 156209). The authors used kriging and inverse residence-to-monitor distanee-weighted
averaging of EPA AQS data to estimate 2-3r mean exposures 1o PM; «. I'n cross-sectional analyses,
the anthors found a 6% (95% CI: -4 to 16) excess risk of 2 non-zero Agatston score and an 8% (95%
CI: -39 to 46) increase in AAC, ie., approximately 30 (93% CI: -251 to 383) Agatston units, per
10 ug/m” ingrease in P ; concentration., These associations were stronger among users than non-
users of lipid lowering dregs.

Kunzli et a1, (2005, 087387) used baseline data collected between 1998-2005 from two
randomized placebo-controlled elinical trials, the Vitamin E Atherosclerosis Progression Stody
(VEAPS) and the B-Vitamin Atherosclerosis Intervention Trial {(BVAIT), for their ancillary cross-
sectional analyses of the effect of long-term PM; exposure on CIMT. The study population ineluded
798 residents of the greater Los Angeles, CA arez who were more than 40 ¥r old at baseline and 44%
were female. The authors used universal kriging of PM, < data from 23 state and Jocal momitors

December 2009 -3



000176 VTA

operating in 2000 to estimate 1-yr avg exposure 10 PM; ; at each partiecipant’s geocoded 1.S. Postal
Service ZIP code. They found z 4.2% 595% CI: -0.2 to 8.9} or approximately 32 (95% CI: 2 io

68) um increase in CIMT per 10 pug/m” increase in PM; s concenfration. In contrast to findines from
the relatively large, ethnically diverse, yet geogranhieally overlapping MESA ancillary study
described above, PM-related increases in CIMT were two- to three-fold larger among older and
female participants taking lipid lowering drugs in this study. PM-related increases in CIMT were
also higher in never smokers when compared with cutrent or former smokers.

Hoffmann et al. (2007, 091163) conducted a ¢ross-sectional analysis of data collected at
baseline (2000-2003) for 4,494 residents of Essen, Miilheim and Bochum, Cermany enrolied in the
Heinz Nixdorf Recall Study from 2000 1o 2003. The age of participants ranged from 45-74 y1 and
31% were female. In this eross-sectional study the authors used dispersion and chemistry fransport
modeling of emissions, ¢limate and topography datz to estimate 1-yr avg exposure to Pha ¢ in 2002
(the midpoint of the baseline exam. ) They reported an imprecise 43% (95% CL: -15 to [15) or 102
{(85% CI: -77 to 273) Agatston upit increase in CAC per 10 pg/m® increase in PM, 5. Differences in
strength of association between subgroups defined by demographic and clinical characteristias were
smeall. The authors reported a more consistent association of CAC with traffic exposure (digtance
from a major rosdway) than with PM; 5 in this stady. _

In a subsequent analysis of these datz, Hoffmann et al. (2009, 196376} examined the PM-ABI
association in this population. In this cross-sectional study, no changes in ABI were observed in
assaciation with PM; 5 concentration nor was evidence of effect modification by demographic and
clinical characteristics apparent. As in the previous study (Hoffmann et al., 2007, 0911563), residing
near a major roadway was a stronger predictor of atherosclerotic changes. Absolute changes in ABI
of -0.024 (95% CI: -0.047 to -0.001) were associated with living within 50 m of 2 major roadway
compared to living more than 200 m away.

Each of the studies described above relied on cross-sectional analyses examining differences
in long-term average PM: s concentrations actoss space (a5 well as time to the extent baseline
examinations were conducted over time). Such associations may reflect the effect of compositional
differences in PM3 5 as well a3 the effect of higher PM; s concentrations. Most assooiations of M.
with CAC (Diez et al., 2008, 156401; Hoffiparn et al., 2007, 091153), CIMT {Diez et al., 2008,
15640]; Kunzli et al.,, 2005, 987387), ABI (Diez et al., 2008, 156401; Hoffmann et al., 2609,
190576) and AAC (Allen et al., 2009, 156209) reviewed in this section were weak and/or impreeize,
However, several factors including exposure measurement error, variation in baseline measures
atherosclerosis, ag well as limited power may contribute to the insensitivity of these cross-sectional
studies to detect small differences in CAC, CIMT, ABI and AAC. The study by Hoffmann et al.
(2007, 091163), which reported large, imprecise and non-significant increases in CAC in association
with PM> s, is not distinguished from the other studies reviewed by a superior study design or larger
sample size. The several fold difference in the magnitude of CIMT associations reported by Kunzlj
etal. (2003, 08V387} and Diez Roux et al. (2008, 156401) may be related to differences between, the
study populations. The ambient PM coneentrations from these studies are characterized i, Table 7-1.

7.21.2. Toxicological Studies

In the only study of this kind deseribed in the 2004 PM AQCD, Sewa et al. {2002, 028538}
demoastrated more advanced atheroselerotic lesions based on phenotype and volume fraction in the
left main and right coronary arteries of rabbits exposed to PM;;, (5 mgfkg, 2 timesfwl=a4 wk).
Although this study was condueted vsing IT exposure methodology at a relatively kizh dose, it
provided the first experimental evidence that PM exposure may result in progression of
atheroselerosis. Recent toxicological studies conducted using inhalation exposures have replicated
these findings at relevant concentrations and are discussed below,

CAPs

New studies have demonstrated increased atheroselerotic plaque area in acrtas of ApoE™ mice
exposed to PMy s CAPs for 4-6 mo (6 h/day=3 daysfwk). Average CAPs concentrations ranged from
35 t0 138 pp/m” and a)l of the studies were conducted in Tuxedo or Manharttan, NY. Chen and
Madziejko {2005, 087219} reported that the percertage of aortic intimal surfage covered by
atherosclerotic Jesions in ApoF™ mice was increased. In male ApoE"/LDLR™ mice, bath lesion area
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and cellelarity in the aortic root were enhanced by Tuxedo, NY CAPs exposare, although there was
no change in lipid content. Genetic profiles within plagues recovered from ApoE™ mice included
many of the moleglfla,r pathways known to-contribute to atherosclerosis, including inflammation
{Floyd et al., 2009, 120350}, *Sun (2005, 087952) similarly demonstrated an enhancement of
atherosclerosis in ApoE™ mice exposed Tuxedo, NY CAPs. Plaque area in the aortic arch and
abdeminal aoria was sigaificantly increased in the PM-exposed, high fat-chow group compared to
air-exposed, high fat-chow group. Macrophage infiltration in the abdominal aorta was also observed
in the groups exposed to CAPs. A study conducted in Manhattan for 4 mo (Mzy- September 2007)
showed that PM; - CAPs exposure increased atherosclerotic plague area and led to higher levels of
macrophage infiltration, collagen deposition, and lipid composition in thoracic aortas of ApoE™ mice
(Ying et al., 2009, 190111}, which is consistent with the previous two studies described that were
condueted in Tuxedo, NY.

Alteration of vasomotor function has been observed in aortic rings of ApoE™ mice on a hig
fat diet with long-term exposure to CAPs {Sun et al_ 2003, 087952 Ying et al., 2009, 180111). Sun
(2005, 087952} reported that. PM. s-exposed animals exhibited increased vasoconstrictor
Tespomsiveness 1o serotonin and PE. Increased ROS and elevated INOS protein expression in aortic
sections of CAPs-exposed mice may have resulted alterations in the NO pathway and peneration of
peroxynitrite that could have affected vascular reactivity. In contrast, Ying, et al. (2009, 190111)
demonstrated decreased maximum censtrietion induced by PE following Manhattan CAPs exposure.
Pretreatment with the soluble guanylate oyclase (sGC} inhibitor ODQ attenusted the response,
indicating that CAPs exposure resulted in abnormal NO/sGC signaling. Expression of iNGS mRNA
and protein was inerzased In sortas of CAPs-exposed mice, further supporting a role for NO
production. In conjunction with increased NO, aortic superoxide production was demonstrated that
appeared t¢ be partizlly driven by increased NADPH oxidase activity. The difference in
vasoconstrictor responses betwesn these two studies may be attributable to varying durations
{6 versus 4 mo, respectively) or CAPs compositions,

Sun (20035, 087952) and Ying et al. (2009, 190111} reported similar relaxation responses to
ACh for air- and CAPs-exposed mice. However, Manhattan CAPs-exposed mice had a markedly
decreased response to A23187, indicating that NO release ocourred via Ca*"-dependent mechanisms
(Ying et al., 2009, 180111). Abnorma) eNOS fanetion is likely responsible for the decreased
relaxation response, as activation of eNOS (but not INOS) is Ca® -dependent.

A recent study (Sun et al,, 2008, 157033) that was part of the research degeribed above (Sun ot
al., 2003, Q8T932) investigated tissue factor (TF) expression in aortas, which is 2 mafor regulator of
hemostasis and thrombosis following vascular injury or plague erosion. In PM3 s-exposed ApoE™
mice on 3 high-fat diet, TF was significantly elevated in the plaques of zortic sections compared to
air-exposed mice on the high-fat diet. TF expression was generally detected in (1) the extracellular
matrix surrounding macrophages and foam cell-rich areas; and {2) around smooth muscie cells.

One new study of CAPs PM,; s or UFPs derived from waffic was conducted. Araujo et af,
{2008, 156222) compared the relative mmpact of UF (0.01-0.18 um) and fine (0.01-2.5 urm} M
inbalation on zortic lesion development in ApoE™ mice following a 40-day exposure {5
hidayx3 days/wk for 75 total h). Animals were on a normal chow diet and exposed to CAPsina
mobile irhalation laboratory parked 300 m from a ﬁ'eewag ¢ downtown Los Angeles. Exposure
concentrations were ~440 ug/m® for PM, s and ~110 pg/m® for UFPs, and the nurmber conceptrations
wete roughly equivalent (4.56x10° and 5.59x10° particles/om® for PMy s and UFPs, respectivelyl.
Significant increases in plaque size {estimated by lesions at the aortic root) were reported for mice
exposed ta UFPs only. The lesions were largely comprised of macrophages with intracellular lipid
accumulation. Increased total cholesterol measured at the end of the exposure protoco] was observed
only in the PM, s group. HDL isolated from the UF PM-exposad mice demonsirated decreased anti-
inflammatory protective capacity against LDL-induced monocyte chemotactic activity in an in vitro
assay. The livers from the UFP-exposed mice demonstrated significant increases in lipid
peroxidation and several stress-related gene products {catalase, glutathione $-transferase ¥,
NADPH-quinone oxidereductasel, superoxide dismutase 2). Thus, UFPs in these exposures had a
substantially greater impact on the systemic response than did PM. ;.
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Ambient Air

A study employing young BALB/c mice examined the effects of 3 4-month exposure (24
h/dayx=7 days/wi} to ambient air on arterial histopathology (Lemos et al., 20046, DBES94). Qutdoor
exposure chambers were located in downtown $ao Paulo, Brazil next to streets of kigh traffic
density. In the control chamber, PM,; and NO, were fittered with 50% and 75% efficiency, .
respectively. The average pollutant concentrations were 2.06 ppm for CQ (8-h mean), 104.75 pE/m’
for NO, (24-h mean), 11.07 pg/m’ for SO, (24-h mean), and 35.52 pg/m”® for PM,p (24-h mean) ata
monitoring site witiin 100 m of the inhalation chambers. The pulmonary and coronary arteries
demonstrated significant decreases in L/W ratio for animals exposed to the entire ambient mixture
compared to controls, indicating thicker walls in these vessels. There was no difference reported for
the L/W ratio in renal arteries. Morphologic examination suggested that the increases in L/W ratio
were due to muscular hypertrophy rather than fibrosis. The results of this study indicate vascinlar
remodeling of the pulmonary and coronary arteries, as opposed to changes in tone.

To examine the role of systemic inflammation and recruitment af menoeytes into plague tissue
as a possible pathway for accelerared atherosclerasis, Yatera et al, {2008, 157162) exposed female
Watapabe heritable hyperlipidemic rabbits (42 week old} to Ottawa PM,, (EHC-93} via IT
instillation (5 mg/rebbit; approximately 1.56 mg/kg) twice a week for 4 wk. Transfusion of whole
blood harvested to from exposed and non-exposed apimals to donor rabbits supplied labeled
monecytes for assessment of monocyte recraitment from the blood to the aortic wall. The fraction of
aortic surface and volume of aortic wall taken up by atherosclerotic plaque was increased and the
number of labeled monocytes in the atherosclerotic plagues was elevated in rabbits exposed to PM,,.
In addition, labeled monocytes were attached onto the endothelium overlying atheroselerotic plaques
and the number that migrated into the smooth muscle undemeath plagues in aortic vessel walls was
greater with PM,p exposure compared to coniro!. These responges were not observed in pormal
vessel walls. ICAM-1 and VCAM-1 expression was elevated in athereselerotic lesions, likely
indicating enhanced monocytes adhesion to endothelivm and migration into plaques. Monocytes in
plague tissue stained with immunogold demonstrated foam celf characteristics, which were more
nummerous in the rabbits exposed to PM,.

(Gasoline Exhaust

Lund and eolleagues {2007, 125741) used whole emissions from gasoline exharnst to
investigate changes in the transeriptional regnlation of several gens products with known roles in
both the chronie promotion and acute degradation/destabilization of atheromatows plagues. These
S0-day exposures (6 h/day=7 days/wk) employed ApeE™ mice on high-fat chow and the
concentrations of the high exposure group were 61 pg/m® for PM, 19 ppim for MOy, 80 ppm for CO,
and 12.0 ppm for total hydrocarbons. The average particle number median diameter was
approximately 15 nm (MeDonald et al., 2007, 156746). Dilutions of gasoline engine emissions
induced 2 concentration-dependent increase in transeription of matrix metstloproteinase (MMP)
isoform 9, ET-1, and HO-1 in aortas; MMP-3 and -9 mRNA levels were only increased in animals in
the highest exposure group. Strong increases in oxidative stress markers (mitrotyTosine and TBARS)
in the aortas were also observed. However, using a high-effiviency particle trap, they establishad that
most of the effects were caused by the gaseous portion of the emissions and not the particles. This
study did not directly address lesion area.

1.2.2. Venous Thromboembolism

One epidemiologic study examined the relationship between long term FM g concentration,
venous thromboembolizsm, and laboratory measures of hemostasis (prothrombin and activated partial
themboplastin imes [PT; PTT]). BT and PTT measure the extrinsic and intrinzie blood coagulation
pathways, the former activated in response to blood vessel injury, the latter, key to subsequent
amplification of the coagulation cascade and propagation of throrbus (Mackman et al_, 2007,
136723}, Decreases in PT and PTT are consistent with 2 hypercoagulable, prothrombotic state.
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1.2.21. Epidemiologic Studies

Baccarelli et al. (2008, 157984) stadied 2,081 residents (56% female) of the Lombardy region
of Italy whose ages ranged from 18 to 84 vr old. In this case-control study of 871 patients with
ultrasonographically or venographically diagnosed lower extremity deep vein thrombaosis (DVT) and
1,210 of their healthy friends or relatives (1995-2005), the authors used arithmetic averaging of PM,
data available at 53 monitors in nine geographic areas to estimate 1-yr avg residence-specific
exposures. They found -0.06 (93% CL -0.11 to 0) and -0.12 (95% CI: -0.23 to ) decreases in
standardized correlation coefficients for PT as well as 0.01 (85% CI: -0.03 to0 0.04) and -0.09 (95%
CI: -0.19 10 0.01) decreases in standardized correlation eoefficients for PTT among cases and
controls, respectively, per 10 pg/m’ increase in PM, .. Patients with DVT who were taking heparin or
eoumarin anticoagulants were not asked to stop taking them before measurement of PT and aPTT. Of
additional note, PT was neither adjusted for differences in reagents used to determine it nor
conventionally reported as the International Normalized Ratio {TNE). The amnbient PM
concentrations from this study are characterized in Tabie 7-1.

7.2.3. Metabolic Syndromes

7.23.1. Epidemiologic Studies

Chen and Schwartz (2008, 190106) studied 2,978 residentially stable participants in 33 U.S.
communities (age range = 20-89 y1; 49% female) who were examined during phase 1 of the Nationa)
Health and Nutrition Examination Survey III {1989-1 991). In this cross-sectienal study, the authors
used inverse-distance weighted averaging of U.S. EPA AQS monitored data from participant and
adjacent counties of residence to estimate 1-yr avg exposimes to PMyg. They foand that after
adjustment, residents of communities with lower PMy, concentrations had fewer white blood ceils
than residents of communities with bisher PMyq concentrations. This difference increased with -
increasing number of metabolic abnormalities {(insulin registance; hypertension:
hypertriglyceridemia; low high-density lipoprotein cholesteral; abdominal obesity) reported by the
participant. This observed difference across individuals with different degrees of metabolic
sbnermalities supports the concept that the presence of a metabolic syndrome may fmpart greater
susceptibility to PM-associated long-term CVD effects.

1.2.3.2. Toxicological Studies

Diabetics as a potentially suseeptible subpopulation have only recently been evaluated, A
toxicological study of a diet-induced obesity mouse model {C57BL/6 fed high-fat chow for 10 wlk}
examined the effects of 2 128-day PMa, s CAPs exposure {mean mass concentration 72.7 ug/m®;
Tuxedo, NY) on insulin resistance, adipose inflammatien, and visceral adiposity (Sun et al., 2009,
190487}, Elevated fasting glucose and insulin levels were observed in CAPs-exposed mice compared
to air-exposed during the glucoss tolerance test. Aortic rings of mice exposed to CAPs demonstrated
deereased peak relaxation to ACh or insulin, which was associated with reduced NO bioavailability.
Additionally, insulin signaling was impaired in aortic tissue via lowered endothelial Akt
phosphorylation. Inereases in adipokines and systemic inflammatory markers {i.e., TNF-g, IL-6,
E-seleetin, TCAM-1, PAI-1, resistin, leptin) were reported for CAPs-—exposed mice. CAPs resulted in
increased visceral and mesenteric fat mass, as well as greater adipose tissue macrophages in
epididymal fat pads and larger adipocyte size comparad to mice in the filtered air group. The results
of this study demonstrate that PM- 5 SXPOSUTE ¢an exaggerate insulin resistance, visceral adiposity,
and inflarnmation in mice fed high-fat chow.
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1.24. Systemic Inflammation, Immune Function, and Blood Coagulation

7.24.1. Epidemiologic Studies

As diseussed In Section 7.2.3.1, Chen and Schwartz (2008, 190106) condncted a cross-
sectional study in 33 U.S. communities and used inverse-distance weighted averaging of U.S. EPA
AQS monttored data from pariicipant and adjacent counties of residence to estimate I-yr avg
exposures to PMg {median concentration within quartiles = 23.1, 31.2, 38.8 and $3.7 ug/m’). They
found that after adjustment, residents of communities in quartile 1 had 138 (95% CI: 2-273) fewer
white bleod cells (x10°%L) than residents of communities in quartiles 2-4. This difference incraased
with increasing number of metabolic abnormalities.

Forbes et al. (2009, 190531) studied approximately 25,000 adults {age > 16 yr; 53% femaie)
who were representatively sampled from 720 English postcode sectors and participated in the Health
Survey for England (1994, 1998 and 2003). In this fixed-effects meta-analysis of year-specific cross-
sectionsl findings, the authors used dispersion modeling of emissions and weather data to estimate
2-yr avg exposures to PM)q at participant postcode sector centroids (median in 1994, 1998 and 2003
=18.5,17.9 apd 16.2 pgim”, respectively). They found litile evidence of a PMg-inflammatoiy
marker association, i.e., only a -0.08% (95% CI: -0.25 to 0.10) decrease in fibrinogen concentration
and a 0.14% (95% CI: -1.00 to 1.30) increase in CRP concentration per I pp/m? increase in PMp.

Calderon-Garciduenss et al. (2007, 091252) compared residentially siable, nen-smoking
healthy children {age range: 6-13 yr) living and attending school between 2003-2004 in Mexico City
(historically high PM; altitude 2,250 m) and Polotitl4n (historically Jow PM: altimde 2380m). In
this ecologic study, residents of Mexico City (5 = 59; 93% fernale} had fawer white blood cells and
neutrophils (*10°7L) thap residents of Polotitlan (n = 22; 69% female): unadjusted mean 6.2 (95%
CI: 5.7-6.6} versus 6.9 (95% CI: 6.3-7.5) and 2.9 (95% CI: 2.3-3.5) versus 3.8 (55% CI: 5.2-4.4),
respectively.

Calderon-Garciduenas et al. (2009, 192107} subsequently compared 37 unadjusted mean
measures of immune function and inflammation among an expanded number of these participants.
They found that under a two-sided type I error rate (o} = 0.05, 16 (43%) of the measures were
significantly different in residents of southwest Mexico City (n = 66; 48% female) than those in
Polotitlan (n = 93; 57% female}. However, only § measures were significantly different afier Bog,
Ferroni-correction (x = 0.05 / 37 = 0.001) and even fewer would be after adjustment for raportad
correlation between the measures of immune function and inflammation, &.g., CRP and
lipopalysaccharide binding protein (Pearsen’s r = §.71).

Two eross-sectional analyses of PMyy concentration and markers of immune function or
inflammation have been conducted with significant changes observed in the NHANES population
(stronger effects among those with metabolic disorders) (Chen and Schwartz, 2008, 150106 but not
in 2 relative large survey of adults, which was conducted in England {Forbes at a],, 2009, 19035113,
Eeglogical analyses comparing children in high versus low pollution regions in Mexico show
differences in vnadjusted blood markers that may be related to PM concentration or other
unmeasured 7isk factors that differs across the communities studiezd (Calderon-Garcidusnas et al.,
2007, 091252 Calderdn-Garciduefias et al_, 2009, 192107).

7.24.2. Toxicological Studies

In addiion to the PM; s study mentioned previously that showed increased TF expression (an
important Initiater of thrombosis) in acrtas of ApoE™ mice following subchronic CAPs exposure
{Sun et al, 2008, 157033}, three recent studies examined hematology and clotting parameters in rats
and mice exposed to DE, gasoline exhanst, or hardwood smoke for | week or 6 mo {Reed et al,,
2004, D55623; Reed et al,, 2006, 156043; Reed et al., 2008, 156303, In all stedies, male and female
F344 rats were exposed to the mixtures by whole-bady inhalation for 6 biday, 7 day/whk. Respiratory
gifects for these studies are presented in Section 7.3.3.
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Diesel Exhaust

‘The"target PM concentrations in the DE study was 30, 100, 300, and 1,000 pg/m® and the
MMAD was 0.10-0.15 ym (Reed et al,, 2004, 055625). Male and female rats exposed to DE at the
highest concentration (NO concentration 45.3 ppm; NQ; concentration 4.0 ppm; CO concentration
298 ppm; 80; conceniration 365 ppb) for 6 me demonstrated decreased serum Factor VII, but no
¢hange in plasma fibrinogen or thrombin anti-thrombin complex (TAT) (Reed et al., 2004, 055625).
White blood cells were decreased only in fernale tats in the highest exposure group. Another DE
study of shorier duration (4 wk, 4 iday, Sday/wk; PM mass concentration 507 or 2201 pg/m’, CO
1.3 and 4.8 ppm, NO <2.5 and 5.9 ppm, NC; <0.25 and 1.2 ppm, 505 0.2 and 0.3 ppm for low and
high PM exposures, respectively) did not demonstrate changes in hematologic parameters or those
related to coagulation (i.c., PT, PPT, plasma fibrinogen, D-dimer} or inflammation {1.e., CRP) in SH
or WKY rats (Goftipolu et al., 2009, 190360). Together, these findings do not support a DE-related
stimulation of biood coagulation following T or 6 mo of EXposUre.

Hardwood Smoke

The target PM concentrations in the hardwood smoke study was 30, 100, 300, and 1,000 pg/m’
and the MMAD was 0.25-0.36 pm (Reed et al., 2006, 156043). In male rats exposed to hardwood
smole, the mid-low group (PM concentration 113 ug/m’; N0, NQ,, 50, concentrations 0 Ppm; CO
concentration [,832.3 ppm} had the greatest responses in hematology parameters, including
increased hematoerit, hemoglobin, lymphoeytes, and decreased segmented neutrophils (Reed et al.,
2006, 156043). Platelets were elevated in male and fernale rats after | week of exposure, byt this

tesponse retimed to control values following the §-month exposure. No changes were observed for
any coagulation markets at 6 mo. :

Gasoline Exhaust

PM mass in the gasoline exhaust study ranged from 6.6 to 59.1 pg/m®, with the corresponding
number concentration between 2.6x 10° and 5.0% 10° particles/om®; the dilutions for the gasoline
exhaust were 1:10, 1:15 or 1:90 and filtered PM at the 1:10 dijution (Reed et 2], 2008, 156903).
Similar to the responses observed with hardwood smoke, male and female rats in the mid- and high-
gasoline exhaust exposurs groups (NO concentrations 11.9 and 18.4 ppm; NO; concentrations 0.5
and .9 ppm; CO concentration 73.2 and 107.3 ppm:; 5C concentration 0.38 and 0.62 ppm,
respectively) demonstrated elevated hematocrit and bemoglobin; RBC count was also elevated in
these groups (Reed et al., 2008, 156903). The only response that appeared somewhat dependent on
the presence of particles was increased RBC in female rats at 6 mo, although the avthors attributed
the ohserved increases to the high concentration of £,

Collectively, these studies do not indicate robust systemic inflammation or coagulation
responses in F344 rats following 6-month exposures to diesel, hardwood smoke, ot gasoline exhaust.

The limited effacts that were observed sould possibiy be due to the varying gas concentrations in the
£Xposure mixtures,

7.2.5. Renal and Vascular Function

Two recent epidemiclogic studies have tested associations between PM exposute and
indicators of renal and vageular function (urinaty albumin to creatinine ratio [UACR] and blood
pressure). UACR is a measure of urinary albumin excretion (National Kidney Foundation, 2008,
136796). When calculated as the ratio of albumin to creatinine concentrations in untimed (“spat™)
urine samples, JACR approximates 24-h urinary albumin excretion and can be used 1o Identify
albuminuria, a marker of generalized vaseular endothelial damage (Xu etal., 2008, [57]57). Values
z 30 mgfe (3.5 mg/mmol) and = 300 mg/g (34 mg/mmol) usually define miero- and
macroalbuminuria, both of which are associated with inereases in CVD ineidence and mortality
(Bigazzi et al., 1998, [56272; Deckert et al., 1996, 156389; Dinneen and Gerstein, 1997, 136403;
Gerstein et al., 2001, 156466, Mogensen, 1984, 156769). Several researchers have called the
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dichotomization of albuminuria info question, observing that there Is no threshold below which risk
of cardiovaseular and end-stage kidney disease disappears (Forman and Brenner, 2006, 154439;
Enight and Curhan, 2003, 179900; Ruggenenti and Remuzzi, 2006, 136933).

Systolic, diastolic, pulse, and mean arterial blood pressures (SBP: DEP: PP; MAP) in mmHg
have also been vsed as measures of cardiovasenlar disease. Franklin et al. (1997, 156446} suggested
that EBP and PP were the only two measures predictive of carotid stenosis in a multivariable analysis
considering all 4 measures, whereas Khattar et al. (2001, 155896) suggested that their prognostic
significance in hypertensive populations may differ by age, with SBP and PP being most predictive
among those = 50 yr and DBP among those <60 yr old (Khattar et al., 2001, 155896).

7.2.5.1. Epidemiologic Studies

O"Neill et al. (2007, 156006) examined the association of UACR with PM; - and PM;; among
members of the MESA population described previously (Diez ot al., 2008, 156401). For this study of
UACR, which included cross-sectional and longitudinal analyses, the stody population was restricted
to a subset of 3,901 participants (mean age = 63 yr; 52% female) with complete covariate, outcome
and exposure data at their first through third exams (2000-2004}. In cross-sectional analyses, the
authors found that after adjustment for demographic and clinical characteristics, 10 pgim” increases
in 20-yr imputed exposures to PM; s and PM s were associated with negligible 0.002 {95% CI:
-0.0438 t0 0.052) and -0.002 (95% CI: -0.038 to 0.035) mean differences in baseline log UACE,
respectively. Similarly, smali statistically non-significant decreages in the prevalence of
microalbiminuria (defined in this setiing as > 25 mp/g) provided little evidence of an effect on renal
funetion. These largely null cross-sectional findings roirrored those based on the smudy’s shorter-terrn
(30- and 60-day) PM; ; and PM; exposures. Moreover, longitudinal analyses revealed only a weak
association between 3-yr change in log UACR and 20-yr PM, exposure. Evidence of effect
modification by derographic and peographic characteristics was not apparent in either the cross-
sectional or longitudinal analyses,

Auchincloss et 2l. (2008, 156234) focused on automated, oscillometric, sphypmomanmetric
measures of blood pressures in mrafz (SBP; DEP; PP; MAP). Like O°Neill (2007, 1 36006}, Diez et
al. (2008, 156401) and Allen et 31, (2007, 1536606}, Auchincloss et al. (2008, 158234) based their
examination on the previously described MESA population. The authors included 5,112 study
participants (age range = 45-84 yr; 52% female) who were free of clinically manifested CVD at their
baseline exam in one of six primarily urban U.8. Jocations (2000-2002). In this cross-sectional study,
they used arithmetic averaging of EPA AQS PM, s data available at the monitor nearest to each
participant’s geocoded L.5. Postal Service ZIP code centroid to estimate 30- and 60-day avg
exposures to PM; - They found small nonsignificant inersases of 1.5 (95% CI: -0.2 to 3.2),02
(93% CI: -0.7 to 1.0), 1.3 (95% CI: 0.1 to 2.6), and 0.6 (95% CI: -0.4 to L.7) mmHg increases in
SBP, DBP, PF and MAP, respectively, per 10 pg/m® increase in 30-day ave PM, s EXpOslIE,
Associations were slightly weaker for 60-day avg PM - exposure and among patticipants without
bypertension, during cooler weather, in the presence of low NO-, restding =300 m from a highway,
or surrounded by lower road deasity.

Finally, the Calderon-Garciduenas et 2l (2007, 091252) ecologic study introduced in
Section 7.2.5.] also found that children residing in Mexico City had higher mean pulmonary artery
pressure as assessed by Doppier echocardiography and fasting plasma endothelin-1 (ET-1} than
residents in Polotitldn: unadjusted mean 17.5 (95% CIL: 15.7-19.4) versug 14.6 (05% CI: 153.8-15.4)
mmHg and 2.23 (95% CL: 1.93-2.53) versus 1.23 (5% CI: 1.11-1.35) PE/ml, respeotively. Within
Mexico City, ET-1 was higher in residents of the Northeast (historieally hipher PM; ) than those of
the Southwest (hiztorically lower PM; 5).

The MESA analyses of CACR {O'Neill et al., 2007, 156006) and the ecologic study of
children living in a highly polluted area of Mexico {Calderon-Garciduenas et al., 2007, 091 233
provide little evidence that long-term exposure 10 PM: s had an sffect on renal and vaseular function,
respectively. Auchincloss et al. (2008, 136234 reports small nonsignificant associations of blood
pressure with 30- and 60-day avg PM, 5 concentrations. PM concentrations frem the analyses are
charaeterized in Table 7-1,
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Table 7-1.  Characterization of ambient PM concentrations from studies of subclinical measures of
cardiovascular diseases and long-term exposure.
Study Location Moan Concentraton (ygfm’) , PPerPercentile
P
[tiez Rowxct . (2008, 156401} MES&: B Cithes U5, 0y amputed megn; 34 ]
Long-Tenm ExposLare:
19822002 347
'Neil et . (2007, 156005) MESA: 6 Clties L., o s MR
1953-807- 306
1553 2 297
Previals Monm: 27,5
Baccaell et al. (2008, 1570843 Lambardy Regicn ftaly NR NR
Reseflurd et al. (2006, 025758) Siockholm, Sweden %?EE_T“ ol 235 %: 045
Chen 2 Swartz (2008, 194108 U5 Prpuation [HHANES) Aol avg: 364 HR
1994: 18.5 (median) 1854, Mn-Max 125381
Fores et al_ (2008, 190951) Erfiish Populatian 1958: 174 (mediar] 1098, Min-Mae 12,627
2003 16.2 (median) 2008, bindtae 10027
s
Heffmann ef al (217, D163 HHRE, 5 Cites: Genmamy Arnu avg: 22,8 MR
Allen etal. (2004, 155205 MESAC 5 Citiee Aroual avy: 158 Min-Mae: 10.58-24.7
Kl t af, (2006, LE7IET) VEAPS VAT Aol av: 203 Mn-Mae 42269
Buehingloss etal, (2005, 156234) MESA: 6 Cilies gﬁ%ﬂﬁi i NR
O Ngill (007, 15600 MESA: B Cifes 1.5, Previous Manth; 16.5 NR
Dtz R e al. {00F, 155407} MESA: B Cllies L5 -y impated mea: 21,7 NE.
Hofliann et al, (2008, 1503785 HNRZ; 3 Cifies Garmany Annud avg: 2+ 4 Minmac {98283
Caleron-Garsiduenas etal, (2003, Bauthaes! Medoo thigh polluticn) — Annual avg: 25 NR
18207 Patittan faw podution) Armual avg: <15 NR,
Calderan-Garsitienas ol al {2007, Southwest Mexica (hegh palloGion) MR MR
1258 Potitian fow pollution) ML NR
VESA MUS-Ehic Sy o Alhamociseis
HMRE Heing Mo Racal Sy
WEAPT, tamin E Athetererss

Prooreesion
ERRIT. BRain Athoromckrests Imarsenbion Trig

1.25.2. Toxicological Studies
In a PMs s CAPs study of 10 wk (6 h/dayx5 daysiwk} in Tuxedo, NY (mean mass

concentration 79.1 ug/m™),

there was no difference in mean arterial pressure (MAF) in 50> ratg

between groups (Sun et al , 2008, 157037), When angiotensin I {(Ang II) was infused during the last

week of exposure to induce systemic hype
CAFPs-exposed rats compared to the filts
respongive to phenylephrine-induced co
the PM+aAng II vessels. In contrast to the iatt
the PM+Ang I1 aortic segments with a Rho-

rtension, the MAP slope was consistently greater m the
red ait group. Furthermore, thoracic aortic rings were more
nstrictiom and less responsive to ACh-indueed relaxation in
er findings, the relaxation response was exaggerated in
kinase (ROCK} inhibitor. Superoxide production in

aortic 1ings increased in the PM+Ang II group compared to the filtered air group and the addition of
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NAD(P)H oxidase inhibitor (apocynin) or 2 NOS inhibitor (L-NAME) attenuated the superaxide
generation. The levels of tetrahydrobiopterin (BH,) were decreased in mesenteric vasculature and the
heart by 46% and 41% in the PM+Ang II group compared to controls, respectively; furthermore,
levels of BH, in the liver were similarly reduced, which is consistent with a systernic effect of CAPs,
Together, these findings indicats that CAPs potentiate Ang [1-induced hypertension and alter
vagcular reactivity, perhaps through activated NADPH oxidase and eNOS uncouplivg that result in
oxidative stress generation and tniggering of the Rho/ROCK signaling pathway.

1.2.6. Autonomic Function

7.2.6.1. Toxicological Studies

Hwang et al. (20035, 687957) and Chen and Hwang (2005, 08721 8) used radictelemetry to
examine the chronic changes in HR. and HRY resulting from the same CAPs exposures desermbed
previously (Chen and Nadziejko, 2005, 087219). The overall averape CADs exposure concentration
was 133 pg/m” and resulis indicare differing responses to CAPs between ApoE™ mice and their
genetic background sirain, C57BL/6J mice (Hwang et al., 2005, 087957). Using the time period of
1:30-4:30 2m., C57BL/6J mice showed a HR increase only over the last month of exposure. In
contrast, ApoE ” mice had chronic decreases of 33.8 beat/min for HR. Changes in HRV {SDNN and
IMESDY) were somewhat more complicated, with biphasic responses in ApoE™ mice over the
5-month peried (initial increase over first 6 wk, decrease over next 12 wk, and slight upward turn for
remainder of the study){Chen and Hwang, 2005, 087218). Increasing linear trends were observed in
C57BL/%) mice for SDNN and tMSSD. The averape CAPs conceniration for the HRV stndy was
110 pg/m’. However, only three C57BL/6F mice in the exposure gropp were included ip the analysis
compared to ter ApoE™” animals, thus making it difficult to interpret the CS7RL/6J mice responses
{Chen and Hwang, 2005, 087218; Hwang et al., 2005, 087957,

7.2.7. Cardiac changes

7.2.7.1. Toxicological studies

Twa recent texicological studies have evaluated the effects of PM on cardiac effects including
pathelogy and gene expression. Cardiae mitochondrial fimction has also been evaluated following
PM exposure in rats, .

Diesel Exhaust

A tecent study of DE exposure (PM mass concentration 507 or 2,201 pg/m®, CO 1.5 or
4.2 ppm, NO <2.5 o1 5.9 ppm, NO; <0.25 or 1.2 ppm, $C3 0.2 or 0.3 ppm for low and high P
exposures, respectively; geometric median number diameter 85 nm) indicated 2 hypertensive-like
cardiac gene expression in WEKY rats that mimicked baseline patterns in air-exposed SH raty
(Gottipolu et al., 2009, 190360). Exposure to the bigh concentration of DE for 4 wk {4 biday,
5 day/wk) led to downregulation of genes involved in stress, antioxidant COMPENSatoTy Tesponse,
growth and extracellular matrix regulation, membrane transport of molecules, mitochondrial
function, thrombosis regulation, and immmne function. Ko genes were affected by DE in 8H rats. &
dose-dependent inhibition of mitechondrial aconitase activity in both rat strains was observed,
indicating a DE effect on oxidative stress. It should be noted that while DE-related cardiovascular
effects were found in WEKY rats only, puimonary inflammation and injury were observed in both
strains (Sections 7.3.3.2 and 7.3.5.1).
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Model Particles *

Wallenborn et al. (2008, 191171) examined the subchremic {5 hiday, 3 day/wk, 16 wk)
pulmomar;f, cardiac, and systemic effects of nose-only exposure to particulate ZnSQ, (9, 35, or
120 pg/m”) in WKY rats. Particle size was reported to be 3 1-44 rm measured as number median
diameter. Although changes in pulmonary inflammation or Injury and cardiac pathology were not
observed, effects on eardiac mitochondrial protein and enzyme levels were noted (1e., increased
ferritin levels, decrease in suceinate dehydrogenase activity), possibly indicating a small degree of
mitochondrial dysfunction. Glutathione peroxidase, an antioxidant enzyme, was also decreased in
the cardiac cytosol. Gene expression analysis identified alterations in eardiac genes involved in cel]
signaling events, ion channels regulation, and coagulation in animals exposed to the highest Zn$0,
concentration only. This study demonstrates a possible direct effect of Zn50y4 on extrapulmonary
Systems, as suggested by the lack of pulmonary effects (Section 7.3.3.2).

7.2.8. Left Ventricular Mass and Function

Van Hee et al. {2009, 192110} studied 3,827 participants {age range = 45-84 vr; 53% fernale)
who underwent magnetic resonance imaging {MRI) of the heart at the baseline examination of the
MESA cohort (2000-2002). This cross-sectional study focused on two MRI-based outcome
measures: left ventricular mass index (LVMI, g/m®) and ejection fraction (EF, %), the former
estimated using the DuBois formula for body surface area, the latter as the ratio of stroke volume 10
end diastolic volume. The study alse estimated annual mean exposures to PM, s at participans®
geocoded residential addresses in 2000 using ordinary kriging of UU.S. EPA AQS concentration data.
In fully adjusted models, it found 3.8 {55% CI: -6.110 13.7) o/m’ and -3.0% {-8.0 t0 2.0} differences
in LVMI and EF per 10 pg/m’ increment in PMa 5. The findings were small and impreeise, albeit
suggestive of a slight, PM-associated increase in the mass and decrgase in the function of the left
ventricle. The effect of living within 50 m of 2 major teadway on LVMI was greater than the effect
of PMas (ie., 1.4 g/m® [95% CI: 0.3-2.5] per 10 pg/m’ )

7.29. Clinical Outcomes in Epidemiologic Studies

Several epidemiologic studies of U S, and Evropean populations have examined associations
between long-term PM exposures and clinical CVD events {Baccarelli et al., 2008, 157984;
Hoffimann et al., 2006, 091162; Hoffmann et al., 2009, 190376; Maheswaran et al., 2005, 083683
Maheswaran et al., 2005, 090769; Miller et al., 2007, 090130; Rosenlund et al., 2006, 089796,

Solomon et al, 2003, 156994 Zanobetti and Schwartz, 2607, 091247). Resulis from thesze studies

are summarized in Figure 7-1. The ambient PM concentrations from thess studies are characterized
in Table 7-2,

Coronary Heart Disease

Epidemiologic studies examining the aszociation of coronary heart disease (CHD) with long-
tern PM exposure are discussed below (Hoffmann et al., 2006, B91162; Maheswaran et al., 2005,
090769; Miller et ai., 2007, 090130; Puett et al., 2003, 156891 Rosenlund et a)., 2006, DEGT G-
Rosenlund et al., 2009, 190309 Zanohett] and Schwartz, 2007, 091247). Cases of CHD were
variably defined in these smdies to include history of angina pectoris, MI, coronary artery
revaseularization (bypass grafi; angioplasty; stent; atherectomy), and congestive heart failure (CHF).
Results pertaining to death from CHD are described in Section 7.6.

Miller et al. {2007, 090136) studied incident, validated ML, revascularization, and CHD death,
both separately and collectively, among 58,610 post-mengpausal female residents of 36 U.S.
metropolitan areas (age range = 50-79 yr} enrolled in the Women's Health Initiative Observational
Study (WHI 08, 1994-1998). In this prospective cohort study of participants free of CVD at baseline
{median duration of follow-up = 6 ¥1), the authors used arithmetic averaging of year 2000 EPA AQS
PM, s data available at the monitor nearest to each participant’s geocoded U.S. Postal Service five-
digit ZIP eode centrold to estimate 1-yr avg exposures. They found 6% (95% CL: -15 to 34}, 20%
(95% CI: 0-43) and 21% (95% CI: 4-42) increases in the overali risk of MI, revaseularization, and
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their combination with CHD death per 10 pg/m® increase in PM; -, respectively. Hazards were higher
within than between cities and in the obese. For the combined VD outcome (M, revascularization,
stroke, CHE death, cerebrovascular disease), anthors reported 1 24% (95% O 8-41) increase in risk
that was higher among participants at higher than Iower quintiles of body mass index, waigt-to-hip
ratie, and waist circumference. The PM, -CVD association was stronger among non-diabetic than
diabetic participants.

Table7-2,  Characterization of ambient PM concenfrations from studies of clinical cardiovascular

diseases and long-termt exposure.
Study Location '-'hnclgu nhl':l:{l:b‘i'l: ;ﬂ | Cununzmr:: mmﬂ}
Pt
Fuet et i, [2008, 155801 13 U5 States M5
Zanobeti ard Sciwariz (207, D 247) 2 U5, Cilies 288 Overall range NE:
1y avg Py riraffich S35t Percentle
Reseniund etal, {2005, QRG7ER) Sieeckhabm, Sweden Cases: 26 056D
Controls 24 DE-ES
: 57 vy PN from trafle:
Rusenind ef al. (2008, 190395 Stackhoim, Swedan Cases: 24 (median)
Coritrele: 2,2 (median]
Mafieswaran ot al, (2005, (N6 Shefgald, UK Range: of a3 in each quitike: 16-29.3 MR
Baccareli et al. (2009, 157934) Lombardéa Regian, Hary MR i
PMzs -
Miller e & (207, DED120} WHE: 35 Metropalitan areas  Citywide awn (yr 23000); 12.5 Min-max: 4153
Hurffrrenned al, (2006, H81180 KRS 2 Cities Germany 233 HR
Hofirean et al, (2609, J0007E HEE: 2 Ciies Gammran 28 -]
WL 'nomers Health |rdisie:
FIRE: Haret Wiy Pracal Sty

Pustt et al. (2008, 156891) studied incident, validated CHD, CHD death, and non-fatal M
among 66,250 female residents (mean age = 62 ¥1) of metropolitan statistical sreas in thirtean
uortheastern U. 8. states who were enrolled in the Nurses® Health Study (NHS, 1992-2002). In this
prospective cohort stady of women withont a history of non-fatal MI at baseline {rmaximum duration
of follew-up = 4 yr), the amthors used two-stage, spatially smoothed, land use regression to estimate
residence-specific, 1-yr ma PM,; exposures from U.8. EPA AQS and emissions, IMPROVE, and
Harvard University moniter data. They found a 10% (95% CL: -6 to 297 increase in nisk of first CHD
event per [0 y.."m3 increase in 1-yr avg PM1g exposure, while the asseciation with MI was close to the
null value. The association with fatal CHD event of 30% (95% CI: (-71) was stronger. Furthermeore,
agsociations with CHD death were higher in the obese and in the never smokers.

Rosenlund et al. (2006, 089796) studied 2,538 residents of Stockholm County, Sweden {age
range = 45-70 yr; 34% female). In this case-control study of 1,085 patients with their first, validated
non-fatal MI and an age-, gender- and catchment-stratified random sample of 1,853 controls without
MI (1992-1994), the authors used street canyon-adjusted dispersion moedeling of emissions dara to
gstimare 31}-;;r avg exposure to PM;, {(median = 2.4 pg/m®). They found that the OR for prevalent MI
per 1t pg/m’ increase in PM g was 0.85 (95% CI: 6.50-1.42). The OR for fatal MI was elevated, bur
not statistically significant.

It 2 more recent study, Rosenlund et al. {2009, 190309 evaluzted 554,340 residents (age
range = 15-79 yr; 49% female} of Stockhotm County, Sweden (1984-1996). [n this population-based,
case-control stady of 43,275 cases of incident, validated ML the authors used dispersion modeling of
traffic emissions and land use data to estimate 5-yr avg exposure to PMg. They found that after
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adjustment for demographic, temporal, and socioeconomic characteristics, the OR for MI per

5 pg/m” inciease in PMjgwas 1.04 {95% CIL: 1.00-1.09). ORs were higher after restriction to fatal
cases, in- or out-of-hospital deaths, and participants who did not move betwesn population censuses,
Authors state that control for confounding was superior in their previous study (Rosenlund et al
2006, 089796 although the size of the population was larger in this recent study (Rosenlund et al.,
2009, 180309},

Zzmobetti and Schwertz {2007, (91247) studied ICD-coded recurrent M {ICD 9 410} and
post-infarction CHF (ICD 9 428) among 196,131 Medicare reciplents (age > 65 yr; 50% female)
discharged alive following MI hospitalization in 21 cities from 12 1.5, states (1985-1999) Iu this
ecologic, open cohort study of re-hospitalization among MI survivors (mean duration of follow-
up =3.6 and 3.7 yr for Ml and CHF, respectively), the authors used arithmetic averaging of EPA
AQS PM,, data available in the county of hospitalization ta estimate I-yr avg exposures. They found
17% (95% CI: 5-31) and 11% (95% CI: 3-2]) increases in the risk of recurrent MI and post-
mnfaretion CHF, respectively, per 10 pg/m® increase in PMy exposure. Hazards were somewhat
higher amomy persons aged =75 yo

Hoffmanr ef al. (2006, 091162) studied self-reported CHD {MI or revascularization) among
3,399 residents of Essen and Milhefm, Germany (age range = 45-75 yr; 51% female) at the baseline
exam of the Heinz Nixdorf Recall Study (2000-2003} introduced previously. In this cross-sectional
ancillary study, the authors used dispersion modeling of emissions, climate and topography data to
estimate [-yT avg exposure to PMy s (mean = 23.3 pg/m®). They found iittle evidence of az
association between PM, ; and CHI? in these data. After adjustment for geographic, demographic
and clinica] characteristics, the OR for prevalent CHD per 10 pg/m” increase in exposure was (.55
(85% CI: 0.14-2.11).

Shudy Av3 Time Endpoint Effect Esmate {(35% CIj

Prospective Cohort Siudies '
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Figure7-1.  Risk estimates for the associations of clinical outcomes with long-term exposure
to ambient PM.< and PM,,.
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In the study of 1,030 eensus enumeration distrcts in Sheffield, UK. desegbad praviously,
Maheswaran et al. (2005, 090769) studied 11,407 ICD-10-coded emergency hespitalizations for
CHD (ICD10 I20-25) among 199,682 residents (age > 45 yr; 45% female). In this ecologic study, the
authors used dispersion modeling of emissions and climate data to estimate 5-yr avg exposure fo
PMq. They found that after adjusting for smoking prevalence, controlling for socioeconomic faciors,
and smoothing, the age- and gender-standardized rate ratios for CHD admission were 1.01 (95% CI:
0.62-1.113, 1.04 (95% £1: 0.93-1.15), 0.97 (95% CI: 0.87-1.08), and 1.07 (25% CL: 0.95-1_20) across
PMy quintiles. The linear trend was somewhat stronger for CHD mortality {Section 7.3).

The study of post-menopausal women enrolled in the WHI OS by Miller et al. (2007, 090136)
was the only U.S. smdy to examine the effect of PM; s rather than PM,p. This study, which provides
sirong evidenee of an association, was distinguished by its prospective cohort design, validation of
incident cases and large population. Puett et al. (2008, 156891), the other U.S. study with
comparable design features, provides evidence of an association of incident CHD with long- term
PMyg exposure. Findings from Swedish case control studies of incident validated cases of MI were
not consistent. A cross-sectional study of self-reported CHD did not provide evidence of an
association with PM; s while findings from two ecologic studies of PM, indicated positive
associations of CHD hospitalizations with PM,, (Maheswaran et al., 2005, 088683 Zanobetti and

Schwartz, 2007, 001247,

Stroke

Miller et al. (2007, 090130) found 28% {95% CI: 2613 and 35% (95% CI: 8-68) increases in
the overall risk of validated stroke and cerebrovascular disease, respectively, per 10 pg/m® increase
in 1-yr avg PM; s exposure. Risks were higher within than between citfes. In the study of 1030
Censns of enumeration districts in Sheffield, U K. described previonsly, Maheswaran et al. {20035,
038683} studied 5,122 ICD-10-coded emergency hospital admissions for stroke (160-69) among
189,082 residents (age > 45 yr; 45% female) of 1,030 censns enumeration districts in Sheffield, UK.
(1594-1999). In this ecologic study, the authors used dispersion modeling of emissions and ¢limate
data to estimate 3-yr avg exposure to PM;s. They found that the age- and pender-standardized rate
ratios for stroke admission were 1.05 (35% CI: 0.94-1.17), 1.07 (95% CI: 0.95-1.20), 1.06 {$5% CI:
0.94-1.20), and 1.15 (95% CI: 1.01-1.31) across PM ¢ quintiles. Linear trend was semewhat stronger
for stroke mortality (Section 7.6).

These studies examining the long-term PM-stroke relationship provide evidence of
association. Maheswaran et al. (2005, 088683) examined emergency room hospital admissions in
Sheffield, U.K. using an ecologic design while results reported by Miller et al. (2007, 090130 are
based on the prospective cohort study of the WHI OS population (both introduced previously).

Peripheral Arterial Disease

The German Heinz Nixdorf Recall cross-sectional study described in Section 7.2.1.1
(Hoffimann et al, 2009, 190376) also evaluated the association between 1-yr avg exposure o P 5
and peripheral arterial disease {self-reported history of a surgical or procedural mtervention or an
ABI <09 in one or both legs). The authors found no evidence of an increase in risk. The OR for
peripheral arterial disease was 0.87 (85% CI: 0.57-1.34) per 3.9 pg/m’ increase in PMo 5. However,
evidence of an association with traffic exposure was present in these data. ORs of 1.77 {95% CI:
1.O1-3.100, 1.02 (95% CI: 0.58-1.80), and 1.07 {95% CI: 0.68-1.68) for residing < 50, 50-100, and
130-200 m of 2 major road (reference category: =200 m), respectively were observed. ORs were
higher among participants with CAC scores < 75th pereentile, women, snd smokers.

Deep Vein Thrembosis

The Italian ease-contrel study (introduced in Section 7.2.1.2) also examined the chronic PM -
DVT association (Baccarelli et al., 2008, 157984}, The avthors found a 70% (95% Cl: 30-223)
merease in the odds of DVT per 10 ug/m® increase in 1-yr avg PMy exposure. This finding was
consistent with the decreases io PT and PTT also observed among controls in this context as well 25
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the 47% (95% CI: 11:94) increase in the odds of DVT per inter-decile range {242 m) increase in the
residence-to-major-roadway distance observed among a subset of cases and controls (Baceare]li et
al., 2009, 188183). The PM-DVT and distance-DVT associations were both weaker AMONg Wormen
and among users of oral contraceptives or hormone therapy.

7.2.10.Cardiovascular Mortality

New epidemiologic evidence reports a consistent association between long-term exposure to
PM; s and inereased risk of cardiovascular mortality. There is litile evidenee for the long-term effects
af PMioa 5 on cardigvascnlar mortality. This section focuses on cardiovascular mortality outcomes in
Tesponse to long-term exposure to PM. The studies that investigate long-term exposure and mortality
due to any specific or all (nonaccidental} causes are evaluated in Section 7.6, A summary of the
mean PM concentrations reported for the studies characterized in this seetion i presented in Table
7-8, and the effect estimates are presented in F ignre 7-7 and Figure 7-%.

A pumber of large, U.S. cohert studies have found consistent associations between long-term
exposure to PM - and cardiovasculsr mortaiity, The American Cancer Society (ACS) (Pope et al.
(2004, 055880} reported positive associations with deaths from specific cardiovasenlar diseases,
particularly ischemic heart disesse, and a group of cardiac conditions including dysrhythmis, heart
failure and cardiac arrest (RR for cardiovascular mortality = 1.12 [95% CI: 1.08-1.15] per 10 pe/m®
PM; ). In an additional reanalysis that extended the follow-up period for the ACS cohort to 18 ¥1
{1982-2000) (Krewski et al., 2009, 191193 }, investigatons found effect estimates that were similar,
though generally higher, than those reported in previous ACS analyses.

A follow-up to the Harvard $ix Cities study (Laden et al., 2006, 087605) vsed updated air
pollution and mortality data and found positive aSsociations between long-term exposure to PM; ;
and mortality. Of special note is z statistically significant reduetion in mortality risk reported with
reduced Jong-tene fine particle concentrations, This reduced mortality risk was observed for deaths
due t¢ cardiovascular and respiratory causes, but not for lung cancer deaths.

The W cohort study (Miller et al., 2007, 0901 30) {described previously) found that each
10 pg/m’ increase of PMj ; was associated with a 76% inctease in the risk of death from
cardiovascular disease (hazard ratio, 1.76 (%5% CI: 1.25-2.47]). The WHI study not only confirms
the ACS and Six City Study associations with cardiovascular mortality in yet another wel]
characterized cohort with detailed individual-level information, it also has been able to conzider the
individual medical records of the thousands of WHI subjects over the period of the study. This has
allowed the researchers to examine not only mortality, but also related morbidity in the form of heart
problems (cardiovascular events) experienced by the subjects during the study. These morbidity co-
associations with PM: 5 in the same populzation lend even greater support 10 the biological
plausibility of the air pollution-mortality associations found n this study,

In an analysis for the Seventh-Day Adventist cohort in California (AHSMOG), a positive
association with coronary heart disease mortality was reported among females (52 deaths; RR = 1.42
[95% CI: 1.06-1.90] per 10 ng/m? PM; 5}, but not among males (53 deaths; RR = (.90 [¢5% CI:
6.76-1.05] per 10 ug/m” PM; o) (Chen et al., 2005, 0879477, Associations wers strongest in the subget
of postmenopausal women (80 deaths; RR = 1.49 [55% CI- 1.17-1.89] per 16 pg/m® PM. ;). The
authors speculated that fernales may be more sensitive 1o air pollution-related effects, based on
differences between maies and females in dosimetry and exposure. As was Tound with PM;., 2
positive association with coronary heart disease mortality was reported for PM, ;s and Py, arnong
females (RR = 1.38 [95% CI: 0.97-1.95] per 10 pg/m’® PMygq5: RR = 1.2 [95% CI: 1.01-1.47] per
10 pg/m” PM,q), but not for males (RR = 0.92 [95% CI: 0.66-1.29] per 10 pg/m? PMigas; RR =054
[95% CI: 0.82-1.08] per 10 po/m’ PM.g); associations were strongest in the subset of
postmenopaysal women (80 deaths) (Chen et al., 2005, GETo42).

Two additional studies explored the effects of PM 1, on cardiovasenlar mortality. The Nurses?
Health Study (Puett et al., 2008, 156851} is an ORgoIng prospective echort study examining the
relation of chronic PM,; expostres with all-cause mortality and incident and fatal coronary heart
disease consisting of 66,250 female mirses in MSAs in the northeastern tegion of the U.8. The
agsociation with fatal CHD occorred with the greatest magnitude when compared with other
specified causes of death (hazard ratio .42 [95% CI: 1.11-1.81]). The North Bhine-Westphalia State
Environment A gency (LUA NRW) initiated a cohort of approximately 4,800 women, and assessed
whether long-term exposure to air pollution originating from motorized traffic and industrial sources
was associated with total and cause-specific mortality (Gehring et al., 2006, 089797). They found
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that cardiopulmenary mortality was associated with PM) (RR = 1.52 [95% CI: 1.09-2.15] per
10 pg/m’® PM).

In summary, the 2004 PM AQCD concluded that there was strong evidence that long-term
exposure 10 FM; s was associated with increased cardiopulmonary mortality. Recent studies
investigatins cardiovascular mertality provide some of the stronpest evidence for a cardiovascular
effect of PM. A aumber of large cohort studies bave been conducted throughout the U.S. and
reported consistent inereases in cardiovaseular mortality related to PMg ; concentrations. The results
of two of these studies have been replicated in independent reanalyses. Theze effects are coherent
with short-term epidemiologic studies of CVD morbidity and mortality and with long-term
epidemiologic studies of CVD morbidity. In addition, biological plausitility and coherencs are
provided by toxicolopical studies demenstrating short-term cardiovascular effects as well as
PM; s-related plaque progression in chronically exposed mice.

1.211.Summary and Causal Determinations

7.211.1. PM,;

Epidemiologic studies examining associations between long-term exposurs to ambient P
{over months to years) and CVD morbidity had not been conducted and thus were not included in the
1996 or 2004 PM AQCDs (U 8. EFA, 1996, 079380; .5, EPA, 2006, 157071). A number of studies
were included in the 2004 AQCD that evaluated the effect of long-tenm P 5 EXPOSUre om
cardiovascular mertality and found strong and consistent associations. No toxicological studies had
evalnated the effects of subehronic or chronic PM exposure on CVD effects in the 2004 PM AQCD.
Recently, epidemiologic and toxicological studies have provided evidence of the adverse effects of
long-term exposure to PMs s on cardiovascular outeomes and endpoints, including atherosclerosis
and clinical and subclinical markers of cardiovascular morbidity.

The strongest evidence for 2 CVID health effect related to long-term PM; 5 exposure comes
from epidemiologic studies of cerdiovascular mortality. A number of large, multicity 10,5, sindies
(the ACS, Six Cities Study, WHI, and AHSMOG) provide consigtent evidence of an effect between
long-term exposure to PM; 5 and cardiovascular mortality (Sestion 7.2.10). These studies were
conducted in urban areas across the U.$. where mean concentrations ranged from 10.2-25.0 pg/m’
(Table 7-8). An epidemioclogic study investipating the relationship between PM;z 5 and clinical CVD
morbidity among post-menopausal women (Miiler et al., 2007, 090130} provides evidence of an
effect that is eoherent with the cardiovaseular mortality studics. This large, prospective cohort smdy
of incident, validated cases found large increases in the adjusted risk of M), revascularization, and
stroke using a 1-yr avg PM; s concentration (mean = 13.5 up/m®). A cross-sectional analyses of self-
reported prevalence of CHD and peripheral arterial disease found no such increase in the odds of
C¥D morbidity (Hoffmann et k., 2005, 091162); the ineongistency of theze findings with Miller et
al. (2007, 090138} may be explained by differences in study desipn or location,

The effect of long-term PM; s exposure on pre-clinical measures of atheroselerosis (CIMT,
CAC, AAC or ABI} has been shrdied in several populations using a eross-sectional study design, The
magnitude of the PMs s effects and their consistency across differeat measures of atherosclerosis in
these studies varies widely, and they may be limited in their ability to discern small changes in these
measures. Kunzli et al. (2005, 087387) observed a non-significant 4.2%; increase in CIMT associated
with long-term PM, s exposure amonyg participants of a clinical trial in greater Los Angeles, which
was several fold higher than the 0.5% increase observed by Disz-Roux et al. (2008, 1564013 in their
analyses of MESA baseline data. The associations in MESA of CAC and ABI with long-term PM; 5
exposure were largely null (Diez et al., 2008, 1364¢1), while an increase in AAC with [ing-term
FM; 5 exposare was teported (Chang et al., 2008, 180393). By contrast, a 43% increase in CAC was
associated with long-term PMs s exposure in 2 German study, but no similar association with ABI
was observed (Hoffrnann et al, 2009, 1803767, Although the number of studies gxamining these

. relationships is limited, effect modification by use of lipid lowering drugs and SToOKIng statis was
reported in more than one study of leng-term PMa  and PM 5 SXposure,

Evidence of enhanced atherosclerosis development was demonstrated in new toxicological
studies that report inereased plague and lesion areas, lipid deposition, and TF in aortas of ApoE™"
mice exposed to CAPs (Section?.2.1.2). In addition, alterations in vasoreactivity were nbserved,
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suggesting an impaired NO pathway. Additional toxicological studies of PM ; are consistent with
these results. Further support is provided by a study that reported decreased L/W ratio in the
pulmgnary and coronary arteries of mice exposed fo ambient air. However, PM; s CAPs derived from
traffic in Los Angeles did not affect plaque size (Araujo et al.,, 2008, 156222). Collectively, these
toxicological smdies provide biological plausibility for the associations reported in epidemiclogic
studies.

There is limited evidence for the effects of PM; 5 op renal or vaseular function. Cross-sectional
and longimdinal epidemiologic analyses of PM. s and UACR revezled no evidence of an effect
{O'Neill et al., 2007, 136006), while small non-statistically sismificant incresses in BP with 30- and
60-day avg PM, s concentrations were reported (Auchincloss et al., 2008, 156234). A toxicalogical
study did not show changes in MAP with CAPs, but indicated a CAPs-related potentiation of
experimentally-induced hypertension (Sun et al., 2008, 157032}, In addition, CAPs has induced
changes in Insulin resistance, visceral adiposity, and inflammation in a dietinduced obesity mouse
model (Sun et al,, 2009, 190487), indicating that diabetics may be 2 potentially susceptible
population to PM exposure.

In summsry, 2 number of large 1.3, cohort studies teport associations of long-term PM-;
concentration with cardiovascular mortality. These studies provide the sirongest evidence for an
effect of long-term PM. s exposure on CVD effects. Additional evidence comes from a
methodelogically rigorous epidemiology study that demoenstrates coherent associations between
long-term PM;  exposure and CVD morbidity among post-menopausal women. Toxicological
studies demonstrate that this effect is biclogically plansible and the effect is coberent with studies of
short-termn, PM ; exposure and CVD morbidity and mortality, and with long-term exposure to PM; ¢
and CVD mortality. Associations between PM, < and subelinical measures of atherosclerosis are
inconsistent, but cross-sectional studies may be limited in their ability to discern small changes in
these measures. In addition, potential modification of the PM. s-CVD association by smoking status
and the use of lipid lowering drugs has been demonsirated in epidemiclogic studies that used
individual-level data. Toxicological studies previde evidence for accelerated development of
atherosclercsis in ApoE™ mice exposed to CAPs and show effeets on epagulation factors,
experimentally-induced hypertension, and vascuiar reactivity. Available studies of clinieal
cardiovaseular disease outcomes report incomsistent results. Based on the above findings, the
epidemniologic and toxicological evidence is sufficient to infer a causal relationship between
long-term PM;; exposures and cardiovascular effects.

T.2.11.2. PMygzs

One epidemiologic study evalusted the relationship between long-term EXposUre to PM o 5
and eardiovascular mortality and formd 2 positive association with coronary heart diseage mortality
among females, but not for males; associations were strongest in the subset of post-menopausal
women {Chen et al., 2005, 087942). No toxicological studies of long-term exposure to ambient
PMip.2 5 and cardiovascular effects have been conducted to date. Evidence is inadequate to infer
the presence or absence of a causal relafionship.

1.2.11.3. UFPs

A few toxicological studies of long-term exposure to UFPs have been conducted. Increazed
plaque size was reported in mice exposed to UF CAPs derived from traffic (Araujo et al., 2008,
126222). Stndies of diesel and gasoline exhaust reported relatively few changes in hematologic or
coapulation parameters (Section 7.2.4.2) and one DE study demonstrated altered eardiac gene
expresston in hormotensive rats that reflected the developrment of hypertension ((Gottipolu et a),,
2009, 190360} Whole and filtered gasoline exhaust indueed increages in gene products invelved in
atheromatous plaque formation and/or degradation, but these effects were largely due to the gaseous
emissions (Lund et al., 2007, 125741). Evidence from these studies alone is inadequate fo infer
the presence or absence of a causal relationship.
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7.3. Respiratory Effects

Severa] cohort studies reviewed in the 2004 PM AQCD provided evidence for relationships
between long-term PM exposure and effects on the respiratory system, though it did not rule out the
possibility that the observed respiratory effects may have been confounded by other pollutants, In 12
southern California communities in the Children’s Health Study {CHS), Gauderman et 1. {2000,
012531; 2002, 6260313} found that decreases in lung function growth among schoolehildran were
associated with lonp-ierm exposure to PM. Declines in pulmonary fiunction were reported with ali
three major PM size classes — PMyg, PMyg s 5 and PM; - — though the three PM measures were highly
cotrelated. o another analyzis of data from the CHS cohort, McConnell et al. {1999, B07028),
reported an increased risk of bronchitis symptoms In children liviag in communities with higher
Phlyg and PM: 5 concentrations. These results were found to be consistent with results of cross-
sectional analyses of the 24-—<ity study by Dockery et al. (1996, 046219) and Raizenne et al, {1994,
077268}, that were assessed in the 1996 PM AQCD. These studies reported associations between
increased bronehitis rates and decreased peak flow with fine particle suifate and fine particle acidity.
However, the high correlation of PMqg, acid vapor and NO, precluded elear attribution of the
bronchitis effects reported by McConnell ef al. (1999, £07028) to PM alone. In a prospective echort
study among 2 subset of children in the CHS {1 = 1149} who moved to other locations during the
study peried, Avol et al. (2001, (20552) reported that those subjects who moved to areas of lower
PM); showed increased growth in lung function compared with subjects who moved to communities
with higher PM4 concentrations. Finally, the 2004 PM AQCD concluded that there was strong
epidemiologic evidance for associations between long-term exposures to PM; ; and cardiopulmonary
mortality, though the respiratory effects were not separated from the cardiovascular effects in this
conclosion.

The 2004 PM AQCD {(J.S. EPA, 2004, 036903} concluded that the evidence for an association

“between long-term exposure to PM and respiratory effeets may be confounded by other polhitants,
Gandermpan et al. (2002, 026013) reported declines for FEV) and McConnell et al. (1999, 007028)

orted increased ORs for bronchitic symptoms in asthmatics for PM;p and PM; s. Recent

epidemiologic literature includes results from several prospective cohert studies, which found
consistent, positive associations between long-term exposure to PM and respiratory morbidity.
Associations were reported with PMy s and PMye, and the studies showing associations only with
FMyp were conducted in locations where the PM consisted predominantly of fine particles, providing
support for associations with long-term exposure to fine particles. These results are summarized
below; further details of these studies are summarized in Annex E.

Very few subchronie 2nd chronic toxicological smdies investigating respiratory effects were
available in the 2004 PM AQCD. However, the 2002 EFA Health Assessment Document for DE
reported that chronic exposure to DE was associated with histopathology including alvenlar
histieuytosis, aggregation of alveolar macrophages, tissue inflammation, increased
polymorphonuclear lenkoeytes, hyperplasia of bronchiolar and Type 2 epithelial cells, thickened
alveoiar septa, edema, fibrosis, emphysems and lesions of the trachea and broonchi. Since then a
number of animal toxicological stedies have been conducted Invelving inhalation exposure to CAPs,
urban air, DE, gasoline exhaust, and wood smoke. These subchronic ard chronic studies provide
evidence of zltered pulmonary function, inflamrmation, histopatholopical changes and oxidative and
aliergic responses following PM: s exposures, These results are summarized below; further details of
these studies are summarized in Annex D,

1.3.1. Respiratory Symptoms and Disease Incidence

7.3.1.1. Epidemiologic Studies

New longitudinal cohort studies provide the best evidence to evaloate the relationship kerween
long-term exposere to ambient PM and increased ineidence of respiratory symptoms or disease. A
summeary of the mean PM concentrations reported for the long-term exposure smdies characterized
in this section iz presented in Table 7-3.
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Bayer-Ogleshy et al_ (2005, 086245) examined the decline of ambient paliution levels and
improved respiratory health demonstrated by a reduction in respiratory symptoms and diseases in
school ehildren (n = 9,591) in Switzerland. Reduced air peliution exposure resulted in improved
respiratory health of children. Further, the average reduction of symptom prevalence was more
provounced in areas with stronger reduction of air pollution leveis. The average decling of PM,,
between 1993 and 2000 across the nine study regions was 9.8 pgim” (29%). Declining levels of PM,,
were asseciated with declining prevalence of chronic cough, bronchitis, common cold, nocturnal dry
cough, and conjunctivitis symptoms, but no sighificant associations were reported for wheezing,
sneezing, asthma, and hay fever, as shown in Figure 7-2. In Figure 7-2, Panel {B) illusirates that on
an aggregate level across regions, the mean change in adjusted prevalence of chronic cough is
associated with the mean chavge in PM,; levels (r = 0.78; p = 0.02). Similar associations were seen
for nocturnal dry cough and conjenctivitis symptems and PMiq levels. Radsli et al. (2000, 010294;
2001, T0BF3IZ; 2003, ] 56923) have demonstrated that P levels are homogeneously distributed
within regions of Basel, Switzerland and are not substantially affected by local traffic, justifying the
single-monitor approzch for assignment of PM 4 exposures. Based on parallel measmements of
PM; ; and PM g at seven sites In Switzerland, PM; ; and PMyy at all sites are generally kighly
correlated (1° ranging from 0.85 to 0.98) (Gehrig and Buchmann, 2003, 139678), indicating that
PMyg consists predominantly of fine particles in these locations.

Schindler et al. (2009, 191950) reported that sustained reduction in ambient P,
concentrations can lead to decreases In respiratory symptoms among Swiss adolts in the SAPATDIA
study. They compared baseline data in 1991 to a follow-up interview in 2002 after & substantial
decline in PM,q concentrations served as a natoral experiment. Each subject was assigned model-
based estimates of PM;, concentrations averaged over the 12 mo preceding each health assessment
with mean decling in PM,p levels of 6.2 pg/m? (S = 3.9 ug/m’). When the authors tested the joint
hypothesis of no associstion between the BM,, difference and symptom incidenes or persistence,
positive results were obtained for regular cough, chronic cough or phlegm and wheszing but not
regular phlegm or wheezing without & cold.

Pierse et al. (2006, 088757) studied the association between primary PM, (particles directly
emitted from local sources/traffic) and the prevalence and incidence of respitatory symptoms in a
randomly sampled eohort of 4,400 children (aged 1-5 y1) in Leicestershire, England surveyed in
1998 and again in 2001. Annual exposure to ptimary PM,q was caleulated for the home address
using the Ajrviro statistical dispersion model. A frer adjusting for confounders, mean annual exposure
to locally generated PMy, was associated with an increased prevalence of cough without a cold in
both the 1998 (OR 1.21 [95% CI: 1.07-1.38],n = 2,164) and 2001 surveys (OR 1.56 [95% CI:
1.32-1.84],n=1,756).

Werdling et al. (2008, 097998} examined the relationship between estimated PM BXPOSUTe
levels and respiratory health effects in a Swedish birth cohort of preschool children {n = 4,089}, The
spatial distributions of PM from traffic in the study area were estimated with amission databases and
statistical dispersion modeling. Children were examined at 2 mo and 1,2, and 4 yr of age. Using GI5
methods, the average contribution of traffic-genetated PM,, above regional background to the
children’s residential outdoor air pollution levels was determined. To evaluate the EXPOSUE
assessment, the authors compared the estimated levels of traffic-generated PM, with PM, 4
measprements from 42 locations (Hoek et al., 2002, 042364) and reported modeled traffic-generated
PM g correlated reasonably well with measured PM, (r=0.51). Persistent wheezing (cumnlative
incidence up to age 4 yr) was associated with exposure to traffic-generated PM;; (OR 2.28 [95% CI-
0.84-6.24] per 10 pg/m” increase) while transient and late onset wheezing was not associated. This
study demonstrates that respiratory effects may be present in preschool children
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Table 7-3.  Characterization of ambient PM concentrations from studies of respiratary
symptomsfdisease and long-temm expasures,

I.épper Percentile
Study Location Mean Anntal Goncentration (pg/m’) uncenﬂq_’ﬁms
{ngfm
FM,
B Rings of MEARS acmas Sex B.7-23.0
Antesihlaesana et al. (2007, 0831300 & French Giies .
Aut) of magns across sies; 15,5
7ot 181
Brauer ot al. (2007, toogot) The Hethertarits 159 B 18.0
Max 252
Guoss et &l (20K, 055624) us 137 5t 154
|sizmed &l (2007, DI0GET ) 12 CHIMTA commumities Maw: 2.5
Tat: 22,1
Janssen et . (2003, 133555 The Nathertands il
Max 244
Rarge of means acmss sies: 11-15
Him et al. (2004, DETAR) San Frangiss, G4
2 A of means zorss s 12
MeCannel| e al, (2009, 4B} 12 CHEA commanilties 132 Max 235
Morgenstorn et 3l, (2108, 156742 Murich, Germany 111
e )
Bayper-Dylechy et 2. (2005, §36245) Mine sty pegiare; in Switzerand Mz 48
KLreli e al, {2008, 191949} Switzeniand L
Nording at al. (2008, D078 Sweden 4
Sichinder et 2l [2009, 191550) itz -
vacCorned o al (003, [M94580) 12 CHEACA sernmunities g Wy 63.5
. . ) Talh: 1,84
Prerse ef al, (2006, $8BT57) Leicestershire, L1, 1.3

=5 peciie; P, from iafic
=Lty iaperted chonge I P carceniation
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Figure 7-2.  Adjusted ORs and 95% Cls of symptoms and respiratory diseases associated
with a decline of 10 ugim® PMy, levels in Swiss Surveillance Program of
Childhood Allergy and Respiratory Symptoms', Inset: Mean change in adjusted
prevalence (1998-2001 to 1992-1993) versus mean change in regional annual
averages of PMiq {1997-2000 to 1993) for chronic cough, across nine SCARPOL
regions (An: Aniéres. Be: Bern. Bi: Biel. Ge: Geneva. La:, Langnau. Lu: Lugano.,
Mo: Montana. Pa: Payerne. Zh; Zirich).

Source: Eayer-Ogiesty mi al, (3005, [ES4E

McConnell et al. (2003, §49400) conducted a prospective study examining the sssociation
between ait pollution and bronchitic symptoms in 473 schogl children with asthma in 12 Southern
California cornmunities as part of the CHS from 1996 to 1999, They investigated both the
differances between- cammunities with 4-yr avg and within-commUnities vearly vanation in PM
(Le., PVho, PM 5, PMyoq5, EC, 2nd OC). Based on a 10 pg/m® change in PMs 5, within-communities
effects were larger (OR 1.90 [95% CI: 1.10-2.707) than those for between-communities (OR 1.30
[95% CI: 1.10-1.50]). The OR for the 10 ug/m® range in 4-yr avg PM, s concentrations across the 12
communities was 1.29 (95% CI: 1.06-1.58). Similar results were reported for PM p and P 5 bt
the effect estimates were smaller in magnitude and generally not statistically significant. Within-
community associations were not confounded by any time-fixed personal covariates. In two-

' Adjersted for age. sex, nationality, paremal education, number of siblings: frming sttus, low birth welght, broastfseding, child who
smokes, family history of asthma, bronchitis, and/er atopy, Toother whi sTrokes, indoor murnidity, mode of heating wnd cocldng,
tarpsting, pets 2llewed in bedroom, removal of cacpet andior pets for health reasons, person who completed questicnnaire, meonth when
questicmmaire was completed, number of days with the M temperaturs <0, and belief of Toother that there is an association
etwen envinmmental exposures and children’s respiratory health
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pollutant models, the within-community effect estimates for PM, s and OC were significant in the
presence of several other pollutants. While the within-community single-pollutant effect of PM, .

(B = 0.085/ug/m’) was only modestly attenuated after adjusting for some pollutants, it was markedly
reduced after adjusting for NO; or OC. The between-community effect estimates generally were not
significant in the presence of other pollutants in copollutant models.

In the CHS, Islam et al. (2007, 090697) examined the hypothesis that ambient air pollution
attenuates the reduced risk for childhood asthma that is associated with higher lung function
(n=2.057). At each age a distribution of pulmonary functions exists. Haland et al. (2006, 156511)
found evidence that childrer with high lung function have a reduced risk for asthma. Islam et al.
(2007, 090697) uged the CHS data to study how the association of asthma icidence with luing
function 15 medified by long-termn PM exposure. The incidence rate ([R) of newly diagnosed asthma
increased from 9.5/1,000 person-years for children with percent-predicted FEFasqs values = 120% to
20.4/1,000 person-years for children with FEFas 55 value = 100%. Over the 10th-90th percentile
range for FEF2c75 (37.1%), the hazard ratio of new onset asthma was 0.50 (23% CI: 035-0.71). The
IR of asthma for FEFzs.562 120% in the “high™ PMz s (13.7-29.5 pg/m®) communities was 15.9/1,000
person-years compared to 6.4/1,000 person-years in “Jow” PMq s (5.7-8.5 pg/m®) communities. Loss
of pretection by high lung funetion against new onset asthma in the “high™ PM.  communities was
observed for all the lung function measures. Figure 7-3 shows the effect of PMa < on the assoeiation
of lung function with asthma. OF ali the pollutants examined {NQ3, PM,5, PM; 5, 2eid vapor, Os, EC,
and OC), PM, s appeared to have the strongest modifyving effect on the association between hung
fupction with asthma as it had the highest R* value (0.42). Over the 16th-00th percentile range of
FEFy5.35, the hazard ratio of new onset asthma was 0,34 (95% CI: 0.21-0.56) in a comrmunity with
low PM;5 (<13.7 ug/im’) and 0.76 (95% CI: 0.45-1.26) in & community with high PM;

(= 13.7 ug/m®). The data de not indicate that PM exposure increased rates of incident asthma among
children with poor lung function at study entry because rates among these with poor lung function
were similar in both low and high poilution communities.

High PM, < - Commmunities

‘Hazard Ratlo
i
4

T
5 10 15 26 25 a0
PM; s(mg/m?)

Surce: Reprinlec with Permissian of Bl Pubfishing Griup LU & Bvtish Trareee Sedicty from |sem e al. (07, T

Figure 7-3.  Effect of PM;; on the association of kung function with asthma. Community-
specific hazard ratio of newly diagnosed asthma over 10-90th percentile range
{5?.1';,15; of FEF 2525y, by level of ambient PM, s (pg/m®). The 12 CHS communities
are shown.

In 2 prospective birth cohort study {n = 4,000} in The Netherlands, Brauer et al. (2007,
090691 assessed the development of asthma, alisrgic symptoms, and respiratory infection during
the first 4 yr of life in relation to long-term PM, s concentration at the home address with a validated
meodel using GIS. PM; s was associated with doctor-diagnosed asthma (OR. = 1.32 [95% CI:
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1.04-1.69]) for 2 eumulative lifetime indicator. These findings extend observations made at 2 yr of
age in the same eohert (Brauer ¢ al., 2002, 035192) providing greater confidence in the association.
No associations were observed for bronchitis.

Kunzli et al. (2009, 191949) used the SAPALDIA cohort study discussed previously in this
section 1¢ evaluate the relationship between the 11-yr change {1991-2002) in traffic-related PM,q and
asthina incidence-adult onset asthma. In a cohort of 2,725 never-smokers without asthma at baseline
(age: 18-60 yr in 1991), subjects reporting doctor-diagnosed asthma at follow-up were cansidered
incident cases. Modeled traffic-related PM,; levels were used. Cox proportional hazard models for
time to asthma onset were used with adjustments for cofounders. The study findings sugpest that PM
contributes to asthma development and that reductions in PM decrease asthma rick. A, strong feature
of SAPALDIA is the ability to assign space, time, and spurce-specifie pollution 1o each subjest.
Further, Kunzli et al. {2008, 129258 discusses the impact of atitibutable health risk models for
exposures that are assumed to cause both chronic disease and its exacerbations, The added impact of
causing diseass increases the risk compared to only exacerbations.

A matched case-control study of infant bronchiolitis (ICD ¢ code 466. 1) hospitalization and
two measures of long-term exposure — the month pricr to hospitlization (sebchronic) and the
lifetime average (chronic) — to PM; ; and gaseous air pollutants in the South Coast Air Basin of
southern California was condueted by Karr et al. {2007, (90719} among 18,595 infants bom between
1995-2000. For each case, 10 controls matched on date were randomly seiected from birth records.
Exposure was based on PM; 5 measurements collected every third day. The mean distance between
the subjects’ residential ZIP code and the assigned moniter was generally 4-6 mi with a maximuem
distance of 30 mi. For 10 pg/m” increases in both sub-chronic and chronic PM; ; exposure, an
adjusted OR of 1.09 (95% CI: 1.04-1.14) was observed. In multipellutant model analyses, the
association with PM; s was robust to the inclusion of gasegus pollutants. Also, in 2 cohort of childreq
in Germany, Morgenstern et al. (2008, 136782) modeled PM; s data at binth addresses found
statistically significant effects for asthmatic bronchitis, hay fever, and allergic sensitization to pollen.

Goss etal. (2004, 033624 conducted a national study examining the relationship between air
pollutants and health effects in a cohort of cystic fibrosis (CF) patients {n = 11,484) over the age of
& yr (mean age = 18.4, 33 = 10) enxalled in the Cystic Fibrosis Foundation National Patient Registry
in 1999 and 2000. Exposure was assessed by linking air pollution values from the closest population
monitor from the Air Quality System (AQS) with the centroid of the patient’s home ZIP code that
was within 30 mi. The mean distance from the patient’s ZIP code to monitors for PM; 5 and PM g
was 10.8 mi (SD 7.8) and 11.5 mj (SD 7.9}, respectively. PM, s and PM g 24-h gvg were collected
every | to 12 days. CF dizgnosis involves genetic seregning panels and 2 commen severe mutation
used is the loss of phenylalanine at the 508th position. Genotyping was available in 74% of the
pepulation and of those genotyped, 66% carried one or more delt F308 deletions. After adjusting for
confounders, a 10 ug/m” increase in PMa s or PM;g was associated with a 21% {95% CI: 7-33) or 8%
(953% CI: 2-15) increase in the odds of twe or more exacerbations, respectively. The exacerbations
were defined as a CF-related pulmonary condition requiring admission to the heospital or use of home
intravenous antibiotics. The estimate for the 2ssociations between pulmonary exacerbations and
PM; 5 and PMy, were sttenuated when the models were adjusted for lung function. Brown et al.
{2001, 012307) found that particle deposition was increased iq CF and that particle distribution in
the lungs was enhanced in poorly ventilated trachesbronchial regions in CF patients. Soch focal
deposition may partially expiain the association of PM and CF exacerbation,

Annesi-Maesano (2007, 093180) relate individval data on asthrma and allergy from 5,333
school children (10.4 £ 0.7 y1) attending 108 randomly chosen schools in 6 Frenel cities to the
concentration of PM; - monitored in school yards. Atopic asthma was related to PM, 5 (OR 1.43
[85% CI: 1.07-1.917) when high PM; ; concentrations (20.7 pp/m”) were compared to low PM; 4
concentrations (8.7 ug/m”). The report is consistent with the results in an earlier paper {Penard-
Morand et al., 2005, 087951) in the same sample of children that related the findings to PM;;.

Kim et al. (2004, 087383) conducted a school-based eross-sectional study in the San Francisco
metropolitag area in 2001 comprised of 10 neighborhoods to examine the relatiomship betwesn
traffic-related pollutants and eurrent broachitic symptoms and asthma obtained by parental
questionnaire (n = 1,109}, They related traffic-related pollutants (PM) and bronchitic and asthms
symptoms in the past 12 mo. No muitipollutant models were evaluated becanse of the high
interpollutant correlations. PM; ; levels ranged 2cross the school sites from 11 1o 15 paim®,

Schikowski et al. {2005, 088637) examined the relationship between both leng-term air
pollution exposure and living close to busy roads and COPD in the Rbine-Ruhr Basin of Germany
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from 1985 to 1994 using consecutive cross-sectional studies. Seven monitoring stations that were

<8 km to a woman’s home address provided TSP data that PM; was estimated from using a
conversion factor {obtained from parallel measurement of TSP and PM;, conducted at 7 sites in the
Ruhr area). Distance to & major road was determined using GIS. The resulis of the study sugpest that
long-term exposure to air pollution from PMy; and living near a major road might increase the risk of
developing COPD and can have a detrimental effect on lung fenction. All ORs for 3-¥r exposures
were stronget than those for 1-yr exposures.

It summary, the 2004 PM AQCD evaluated the available studies which primanly related
effects to bronchitic symptoms in school-age children. New studies are using several different
methods to include individua] estimates of exposure to ambient PM that may reduce the impact of
exposure error. The strength and consistency of the outcomes is enfanced by results being reported
by several different reszarchers in different countries using different designs. Most recent studies
have focused on children, but a few studies have also reported associations in adults.

The CHS {(McConnell et al., 2003, 049490) provides evidence n a prospective longitudinal
cohort study that relates PMz 5 and bronchitic symptoms and reports larger assaciations for within-
commmunity effects that are less subject to confounding than between-community effects. Several
new studies report similar findings with long-term exposure to PMy, in areas where fine partieles are
the predominant fraction of PMy. In England, in 2 cohort of 4,400 children {aged 1-5 y1), an
association is seen with an inereased prevalenee of cough withowt a eold. Further evidence includes a
reduction of respiratory symptoms corresponding to decreasing PM levels in “natural experiments”
in both a cohort of Swiss school children {(Bayer-Oglesby et al, 2005, 086245) and adults (Schindle:
et al., 2009, 191950},

In 2 separate analysis of the CHS, Islam et ai. (2607, 690697 showed that PMa ¢ had the
strongest modifying effect on the association between ung fupetion with asthma such that loss of
protection by bigh lung function againsi new onset asthma in high PM, 5 communities was observed
tor all the lung funetion measures from 10 to 18 yr of age. This relates new onset asthyna to long-
term PM expogure, In the Netherlands, Braver et al. (2007, 090661) augments the literature with dats
examining the first 4 yr of life in a birth cohort showing an association with doctor-dizgnosed
asthma. Further, in an adult cohort in the SALPALDIA study, Kunzli et al. (2009, 191949 relate PH
to agthma incidenae,

1.3.2. Pulmonary Function

Several cohort studies reviewed in the 2004 PM AQCD provided evidence for relationships
between long-term PM exposure and effects on the respiratory system. In 12 southern California
communities in the Children’s Health $tudy (CHS), Ganderman et al. {2000, D12531; 2002, 026013}
found that decreases in lung function growth among school children were assoeisted with long-term
exposure to PM. Declines in pulmonary fanction were reported with afl three major PM size classes
— PMp, PM g5 ¢ and PM; 5 — though the three PM measurss were highly correlaied. These results
were found to be consistent with results of cross-sectional analyses of Raizenne et al. (1996,
077268}, that was assessed in the 1596 PM AQCD. That study reported associations between
decreased peak flow with fine particle sulfate and fine particle acidity. Finally, in a prospective
cobort study among a subset of children in the CHS {n = 110} who moved 1o other locations during
the study period, Avol et al, (2001, 020532) reported that those subjects who moved to areas of lower
PM, showed increased growth i lung fupetion compared with subjects who moved to communities
with higher PM,, concentrations who showed decrease growth in lung function.

7.3.21. Epidemiclogic Studies

New longitudinal cohort studies have evaluated the reiationpship between long-term exposute
to PM and changes in measures of pulmonary fanction (FVC, FEV,, and measures of expiratory
flaw). Cross-sectional studies also offer supportive information {Annex E} and may provide ingights
derived from within community analysis, Lung function increases coatinue through early adulthood
with growth and development, then declines with aging (Stancjevic et al., 2008, 157007: Thurlbeck,
[982, 093260; Zeman and Bennett, 2006, 157178). A summary of the mean PM concentrations
réported for the long-term exposure studies characterized in this section s presented in Table 74,
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Table 74,  Characterization of ambient PM concentrations from studies of FEV, and long-term

EXPOSLUres. )
' . ¥ean Annual Upper Perzentile
Study Location Concentration {pym? Concentrations [pgfim®
PMes
Sawlernan ed 2. (2002, (PENZ) 12 CHSA communities 530
Gawdeman e @, (2004, HEEAAH] 12 CHEACA mromnities E-I7
o0ss etal. 2004, 055624 s a7 Tath: 1549
s — o E i Range af means saose sites: 3.7-44.7
Godschi A } LA
V<308, pean o Aam of Mean agmes sites: 8.4
FMuy
. Fange of means acmss Sies: 848
Cerares & al, (2007, DH2RAS 8§ citiess i Sitzeriand

Au of mean acrass sitsg: 21,6
Ramge of means soross sites: 13-73
iy of mean aaoss sites: NR;
Fanne of means across sites: 19-65
A orf mRE ATNEE sk N,

Gawderman et al. {2002, 126013 12 CHSCA communities

Gaenman et al. (2004, IEERET 12 CHECA communities

Mg et al, {2008, DIFSIEY Bweden adeled eagosure
Aol et 3, 12001, (0BT Eauttem CATHS Range of meane adess sites: 1504862

-
Rejas-Myrtinez of al. (21107, [91054)  Meicn Gy, Mevica ThR ﬁ 2t

The CHS prospectively examined the relationship between air pollutants and lung function
(FVC, FEV,, MMEF} in a cohert (n = 1,759) of children hetween the ages of 10 and 18 yr, a period
of rapid lung development (Gauderman et al., 2004, 056569, Alr peollution monitoring stations
provided data in each of the 12 stedy communities from 1594-2000. The results for O3 PM g NO;,
PM; 5, acid vapor, and EC are depicted ir Fipure 7-4. In general, copollutant models for any pair of
pollutants did not provide a substantially better fit to the data than the corresponding single-pollutant
madels due to the strong correlation between most pollittants. The poilution-related deficits i the
average growth in ung function over the 8-yr period resulted in clinically important deficits in
attained lung function at the age of 18.

Downs et al. (2007, 092853} prospectively examined 9,651 randemly selected adults (18-60 yr
of age) in eight cities in Switzerland (see alsoAckermann-Liebrich =t al., 1997 077537) to ascerain
the relationship between reduced exposure to PM,, and age-related decline in lung function (FVC,
FEV,, and FEF15.5). An evaluated statistical dispersion model (Liu et al., 2007, 093093} providad
spatially resolved concentrations of PM;; that enabled assignment to residential addresses for the
participant examinations in 1991 and 2002 that vielded a median decline of 5.3 ng/m?® (IQR 4.1-7.5).
Decreasing PM,, concentrations attenuated the decling in lung function. Effects were greater in tests
reflecting small airway function. No other pollutant relationships were evaluated, though a related
study indicated that levels of N also declined over the same period {Ackermann-Liebrich et 4],
2005, 087826). Generalized cross-validation essentially chose a linear fit for the concentrabion-
response corve for age-reiated decline in lung funetion.

These data show that improvement in air quality may slow the annua) rate of decline in lung
funetion In adulthood indicating positive consequences for public health_ Further evidence on
improvement jn respiratory health with reduction in air pellution levels is provided from stodies
conducted in East Germany related to dramatic emissions reductions after the reunification in 12490
(Fryer and Collins, 2003, 156454 Heinrich et al_, 2002, 034825: Sugiri et al., 2006, 088750). This
type of “natural experiment” provides additional support for epidemiologic findings that relativaly
low levels of airborne particles have respiratory effects.
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Figure 74.  Proportion of 18-yr olds with 2n FEV, below 80% of the predicted value plotted
against the average levels of pollutants from 7984 through 2000 in the 12
southem Califormia communities of the Chitdren's Health Study. AL = Alpine;

AT = Afascadero; LA = Lake Arrowhead; LB = Long Beach; LE = Lake Elsinore;
LM = Lompoc; LN = Lancaster; ML = Mira Loma; RV = Riverside; SD = San Dimas;
5M = Samta Maria; UP = Upland.

In a progpective cohert study consisting of school-age children {n =3,170) who were 8 yr of
age at the beginning of the study, had not been diagnosed with asthma, and were located in Mexico
City, Rojas-Martinez et al. (2007, 091064) evaluated the association between long-term exposurs to
PMig, O3 and NG» and lung funetien growth every & mo from Apeil 1996 through May 1995,
Exposure data were provided by {0 air quality moniter stations located within 2 km of each child’s
schosl. The multipollutant model effect of PM ) over the age of §-10 vt of life in this cohort on FVC,
FEY, and FEF ;545 showed an association. Single pollutant models showed an association between
ambient pollutants {Q;, PMyg and NOs) and deficits in lung function growth. The association
between Pg and FEFas.95 was not statistically significant. While the estimates from copoliutant
maodels were not substantially different thar single pollutant models, independent effects for
pollutants eould not be estimated accurately hecavse the traffic-related polluiants were correlated.
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Although'no PM; ; data were presented in this study, in a separate study Chow et al. (2002) report
that Juring the winter of 1997 approximately 50% of PMyy was in the PM- ¢ fraction in Mexico City.

Gorsehi et al. (2008, 156483) examined the relationship between air pollution and lung
function in adults in the European Community Respiratory Health Survey (ECRHS). FEV, and FVC
were assessed at baseline and after 9 yr of follow-up from 21 European centers (followed-up sample
n=3,610). No statistically significant associations were found between city-gpecific antiuzl mean
PM. s and average lung function levels which is in eontrast to the results seen by Ackermann-
Liebrich (1997, 077537) (SAPALDIA) and Sehikowski et 2. {2005, 088637 (SALIA) which
compared across far more homogenous populations than for the population assessed in the ECRHS.
Miscassification and confounding may partially explain the discrepancy in findings.

In a birth cehort {n = 2,170} in Oslo, Norway, Oftedal et al. {2008, 093202) examined effects
of exposure to PM, s and PMpon lung funetion (FVC, FEV, FEFsn.}. Spirometry was performed in
2,307 children aged 9-10 yr in 2001-2002. Residential air poilution levels over the time period
1992-2002 were caiculated using EPISODE dispersion models to provide three time scales of
exposure: (1) first year of life; (2) lifetime exposure: and (3) just before the lung function test. Only
single pollutant models wers evaluated because air pallutants were highly eorrelated (r = 0.83-0.95).
PM exposure was associated with changes in adjusted peak respiratory flow, especially in girls. No
effect was found for forced volumes. Adjusting for contextual socicedonomic factors diminighed
associgtions. Results for PM; were similar to those far PMIa <.

In an exploratory study, Mortimer et al. (2008, 187280} examined the association of prenaa)
and lifetime exposure to air polltints using geocoded monthly average PM, levels with pulmonary
function in 2 San Joaquin Valley, California cohort of 232 children (ages 6-11 yr) with asthma. First
and second trimester PM ¢ exposures (based on monthly average concentrations) had a negative
effect on pulmonary function and may relate to prenatal exposures affecting the lungs as they begin
to develop at 6wk gestation.

Dales et al. (2008, 136378} in a cross-sectional prevalence study examined the relationship of
pulmonary function and PM measures, other pollutants, and indicators of motor vehicle emissions in
Windgor, Ontarie, in a cohort of 2,402 school children, Pz 5 and PM5 concentrations were
estimated for each child's residence at the postal code ievel. Bach 10 ng/m” increase in PM. 5 was
agsociated with 2 7.0% decrease in FVC expressed ina percentage of predicted.

In Leicester, England, investigators examined the carbon content of sirwyy macrgphages in
induced sputur in 64 of 114 healthy §-15 year-old children (Grigg et al., 2008, 15649%; Kulkarnj et
al., 2006, 089257). The carbon content of airway macrophages (Finch et al., 2002, 054603; Strom et
al., 1990, 157020) was used a3 a marker of individual exposwre to PMyo. Near each child’s home,
exposure to PM,, was estimated using a statistical dispersion model (Pierse et al., 2006, 083757).
The authors reported a dose-dependent inverse association between the carbon content of airway
macrophages and leng function in ¢hildren and found no evidence that reduced lung function itself
causes an increase in carbon content. Consistent results were obtained for both FVC and FEF g5 4.
Canrtion should be used when interpreting these results as the accuracy of the estimates on individual
PM,o exposures were not validated; there is potential for confounding by ethnic origin; and there is
concern that the magnitude of the changes in pulmonary function associated with increased particle
area appear latge {Boushey et al,, 2008, 192163).

Nordling et al_ {2008, 097998) discussed above in the Tespiratory symptoms section, also
reported that lower PEF at age 4 was associated with exposare to fraffic-related PM,; (-8.93 Limin
[95% CI: -17.78 to -0.088]). Goss et al. (2004, 055624}, discrssed in Section 7.5.1.1 » Tound streng
inverse relationships between FEV, and PMa ; concentrations in both cross-sectional and
longitudinal analyses.

In summary, recent studies have greatly expanded the evidence available for the 2004 BN
AQCD. The earlier CHS studies followed young children for 24 yr. New analyses have been
conducted that include longer follow-up perieds of this cohort through 18 yr of age (considered garly
adulthood for lung development (Stanojevic et al , 2008, 157007) and provide evidence that effects
fTrom exposure to PM; 5 persist into early adulthood. Longitudinal studies follow effects over time
and are considered to provide the best evidence as opposed to studies across comrmunitias as in
cross-sectional studies. The longitudiral cohort studies in the 2004 PM AQCD provided data for
children in ong location in one study and new longitudinal studies have beer conducted in other
locations.

Gauderman et al. (2004, 0563569) reported that PM, < exposure was associated with clinically
and statistically significant deficits in FEV, attained at the age of 18 vr. Clinical significanes was
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defined as 2 FEV, below 80% of the predictad value, a eriterion commonly used 1o elinical settings
1 identify persons at increased risk for adverss respiratory conditions. This elinical aspect is an
important enhancement over the earlier results reported in the 2004 PM AQCD. Further, the
association reported in this study that evaluated the $-yr time period into early adulthoed not only

- provided evidence for the persistence of the effect, but in addition the strength and robustness of the
HCOmes were more positive, larger, and more certain than previous CHS studies of shorter follow-

up.

Supporting this result are new longitudinal cobort studies conducted by other researchers in
other locations with different methods. Though these studies report resulis for PM,g, availabie dats
discussed above indicate thar the majority of PM ;g i3 composed of PMa s in these areas. New studies
provide positive results from Mexice City, Sweden, and a nationa) cvstic fibrosis cohort in the U.S.
Omne study reported null results in a European cohort described as having potential misclassification
and confounding concerns as well as lacking a homogenous population potentially rendering the
cutcome a3 non-informarive, A natural experiment in Switzerland where PM levels had decreasad,
reported that improvement in air quality may slow the annual rate of decline in lung function in
adulthood, indicating positive consequences for public health. These natural experiments are
considered especially supportive.

The relationship between long-term PM exposure and decreased lung function s thus ssen
during hg growth and inng development in sehool-age children into adulthood. At adult ages
studies continue to show a relationship between decreased ung function and loryg-term PM
exposure. Some newer studies atterpting to study the relationship of long-term PM exposure from
birth through preschool are reporting a relationship. Thus, the impact of long-term PM EXposure is
se_ft:rﬁ over the time period of lung function growth and development and the decline of lung funetion
with aging.

Overall, effect estimates from these studies are negative {ie., indicating decreasing lung
funetion) and the pattern of effects are similar between the studies for FVC and FEV,. Thus, the data
are consistent and coherent across several designs, locations, and researchers. With cantions noted,
the results relating carbron cortent of airway macrophages to decreased measures of pulmonaty
funetion add plausibility to the epidemiclogic findings. Some new studies are using irdividual
estimates of exposure to ambient PM to reduce the impact of exposure error (Downs et al., 2007,
D92353; Jerrett et al., 2005, 0873381,

As was found in the 2004 PM AQCD, the studies report associations with PMa ; and PMyp,
while most did not evaluate PM a0 5. Associations have been reported with fine particle components,
particularly EC and OC. Souree apportionment methods penerally have not been used in these Iomg-
term exposure studies. However, oumerons studies have evaluated exposwres to PM related to traffic
or motor vehicle sources: For example, Meng et al. (2007, 093275) investigated the associations
between traffic and outdoor poilution levels and poorly controlled asthma among adolts who were
respondents o the California Health Interview Survey and found associations for traffic density and
PMp, but not PM. ..

13.2.2. Toxicological Studfes

Urban Air

One new study evaluated the effects of chronic expostre to ambient levels of urban prarticles
on lung development in the mouss (Mauad et al.,, 2008, 136743). Both functional and anstermical
indices of lung development were measured. Male and female BALB/c mice wers comtinngusly
exposed to ambient or filtered Sao Paolo air for § mo. Concentrations in the “polluted chamber™
versus “clean chamber™ were 16.5 versus 2.9 pg/m” PMy 5. Thus PM levels were reduced by
filtration but not entirely eliminated. Ambient concentrations of CO, NO, and 50, were 1.7 ppm,
894 pg/m® and 8.1 pgim’, respectively. Concentrations of gaseous poliutants were assumed to be
similar to ambient levels in both chambers, After 4 mo, the animals were mated and the offipring
were divided into 4 groups to provide for a prenatal exposure group, a postoatal exposure group, a
pre and postnatal exposure group and a control group. Animals were sacrificed at 15 and 90 days of
age for histological analysis of lungs. Pulmonary pressure-volume measurements were also
condueted n the 50-day-old offspring. Statistically significant reductions in inspiratory and
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expiratory volumes were found in the group receiving both prematal and postnatal exposure, but not
in the groups receiving only prenatal exposure or only postnata] exposure, compared with controls,
These changes in pulmonary function correlated: with anatomical changes which are discussed in
Section 7.3.5.1. EURTRENRE

Diesel Exhﬁust

Li et al. (2007, 155929) exposed BALB/c and C56BLJ6 mice to clean air or to low-dose DE
{at a PM concentration of 100 pg/m®) for 7 h/day and 5 days/week for 1, 4 and 8§ wk. Average gas
concentrations were reported to be 3.5 ppm CO, 2.2 ppm NO3z, and less than 9.0] ppm $O,, Airway
hyperresponsiveness (AHR) was evaluated by whole-body plethysmography at Day 0 and after 1,4
and 8 wk of exposure. Short-term exposure responses are discussed in Section £.3.2.3, 6.3.3.3 and
6.3.4.2. The increased sensitivity of airways to methacholine {measured as Penh) seen in C57BL/6
but not BALB/c mice at 1 week was also ssen at 4 wk but not at § wk. This study suggests that
zdaptation occurs during prolonged DE exposure. Influx of inflammatory cells, markers of oxidative
stress and effects of antioxidant intervention were also evaluated {Sections 7.3.3.2 and 7.3.4.1).
Although ne attempt was made in this study to determine the effacts of gaseous eomponants of DE
on the measured responses, concentrations of gases were very low suggesting that PM may have
been responsible for the observed effects.

In many anima] studies changes in ventilatory patterns are assessed using whole-body
plethysmography, for which measurements are reported as eghanced pause (Perh). Some
investigators Teport increased Penh as an indicator of AHR, but these are ineonsistently correlated
and many investigators consider Penh solely an indicator of altered ventilatery timing in the absence
of other measurements to confirm AHR. Therefore use of the terms AHR or aitway responsiveness
has been limited to instances in which the terminology has been similarly applied by the study
investigators,

Gottipolu et al. (2009, 190360) exposed WKY and SH rats to filtered air or DE (particulate
concentration 500 and 2,000 pg/m”) for 4 h/day and 5 days/wk over a2 4-wk period. Concentrations
of gases were 1.3 and 4.5 ppm CO, NC <2.5 and 5.9 ppm NO, <0.25 and 1.2 ppm NOy, 8.2 and
0.3 ppm S0; for low and high PM exposures, respectively. Particle size, measured as geometric
median number and volume diameters, was 85 and 220 nim, respectively. No DE-related effects were
found for breathing parameters measured by whole-body plethysmography, Gther pulmonary effects
are desctibed in Sections 7.3.3.2 and 7.3.5.1.

Woodsmoke

One study evaluated the effects of subchronic woodsmoke exposure on pulmonary function in
Browan Norway rats. Rats were exposed 3 hiday and 5 days/week for 4 and 12 wk 1o air or to
eoncentrated wood smoke from the pinyon pine which is native to the U.S. Southwest gTesfaigzi gt
al., 2002, D25575). PM concentrations in the woodsmoke were 1,000 and 10,000 pg/m”. The
particles in this woedsmoke bad a bimodal size distribution with the smaller size fraction (74%}
characterized by 2 MMAD of 0.405 pm and the [arger size fraction (26%) characterized by a
MMAD of 6.7-11.7 pm. Many of these larger particles would not be inhalable by the rat since 8 um
MMAD particles are ahout 50% inhalable (Ménache et al,, 1995, 006533). Concentrations of pases
were reported 1o be 15-106.4 ppm CO, 2.2-18.5 ppm NO, 2.4-19.7 ppm N and 3.5-13.8 P total
hydrocarben in these exposures. Respiratory function measared by whole-body plethysmography
demonstrated a statistically sigmificant increase in total pulmonary resistance in rats exposed to
1000 pg/m® woodsmoke. Additional effects were found at 10,000 pg/m”. Inflammatory and
histopathological responses were also evaluated {Sections 7.53.3.2 and 7.3.5.1).
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7.3.3. Pulmonary Inflammation

7.3.3.1. Epidemiclogic Sfudies

One epidemiologic study examined the relationship of airway inflammatien (eNG) and PM
measures, other pollutants, and indicators of motor vehicle emissions in Windsor, Ontario (Dales et
al., 2008, 15637&}. This cehort of 2,402 school children estimated PM; 5 and PM 52 s Tor each child’s
residence at the postal code level with an evaluated statistical model {Wheeler et al., 2006, 1035051
Each 10 pg/m’ increase in 1-yr PMg ;s was associated with a 39% increase in eNOQ {p =0.058).
Associations Detween eNCO and FM g 5 were positive but not statistically significant.

7.3.3.2. Toxicological Studies

CAPs Studies

A, set of subchronic studie_g involved exposure of normal (C5YBL1/6) mice, ApoE™ and the
double-knockeout ApoE " /LDLR™ mice to Tuxedo, NY CAPs for 5-6 month {March, April or May
through Septernber 2003 (Lippmann et al., 2005, 087452} The average PM; ; exposre
concentration was 110 pg/m”. Animals were fed a normal chow diet during the CAPs exposure
period. No pulmenary inflammation was observed in response to CAPs exposure as measured by
BALF cell counts and histology. The lack of a persistent pulmonary response may have been due to
adaptation of the lung following repeated exposures. In fact, a paralle} study examined CAPs-related
gene expression in the double-knockout animals and feund upregulation of numerous penes in hung
tissue (Gunnisen and Chen, 2005, 087936). An In vitro study conducted simultaneously found daily
variations in CAPs-mediated NF-«B aetivation in cultured huran bronchial epithzlial cells,
suggesting that transeription factor-mediated pene upregulation could occur in response to CAFs
(Maciejezyk and Chen, 2005, 087456} It should be noted that significant cardiovascular effects were
observed in these subchronic studfes which are discussed in Section 7.2.1.2.

Aravjo et al. (2008, 156222) compared the relative impact of UF {0.01-0.128 |um) versus fine
(0.01-2.5 um) PM inhalation in ApeE™ mice following a 40 day exposure (5 hidayx3 daysiwk for 75
tota] hours). Anfmals were fed & rermal chow diet and exposed to PM from November 3 -December
12, 2005 in a mobile inhalation laboratory that was parked 300 m from the 110 Freeway in
downtown Los Angeles. Particles were concentrated to ~440 pgim”® for PMa : expostres and
~110 pg/m? for the UF exposures, representing 2 roughly 15-fold increase n concentration from
ambient levels; the number concentration of PM in the fine and UF chambers were roughly
equivalent (4.5610° and 5.59x10" particles/cmy®, respectively). Over 50% of the UFPs were
comprised of OC compared to only 25% for PM; 5. No major increase in BALF inflammatory cells
was found in response to PM. However UFP exposure resulted in significant eardiovascular and
systemic effects (Section 72.1.2).

Diesel Exhaust

Gottipolu et al. {2009, 190360} exposed WKY and SH rats to filtered air or DE for 4 wk as
deseribed in Section 7.3.2.2. Previous studies from this laboratory have shown enhanced effects of
PM in SH compared with WKY rats. Although the main focus of this recent study was on DE-
induced mitochondrial oxidative stress and hypertensive gene expression in the heart
{(Section 7.2.7.1}, somé pulmonary effects were also found. Subchronic exposure to DE resolted in a
dose-dependent increase in BALF neutrophils in both rat strains although levels of measured
cytokines were not altered. Histological analysis of lung tissue from rats exposed to the higher
concentration of DE demonstrated sccumulation of particle-laden macrophages as well as focal
alveolar hyperplasia and inflammation. Effect on indices of injury are discussed in Section 7.3.5.1.

Ishihara and Kagawa (2003, 096404} exposed Wistar rats to filtered air and DE containing
200, 1,000 and 3,000 ugx‘nf PM for 16 hiday and 6 daysiwk far 5, 12, 18 or 24 mo. The mass median
pariicle diameter was reported to be between 0.3 and 0.5 pm- Concenirations of gases ranged from
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2.93-35.67 ppm NOy, 0.23-4.57 ppm SO, 1.8-21.0 ppm CO in the DE exposures. Statistieally
significant increases in total nurmbers of inflammatory cells and neutrophils in BALF were observed
beginming at 6-12 mo of exposure to DE containing 1,000 and 3,000 ug/m® PM. When rats were
exposed to DE containing 1,000 pg/m’ PM, which was filtered to remove PM, the inflammatory cell
Tesponse was significant)y dimimshed. These resyls implicate the PM fraction of DE as a key
determinant of the inflammation. The PM fraction was also found to mediate the increase in protein
levels, the decrease in PGE; levels and alterations in mucus and surfactant components observed in
BALTF (Section 7.3.5.1).

Li et al. (2007, 155929) exposed BALB/c and C56BL/6 mice to low dose DE as described i,
Section 7.3.2.2. for 1, 4 and 8 wk. Increases in numbers of BALF mactophages and total
irflammatory cells were observed in BALB/c mice at § wk but not 4 wk of DE exposure. Persistent
inereases in numbers of BALF neutrophils and lymphocytes were observed in both strains at 4 and
& wk of DE exposure. Corresponding increases in BALFE cytokines differed between the two strains.
These results should be interpreted with caution since comparisons were made with Day 0 controls
rather than age-matched controls. No bistopathological changes in the lungs were seen at any time
point after DE exposure. This study demonstrated differences in pulmonary responses to low dose
DE between two mouse strains. AHR, pulmonzry inflammation, markers of oxidative stress and
effects of antioxidant intervention were aiso evaluated (Sections 7.3.2.2 and 7.3.4.1). Although ne
attempt was made in this study to determine the effects of gaseous compoments of DE on the
measured responses, concentrations of gases were very low suggesting that PM may have been
regponsible for the observed effeets.

In a study by Hiramatsu et al. (2003, 155846 ), BALB/c and C57BL/6 mice were exposed to
DE (PM concentrations 100 and 3,000 pg/m®) for 1 or 3 mo. Concentrations of gases were reported
to be 3.3-9.5 ppm CO, 2.2-14.8 ppm NO., and less than 0.01 ppm 505, Modest increases in BALF
neutrophils and Iymphocytes were observed in response to DE in botk tonse strains at 1 and 3 mo.
Histological analysis demonstrated diesel exposure particle-laden alveolar macrophages mn alveoli
and peribronchial tissues at both time points. Bronchus-associated iymphoid tissue developed after
3-month £xposure to the higher concentration of DE in both mouse sirains. Mac-1 positive cells (a
marker of phapoeytic activation of alveolar macrophages} were also increased in BALF of BALE/c
mice exposed to the higher concentration of DE for 1 2nd 3 mo. Increased expression of several
cytokines apd decreased expression of iNOS mRNA was observed in DE-exposed mice at 1 and
3 mo. NF-xB activation was also noted following 1-month exposute 19 the lower concentration of
DE. Ne attempt was made in this study 1o determine the responses to gaseous components of the DE,

In a study by Reed et al. (2004, 055625), healthy Fisher 344 rate and A/J mice were exposed to
DE (PM concentration = 30, 100, 300 and 1,000 pp/m™} by whole body inhalation for 6 hiday,

7 daysfwk for either | week or é me. Concenirations of gases were reported to be 2.0-45.3 ppm NO,
0.2-4.0 ppm N0, 1.5-29.8 ppm CO and 8-365 prb 80,. Short-term responses are discussed in
Section 6.3.3.3 and 6.2.7.2, and sub-chronic systemic effects are presented in Section 7.2.4.1. Six
months of exposure resulted in no measurable effects on pulmonary inflammation. However
numergys black particles were observed within alveolar macrophages after 6 mo of exposure.

Seagrave et al. (2003, 088000) evaluated pulmonary responges In male and female CDF
{F-344)/CrlBR rats exposed 6 W/day for 6 mo to fittered air or DF at coneenirations ranging from
30-1000 pg/m® PM. Concentrations of gases were reported for the highest exposure as 45,5 ppm NO,
4.0 ppm NO,, 29.8 ppm CO and 2.2 ppm total vapor hydrocarbon. No chanpes in BALF cells wers
noted. A small decrease in TNF-o was seen in BALF of female rats exposed to the highest

concentration of DE for 6 meo. Pulmonary injury also was evaluated (Section 7.3.5.1). Thus chanpes
in BALF markers were modest and gender-specific.

Woodsmoke

Seagrave et al. (20035, 083000) also evaluated pulmenary responses in male and female CDF
(F344)/CrIBR rats exposed 6 hiday for 6 mo to filtered air or hardwood smoke concentrations
ranging from 30-1.000 pug/m® PM. Concentrations of Eases were reported for the highest exposure as
3.0 ppm CO and 3.1 ppm total vapor hydrocarbon. A small incresse in BALF nsutrophils was
observed in male rats exposed to the lowest concentration of hardwood smoke. Female rats exhibited
a decrease in BALF macrophage inflammatory protein-2 {MIP-2) at the highest concentration of

hardwood smoke. Putmonary injury also was evaluated (Section 7.3.5.1). In general, responses to
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hardwood smoke were more remarkable than responses to DE seen in 2 parallel study. However
these gender-specific responses were modest and difficult to interpret.

In a gtudy by Reed et al. (2006, 156043), Fisher 344 rats, SHE rats, A/J mice and
C57BL/6 mice were exposed to ¢lean air or hardwood smoke (PM concentrations 30, 100, 308 and
1,000 pg/m®) by whole body mbatation for 6 hiday, 7 days/wk for either 1 week o1 6 mo.
Concentrations of gases ranged from 229 .0-14887.6 mg/m? for CO, 54.9-129.3 pg/m’® for amnmonia,
and 177.6- 3455.0 pg/m® nonmethane VOC in these exposures. Short-term responses are discussed
in Section 6.3.7.2 and sub-chronic effects are presented in Section 7.2.4.1. Histological analysis of
lung tissue showed minimal increases in alveolar macrophages. The effects of hardwood smoke on
bacterial clearance are discussed below {Section 7.3.7.2).

Another stdy evaluated the effects of subchronic woodsmoke exposure in Brown Norway rats
and is described in detall in Section 7.3.2.2 (Tesfaigz et al., 2002, 025575}, Mumbers of alveclar
macrophages in BALF were significantly increased in rats exposed to 1,000 pg/m? woodsmoke for
12 wk, but no chanpes were seen in numbers of other inflammatory cells. A large percent of BALF
macrophages contained carbonacecus material. Histological analysis of lung tissue showed minimal
to mild inflammatior in the epiglottis of the larynx in rats exposed to both concentrations of
woodsmoke.

Ramos et al. (2009, 190118) examined the effects of subehronic woodsmoke expasure on the
development of emphysema in guinea pigs. Inflammation is thought to be invalved in the
pathogenesis of this form of COPD. Statistically significant increases in total numbers of BALF cells
were observed in guinea pigs exposed to smoke for 1-7 mo, with numbers of macrophages increased
at 1-4 mo and numbers of neutrophils increased at 4-7 mo. At 4 mo, alveolar mononuclear
phagocytic and lymphocytic peribronchiolar inflammation were observed by histological analysis of
[ung tissne. This study is discussed in depth in Section 7.2.5.1.

Model Particles

Wallenborn et al. (2008, 191171) examined the pulmonary, cardiac and systemic effects of
subchronie exposure to particulate ZnS0,. WKY rats were exposed nose-only 1o 10, 30, or
100 pg/m* UFP of ZnS0, for 5 hiday and 3 day/wk over a 16-wk period. Particle size was reported
to be 31-44 nm measured as rumber median diameter. No changes in pulmonary inflammation or
injury were observed although cardiac effects were noted (Section 7.2.7.1). This study possibly
dernonstrates a direct effect of Zn50, on extrapulmanary systems, as suggestad by the lack of
puwmeonary effects.

7.3.4. Pulmonary Oxidative Response
1.3.4.1. Toxicological Studies

Urban Air

-One new study evaluated the effects of subehromic exposure to ambient lavels of urban
particles on the development of emphysema in papain-treated mice (Lopes et al., 2009, 1904303,
Since oxidative stress is thought to contribute to the development of emphysema, 8-isoprostane
levels were measured in lung tissne from the four groups of mice used in this study. A statistically
signifieant increase in 8-isoprostane, a marker of oxidarive stress, was observed in lungs from mice
treated with papain and exposed to ambient air compared with the other groups of mice. This study
is described in greater depth in Section 7.3 .5.].
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Diesel Exhaust .- . .- -

Liet al. (2007, 135929) exposed mice to low dose DE for 1, 4 and 8 wi as described in
Section 73.2.2. Markers of oxidative stress and effects of antioxidant intervention were evaluated in
this model. While HO-1 mPNA and protein were increased in lung tissues of both mouse strains
after 1 week of DE exposure (Section 6.3.4.2), at 8 wk of DE exposure, HO-1 protein levels
remained high in C57BL/6 mice but returned to control values in BALB/c mrice, This study
demonstrates differences in pulmonary responses to low dose DE between two mouse strains,
Furthermore, this study suggests that adaptation oecurs in BALB/c mice during prolonged DE
eXposure since the increase in HO-1 protein seen in both strains at 1 week of EXPOSUre was only seen
in C57BL/S mice at § wk. AHR ($ection 7.3.2.2) and pulmonary inflammation {Section 7.3.3.3)
were also evaluated, Although no attempt was made in this study to determine the effects of gaseous
components of DE on the measured responses, concentrations of Eases were very low. This suggests
that PM may have been responsible for the observed effects.

1.3.5. Pulmonary Injury
1.3.5.1. Toxicological Studies

Urban Air

One new study evaluated the effects of chronic exposure to ambient levels of urban particles
on lung development in the mouse (Mauzd et al., 2608, 156743 J. Both functiona) and anatomicai
indices of lung development were tmeasured in mice exposed prenatally and/or postnatally as
deseribed in Section 7.3.2.2. Animals wete sacrificed at 15 and 90 days of age for histological
analyzis of lungs. Histological analysis demonstrated the presence of mild focl of macrophages
containing black dots of earbon pigment in the prenatal and postratal exposure group at 90 days. In
addition, the alveolar spaces of I5-day old mice in the prenatal and postnatal exposure group were
enlarged compared with centrols. Motphometric analysis demonstrated statistically significant
decreases in surface to volume ratio at 15 and 90 days in the prenatal and postnatal exposure £roup
compared with controls. Since alveolarizetion is notmally complete by 15 days of age, these results
suzgest incomplete alveolarization in the ] 5-day-old group and an ealargement of air spaces in the
90-day-old group. These anatomical changes correlated with decrements in pulmonary function
which are discussed in Seetion 7.3.2.2.

Prolonged exposure to low levels of ambient air pollution beginning in early life has been
linked to secretory changes in the nasal cavity of mice, specifically increased production of acidic
mucosubstances (Pires-Neto et al., 2006, (196734). Six-day-old Swiss mice were continuously
chamber exposed to ambient or filtered S30 Paulo air for 5 mo. Concentrations in the “polhrtad
chamber” versus “clean chamber” were (in ug/m*) 59.52 versus 37.08 for NO,, 12.52 versus 0 for
BC, and 46.49 versus 18.62 for PM; s Thus, pollutant levels were reduced by filtration but not
entirely eliminated. Compared to filtered air, exposare to ambient air resuited in increased total
mucus and acidic mueus in the epithelium lining the nasal septumn, but ng statistically significant
differences in other parameters {amount of neutral mucus, volume proportions of newiral muens,
total mucus, or nonsecretory epithelium, epithelial thickness, or ratio between neytral and acidic
mucns}. The physicochemical properties of mucus glycoproteins are critical 1o the protective
function of the airway mucus layer. Acidified mucus is more viscous, and is associated with a
decrease in mucociliary transport. Thus acidic milcosubstances may represent impaired defense
mechanisms in the respiratory wact.

One new study evaluated the effects of subchronie exposure to ambient levels of urban
particles on the development of emphysems in papain-treated mice {Lopes et al., 2009, 190430}
Emphysema is 2 form of COPD caused by the destruction of extracellular matrix in the alveolar
region of the lung which results in airspace enlargement, airflow limitation and a reduction of the
gas-exchange area of the lung. Inflammation, oxidative stress, protease imbalance and apoptosis are
thought to contributz to the development of emphysema. In this study, male BALB/c mice were
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continuously exposed to ambient or filtered Sao Paulo air for 2 mo. Concentrations of PM,  in the
“polluted chamber” versus “clean chamber” were 33.86 £ 2.09 versus 2.68 £ (.38 pg/m’. Thus
filtration reduced PM Jevels considerably, Ambient concentrations of CQ and SO, were 1.7 ppmo and
16.2 pug/m’ respectively. No significant difference was observed in the concentrations of N0. in the
“polluted chamber” versus “clean chamber” (60-80 pg/m?). Half of the mice were pre-treated with
papain by intranasal insti[lation in order to induce emphysema, Morphometric analysis of ling tissue
demonstrated & statistically significant increase in mean lnear intercept, 3 measure of airspace
enlargement, jn papain-treated mice compared with saline-treated controls exposed to filtered air
While exposure to ambicnt air failed to increase mean linear intercept values m saline-treated mice,
mean linear intercept values were significantly increased in papain-treated mice exposed to ambient
air compared with papain-ireated mice exposed to filtered air. A similar pattern of responses was
observed for the volume proportion of collagen and elastin fibers in alveolar tissue, which aze
markers of alveolar wall remodeling. Lung immunohistochemicsl analysis demonstrated an effect of
Papain, but not ambient air, on macrophage cell density and matrix metalloproteinase 12-positive
cell density, No differences in caspase-3 positive cells, a marker of apoptosis, were observed
between the four groups of mice. Oxidative stress was evaluated in this medsl as described in
Section 7.3.4.1. Taken together, results of this study demonstrate that urban levels of PM, mainly
from traffic sources, worsen protease-induced emphysems in an animal model.

Pulmonary vascular remodeling, measured by a decrease in the lumen to wal) ratio, was
observed in miee exposed to ambient Sao Pawlo air for 4 mo {Lemos etal., 20006, 088594). This
study is described in greater detafl in Section 7.2.1.2.

Kato and Kagawa (2003, 089563) exposed Wistar rats to roadside air contarmninated mainly
with automobile emissions (55.7-63.2 ppb NO; and 63-65 pg/m’ suspended PM [SPM]) and
exarnined the effects on respiratory tissue after 24, 48, or 60 wk of exposure. The surface of the
Irngs was light gray in color after all durations of exposure, and BC particle deposits accumulated
with prolonged exposure. These characteristics were not evident in filtered air-exposad sontrol
animals, although filtered air contaired low levels of 2ir pollutants (< 6.2 ppt NO; and 15 pg/m”
SPM}. The most common change observed using transmission electron microscopy was the presence
of particle laden (anthracotic) alveolar macrophages, or anthracosis, in a wide range of pulmonary
tissues, including the submucosa, traches)- and bronchiole-associated lymph nodes, alveolar wall
and space, plewra, and perivaseular connective tissue. These changes were evident after 24 wk and
increased with duration of exposure. Other changes included increases in the number of mucus
granules in gobiet cells, mast cell infilnation (but no degramulation) after 24 wk, increased
tysosomes in ciliated czlls, some altered morphology of Clara cells, and hypertrophy of the alveslar
walls after 48 wk. No goblet ee]l proliferation was observed. but slight, variable acidification of
rrucus granules appeared after 24 and 48 wi and disappesred after 60 wk. Anthracotie macrophages
were seen in contact with plasma cells and lymphoeytes m the lymphoid tissue, suggesting immuone
cell interaction in the immediate vicinity of particles. Even after 60 wk, no lymph node anthracosis
was observed in the filtered air group.

Ir a post-mortem study of lung tissues from 20 female lifelong residents of Mexico Clty, 2
high PM locale, histology demonstrated significantly greater amounts of fibrous tissue and muscle in
the airway walls compared to subjects from Vancouver (Churg et al_, 2003, DRTR9DY, a city with
relatively low PM levels, Electron mieroscopy showed carbonaceous aggregates of UFPs, which the
authots conclude penetrate into and are retained in the walls of small airways. The study shows an
association between retzined particles and airway remodeling in the form of excess muscle and
fibrotic walls. The subjects were deemed suitable for exarnination based on neversmolker status, no
use of bigmass fuels for cocking, no known oceupational particle/duest exposure, death by cause
other than respiratory disease, and extended residence in each locale (lifelong for Mexico City and
#20 yr for Vancouver), However, subjects from the two locales wers not matched with respect to
ethnicity, sex (20 females from Mexico City versus 13 famales and 7 males from Vancouver), or
mean age at death (66 & 9 versus 76 £ 11}, and other possibly influential factors such as exercise ar
dier were not considerad,

Diesel Exhaust

Gottipolu et al. {2009, 190360} exposed WK Y and SH rats to filtered air or DE as described in
Section 7.3.2.2, Previous studies from this laboratory have shown enhanced effects of PM in SH
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compared with WK rats. Although the main foeus of this recent study was on DE-induced
mitochondrial oxidative stress and hypertensive gene expression in the heart (Section 7.27.1), some
pulmonary effects were found. Inflammarory effects are described in Section 7.3.3.2. GGT activity
n BALF was increased in both strains in response to the higher concentration of DE. No DE-related
changes were observed in BALF protein or albumin. Histelogical analysis of lung tissue frorm rats
exposed 1o the higher concentration of DE demonstrated accumulation of particle-laden
macrophages as well as focal alveolar hyperplasia and inflammation. No effects on indices of
pulmonary function were observed (Section 7.3.2.2.)

Ishihara and Kagawa (2003, 096404) exposed rats to DE for up to 24 mo as deseribed in
Section 7.3.3.2. A statistically significant increase in BALF protein was observed at 12 mo of
exposure to DE containing 1,000 pg/m’ PM. This response was attenuated when the DE was filtered
to remove PM. Pulmonary inflammation was noted and is described in Section 7.3.3.2.

Seagrave et al. (2005, 088000} evaluated pulmonary responses in rats exposed to DE for up to
6 mo as described in Seetion 7.3.3.2. A small increase in LOH was seen in BALF of female rate
exposed to the highest concentration of DE for 6 mo. Pulmonary inflamroation was alse evaluated
(Section 7.3.3.2). The changes in BALF markers in this stndy were modest and pender-specific.

Gasoline Exhaust

Reed et al. (2008, 136503) examined a variety of health effects following subchremic
inhalation exposure to gasoline engine exhanst. Male and female CDF (F344)/CtIBR. rats, SHE. rats
and male C57BL/S mice were exposed for 6 hiday and 7 daysiwk for a petiod of 3 days-6 mo. The
dilutions for the gasoline exhanst were 1:10, 1:15 and 1:90; filtered PM was at the 1:10 dilution. PM
mass ranged from 6.6 to 59.1 pg/m’, with the corresponding number concentration between 2.6% 10%
and 5.0x10" particlesiem’, Concentrations of gases ranged from 12.8-107.3 ppm CO, 2.0-17. pprn
NO, 0.1-0.8 ppm NQ;, 0.09-0.62 ppm 505 and 0.38-3 37 ppm NH;. Other effects are described 1n
Sections 7.2.4.] and 7.3.6.1. No pulmonary inflarmmation or histopathelogical changes were noted in
the F344 rats and A/J miee, except for a time-dependent increase in the number of macrophages
comtaining PM. However statistically significant increases of 47% and 29% in BALF LDH were
observed in female and male F344 rats, respectively, after 6 mo of exposure to the highest
concentration of engine exhaust. This response was absent when gasoline exhaust was filtered,
implicating PM as a key determinant of this response. In addition, exposure to the highest
concentration of gasoline exhanst resuited in statistically significant decreases in hydrogen peroxide
and superoxide production in unstimulated and stimulated BALF macrophages. Hypermethylation of
lung DN A was observed in male F344 rats following 6 mo of exposure to gasoline exhanst
containing 30 pg/m” PM. This response was PM-dependent since it was absent in mice exposed ta
filtered gasoling exhaust. The significance of this epigenetic change in terms of regpiratory health
effects is not known. However, altered patterns of DNA methylation can affect gene expression and
are sometimes associated with altered immune responses and/or the development of cancer.

Woodsmoke

Seagrave et al. (2003, 188000) also evalnated pulmonary responses in rats exposed to
hardwaood smoke for 6 mo as described in Section 7.3.3.2. Increases in BALF LDH and protein were
seen In male bat not female rats. Female rats exhibited a decrease in BALF glutathione at the highest
cencentration of hardwood smoke. Decreases in BALF alkaline phosphatase were found in both
males and fernales exposed t¢ 1,000 ug/m?® hardwood smoke. Male rats expozed to 100 and
300 pg/m’ hardwood smoke exhibited a decrease in BALF B-glucuronidase activity. Pulmonary
inflaremation was also evaluated (Section 7.3.3.2). These changes in BALF markers in this study
were modest and gender-specific.

Another study evaluated the effects of subchronic woodsmoke exposure in Brown MNorway rats
as deseribed in Section 7.3.2.2. (Tesfaipzi et al,, 2002, 025575). Exposure to 1,800 pgim®
woodsmoke forl2 wk resulted in e staristically significant inerease 1n Alcian Blue- {AB) and
Periodic Acid Schiff- (PAS) positive airway epithelial cells compared to controls, indicating an
inerease in mucous secretory cells containing neutral 2nd acid mucus, respectively, More sigmficant
histopathelogical responses were found following exposure to 10,000 ng/m? of DE. Pulmonary
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function and inflammation were evaluated also but are not discussed here due to the extremely high
exposure level (Sections 7.3.2.2, and 7.3.3.2).

Ramos et al. (2009, 190116) examined the effects of subchronic woodsmoke exposure on the
development of emphysema in gnirea pigs. In particular, the involvement of macrophapes and
macrophage-derived MMP in woodsmoke-related responses was investigated. Guinea pigs were
exposed to ambient 2ir or to whole smoke from pine wood for 3 hiday and 5 daysfwk over a 7-month
petiod. PM g and PM; 5 concenirations in the exposure chambers were reported to be 502 £ 34 and
363 & 23 pg/ns’, respectively, while the concentration of CO was less than $0 ppm. COHb levels
were reported to be 6% in controls and 15-20% in smoke-exposed guinea pigs. Statistically
significant decreases in body weight were observed in puinea pigs exposed to smoke for 4 or more
morths compared with controls. Statistically significant increases in total numbers of BALF cells
were observed in guinea pigs exposed to smoke for 1-7 mo, with members of maerophages Increazed
at 1-4 month and numbers of newtrophils increased at 4-7 mo. At 4 mo, alveolar mononnclear
phagocytic and lymphocytic peribronchiolar inflammation, as well as brenchiolar epithelial and
smooth muscle hyperplasiz, were observed by histological analysis of lung tissue. Emphysematons
lesions, smooth muscle hyperplasia and pulmonary artersal hypertension were noted at 7 mo.
Morphometric analysis of lung tissue demonstrated statistically sipnificant increases m mean linear
intercept values, a measure of airspace enlargement, in guinea pigs at 6 and 7 mo of EXpOSULe.
Statistically significant increases in elagtolytic activity was observed in BALF macrophages and lung
tissue homogenates at 1-7 mo of exposure. Lung collagenolytic activity was also increased at 4-7 mo
of exposure and corresponded in time with the presence of active forms of MMP-2 and MMP-© ig
lung tissue homogenates and BALF. Furthermore, MMP-1 and MMP-9 lmrounoreactivity was
detected in macrophages, epithelial and interstitial cells in smoke-exposed animals at 7 mo.
Increased levels of MMP-2 and MMP-9 mRNA were also faund in smoke-exposed puinea pigs after
3-7 mo. Apoptosis was found in BALF macrophages (TUNEL assay) from guinea pigs exposed to
smoke for 3-7 mo ard in alveolar epithelial cells (caspase-3 immunoreactivity) after 7 mo. Taken
together, these resnlts provide evidence that subchronic exposure to woodsmoke leads to the
development of emphysematous lesions accompanied by the aconmnlation of alveolar macrophages,
increased levels and activation of MMPs, connective tissue remodeling and apoptosis. However, the
high levels of CO and COHb reported in this study make it difficult to conclude that woodsmoke PM
alene is responsible for these dramatie effects.

7.3.6. Allergic Responses

7.3.6.1. Epidemiologic Studies

A pumber of epidemiociogic studies have found associations between PM and allerpic {or
atopic) indicators. Allergy is a major driver of asthma, which has been associated with PM in studies
discussed in previous sections. In a study by Annesi-Maesano (20607, 093130) (deseribed in
Section 7.3.1.1) atopic asthma was related to PM3s {OR 1.43 [95% CI: 1.07-1.91]) and positive skin
prick test to common allergens was also increased with higher PM levels. This report is consistent
with the results from an earlier study (Penard-Morand et al., 2005, 0879513 in the same sample of
children that associated allergic rhinitis and atopic dermatitis with P, Also, Morgenstern et al.
{2008, 156782} found statistically significant effects for asthmatic bronchitis, hay fever, and aliergic
sensitization to pollen in a cohort of children in Germany examining modeled PM;. data at hirth
addresses. Distance to a main road had a dose-response relationship with sensitization to ontdoor
allergens. Nordling et al. (2008, 097998) (discussed above in Section 7.3 2.1} reported a positive
association of PM g exposure during the first year of lifs with allergenic sensitization {IgE
antibodies) to inhaled allergens, especially pollen. In a study by Brauer et al. (2007, 090691
(discussed above in Section 7.3.1.1) an interquartile range increase in PM, s was associared with an
mereased risk of sensitization to food allergens (OR 1.75 [95% CI 1.23-2.470) A significant
association was found for sensitization to any aflergen, but nons was found for sensitzation to
specific indoor or outdoor aeroallergens or atopic dermatitis {eczema). In a study by Janssen et al,
(2003, 133553), PM; s was associated with allergic indicators such as hay fever {ever), skin prick test
reactivity 1o outdoor allergens, current itchy rash, and copjunctivitis in Duteh children. These same
cuteomes were also associated with proximity of the school to truck traffic but not car traffic,
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suggesting a role for diesel-relaied pollution. Consistent with the aforementioned Dutch study by
Brauer et al. (2007, 090691}, PM, < was not assooiated with eczema.

Mortimer et al. (2008, 187280) examined the associztion between prenatal and early-lifs
exposures to air pollutants with allergic sensitization in a cohort of 170 children with asthma, ages
6-11 yr, living in central California. Sensitization to at least one allergen was associated with higher
levels of PMy;and CO during the entire prepnancy and 2nd trimester and higher PM,o during the
first 2 yr of life. Sensitization to at least one indoor allergen was assoeiated with higher exposures to
PMigand CO in during the entire pregnancy and during the 2nd timester. However, no significant
associations remained for PM,; after adjustment for copollutants, effect modifiers, or potential
cofounders in addition to year of birth. The awthors advise that the large number of comparisons may
be of concern and this study should be viswed as an exploratory, hypothesis-generating undertaking.
In examining the National Health Tnterview Survey for the years 1997-2006, Bhattacharyya et al.
(2009, 1801.34) found relationships between air quaiity and the prevalence of hay fever and sinusitis.
However, the air guality data were not clearly defined and as such caution is required in
mterpretation of these results. In contrast, Bayer-Ogleshy et al. (2005, 086245) found no significant
association between declining levels of PM,; and hay fever in Switzerand. In & study by Ofedal et
al. (2007, 19194%) conducted in Oslo, Norway, early-life exposure to PM,y ot PM; s was generally
not associated with sensitization te allergens in 9- to 10-yr-0ld children; lifetime exposures to PM;,
and PM; ; were associated with dust mite allergy, but the azsociation was diminished by adjustment
for socioeconomie factors . In Norway, wood burning in the wintertime is thought to aceeunt for
about half of the PM s levels. Although associations between PM and reactivity to specific allergens
have been reported in long-term studies, there is 2 consistent lack of correlation between PM and
total IgE levels, indicating a selective enhancement of allergic respomnses.

7.36.2. Toxicological Studies

Diesel Exhaust

Exposure to relatively low doses of DE has been shown to exacerbate asthmatic responses in
ovalbumin (QOVA}Y sensitized and challenged BALB/c mice (Matsumoto et al., 2006, 198017y Mice
were intraperitoneally sensitized and intranasally challenged 1 day prior to inhalation exposure to
DE (PM eoncentration 100 pg/m™; CO, 3.5 PP NO3, 2.2 ppr; SO, <0.01 ppm) for 1 day or 1, 4, or
8 wk (7/h/day, 5 days/wk, endpoints 12 h post DE exposure). Results from the 1- and 4-wk
exposures are described in Section 6.3.6.3. It should be noted that control mice were left in a clean
T00m 33 opposed to undergoing chamber exposure to filtered air. The significant increases in AHR
and airway sensitivity observed following shorter exposure periods did not persist at § wk. BALF
oytokines were altered by DE exposure with only RANTES significantly elevated after 8 wk. DE
kad no effect on OVA challenpe-induced peribronchial inflammatory or mucin positive cells, These
results suggest that adaptive processes may have occurred during prolonged exposure to DE.

Gasoline Exhaust

In a study by Reed et al. (2008, 156903), BALB/c mice were exposed to whole gasoline
exhaust dituted 1:10 (H), 1:15 (M), or 1:90 (L), filtered exhaust at the 1:10 {HF), or clean air for
6 h/day (atmospheric characterization described in Seetion 6.3 6.3). GEE exposure from conception
through 4 wk of age induced slight but non-significant increases in OVA-specific [gG1 in offspring
but had no significant effect on airway reactivity, BALF cytokine or cell concentrations, although
there were non-significant increases in lung neutrophils and ecsinophils. Significant increases in
total serum IgE were observed. but this effect persisted after filtration of particles and was thuy
attributed to gas phase components.
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Woodsmoke

In a study by Testfaigzi et al. (2005, 156116), Brown Norway rats were sensitized and
challenged with O'VA. Rats were exposed for 70 days to filtered air or to 1,000 pg/m’ hardwood
smoke. Particles were characterized by a MMAD of 0.36 um. Concentrations of gases were reported
to be 13.0 ppm CO and 3.1 ppm total vapor hydrocarbon with negligible NOw. Respiratory fonction
was measured In anesthetized animals by whole-body plethysmography apd demonstrated a
significant increase in functional residual capacity as well a3 a significant increase in dynamic Jung
compliance in hardwood smoke-exposed animals compared to controls. No change in total
pulmonary resistance or airway responsiveness to methacholine was observed. BALF inflammatory
cells were not increased, although histelogical analysis demonstrated focal inflammation including
granulomatous lesion and eosinophilic infiitrations in hardwood smoke-exposed rats. Alterations of
several cytokines in BALF and plasma were noted. Changes in airwsy epithelial mucus cells and
imtraspithelial stored mucosubstances were modest and did not achieve statistical significance.
Results of this study demonstrate that subehromic exposure to hardwood smoke had minimal effects
on pulmenary responses in a rat model of allergen sensitization and challenge.

71.3.7. Host Defense

1.3.7.1. Epidemiologic Studies

Epidemiologic studies of respiratory infections indieate ap association with PM. This is more
gvident when considering short-term exposnres (Chapter 6), but studies of long-term exposures have
observed agsociations with general respiratory symptoms often cansed by infection, such ag
branchitis. In a birth cohort study of approximately 4,000 Dutch children, Brauer et al. (2007,
090631 ) deseribed in Section 7.3.1.1) found significant positive associations for PM; s with
ear/nose/throat infections and doctor-diagnosed flu/serious cold in the first 4 yr of life. These results
are sonsistent with an earlier study by Brauer et al. {2006, 090757), which found that sn increase of
10 jg/m” PMy s was associated with increased risk for ear infections in the Netherlands [OR 1.50
(35% CL, 1.00-2.22)]. A Swiss siedy by Bayer-Ogleshy et al. (2005, 086245}, discussed im
Section 7.3.1.1 above, demonstrated that declining levels of PM, were associated with declining
prevalence of common cold and conjunctivitis. Because traffic-related pollutants such as UFPs are
high near mwajer roadways and then decay exponentally over a shert distance, Williams, et al. (2009,
191945} assessed exposure according 1o residential proximity to major roads in a Seattle area study
of postmenopausal women. Proximity to major roads was associated with a 21% decrease in natural
killer cell functien, which is an important defense against viral infection and turnors. This finding
was limited to women who reported exercising near traffic; other markers of inflammation and
lymphocyte proliferation did not cousistently differ according to proximity to major roads. In the
Puget Sound region of Washington, Karr et al. (2009, 191946) reported that there may be a modest
increased risk of bronchiolitis related to PM; s exposure for infants botn just before the peak
respiratory syncytial virus (RSV) season. Risk estimates were stronper when testricted to cases
specifically attributed to RSV and for infants residing closer to highways. Emerging evidence
suggests that respiratory infections, particularly infection by viruses such as RSV, can cause asthma
or trigger asthima attacks.

7.3.7.2. Toxicological Studies

Diesel Exhaust

BE may affect systemic immanity. The proliferative response of A/J mouse spleen ealls
foliowing stimulation with T cell mitopens was suppressed by § mo of daily exposure to DE at
concentrations at er above 300 pa/m” PM {Burchiel et al., 2004, 033557). B cel) gm]iferatinn WaS
increased at 300 pgfm® but unaffected at higher concentrations (up to 1,000 pg/n’). Concentrations
of gases and were reported in the parallel study by Reed et al. (2004, 033623, deseribed n
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Section 7.3.3.2. The Reed study reported a decrease in spleen weight in male mice (27% reduction in
the 300 pp/m® exposure group). The immunosuppressive effects of DE were not due to PAHS or
benzo{a)pyrene (BaP)-quinones (BPQs) since there were littls, if any, of these compounds present in
the chamber atmosphere, It should be rioted that sentinel animals were negative for mouse
parvovirug at the start of the study, but seroconverted by the end of the stedy, indicating possible
infeetion. Parvovirus can interfers with the modulation of Iymphocyte mitogenic responses (Baker,
1998, 156245). A 6-month exposure (6h/day, Fdfwi) to 30, 100, 300 or 1,000 pg/m® of PM iz DE did
not significantly affect bacterial clearance in C57BL/6 mice infeeted with Fyendomonas ROFE,
although a]l levels reduced bacterial clearance when the exposure only lasted a week (Harrod et al,
2005, 088144). Characterization of the exposure atmosphere was given by Reed et al. (2004,
055625) (Section 7.3.3.2).

Gasoline Exhaust

In a study by Reed et al. {2008, 156903) (described in Section 6.3.7.2) long-term exposure to
fresh gasoline exhaust (6h/day, 7d/wk for 6 mo) did not affect clearance of P agruginosa from the
Iungs of C57BL/6 mice.

Hardwood Smoke

One study demenstrated immunosuppressive effects of hardwood smoke (Burchiel et al., 2005,
082090). Exposure to hardwood smoke increased proliferation of T cells from A/J mice exposed
daily to 100 ugsm® PM for 6 mo, but produced a concentration-dependent suppression of
proliferation at PM concentrations >300 pefm®. No effects on B cel] proliferation were observed.
Concentrations of NG and MO, were not detectable or <40 peb for all exposure levels. CO was
reported ta be 2, 4, and 13 ppm for the 100, 300 and 1,000 ugim® PM concentrations, respectively.
Exposure atmospheres contained significant levels of naphthalene and methylated napthalenes,
fluorene, phenanthrene, and anthracens, as well as low concenirations of several metals (K, Ca, and
Fe} {Burchiel et al., 2003, 088090). It should be noted that serologic analysis of study sentinel
animals indicated infection with parvevirus , whick can interfere with the modulation of [ymphoeyte
mitogenic responses (Baker, 1998, 15624%). In another study by Reed et al. {2006, 156043)
C57BL/6 mice were exposed 10 30-1,000 pg/m’ hardwood smoke by whole-body inhalation for 6
mo prior to instillation of 2 geruginosa. Exposure chiaracterizations are described in Section 7.3.32.
Althgugh there was a trend toward increased cizarance with INCcreasing exposure concentrations,
there was no statistically significant effect of hardwood smoke exposure on bacterial clearance.

7.3.8. Respiratory Mortality

Two large U.S. cohort studies examined the effect of long-term exposure to PM; < on
respiratory mortality with mixed results. In the ACS study, Pape et al. (2004, 055880) reported
positive associations with deaths from specific cardiovascnlar diseases, but no PM; 5 associations
were found with respiratory mortality. A foilow-up to the Harvard Six Cities study (Laden et al.,
2006, 087605) used updated air pollition and mertality datz and found positive associations between
long-term exposure to PM; ; and mortality. Of special note is a statistically significant reduction in
mortality risk reported with reduced lopg—term fine particle concentrations observed for deaths due
to cardiovascular and respiratory causes, but not for lung cancer deaths. There is some evidence for
an association betwsen PMy s and respiratory mortality arnong post-neonatal Infants {ages 1 month-1
yeat) {Section 7.4.1). In summary, when deaths due to respitatory causes are separated from all-
cause (nonaceidental) and cardiopulmonary deaths, thete is limited 2nd inconsistent evidence for an
effect of PMy 5 on respiratory mortality, with one large echort study finding a reduction in deaths due
to respiratory causes associzted with reduced PM, congentrations, and another large cohort study
finding no PMa s associations with respiratory mortality.
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7.3.9. Summary and Causal Determinations

713391, PMy;

The epiderniologic studies reviewed in the 2004 PM AQCD suggested relationships between
iong-term PM, 4 and PM: < (or PM ) exposures and increased incidence of respiratory sympioms and
disease. One of these studies indicated associations with bronchitis in the 24-¢ity cohort (Dockery et
al., 1996, 046219). They also suggested relationships between long-term exposurs to PMy s and
pulmonary fimetion decrements in the CHS (Ganderman et al., 2000, 01253 1; Gauderman et al.,
2002, 026(1 3). These findings added to the database of the earlier 22-¢ity stody of PM2; (Raizenne
et al, 1996, 077268) that found an association between exposure to ambient particle sirong acidity
and impairment of lung function in childrer. No long-term exposure toxicological studies were
reported in the 2004 PM AQCD.

Recent studies have greatly expanded the evidence available sinee the 2004 PM AQCD. New
analyses have been conducted that include longer follow-up periods of the CHS cohort through 18 y1
of age and provide evidence that effects from exposure to PM, 5 persist into early adulthood.
Ganderman et al. (2004, 056369} reported that PM; ; exposure was associated with clinically and
statistically significant deficits in FEV attained at the age of 18 yr. In addition, the strength and
robustness of the outcomes were larger in magnitde, and more precise than previous CHS studies
with sherter follow-up perfods. Supporting this result are new longitudinal cohort stndies conducted
by other researchers in other locations with different methods. These studies report results for PM
that is dominated by PMys. New studies provide positive associations from Mexico City, Sweden,
#nd 2 national aystic fibrosiz eohort in the 17.8. A natural experitent in Switzetland, where PM
levels had decreased, reported that improverent in air quality may slow the anmual rate of decline in
himg function in adulthood, indicating positive consequences for public health. Thus, the data are
consistent and coherent acrogs several study designs, locations apd researchers. As was found in the
2004 PM AQCD, the studies report associztions with PM; s and PM,,, while most did not evaluate
PMinys. Associations have been reported with fine particle components, partieularly EC and OC.
Source apportionment methods generally have not been used in these long-termn exposure studies,

Coherence and biclogical plausibitity for the observed associations with lung furction
decrements Is provided by toxicological studies (Section7.3.2.2). A recent study demonstrated thar
pre- and postnatal exposure to ambient levels of wrban particles affected mouse lung development, as
measured by anatomical and functional indices (Mauvad et al., 2008, 156743). Another study
suggested that the developing lung may be susceptible to PM since acute exposure to UF iron-soot
decreased cell proliferation in the proximal alveolar rezion of neonatal rats (Pinkerton et al., 2004,
087465} (Section 6.3.5.3). Impaired lung development is a viable mechanism by which PMW may
reduce lung function growth in children. Cther animal toxicolagical studies have demonstrated
alterations in pulmonary function follewing exposure to DE and wood smoke {Sectiom 7.3.2.2).

An expanded body of epidemiclogic evidence for the effect of PM, s on respiratory symptoms
and asthma ingidence now includes prospeetive cohort studies conducted by different researchers in
different locations, both within and outside the U_S. with differant methods. The CHS provides
evidence in a prospective langitudinal cohort study that relates PM2z s and bronchitic symptoms 2nd
reports larger associations for within-community effects that are less subject to confoundmg than
between-commaunity effects (McConneli et al., 2003, 6494%0). Several new studies report similar
findings with long-term exposure to PM,g In areas where fine particles predominate. In England, an
association was seen with an increased prevalence of cough without 2 cold, Further evidence
includes a reduction of respiratory symptoms corresponding to decreasing PM levels In natural
experiments in coherts of Swiss school children (Bayer-Oglesby et al., 2005, 086245] and adnlts
(Schindler et al., 2009, 101350).

New studies examined the relationship between long-term PM. - exposure and asthma
incidence. PM; s had the strongest modifying effect op the association between lung function with
asthma in ap analysis of the CHS (Islam et al., 2007, 090697). The loss of proteetion by high Iung
funetion against new onset asthma in high PM; ; communities was observed for all the lung funetion
measures. In the Netherlands,.an association with dector-diagnosed asthma was found in 2 birth
cohort examining the first 4 yr of life (Braver et al., 2007, 090691} Further, findings from zn adult
cohort suggest that traffic-related Py, contributes to asthma development and that reduestions 1o PM
decrease asthma rigk (Kunzli et al., 2009, 191949},
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A large proportion of asthma is driven by allergy, and the majority of recent epidemiclogic
studies examining allergic {or atopic) indicators found positive associations with PMo s or PhM,
(Section 7.3.6.1), Limited evidence for PM-mediated allergie responses is provided by toxicological
studies of DE and woodsmoke, while effects of gasoline exhanst were attributed to paseous
components (Section 7.3.6.2).

Long-term PM; s exposure is associated with pulmonary inflammation and oxidative
responses. An epidemiclogic smdy found a relationship between PM; s and increased inflatnmatory
marker eNO among school ehildren {Dales et al., 2008, 156378}, Toxicological studies of pulmonary
imflammation have demonstrated mixed results, with subchronic DE EXpOSUres generating increases
and CAPs and wood smoke inducing Jittle or no response (Section 7.3.3.2). The pulmonary
mflammation observed with DE was attributable to the particle fraction. Texicological studies also
reported evidence of oxidative responses (Section 7.3.4.1). Adaptation to prolenged DE was
observed for some exidative responses in addition to some allergic znd pulmoenary function
responses [Section 7.2.2.2 and 7.3.6.2).

Additignal support for the relationship between long-term PM; exposures and respiratory
outcomes is provided by pulmonary injury responses observed in toxicological studies (Sectiom
7.3.5.1}. Markers of pulmonary injury ‘were increased in rats exposed to DE and gasoline axhanst;
and these changes were attributable to PM., Further, lung DNA methylation was observed in the
gasoline exhaust study, Histopathological changes have also been reported following exposure to
heavily-trafficked urban air and woodsmoke. Findings include nasal and airway mucouas ¢ell
hyperplasia accompanied by alterations in mucus production which ean lead to a loss of mucus—
mediated protective functions; exacerbation of protease-induced emphysema; and mast cell
infiltration and hypertrophy of alveglar walls. These results provide biological plausibility for
adverse respiratory outcomes following long-term PM EXPOSUTE.

Limited information is available on host defense responses (Section 7.3 7} and respiratory
mortality (Section 7.3.8) resulting from PM; ; exposure. Several recent epidemiologic studies
suggest a relationship between long-term exposure to PM., s or PM,q and infection in, children and
infants {(Section 7.3.7.1). A few toxicological studies suggest that DE exposure affects systemic
immumity, and although impaired bacterial clearance is associated with short-term exposures o DE,
nejther DE or gasoline exhaust seems to have this effect after longer exposures (Section 7.3.7.2).

In summary, the strongest evidence fora relationship between long-term exposure to PM: -
and respiratory morbidity is provided by epidemiclogic siudies demonstrating associstions with
decrements in lung funetion growth ie children and with respiratory symptoms and disease incidence
in adults. Mean PM: s concentrations in these study locations ranged from 13.8 to 30 pg/m® during
the study periods. These studies provide evidence for associations in areas where PM Is
predominantly fine particles. A major challenge to Interpreting the results of these studies is that the
PM size fractions and concentrations of other air pollutants are often correlated; however, the
consistency of findings across different locations supports an independent effect of PM, .. Recent
toxicological studies provide support for the associations with PM, . and decreases in hing function
growth in childrep. Pre- and postnatal exposure to ambient Jevels of urban particles was found 1o
affect mouse lung development, which provides biolegical plausibility for the epidemiologic
findings. Recent subchronic and chronic toxicological studies also demonstrate altered pulmonary
function, mild inflammation, oxidative responses, histopatholopical changes ineluding mucos cell
hyperpiasia and enhanced allergic responses in response to CAPs, DE, urban air and woodsmoke and
provide further eoherence and biological plausibility, Exacerbation of emphysematous lesions was
noted in one study involving exposure to urban air in a heavily-trafficked area. Collactively, the
evidence is sufficient to conclude that the relationship between long-term PM.; exposure
and respiratory effects is likefy to be causal.

7392, PMy,;

The 2004 PM AQCD did not report long-term expaosure studies for PMipa s The onlyv recent
study to evaluate long-term exposure to PM ;2 s found pesitive, but not statistically significant

associations with eNO (Dales et 4., 2008, 136378). The evidence is inadequate to determine if a
causal relationship exists between long-term PM,,,; exposures and respiratory effects.
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7.3.93. UFPs

The 2004 PM AQCD did not report }ong-term exposure studies for UFPs. The cwrrent
evidence for long-term UFP effects is limited to toxicological studies. Generally, subchronic
e¥posure ¢ DE induced pulmonary inflammation, which was in conirast to UF CAPs exposure
{Seetion 7.3.3.2) It appeared that the PM fraction was responsible for the inflammatory rESponse
with DE exposure. Long-term exposure to DE also resueited in oxidative and allerse TESPOnSEs,
although lung injury was not remarkable {Sections 7.3.4.1 and 7.3.6.2). The evidence is inadequate
to determine if a causal relationship exists between long-term UFP exposures and

respiratory effects.

7.4. Reproductive, Developmental, Prenatal and Neonatal
Qutcomes

7.4.1. Epidemiologic Studies

This section evaluates and summarizes the scientific evidence on PM and developmental and
pregnancy outcomes and infant mortelity. Infants and fetal development processes may be
particularly vulperable to PM exposure, and although the physical mechanisms are not fully
understogd, several bypotheses have been proposed involving direct effects on fatal health, altersd
placenta furction, or indirect effects on the mother’s health (Bracken et al., 2003, 156288: Clifton &t
al., 2001, 156360; Maisonet ¢t al, 2004, 156725; Schatz et al., 1990, 156073; $1am et al., 2003,
087442} Study of these outcomes can be difficnlt givern the need for detailed data and potential
residential movement of mothers during pregnancy. Two recent articles have reviewed
methodological issues relating to the study of outdeor air pollution and adverse birth onteares (Ritz
and Wilhelm, 2008, 156914; Slama <t al., 2008, 136985). Some of the key challenpes to
interpretation of these study results include the difficelty in assessing exposure 23 most studies 1se
existing momitoring networks to estimate individual exposure to ambient PM; the inability to control
for potential confounders such as other risk factors that affect birth outcomes (e.z., smoking?;
evaluating the exposure window (e.g., trimester) of importance; and limited evidence on the
physiological mechanism of these effects (Ritz and Wilbelm, 2008, 156914 Slama et al., 2008,
[56985). Another uncertainty is whether PM effeets differ by the child’s sex. A review of preterm
birth and low birth weight studies found limited indication that effects may differ by pender,
however sampie size was limited {(Ghosh et al_, 2007, 091233},

Previous summaries of the agsoviation between PM concentrations and pregnancy outcomes
and infant mortality were presented in previous PM AQCDs. The 1996 PM AQCD coneluded that
although few studies had heen conducted on the link between PM and infant mortality, the research
“suggested an association,” particularly for post-neonates (U.S. EPA, 1995, 079330). In the 2004 PM
AQCD, additional evidence was available on PM’s effect on fetal and early postnaral development
and mortality (U.5. EPA_ 2004, 056903} and although some studies indicated a relationship between
FM and pregnancy outcomes, others did not. Studies identifying associations found that exposure to
FM,, early during pregnancy (first month of pregnancy) or late in the pregnancy (6 wk prier to birth}
were linked with mgher risk of preterm birth, ineluding models adjusted for other pollutants, and that
PM, 5 during the first month of pregnancy was associated with intrauterine growth restriction.
However, other work did not idsatify relationships between PM exposure and low birth welght.
The state of the science at that ime, as indicated in the 2004 PM AQCD, was that the research
provided mixed results based on studies from multiple countriss, and that additional ressarch was
required to better understand the impact of PM on pregrancy outcomes and infant mortality.
Considering evidenee from recent studies diseussed below, along with previous ATCD conclusions,
epidemiologic studies consistenily report assoclations between PM;; and PM; s exposure and low
birth weight and infant mortality, especially during the post-neonatal period. Animal toxicological
evidence supports these gssociations with PM; -, but provides little mechaniztic information or
biclogical plavsibility. Information on the ambient concentrations of PMy, and PM. s in these study
locations ¢an be found in Table 7-5.
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7.4.1.1. Low Birth Weight

A large mumber of studies have investigated exposure 1o ambient PM and low birth weight at
term, including & U.S. national study, a5 well as two studies i the northesst U.S | and four in
California. Parker and Woodreff (2008, 156846) linked .S, birtk records for singletons delivered a:
40-wk gestation in 2001-2003 during the months of March, June, September and December to
quartetly estimates of PM exposure by county of residence and month of birth, They found an
assoeiation between PMyp., s and birthweight (-13 g (95% C1: -18.3 to -7.6]) per 10 ug/m® increase),
but no such agsociation for PM ..

Maisonet et al. (2001, 016624) analyzed 89,557 births {1994-96) in $ix northeastern cities
{Boston and Springfield MA Hartford CT; Philadelphia and Pittsburgh PA; and Washington D).
Each city had three PM;, monitors measuring every sixth day. Results from multiple monitors were
averaged in each city. Exposure was determined for each trimester of pregnancy and categorized by
quartiles (<25, 25-30, 31-35, 36-43 pp/m®) and 95th percentile (>43ug/m”). There was 1o increaserd
risk for low birth weight at term associated with PM, exposure during any trimester of pragmancy.
When birth weight was considered as a continuous autsome, exposure to PM; was not associated
with a reduction in mean birth weight.

In cottrast, Bell et al. (2007, 093256} reported positive associations for both PM. s and PM
with bitth weight in a study of births {n = 338,304) in Connesticut and Massachusetts (1999-2002).
Birth data indicated county, not street address or ZIP code, 50 women were assigned exposure based
on county residence at delivery. The difference in birth weight per 10 pg/m® associated with PM, 5
was -66.8 (95% CI: -77.7 to -55.9) g. For PM,p it was -11.1 (85% CI: -15.0 to -7.2) g. The increaged
Tisk for low birth weight wag OR = 1.054 {95% CI: 1.022-1.087) for PM, s and OR. = 1.027 (95% CI:
0.991-1.064) for PM)q, based on average exposure during pregnancy. Reduetions in birth weight
were also associated with third timester exposure to PMy; and second and third trimester EXposure
to PMD 5. Comparing this study to Maisonet et al. (2001, 01 66347, a larger sample size was able to
detect a small increase in tisk. In addition, birth welght was reduced more by exposure to PM; ; than
by exposure to PMqe. Measured PM; 5 concentrations were not available in the earlier study.

The Children’s Health Study is a population based cohort of children living in 12 southern
California communities, selected on the basis of differing levels of ajr pollution {Salam et al., 2005,
0878835), as previously discussed in Section 7.3. The children in erades 4, 7 and 10 were recruited
through schools. A subset of this cohot (n= 6,259} were homn in California from 1975-1987. Of
these, birth certificates were located for 4,842, including 3,901 infants born at term and 72 cases of
low birth weight at term. Using the mother’s Z]P code at the time of birth, exposure was determined
by inverse distance weighting of up to three PMy, monitors within 50 km of the ZIP code centroid. If
there was a PM,» monitor within 5 km of the ZIP code centroid (#0% of data), exposure from that
monjor was vsed, Exgosw was calculated for the entire pregnancy, and for each trimester of
pregnancy. A 10 ng/m” increase in PMs during the third trimester reduced mean birth welght -10.% g
{95% CI: -21.1 10 -0.6) in single pollutant models, but becamne non-significant in copellutant models
controlling for the effects of Os. Inereased risks of low birth weight (<2,500 g) were not statistically
significant (OR = 1.3 [95% CI: 0.9-1.9]). A strength of this study was the cohort data available
lncluded information on $SES and smoking during pregnancy. A lirvitation is the assignment of
exposure based on monitoring stations up to 50 km distant, this may have introduced substantial
exposure misclassification obscuring some associations.
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Table 7-5.  Characterization of ambient PM concentrations from studies of reproductive,
deveiopmental, prenatal and neonatal outcomes and long-tem exposure.
sty Locaion oot o
PM: 5
Rarge of madns acoss sifes; 14,5182
e e Avp of means zenss sies: 162 W 263341
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Study Location Mean Annual Upper Percentile

Concentration (ug/m’) Concentrations {pgim’)
Rogers and Dunlop (2008, 1512307 GA 175 T 1807
famisy st al. (2004, 095374) Ciuda] Jiearez, Midtn B.0458
) Range of meanz acrmss Gme: 25.3-27 1
Sagiv et al_ [A005, HET468) PA W BE -156,3

o of means acres Gme; 26.2
Rarge of means acrss imesters: 45.4-46 5

Salam e1l. {2005, G578535) e A of mizins geroes imeaters: 45.8

Range of mean; atross Fmesters: 548611 Tath: 62 E-GT 8
Suh etal_ (3008, 193077) S, Koraa _

A of s Bomss imesters: 99.27 M B51-107.56
Teai etal. (2008, Kachsiung, Tawan 85 Tath: 111,5; Memc 232.0
Wilkwelm and Rz (2005, DI3EAE) Los fgeles, CA 3.1 Mae TAE103T
Woadndf et 21. 2008, 056386) Us. Rane of eans aeress efect: 246265 Téth: 33 8365

P of maares aomss efierts: 201"
Yameg et al. {2008, (00760 Taiped, Tabwan A2 TER: 64.5; Max; 2343
Mok oo

Parker et al. {2005, 087462) examined births in California within 5 miles of a monitoring
station (n = 18,247}, Only infants borm at 40 wk pestation were included. Thus all infants were the
same gestational age, and had been exposed in the same year. Exposure to PM; s in quartiles {<[1.9,
11.9-13.9, 14.0-18.4, >18.4) was associated with decrements in birth weight Infants exposed to
>13.9 pug/m® experienced reductions in birth welght (third quartile -13.7 g {95% CL: -34.2 to 6.9),
fourth quartile -36.1 g (95% CI: -55.8 to -16.5). These are larger reductions than have been seen in
some other studies. However, this study reduced misclassification by including only women living
within 5 miles of a monitoring station, and only included births at 40 wk gestation. Reducing
misclassification should lead to a stronger associztion, if the asyociation is causal.

The effects of spatial variation in exposure were also investigated by Wilhelm and Ritz (2005,
08R668). Their study included all woren living in ZIP codes where 60% of the ZIP cods was within
two miles of a monitoring station in the Southern California Basin, and women with known
addresses in Los Angeles County within 4 miles of a monitoring station. Exposure to sverage PM
in the third trimester was analyzed for inereased risk of low birth weight at term (> 37-wk gestation).
Analysis at the ZIP code level did not detect increased risk (per 10 pg/m® PM,q OR = 1.03 [95% CI:
0.97-1.09]). However the analysis based on geocoded addresses indicated that increasing exposure to
PM,;p was associated with increased risk of low birth weight for women living within 1 mile of the
station where PMp was measured. For these women {& =247 cases, 10,981 non-cases), sach
10 pg/m® increase in PM,; was assosiated with a 22% increase in risk of term low birth weight
{OR =1.22 [95% CI: 1.05-1.417). In the categorical analysis, exposure to PMp >44.4 ng/m” was
associated with a 48% increase in risk (OR = 1.4§ [95% CIL: 1.00-2. 197} Increased risk of low hirth
welght also was associated with exposure to CO in single pellutant models. However, when
multipollutant models were considered, the effects of OO were attemuated but the effects of PM,,
increased. Controlling for CO, NOs, and O, each 10 pefm” increase in exposure 1o PMp increased
tisk of low birth weight 36% (OR = 1.36 [95% CL: 1.12-1.65]).

Spatial variation in P, 5 exposure was investigated by Basu et al. (2004, D8TR96Y. They
included only mothers whe lived within 5 miles of 2 PM; s monitor and within a California county
with at least 1 monitor. To minimize potential confounding, they included only white {n = 8,597} or
Hispanic {n = 8,114} women, who were married, between 20 and 30 yr of age, completed at least
high school and were having their first child, Consistently, PM; s exposure measured by the county
MOAitor was more strongly associated with reductions in birth welzht than exposure measured by the
neighborhoed maonitor. The results were replicated in both the white and the Hispanic samples.
Reductions in birth weight ranged from 15.2 to 43.5 g per 10 pg/m® increase in PMas.

In the remaining U.S. study, Chen et al. (2002, 024943) analyzed 33,859 birth certificates of
residents of Washoe County in northern Nevada (1991-1999). There were four sites monitorng Fhp
during the study period, it appears (not stated) that exposure was averaged over the county. &
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10 pgsm? inerease in exposure to PMp during the third trimester of pregnancy was agsociated with
an 11 g reduction in birth weight (95% CI: -2.2 to -19.8). Effects on tisk of low bicth weight were not
stafistically significant. For exposute in the third trimester of 19.77 to 44.74 pg/m® compared to
=19.74 ug/m” the odds ratio for low birth weight was 1.05 {93% CI: 0.81-1 36). Comparing exposure
=44.74 to the same reference category, the odds ratio was 1.10 (55% CI: §.71-1.71).
Misclassification of exposure may have occurred when eXposUre was averaged over a large
geographic area (16,968 km?),

Recent international studies investpating effects of particles on low birth weight inclnde one
in Manich {Slama et al., 2807, (93216), two in Canada (Braver et al 2008, 136292; Dugandzic et
al., 2006, 0836381), two in Australia (Hangen et al., 2007, 090703 Mannes et al_, 2005, 087893 I, TWo
in Taiwan (Lin et al., 2004, 089827; Yang et al., 2003, 087385) one in Korea {Ha et al., 2003,
047552} and two in Sao Paulo, Brazil (Gouveis et al., 2004, 005613; Medeiros and Gouveis, 2005,
(89324). The majority of these studies found that PM concentrations were associated with low birth
weight, though two studies (Hansen et al., 2007, 050703; Lin et al., 2004, 089827} found no
associations. The effect estimates were similar in magnitude to thase reported in the U.5. studies.

Considerations in Interpreting Results of Low Birth Weight Studies

Studies inciuded subjects at distances from monitoring stations varying from as close a3 I mile
oI 2 km, to as far a3 50 km or the size of the county. Studies that only included subjects living within
a short distance (1 mile, 2 km) of the monitoring station (thus likely reducing exposure measarement
eryor) were more likely to find that PM exposure was associated with increased risk of low hirth
weight. However, Basu et ai. (2004, 087895) reported a stronger association between BPM, SXpSUTE
and birth weight when exposure was estimated based on the eounty menitor, rather than the monitor
within 5 miles of the residence. They suggest that county level exposure may be more representative
of where women spend their time, inclnding not only home, but also other time spent away from
home. Other pollutants also appeared to influence the risk associated with particle exposure. In one
study, exposure to PM in a single pollutant model reduced birth weight by 11 g, but became non-
significant i eopellutant models with O, (Salam et al., 20035, 087885 b In another stedy the risk
associated with PM); exposure increased from 22% to 36% when other pollutants were inclyded in
the model (Wilkelm and Ritz, 2005, 088668). All but one study in the U.S. found some association
between particle exposure and reduced birth weight (Maisonet et al., 2001, 016624). The results of
international studies were inconsistent. This might be related to the chemical composition of
particles in the 17.S., or to differences in the pollutant mixture. Studies with null results must be
interpreted with caution when the comparison groups have stgnificant exposure. This was certainly
the situation in studies in Taiwan and Korea (Lee et al., 2003, $43202; Lin et al., 2004, 089827; Yang
et al , 2003, 087886). Differences in geographieal locations, study samples and linkage decisions
may contribute to the diverse findings in the literature on the association between PAT and
birthweight, even within the 1.$. {Parker and Woodruff, 2008, 156846).

7.4.1.2, Preterm Birth

A potential association of exposure 1o airborne particles and preterm birth has been
investigated in mumerous epidemiclogic studies, ineluding some conducted in the U.S. and others in
foreign countries. Three U_S. studies have been carried out by the same group of investigators in
California.

A natyral experiment ocowrred when an open-hearth sigel mill in Utah Valley was closed from
August 1386 through September 1987. Parker et al. (2008, 156013) compatred birth cutcomeas for
Utah mothers within and outside of the Utah Valley, before, duning, and after the mill closure. They
report that mothers who were pregnant around the time of the closure of the mill were less likely to
deltver prematurely than mothers who wers pregnant before or after. The strongest effect estimates
were observed for expasure during the second tmester (14% decrease in 1isk of preterm birth
during mill closure), Preterm birth outside of the Urzh Yalley did not change during the time of the
maill ¢losure,

In 2000, Ritz et al. {2000, 012068) published the first study investigating the association of
preterm birth with PM in the 1.5, The study population was women living in the southern California
Basin. There were eight monitoring stations measuring PM every 6th day during the study period.
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Birth certificates (1989-1993) were analyzed for women living in ZIP codes within 2 miles of a
monitoring station. Women with multipis gestations, chronic disease prior to pregnancy and women
who delivered by cesarean section were excluded resuiting in 3 study population of 48,904 women.
The risk of preterm birth increased by 4% (RR = 1.04 [93% CI: 1.02-1.6)) per 10 pg/m” increase in
PM,; averaged in the 6 wk before birth. Exposure to PMy, in the first month of pregnancy rasulted in
a 3% increase in risk (RR = 1.03 [95% CI: 1.01-1.05]). These results were robust in multipollutant
models.

Wilhelm and Ritz (2005, 088668) reinvestigated this asseciation among womer in the same
area in 2005, when air pollution had declined from 2 mean level near 50 pgim” to a mean level near
40 ug/m’. Birth certificate data from 1994-2000 was apalyzed for women living in ZIP codes within
2 miles of a monitoring station, or with addresses within 5 miles of 2 monitoring staifon. No
significant effeets of exposurs to PM,, were reported. Exposure to PM; 5 6 wk before birth resulted
1N an increase in preterm birth (RR = 1,19 [95% Cl: 1.02-1 AQ]) for the highest quartile of exposure
(PMa5>24.3 ug/m®). Using a continuous measure of PM.s, thers was 2 10% inorease in risk for each
10 pg/m”® increase in PM, 5 (RR = 1.10 [95% CI: 1.00-1.21]).

There have been two major criticisms of air pollution studies using birth certificate data First,
that birth certificates only indieate the address at birth and the exposure of women who moved
during pregnancy may be misclassified; second, that information about some Important confounders
may not be available (e g., smoking}. To obtain more precise information about these variables, Ritz
et al. (2007, 096146) conducted 4 case-control stedy nested within a cohort of birth certificates (Jan
2003-Dec 2003) in Los Angeles County. Births to women residing in ZIP codes (n = 24) close to
menitoring stations or major population centers or roadways (n = 87) were eligible (o = 58,316
births). All cases of low birth weight or preterm birth and an equal nomber of randomly sampled
controds in the 24 ZIP codes ¢lose to monitors were selected. In the other 37 ZIP codes, 30% of cases
and an equal number of controls were randomly sampled. Of 6,374 women selected for the case
control study, 2,543 (40%) were interviewed. The association of preterm birth with exposure to
M 5 differed between women responding te the survey and women whe did not respond. Among
responders, exposure 1 each 10 pg/m” increase in PM; ¢ concentration in the first ttimester increased
risk to preterm birth by 23% (RR = 1.23 [$5% CI: 1.02-1.48]). There was no increase in tisk AmLOng
non-responders (RR = §.95 [95% CI: 0.82-1.10]), or in the entite birth cohort (RR = 1.00 [95% CI:
0.94-1.07T).

An additional case control study of preterm birth and PM. exposure (Huyunh et al., 2006,
0912480) used California birth certificate data. Sinpleton pretern nfants (24-36-wk gestation) born in
California (1999-2000) whose mothers lived within 5 miles of 3 PM; s monitor were eligible. Each of
these 10,673 preterm infants were matched to three term {39- to 44wk gestation) controls (having a
last menstrual period within 2 wk of the case infant), resulting in a study population of 42 692,
Controlling for maternal race/ethnicity, education, marital status, parity and CO exposore, exposurs
to PMp5s>17.7 pg/m’ increased the risk of preterm birth by 14% {OR = 1.14 [95% CI: 1.07-1.23)).
Averaging PM; s exposure over the first month of pregnancy, the last 2 wk before birth, or the enfire
pregnancy did not substantially change the risk estimate.

Two additional studies of preterm birth and exposure to particulate air pollution have been
conducted in the U5, Each has used 2 unique methodology. Sagiv et al. (20035, 0§7468) used time
series to analyze births in four Pennsylvania counties between Ianuary 1997 and Deecember 200]. In
this analysis, exposure to PMyg is compared to the rate of preterm births each day. Both acute
exposure (o the day of birth) and longer term exposure {average exposure for the preceding 6 wk)
were considered in the analysis. An advantage of this analysis is that days, rather than individuals are
compared, so confounding by individual risk factors is minimized. For exposure averaged over the
6 wk prior to birth, there was an increase in risk (RR = 1.07 [93% CI: 0.98-1.18]), which persisted
(f;?r acute exl:érjr:fure with a 2-day lag (RR = 1.10[95% CI: 1.00-1.217} and 5-day lag (RR = 1.07 95%

[: 0.93-1.18]),

Ropers and Dunlop (2006, 091232} examined exposure to particles and risk of delivery of an
infant weighing less than 1,500 g (all of which were preterm) from 24 counties in Georgia. The study
ineluded 69 preterm, small for gestational age (SGA) infants, 59 preterm appropriaie for gestational
age {AGA) mfants and 197 term AGA controls. Exposure was estimated using an environmental
transport madel that considersd Plp emissions from 32 geopraphically located industrial point
sources, meteorological factors, and geographic location of the birth home., Exposure was
eategorized by quartiles. Comparing women who delivered a preterm AGA infant to thase who
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delivered]a term AGA infant, exposure to PM¢>15.07 ug/m® tripled the risk {OR = 3.68 [95% CL
1.44-9 44)).

Brauer et al. (2008, 156292} evaluated the impacts of PM;; on preterm birth using
spatiotemporal exposure metrics In Vancouver, Canada. The authors found simijar results when they
used 2 Jand-use regression model or inverse distence weighting as the exposure metric. For preterm
births <37 wk, they reported an OR of 1.06 (35% CI: 1.01-1.11), and for preterm births =35 wk the
OR increased to 1.12 (95% CI: 1.02-1.24). There were no consistent trends for early or Jate
gestaitonal peried to be more stromgly associated with preterm births.

Suh et al. (2008, 192077} conducted 2 siudy to determine if the effects of exposure to PMyg
during pregnaney on preterm delivery are modified by maternal polymorphisms in metabolic genes.
They analyzed the effects of the gene-environment interaction berween the GSTM]1, GSTTI,
CYP1al-T6235C and -1462V polymorphisms and exposure to PM, during pregnancy on preterm
birth in a cage-control study in Secul, Korea. PMyp concentration = 75th percentile alone was
significant in the third trimester of pregnancy (GR = 2.33 [95% CI: 1.33-4 80]), but not in the first or
second wimester. The rigk of preterm delivery conferred by the GSTMI1 null genotype was increased,
and the highest risk was found during the third timester of pregnancy (OR = 2.58 [95% CL:
1.34-4.97]}. There were no statistical associations with the GSTTI or CYP1A] genotypes. When the
gene-environment inferaction was analyzed, the risk for preterm birth was substantially higher for
women who carried the GETM1 null genotype and were exposed to high levels of PMy, (= 75th
percentile) than for those who carned the GSTMI positive genotype but were only exposed to low
levels of 1;1;{15. {(=75th percentile) during the thizd tnmester of pregnancy (OR = 6§22, 95% CL:
2.14-18.08).

In Incheon, Korea, Leem et al. (2006, 08982 8) estimated PM,; exposure spatially as well as
temporally. Exposure was based on 26 monitors and kriging was used to determine exposure for 120
dongs {administrative districts, mean area 7.82 km®, median area 1.42 kmm®). The sample included
32,113 births, from 2001-2002, PM, was very weakly correlated with other pollutants. Exposure
was compared in quartiies for the first and third tnimester of pregnancy. In the first trimester, relative
risks for the second, third and fourth quartiles were RR = 1.14 (95% CI: 0.97-1.34%, RR = 1.07 (95%
CI: 0.94-1.37}, and RR = 1.24 (95% Cl: 1.09-1.41), respectively. Exposure to PMyy in quartile one
{reference gronp) was 26.9-45.9 pg/m®; fourth quartile exposurs equaled 64.6-106 4 pg/m’. The
p-value for trend was 0.02. Exposure in the third trimester was not related to preterm birth, however
na information was provided to determine how exposure in the third trimester was adjusted for
women who deliverad preterm.

Twa studies investigating risks of preterm birth related to particle exposure have been reported
trom Australia. In Brishane, Hansen et al. (2006, 089818) studied 28,200 births (2000-2003) in an
area of Jow PM,s concentrations. Exposure to an interquartile range increase iny PM;p exposure in the
first trimester resulted in a 15% increased risk of preterm birth (OR = 1.15 [95% CL: 1.06-1.25]).
This resalt was strongly influenced by the effect of PMjq exposure in the first month of pregnancy
(QR = 1.19 [95% CI: 1.13-1.26]). PM;q was correlated with O; (r = 0.77) in this study and O also
increased risk in the first trimester. No effects were associated with exposure to PM p in the third
trimester.

In Sydney, associations between exposure to particles and preterm birth varied by season.
Jalaludin et al. (2007, 156601) obtained information on al births in metropolitan Sydney
{1993-2000). Exposure to Phs ; in the 3 mo preceding birth was associated with an increased sk of
preterm birth (OR = 1.11 [95% C[: 1.04-1.19]}. Additional effeets were dependent on season of
conception. Both PM,y (OR = 1.3 [253% CI: 12-1.51) and PM, s {OR = 1.4 [95% C1: 1.3-1.6]) were
associated with inereaged risk for conceptions in the winter. Conceptions in summer were associated
with reductions in risk (PM;; OF. = (.91 [95% CI: 0.88-0.93)) (PM, ; OR = 0.87 [95% CI:
.84-0.9213. Drue to both positive and negative findings, the authers recommend caution in
interpreting their resalts.

Considerations in Analyzing Environmental Exposures and Preterm Birth

A major izsue in studying environmental exposures and preterm birth is selecting the relevant
exposure period, since the biological mechanisms leading to preterm birth and the eritical periods of
vulnerability are poorly understood (Bobak, 2000, 011448). Exposures proximate to the hirth may be
meast relevant if exposure sanses an acute effect. However, exposure ccourring in early gestation
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birth weight for gestational age. In this study there was a statistically significant effect of exposure to
both PM ;o (OR. = 1.10 [95% CI: 1.00-1.48], per 10 ugfm’ mcrease) and P, ;s (OR = 1.34 [95% CI:
1.10-1.63], per 10 pg/m’ increase) for exposure during the second trimester. When analysis was
restricted to births within 5 km of the monitoring station, the association for My became slightly
stronger (OR = 1.22 [95% CI; 1.10-1.34]). Exposure during other trimesters of pregnancy was not
associated with ITGE.

In Brisbane, Hansen et al. {2007, 090703) examined head circumference (HC), crown heel
length (CHL) and risk of G4, defined as less than the tenth percentile of weight for gestational age
and gender based on an Australian national standard, There was no consistent relationship between
PM ;g exposure and SGA, HC or CHL in any trimester of pregnancy. PM g exposure was determined
by averaging values from the five maonitoring stations. Due to the sample size and limited number of
monitoring statiens, it was not possible to analyze the data for women living within 5 km of 2
monitoring station, as was done in Sydney.

In Canada, Liu et al. (2007, 090429) investigated the effect of PM; 5 exposure on fetal growth
in three cities, Calgary, Edmeontor: and Montreal. IUGR was defined zs birth weight below the tenth
pereeniile, by sex and gestational wealk (37-42) for all singleton live births in Canada between 1986
and 2000. Models were adjusted for maternal age, parity, infant sex, season of birth, city of
residence, and year of birth. A 10 up/m’ increase in PM; s was associated with an inereased tisk for
ITGR (OR = 1.07 [95% CI: 1.03-1.10]) in the first trimester, and similar risks were associated with
exposure in the second or third trimesters. The effect of PM; 5 was reduced in multipollutant models
including CO and NG,

Brauer et ai. (2008, 156292} observed consistent inereased risks of SGA for PMy 5, PM g, NO-,
NO and CO in Vancouver, Canada (20% increase in risk in PM; 5 and PMy, per 10 pg/m® increase).
The effects were similar for exposure estimates based on nearest monitor, inverse distance
weighting, and land-use regression modeling. OR3 for early or late pregnancy exposure windows
were remarkably similar to those for the full duration of Fregnancy.

7.4.1.4. Birth Defects

Four recent studies examined PM and birth defects. The Seoul, Korea study discussed above
also considered congenital anomalies, defined as 4 defeet in the child’s body structure (Kim et al.,
2007, 156642). PMy, levels were associated with higher risk of birth defects for the second rimester,
with a 16% (95% CI: 0-34) increase in risk per 10 pg/m’ in PMq.

Two U.S. studies examined air pollution and risk of birth defeets. Data were collected from the
California Birth Defeets Monitoring Program for four counties in Southern California fLos Angeles,
Riverside, San Bernardino, and Orange) for the period 1987-1993, although each county included a
subset of this period (Ritz et al., 2002, 023227). Cases {Le., infants with birth defects) were
tdentified as live birth infants and fetal deaths from 20-wk gestation to 1 yr post-birth, with isolated,
mnltiple, syndrome, or chromosomal cardias or orofacial cleft defects. Cases were restricted to those
with registry data for gestational age and residence ZIP code, and those with residences <10 miles
from an zir pollution monitor, Six types of categories were included: aortic defects; atriwn and
atrium septum defects; endocrinal and mitral valee defects; pulmoenary artery and valve defects:
conotnmeal defects; and ventricular septal defects not part of the conotruncal category. PM
measurements were available every € days. While results indicated increased risk of birth defects for
higher levels of CO or Oy, the authors determined that resulis Tor PM,;; were inconclusive, finding no
consistent irend of effeet after adjustment for CO and Os.

The other U.5. study examined birth defects throngh a case-control design in seven Texas
counties for the period 1997-2000 {Gilboa et al., 2005, 087391 Births were excluded for parents
<18 yr and several non-air pollution risk factors kmowr to be associated with birth defects (e.g_,
matemnal diabetes, heloprosencephaly in addition to oral elef). Comparison of the highest
{=29.0 pgim?) and lowest (<19.521 ng/m®) quartiles of PMyq for exposure defined as the third to
eighth week of pregnancy penerated an OR of 2.27 (95% CIL: 1.43-3.60} for risk of isolated airial
septal defects and 1.26 (95% CI: 1.03-1.55) for individual atrial septal defeets. Including other
pollutants {CO, NQ,, 4, SO2) in the mode] did not greatly alter results; numerical results for
copollutant analysis were not provided. strong evidence was not observed for 2 telationship between
PM o and the other birth defect categories. Review articles have concluded that the scientific
literature is not suffictent to conclude a relationship between air pollution and birth defects (Sram et
al., 2005, 0874423,
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birth weight for gestational age. In this study there was a statistically significant effect of exposure to
both PM,; (OR. = 1.10 [95% CI: 1.00-]_48], per 10 ].J.gfm3 increase) and PMg s (OB = 1.54 [95% CI:
1.10-1.63}, per 10 pg/m® increase) for exposure during the second trimester, When analyaig was
restricted to births within 5 km of the monitoring station, the association for PMi, became slightly
stronger (OR = 1.22 [95% CI: 1.10-1.34]). Exposure during other trimesters of pregnancy was not
associated with IUGE.

In Brisbane, Hangen et gl. (2007, 020703) examined head ctreumference (HC), crvown heel

" lenpth (CHL) and risk of SGA, defined a3 less than the tenth percentile of weight for gestational age
and gender based on an Ausiralian national standard. Thete was ne eonsistent relationship between
PMyg exposure and 8GA, HC or CHL in any irimester of pregnancy. PM s exposure was determined
by averaging values from the five monitoring stations. Due to the sample size and limited aumber of
monitoring stations, it was not possible to analyze the data for women living within 5 km ofa
monitoring station, as was done in Sydney.

In Canada, Liu et al. (2007, 090429) investigated the effect of PMa s exposure on fetal growth
in three cities, Calgary, Edmenton and Montreal. IUGR was defined as birth weight below the tenth
percentile, by sex and gestational week (37-42) for alf singleten live births in Canada between 1986
and 2000. Models were adjusted for maternal age, parity, infant sex, seasom of birth, city of
residence, and year of birth. A 10 pg/m” increase in PM ¢ was associated with an increased risk for
IUGR (OR = 1.07 [95% CI: 1.03-1.10]) in the first trimester, and similar risks were associated with
exposure in the second or third trimesters. The effect of PM; ;s was reduced in multipolhutant models
ingluding CO and NO5

Brauer et al_ (2008, 156292} observed congistent increased risks of SGA for PMz_ga. PM g, NO-,
NO and CO in Vancouver, Canada {20% increase in risk in PM; ; and PM, per 10 pg/m” increase).
The effects were similar for exposure estimates based on nearest monitor, inverse distance
weighting, and land-use regression modeling. ORs for early or late pregnancy exposure windows
were remarkably similar to those for the full duration of pregnancy.

7.4.1.4, Birth Defects

Four recent studies examined PM and birth defects. The Seonl, Korza study discussed sbove
also considered congenital anomalies, defined as a defect in the child’s body structure (Kim et al.,
2007, 136642). PM,p levels were associated with higher risk of birth defects for the second trimester,
with a 16% (95% CI: 0-34) increase in risk per 10 pg/m’ in PM;p.

Two U5, studies examined air pollution and risk of birth defects. Data were collected from the
California Birth Defects Monitoring Program for four covnties in Southern California (Los Anpeles,
Riverside, San Bemazdine, and Orange) for the period 1987-1993, although each county included 2
subset of this period (Ritz et al,, 2002, 023227). Cases (i.6., infants with birth defects) were
identified as live birth infants and fetal deaths from 20-wk gestation to 1 yr post-birth, with isolated,
multiple, syndrome, or chromosomal cardiac or orofacial cleft defects. Cases were restricted to those
with registry data for gestational age and regidence ZIP code, and those with residences <10 miles
from an air pollution monitor. Six types of categories were included: aortic defects; atrium and
atrium septum defects; endocrinal and mitral value defects; pelmonary artery and valve defects;
conotruncal defects; and ventricular septa! defects not part of the conotruncal category. PMuq
measurements were available every § days. While results indicated increased risk of birth defects for
higher levels of CO ar Oy, the anthors determined that results for PMy; were inconelusive, finding no
consistent trend of effect after adjustment for CO and O,

The other [1.5. study examined birth defeets through a case-control design in seven Texas
counties for the period 1997-2000 (Gilboa et al, 2005, 087892}, Births were excluded for parents
<18 yr and several non-air pollution risk factors known to be associated with birth defects (=.g.,
maternal dizhetes, holoprosencephaly in addition to oral clef). Comparison of the highest
(= 29.0 pg/m) and Towest (<19.521 ne/m’) quartiles of PM., for expasure defined as the third to
eighth week of pregmancy generated an OR of 2.27 (95% CI: 1.43-3.60) for risk of isolated atriai
septal defects and 1.26 (95% CI: 1.03-1.55) for individual anfal septal defects. Incloding other
pollutants (CO, NO;, 5, 50;) in the model did not greatly alter results: numerical results for
copollutant anabysis were not provided. Strong evidence was not observed for a relationship between
PM;p and the other birth defect categories. Review articles have concluded that the scientific
literature is not sufficient to conclude a relationship between air pollution and birth defects (Sram et
al., 2003, 027447
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A recent study of ¢ral clefis condueted in Talwan found no associztion between this birth
defect and concentrations of PMy; during the first or second gestational month (Hwang and Jaakkola,
2008, 195794). This population-based case-control study included 653 cases and a random sample of
6,330 controls born in Taiwan between 2001 and 2003.

74.1.5. Infant Mortality

Many studies have identified strong associations between exposure to particles and increased
risk of mertality in adults or the general population, including for short- and long-term exposure
{Sections 6.5 and 7.6). Less evidence is available for the potential impact on infant mortality,
although studies have been condueted in several countries. The reselts of these infant mortality
studies are presented here with the other reproductive and developmental outcomes because it is
likely that in vitre exposures eontribute to this outcome. Both long-term and short-term exposure
studies ¢f infant mortality are included in this section. Results on PM and infant mortality includes 2
range of findings, with some studies finding associations and many statistically non-significant or
null effects. Yet, more consistency is observed when results ars divided into the type of heaith
outcome based on the age of infant and cause of death.

An important question regarding the association between PM and infant mertality is the
critical window of exposure during development for which infants are susceptible. Several age
intervals have been explored: neonatl (<1 mo); infants (<1 yr); and posineonatal {1 meo-1 ¥r).
Within these various age categories, multiple canses of deaths have been investigated, particylarly
total deaths and respiratory-related deaths. The studies reflect a variety of study designs, particle size
ranges, exposurs perieds, regions, and adjustment for confounders.

Stillkirth

Only ene study of stillbirths and PM was identified. A prospective eohort of pregnant women
in Seoul, Korea from 20011 to 2004 was examined with respect to exposure to PMy, (Kim et al.,
2007, 156642). Gestational age was estimated by the last menstrual period or by ultrasound.
Whereas many of the previously discussed studies of PM and pregnancy cutcomes were based on
nationsl registries, this study examined medical records and gathered individual information through
interviews on socigeconomic condition, medicai history, pregnaney complications, smoking, second-
hand smoke exposure, and aleohol use. Mother's exposure 10 PMy; was based on residence for each
month of pregnancy, each timester defined as a three month period, and the 6 wk prior to death.
Exposure was assigned by the nearest monitor. A 10 pg/m® increase in PMq in the third trimester
was assoclated with an 8% (95% CI: 2-14) increase in risk of stilibirth.

In 830 Paulo, Brazil, Poisson regression of stillbitth counts for the period 1991-1992 found
that a 10 pg/m? increase in PMyq was associated with 2 0.8% inerease in stillbirth rates {(Pereira et al.,
1998, 007264). When other pollutants (NO3, S04, CO, 03) were included sitmultanecusly in the
model, the association did not remain. Stiflbirths were defined as fetal loss at >28 wi of pregnancy
age, welght >=1.000 g, or length of fetus =35 em.

Neonatal Mortality and Neonatal Respiratory Mortality, <1 Month

Studies on PM and neonatal mortality (<1 month) incladed a time-series analysis of PM, for
4 yr of data (1998-2000) for $4o Paulo, Brazil (Lin et al., 2004, 095787). The analysis used daily
counts of deaths from government registries and adjusted for temporal trend, day of the wesk,
weather, and holidays. Findings indicated that a 10 pg/m® increase in PM 1o was associated with a
1.71% (95% CI: 0.31-3.32) increase in risk of neonatal death.

A case-crossover study of 11 yr {1988-2600) in Southern California did not find an asseciztion
between PM,, and neonatal deaths (Ritz et al., 2006, 089819). Quantitative results were not
provided. The anthers considersd adjustment for season, county, parity, gender, prenatal care, and
maternal age, education, and race/ethnicity,

These results add to previous werk on PM and neonatal death, ineloding studies identifying
higher risk of neonatal mortality with higher TSP in the Czech Republic in an ecological analysis
(Bobak and Leon, 1992, (444 5) and case-crossover study (Bobak and Leon, 1999, OOTG7RY and a
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Paisson model study in Kagoshima City, Japan (Shinkurz et al,, 1999, 090050). An ecological study
evaluated U.S. PMy, data for the year 1990 nsing long-term pollution levels in 180 U.S. counties
(Lipfert et al., 2060, 004103). Analysis considered birth weight, sex, month of birth, Iecation by state
and county, prenatal care, and mother’s race, age, educational level, marftal stares, and smoking
status. County-level variables were included for sociveconomic status, altitude, and climate. Resulis
indicate a 13.1% increase in neonatal mortality (95% CI: 4.4-22.6) per 10 pg/m® PM,q for non-low
birth weight infants, Statistically significant associations were also observed considering all infants
or low birth weight infants. However, higher levels of 80, were assoelated with lower risk of infant
mortality. When sulfate and an estimate of non-sulfate particles were included in the regression
simultaneously, associations were observed with non-sulfete particles and an inverse relationship
with sulfate particles. Respiratory neonatal mortality was not associated with bigher TSP in the
Czech Republic case-control study (Bobak and Leon, 1999, 007678).

Infant Mortality and Infant Respiratory Mortality, <1Year

A literature search did not reveal new studies on PM and infant mortality (<1 year) sinee the
previous PM AQCD. Previously conducted studies include a case-control study that reported
associations between infant mortality and TSP levels over the period between birth and death for
infants in the Czech Republic (Bebak and Leon, 1999, 007678). An ecological study evaluated 1.5,
PM); data for the year 1990 using long-term pollution levels in 180 U.S. counties (Lipfert et al.,
2000, 004103). The authors found a 9.64% (95% CL: 4.6(--14.9) increase in risk of infant mortality
for non-low birth weight infants per 10 pg/m? increase in PM,p, a 13.4% (95% CI: -10.3 10 43.5)
increase in non-low birth weight respiratory-disease related desths (ICD 9 460-519) and a 19.5%
{25% CIL: 0.07-42.8) increase in all non-low birth weight respiratory-related infant deaths (JCD 9
460-519, 765, 770N,

Postneonatal Mortality and Posineonatal Respiratory Mortality, 1 Month—1 Year

Several studies have been conducted on PM and postneonatal mortality since the previons PM
AQCD, including three from the U.5., one from Mexico, and three from Asia. Two cagse-comtrol
studies examined the risk of PM to postneonatal death in California. Research focused on Southern
California for the period 1989-2000 linked birth and death certificates and considered PMp 2 mo
priof to death with adjustment for prenatal care, gender, parity, county, season, and mother’s age,
race/ethnicity, and edueation (Ritz et 2l., 2006, 089815}, As previously noted, this study did not find
an association between FMyp and neonatal mortality (<1 month), however an association was
cbserved for post-neonatal mortality, with a 10 pp/m” increase it PM, associated with a 4% {05%
CI: 1-6} increase in risk. The exposure period of 2 wk before death was also considered, producing
effeet estimates of 5% (95% CIL: 1-10) for the same PM,, increment. Even larger effect estimates
were observed for those who died at ages 4-12 mo. When CG, NO,, and 05 were simultaneonsly
included with PMy; in the medel, the central estimate reduced to 294 for the 2-wk exposure period
and 4% for the 2-mo expesure period, and both estimates lost statistical significance. The other case-
control smdy of California considered PMa 5 from 1999 to 2000 for infants born to mothers within
five miles of a PM, < monitoning station (Woodruff et 2 2006, 088758). Infants who died during the
postmeonatal period were matched to infants with date of birth within 2 wk and birth weight
category. Exposure was estimated from the time of birth to death, Models considered parity and
maternal race, education, age, and martial status. A 10 pg/m® increase in PM. ; was associated with 2
7% (85% CI: -7 to 24) increase in postneonatal death

County-level PM;p and PM; 5 for the first 2 mo of life for births in wban U.5. counties
(= 250,000 residents) from 1999 to 2002 were evaluated in relation to posmeonatal martality with
GEE medels (Woodruff et al., 2008, 198384, Births were restricted to singleton births with
gestational age <44 wk, same connty of residence at birth and death, and non-missing data on birth
order, birth weight, and maternal race, education, and martial status, Higher levels of either PM
metric were associated with higher risk of postneonatal mortality, with 4% (95% €CI: -1 to 1)
lncrease in mortality risk per 10 up/m® in PMy, and 4% (95% CI: -2 to 11) increase in mortality risk
for the same increment of PMas. This work builds on a previous study of $6 ULS. urban areas from
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1989 to 1991, finding a 4% (95% CI: 2-7) increase in postneonatal mortality per 10 pg/m® county-
level PMyg over the first 2 mo of life (Woodreff et al., 1997, 0842715,

In Ciudad Juarez, Mexico, a case-crossover approach was applied to data from 1997 to 2001
based on death certificates and the cumulative PM),, for the day of death and previous two days
{Romiew et al., 2004, 093074}, A case-crossover study of Kaohsiung, Taiwan from 1994 to 2000
eompared the average of PMy on the day of death and two previous days to PMy, in contre] pertods
a week before and week after death (Tsai et al., 2006, 090709). A similar approach was also applied
to 1994-2000 data from Taipel, Taiwan, alsa using case-crossover methods for the lag 0-2 PMyp with,
refetent periods the week before and afier death (Yang et al., 2006, 0907607, In these case-crossover
studies, season was addressed through matching in the study design. A 10 pz/m’ increase in PMyq
was associated with a 2.0% (95% CI: -2.8 to 7.0) increase in the Mexico study, a 0.539 {95% CI: -15.0
to 18.8) increase in postneonstal death in the Kaohsiung study, and a 1.02% (95% CI: -13.2 to 17.6)
inerease in the Taipei study. A study in Seoul, South Korea from 1995 to 1999 used time-series
approaches adjnsted for temporal trend and weather, based on national death regisiries excluding
accidental deaths (Ha et al., 2003, 042552). A 10 ug/m® increase in PM,q was associated with a
3.14% (95% CIL: 2.16-4.14) increase in tisk of death for postneonates.

A subset of the studies examining posineonata] mortality alse considered the subset of
postnecnatal deaths from respiratory causes. These include the time-series study in South Korea,
fmdmg a 17.8% (95% CI: 14.4-21.2) increase in respiratory-mortality per 10 pg/m?® increase in PM,q
(Ha et al., 2003, 042552) and the case-crossover study in Mexico, for which the same increment in
PM,;q was associated with a 1.5% (95% CI: -14.1 to 13.0) decrease In risk {(Romieu et al., 2G04,
(93074}, Both Califormia case-contro] studies identified assoclations, with a 5% (95% CI: 1-10)
increase in risk in Southern California (Ritz et al., 2006, 089819) and 57.4% (95% CI: 7.0-132)
increase in California per 10 pg/m’ PM;; {WoodrafTet al., 2006, 083758). The U.5. study foend this
increment in PMyq to be linked with a 16% (95% CI: 6.0-28.0) increase in respiratory postneonatal
mortality, although effect estimates for PMa s were not statistically significant (Woodruff et al., 2008,
098386). Earlier studies on respiratory-related postneonatal mortality include the study of §6 1.5,
urban areas, finding statistically significant effects (Woodraif et al., 1997, 08427 1).

Sudden Infant Death Syndrome

Three studies examining the relationship between PM and sudden infant death syndrome
(SID&} have been published from 2002 onward. These studies examined infant meoriality and were
thereby discussed n this section previcusly. A case-control study over a 12-year period {1989 to
2000} matched 10 controls to deaths (cases) in Southern California (Ritz et 21., 2006, 08081 91 A
10 pgim’ increase in PMg the 2 mo prior to death was associated with 2 3% {(95% CI: -1 to 8}
increase in SIDS. Adjusted for other pellutants (CO, WO, and 4}, the effect estimate reduced to 1%
(93% CI: -Sto 7).

A case-control study, also based in California, found an OR. of 1.008 (95% CI: 1.006-1.012}
per 10 pg/m® increase in PM3 5, considering a SIDS definition of ICD 10 R95 (Woodruff et al., 2008,
Q83758). Due to changes in SIDS diagnosis, another S1DS definition was explored for ICD 10 R9%
in addition to ICD 10 R95. Under thizs SIDS definition, the effect estimate changed to 1.03 {95% CI:
0.79-1.35}. The authors also examined whether the relationship between PM; s and SIDYS differed by
season, finding no significant difference. PM), and PM; ;5 were not associated with risk of SIDS;
numerical results were not provided for these PM metrics. The third recent study of PM and $SID$
examined [).5. urban counties from 1999 to 2002 (Woodruff et al., 2008, 098388, Statistically non-
significant relationships were ohserved betwesn SIDS and PM g or PMa . in the first 2 mo of Jife,

These studies add to sarlier work, such as a U.S_ study that found higher risk of S1D3 with
higher annual PM; ; levels, including in = separate analysis of normal birth weight infants (Lipfert et
al., 20400, 004103}, and a 1.8, study identifying a 12% (95% CI: 7-17) increase in SIDS risk per
10 pg/m” in PM;, for the first 2 mo of life for normal weight births {Woodruff et 21., 1997, 084271,
A study based on Taiwan found higher SIDS risk with lower visibility (Knébel et al., 1995, 155905 1,
whereas a 12-city Canadian time-series study identified no significant associations {(Dales et al.,
2004, DBT34).

Deaths by SIDS wetre identified by different methods in the studies, partly due to transition
from ICD 9 to ICD 10 codes, but also due to different choices within the research design. Two
studies examined mualtiple approaches (ICD 10 R95, ICD 10 RS and R99) (Woodruff et al_, 2006,
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083758; Woodmif et al., 2008, 098386}, and other studies iovestigated ICD 9 798.0 and ICD 10 R9S
(Ritz and Wilkeim, 2008, 156914}, ICD % 798.0 {Woodruff et al., 1997, 4842715, ICD © 798.0 and
799.0 (Kndbel et al., 1995, 155905), as well as 2 sudden unexplained death of infant <1 year for
which an autopsy did not identify a specific cause of death {Dales et al., 2004, 087347). These
variations in the definition of health outcomes add to differences in populations znd study designs.

Although some findings indicate a potential effect of PM on nisk of SID'S, with the strongest
evidence perhaps from the case-control study in California (Woodruff et al,, 2006, 088758, others
do not find an effect or observe an wocertain assoeiation. For the relationship between PM and 5108,
& 2004 review article concluded consistent evidence exists compared to evidence for other infant
mortality effects (Gliianaia et al., 2004, 0B7598), whereas other reviews found weaker or
insufficient evidence (Heinrich apd Slama, 2007, 156534), Another review concluded that the
scientifie literature on air pallution and SIDS supgests an effect, but that further research is needed to
draw & conclusion (Tong and Colditz, 2004, 087883).

Considerations for Comparisons across Studies

Comparison of results across studies can be challenging due to several issues, including
differences in methodologies, populations and study areas, pollution levels, and the exposire
timeframes used. Given the large variation in smdy designs, the methods to address poteatial
confounders vary. For example, weather and season were addressed in the case-control studies hy
matching, in the time-series study through non-linear functions of tempersture and temporal trend,
and in the ecolopical smdy through county-level variables. All studies included consideration of
seasonality and weather. Researchers used different definitions of respiratory-related deaths,
including ICD 9 460-519 (Bobak and Leon, 1999, 007678; Lipfert et al., 2000, 004103): ICD ¢
460-519, 769-770 (Lipfert et al., 2000, 004103Y; ICD 9 460-519, 769, 770.4, 770.7, 770.8, 770.9,
and JCD 10 JOO-J98, P22.0, P22.9, P27.1, P27.9, P28.0, P28 .4, P28.5, and P28.0 (Ritz et al., 2606,
089819); and ICD & 460-519 and ICID 10 J00-J99 for any canse on death certificate {Romieu et 2],
2004, 093074); ICD 10 J00-69 and P27.1 excluding J69.0 (WoodrufF et al., 2006, 088758; Woodruff
et 2l 2008, 098386); and ICD & 460-519 (Woodruiff et al., 1997, D84271).

Socioeconomic conditions wers inciuded at the individual level, typically maternal education,
n many studies {e.g., Bobak and Leon, 1999, 007678; Ritz and Wilhglm, 2008, 156914; Ritz et al.,
2006, 089218; Weoodrufl et al., 1997, 084271; Woodruff et al_, 2006, 088758) and at the community-
level in others {e.g., Bobak and Leon, 1992, 044415; Penpa and Duchizde, 1991, 073325 or for both
individual apd community-leve] data (e.g., Lipfert et al., 2000, 004103). The time-seties approach s
unlikely to be confounded by sociceconomie and other variables that do not exhibit day-to-day
variation. Similarly, case-crossover methods use sach case as his/her own conirel, thereby negating
the need for individual-level confounders such as socigeconomic statug {£.4., Romieu et al_, 2004,
083074 Tsal et al., 2006, 090709; Yang et al_| 2006, 090760}, All stedies puablished afier 2001
incorporated individual-level socioeconomis data or were of case-crossover or time-series design.
One study specifically examined whether socioeconomic statns modified the PM and mortality
refationship, dividing subjects into three sociceconomic strata based on the ZIP code of residence at
death (Romiea et af , 2004, 093074). This work, based in Mexico, found that at lower socio-
economic levels the asseciation between PM,y, and postneonatzl mortality increased. Althoueh the
overall associztion showed higher risk of death with higher FM,; with statistical uncertainty, for the
lowest socio-sconotmic groap, a 10 pg,-’ma inerement in cumulative PMyp over the 2 days before death,
was associated with a 60% (95% CI: 3-149) increase in posteonatal death. A trend of higher effeot
for lower socio-economic condition is observed in all 3 lag structures.

Studies differ in terms of the time frame of pregnancy that was used to estimate EXpOsUTE.
Exposure to PM for infant mortality (<1 yr) was estimated as the levels between birth and death
{Bobak and Leon, 1999, 007478), aneual community levels (Lipfert et al., 2000, 004 103; Penna and
Duchiade, 1991, 0735325} and the 3-5 days prior to death (Loomis et al., 1999, 037288). For neonata)
deaths, exposure timeframes considered were the time between birth and death {Bobak and Leon,
1992, 04441 3; Bobak and Leon, 1999, 007678), annua) Jevels {(Bobak and Leon, 1999, DO7678E;
Lipfert et al., 2000, 404 103), monthly levels (Shinkurz et al., 1999, 090050}, the same day
concentrations (Lin et al., 2004, 0857387}, and the 2 mo or 2 wk prior to death (Ritz et al., 2008,
089819% Postneonatal mortality was associated with PM concentrations based on ammual levels
(Bobak and Leon, 1992, 044415; Lipfert st al., 2000, 004103), between birth and death (Bobak and
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Leon, 1999, 007678; Woodmuff et al., 2006, 088758), 2 mo before death (Ritz et al., 2006, 0F0819,
the first 2 mo of life {Woodruff et al., 1997, 084271; Woodruff et al_, 2006, 0828758), the day of dearh
(Ha et al., 2003, 042552), and the average of the same day a3 death and previens 2 davs (Romieu et
al., 2004, 093074 Tsai et al., 2006, 090709; Yang et al., 2006, 090760}, Thus, po consistent window
of exposure was identified across the studies.

PM o concentrations were highest in Sewth Korea (692 pg/m”) (Ha et al,, 2003, 042552) and
Taiwan (8145 pg/m®} (Tsai et al., 2006, $90709), and lowest in the U.8. (29.1 ng/m’) (Woodruff et
al., 2008, 098386} and Japan {21 6 ng/m”) (Shinkurs et 21., 1999, 0800503, All studies used
community-level exposure information based on ambient menitors, as opposed to exposure
measured at the individual level {e.g., subject’s home) or personal monitoring.

Given similar sources for multiple pollutants (e.g., traffic), disentangling the heatth TESpOTISES
of copollutants is a challenge in the study of ambient air pollution. Several studies examined
multiple pollutants, most by estimating the effect of different poflutants through several univariate
models. Some studies noted the difficuity of separating PM effects from those of other pellutants,
but noted stronger evidence for particles than other pollutants (Bobak and Leon, 1999, 007678). A
few studies applied copollutant models by including multiple pollutants simultanesusly in the same
model. Effect estimates for the relationship between PM g aed neonatal deaths in 540 Paulo were
reduced to 2 null effect when S0, was incorporated (Lin et al., 2004, 095787). Associations between
PM,; and postneonstal mortality or respiratory posmeonatal mortality remained but lost statistical
significance in & multiple pollutant model with CO, NO,, and O (Ritz et al., 2006, 18981 N.

Severa] review articles in recent years have examined whether exposure to PM affects risk of
infant mortality, generally concluding that more consistent evidence has been abserved for
postnezonatal mortality, particularly from respiratory causes (Bobak and Leon, 1599, 007678,
Heinrich and $lama, 2007, 136334; Lacasadia et al., 2005, 155914; Sram et al., 2005, 087442). In
one review authors identified 14 studies on infant mortality and air pollution and determined that
stadies on PM and infant mortality do not provide consistent results, although more evidence was
present for an association for some subsets of infant mortality such as postneonatal regpiratory-
related mortality (Bobak and Leon, 1999, 007678). The relationship between PM and postmeonata)
respiratory mortality was concluded to be causal in one review (Sram et al., 2005, 087442}, and
strong and consistent In another (Heinrich and Slama, 2007, 156534). Meta-analysis u$ing inverse-
variance weighting of PMy; studies found that a 1¢ pg/m? increase in acute PM,, BXDOSILIE Was
associated with 3.3% (95% CI: 2.4-4.3) increase in risk of postneonatal mortality, whereas the same
increment of chronic PM,; exposure was linked with a 4.8% (95% CI: 2.2-7.2) increase in
postneenatal mortality and 2 21.6% (95% CI: 10.2-34 2} increase for respiratory posineonatal
mortality (Lacasafia et al , 2005, 155914).

Studies that examined multiple cutcomes and ages of death allow a direct comparison based
on the same study population and methodologies, thereby negating the concern that inconsistent
results are due to underlying vartation in population, approaches, etc. In this review, one study, based
in Southern California identified no association for neonatal effects (numerical results not provided)
but statistically significant results for postneonatal mortality (Ritz et al., 2006, 080819, Figure
7-3compares risk for the postmeonatal period for respiratory and total mortality. In six of the seven
studies, higher effect estimates were observed for respiratory-related mortality. Resulis from the
neonatal peried found higher effects for total mortality compared to respiratory mortality (Bobak and
Leon, 1999, 007678) and the reverse for a study examining infant mortality (Lipfert et al., 20400,
0041,03). Thus, there exists evidence for a stronger effect at the postneonatal pericd and for
Tespiratory-related mortality, although this trend is not consistent across all studies.
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Figure 7.5, Percent increase in postnaonatal mortality per 10 pg/m?® in PMyg, comparing risk
for total and respiratory mortality. Panel a {left) provides central estimates; panel
b (right} also adds the 95% intervals. The points reflect central estimates and the
fines the 95% intervals. Solid lines represent statistically significant effect
estimates; dashed lines represent non-statistically significant estimates.

7.416. Decrements in Sperm Quality

Limited research conducted in the Czech Republic on the effect of ambient air polintion on
sperm production has found associations between elevated air pollution and decrements in
proportionately fewer motile sperm, proportionately fewer sperm with normal morphology or normal
head shape, proporticuately more sperm with abnormal chromatin (Selevan et al., 2000, 012578,
and an increase in the percentage of sperm with DNA. fragmentation (Rubes et al_, 2005, 073091).
These results were not specific to PM, but for exposure to a high-, medinm- or low-polluted a1y
mixture. Similarly, in Salt I.ake City, Utab, PM; ; was associated with decreased sperm motility and
morphology (Hanmond et al, 2009, 192156, Research in Los Angeles, California examined 5,134
semen samples from 4§ donors in relation to ambient air pollution measured 0-5, 10-14, 70-90 days
before semen collection over a 2-yT period (1996-1998). Ambient O during all exposure periods had
a significant negative correlation with average sperm concentration, and no other pollutant ateasures
were significant]y associated with sperm quality parameters, or presented quantitatively (Sokol et al.,

2006, 053539,

1.4.2. Toxicological Studies

This section summarizes recent evidence on reproductive health effects repotted with exposure
1o ambient PM; ne evidenee was presented in this area in the 2004 PM AQCD. Studies frora
different toxicologieal redent models allow for investigation of specific mechanisms and modes of

| Stdies tncluded are Sobak and Leon (1959, QOTETE], Ha et al, (2003, 425520, Ricg et . (2008, OSSE19}, Rofticg e al, {2004, COZ0TE
Enmien =t al, {2008, | 560200, Woodnuf et al. (1597, D&1171), Woodm ot 4. (2008, pRAT5R). Findings from Bobak and Liaon (15549,
A07E7E) wers besed on TEP and were converted to FM,; esfimates assuming PV TSP = 0.8 a5 per suntmary dak m the origingl aticle
{Bobak and Leon, 19549, U07678), Findings from WandmfFet al. (1957, 084371 for mspirarpry-related moctality were based oo non-low
birth weight infans, Restlts Bor Woodnutf et al, (2006, (33755) were based on PM; 5 and wers comverted to P ASFUNINS
Phls o B p = 0.8,
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action for reproductive changes. Emphasis is placed here on results from different windows of
development, i.e., exposure in utero, neonatally or as an adult can affect reproductive outeomes as an
adult. In addition, studies evaluating whether fertility is affected in female and/or male animals bya
similar exposure, and how exposures are transmitted to the fertility of the F; offspring, are
summarized. Hormonat changes which can lead to decreased sperm, count ot changes in the estrous
cyele are also of interest. Studies of prepnancy losses and placental sufficiency are also reported.
Maost recently, the role of environmental chemicals in shifting sex ratios (also seen in epidemiologic
studies) and in affecting heritable DNA changes have become outcomes of interest,

714.2.1. Female Reproductive Effects

Urban Air

Windows of exposure are important in determining reproduetive suceess as an adult. Exposure
2% a neonate may have a drastically different irapact than does 2 similar adult exposure, To test this,
female BALB/C mice were exposed to ambient air in Sao Paulo as neonates or as adults and then
were bred to non-exposed males (Moballem et al., 2005, 088657). Ambient concentrations of the
pollutants CO, NGy, PM,q, and SO, were 2.2 & 1.0 ppm, 107.8 £42.3 pgfm’ |, 35.5 + 12.3 pg/m’,
and 11.2 + 5.3 pg/m’, respectively. They reported decreased fertility in animals exposed as
newboms, but not in adult-exposed female BALB/c mice. There were 2 significantly higher number
of liveborn pups from dams housed in filtered chambers (PM and gaseous components removed)
versus animals exposed to ambient air as newborns. There was also a higher incidence of
mmplantation failures in dams reared as newborns in polluted chambers. Sex ratio, number of
pregnancies per group, resorptions, fetal deaths, and fetal placental weights did ant differ
significantly by exposure group. Thus, in these studies, gxposure 1o ambient air pollution affected
firture reproductive success of females if they were exposed 25 neonates and not if exposed as adults.

Diesel Exhaust

Significant work has been done in male rodent models to determine the effect of PM EXpOSUre
on reproductive outcomes, with fewer studies conducted using female rodents, Tsukue et al. (2004,
096643) exposed pregnant C57-BL mice to DE {0.1 mg/m’} or to clean air (controls) for 8 hiday
from GD2-13. The concentration of the saseous materials including NO, NOy, NO,, CO and $0,
are 2.2 = 0.34 ppm, 2.5 £ 0.34 ppm, 0.0 ppm, 9.8 + 0.69 ppm, and <0.1 ppm (Dot detectable),
respectively. At GD14 female fetases were collected for analysis of mRNA for two genes involved in
sexual differentiation (Ad4BP-1/$F-1 and M$), and found no significant changes. Work by Yeshida
etal. (2006, 09701 5) showed changes in these two transcripts in male ICR. fetuses exposed to similar
concentrations of DE, albeit with different daily durations of exposure. Further work by Yoshida et
al. (2006, 097015% showed that of three mouse strains tested, ICR. male femses were the most
sensitive to DE-dependent changes in these two genes. Nonetheless, strain sensitivity to DE particles
may alse differ by sex. Thus, it appears that female mice exposed in utero ts DE show a lack of
response at the mRNA level of MIS or Ad4bP-1/SF-1, important genes in male sexual differentiation
that showed DE-dependent changes in male pups from dams exposed in utero. Female fetuses have
shown a decrease in BMP-15, which is related to oocyte development {Tsukue et 2], 2004, 096643).

A sensitive measure of androgenic activity in male rodents is anogenital distance (AGD), Le.,
decreased AGD is seen with exposure to anti-androgenic environmental chemicals, the phthalates
(Foster et al., 1980, 094701; Foster et al., 2001, 156442). To assess the role of DE EXPOSUIE 00
reproductive success and anti-androgenic effects on offspring, Tsukue et al, (2002, 830593) exposed
6 week-old female C57-Bl mice to 4 mo of DE (0.3, 1.0, or 3.0 mg/m’; PM MMAD of 0.4 um}) or
filtered air. DE-exposed estrous females had significantly decreased uterine weight (1.0 mg/m™).
Some of the DE-exposed females were bred to unexposed males and DE-exposure led to increasad,
alheit not significantly increased, vates of pregnancy loss in mated females {up to 25%). Offspring
were welghed after birth and decreases in body weight were observed at 6 and & wk {males and
females, 1.0 and 3.0 mg/m”) and 9 wk (females, 1.0 and 3.0 mg/m®). Anogenital distance was
decreased in 70-day old DE-exposed male offspring (0.3 mg/m™). In female offspring at 70 days of
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age, lower orgap weights (adrénals, Hver, and thymus) were observed (1.0 mg/m™) compared to
conirols; thymus weight of the 0.3 mg/m’ fernales was also [ower at 70 days. Crown to rump length
in females from dams exposed to DE (1.0 and 3.0 mg/m?) was less than the control group. In
conclusion, adult exposure to DE led to maternal-dependent reproductive changes that affecied
outcomes in ofspring that mapifisted as deereased pup body weight, anti-apdrogenic effeets like
decreased AGD and decreased organ weight (which may have been confounded by changes in body
weight becanse weights were not reported as relative organ weights). :

74.2.2. Male Reproductive Effects

Diesel| Exhaust

Studies were performed 1o determine PM-dependent stain sensitivity of the male reproductive
tract using male steroidogenic enzymes as the model pathway. Three strains of pregnant mice {ICR_
C3TBIGT or ddY mice) were continuously exposed to DE at 0.1 mg/in” via inhalation or cledn air
over gestational days 2-13 (Yoshida et al., 2006, 156170}, At GD14, dams were euthanized and

- fetuses were collected. Male fetuses were collected from szch dam for mRNA analysis of genes
related to male gonad development including Mnllerian inhibiting substanee (MI3$; crucial for sexuoal
differentiation including Mullerian duct regression in males}, steroid transgenic factor (Ad4BP/SF-],
an enzyme in the testosterone synthesis pathway), eytochrome P450 cholesterol side chain cleavage
enzyme (P450sec), and other stereidogenic enzymes [17f-hydroxysteroid dehydrogenaze (HSD?,
cytochrome P450 17-v-hydroxylase (P450¢17), and 3-Bhydroxysteroid dehydrogenase (3EHSD)).
There were significant decreases in M1S (ICR and CS7BL/6 mice) and Ad4BP/SF-1 {ICR. mice)
eompared to the contrel groups. The ddY sirain demenstrated no changes in AJ4BP/SF-1 or MIS,
which may be due to marked changes in 3f-hD expression compared to non-DE exposed controls.
From these studies, it appears that mounse strains with in utero exposurs to DE show differentia]
sensitivity in gonadal differentiation genes (mRNA) expression in male offspring; ICR are the most
sensitive, followed by C57BL/6, with ddY mice being the izast sensitive.

Yoshida et al. (2006, 0970135} also monitored changes in the male reproductive tract after in
uterg exposure to DE. Timed-pregnant ICR dams were exposed during gestation (2 days post-coitus
[dpc3-16 dpe} to continuous DE (0.3, 1.0 or 3.0 mg/m?) er clean air. The reproductive tracts of male
offspring were monitored at 4 wk postnataily. These pups received possible continned exposure
thrnu.ggh lactation as dams were exposed to DE during gestation and nursed pups. Exposure to 0.3
mg/m” of DE had no effect on male reproductive organ weight or sernm testosterone, The
intermediate concentration of 1.0 mg/m” induced inereases in sentn testosterone. Exposure to the
higher concentration (1.0 and 3.0 mg/m® of DE led to significant increases in reproductive gland
weight (festis, prostate, and coagulating gland). The organ weights are presented as absolute numbers
and ot adjusted for body weight, which is sometimes problematic for complete representation of
hormonal changes, as body weight may confound absolute organ weight changes. Transcripts
relating to male sexual differentiation {MIS and AD4BP/SF-1, 1.0 and 3.0 mg/m’) were also
significantly decreased. Sexual differentiation Is a tightly regulated process and these changes in
transcription may lead to changes that can affect genitalia development.

The effects of DE exposure on male spermatogenesis have also been demonstrated. Exposure
of pregpant ICR mice to DE (2-16 dpe continuous ithalation exposure to 1.0 mpg/m” or filtered clean
air) led to impaijred spermatogenesis in offspring (Ono et al., 2007, 156007). Male offspring were
followed at PND 8, 16, 21 (3 wk}, 35 (5 wk) and 84 {12 wk). After 16 dpe, but before termination of
the study, all of the animals were transferred to a regular animal care facility and recejved clean afr
exposure until the termination of the study. No cross fostering was performed in this gxperiment, so
pups that were born to DE-exposed dams were 4)s0 nursed on these dame and may have received
lactational exposure to DE. The gaseous components of the diluted DE ineluded NO, NQ4, 50, and
CO; at conceptrations of 11.75 = 1.18, 4.62 £ 0.36, .21 £ 0.01, and 4922 + 244 ppm, respectively.
Body weight was significantly depressad at PNDs 8 and 35, Accessory gland relative weight was
significanily increased at PND8 and PND 16 only. Serum testosterone was significantly decressed at
3 wk and was significantly increased ar 12 whk. At 5 and 12 wk, daily sperm production (DSP) was
significantly decreased. FSH receptor and StAR mRNA levels were significantly increased at 5 and
12 wk, tespectively. Relative testis weight and relative epididymal weight were unchanged at all
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timne peints. Histelogical changes showed sertoli eells with partial vacuolization and = significant
increase in testicular multinucleated giant cells in the seminiferous tubules of DE-exposed animals
compared to contrel. This study indicates that in utero expasure to DE had effects on
spermatogenesis in offspring at the histological, hormona) and functional levels.

In utero exposure to DE and its effect on adult body weight, sex ratio, and male reproductive
gland weight was measered by Yoshida et al. (2006, 097015 ). Pregnant ICR. mice were exposed by
inhalation to DE (0.3, 1.0 or 3.0 mp/m”) or ¢lean air from 2 dpc to 16 dpe. Pups were allowed to
nurse in clean air on exposed dams until weaning and at PND28, male pups were sacrificed. At this
tirne, serum testosterone and pup reproductive gland welght was determined. Significant increases in
telative reproductive organ weights were reported at 1.0 and 3.0 mg/m® for the seminal vesicle,
testis, epididymis, coagulating pland, prostate and liver. Male pup serum testosterone was
significantly increased at 1.0 mg/m’. Mean testosterone positively correlated with testis weight DSP,
aromatase and steroidogenic enzyme message levels (P450¢cc, 17 lyase, and P450 aromatage). Sex
ratio did not differ in DE-exposed animals versus contrel, Male pup body weight of DE-exposed
animals was significantly increased at PND28 (1.0 and 3.0 mg/m°). These studies show that in utero
DE-exposure led to inereased serum testosterone and increased reproductive gland weight in male
offspring early in life.

The effects of DE on murine adult male reproductive function were studied by exposing ICR
male mice (6 wk of age) to DE (clean air control, 0.3, 1.0 or 3.0 mgi/m?®) for 12 hiday for 6 mo with
another group recefving a 1-mo recovery of clean air post-exposure (Yoshida and Takedab, 2004,
057760). After 6 mo of DE exposure, there was 2 concentration-dependent increase in degeneration
of seminiferous tubules and 2 decrease in DSP/g of testis tissue. After 6 mo expasure to DE particles
plus 1 mo of recovery in ¢lean air, sfgnificant decreases remained in DSP at the two highest
concentrations. The effect of ingestion of deposited PM on the fur with grocming cannot be ruled out
as a possible exposure pathway in this experiment.

To expand on PM-dependent changes in spermatogenesis, an eloquent DE-exposure mode]
wes designed to determine 1f PM or the gaseous phase of DE was responsible for changes in sperm
production in rodents (Watanabe, 2005, 087985). Pregnant dams {F344/DnCrj rats) exposed to DE
{6 b/day exposure to 0.17 or 1.71 mg/m”; <90% of PM Jess than 0.5 pm; NGy concentrations (.10
and 0.79 ppm, respectively) or filtered air (removing PM only, low concentration filtered air and
high eoncentration filtered air) from GD7 to parturition produced adult male offspring with a
decreased number of sertoli cells and decreased DSP (PND 96) when compared to control mice
exposed to clean air. The concentrations of NOa for the low and high filtered exposure groups were
0.1 and 0.8 ppm, respectively. Because both PM-filtered and DE-exposurs groups showed the same
cutcomes, the effects are likely due to paseous components of DE.

Motorcycle Exhaust

Adult male (3-wk 0ld} Wistar rats were exposed to motoreyele exhaust {ME) for 1 h in the
morning and 1 h in the afternoon (5 day/wk) at 1:50 dilution for 4 wk {group A}, 1:10 dilution for
2 wk (group B) or 4 wk {group ), or to clean air {Huang et al., 2008, 156574). After 4 wik of
exposime, both exposed groups had significantly decreased body weight eompared to the control
group. All three ME exposure groups showed a decreased number of spermatids in the testis, Both
}:10 exposure groups also demonstrated decreased caudal epididymal sperm counts. Group C had
significant decreased testicular weight, decreased mRNA expression for the cytochrome P450
substrate 7-ghtoxycoumarin O-de-ethylase, and increased IL-6, TL-] 3, and COX-2 mRNA levels,
Decreased protein levels of the antioxidant, superoxide dismutase, and increased IL-6 protein were
reperted for group C when compared to control. In addition, serum testosterone was significantly
decreased in group C. Co-treatment with the antioxidant vitamin E resulted in partial attenvation of
serum testosterone levels and caudal epididymal sperm counts, and returned IL-6, IL-1P, and COX-2
ME exposure-dependent message levels to baseline, The glutathions antioxidant systemn and lipid
perexidation were unchanged. In conclusion, male animals exposed to ME showed significant
decrements in body weight, spermatid number, and serm testosterone with an increase in
inflarnmatory cytokines. Vitamin E co-treatment with ME-exposure led to an attenuation of
inflammation and a partial rescue of testosterone levels and sperm numbers.
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Summary of Toxicological Study Findings for Male Reproductive Effects

In summary, laboratory animals exposed to IE in utere or s adults manifest with abnormal
effects on the male reproductive system. In utero exposere to DE indueed increased reproductive
gland weight and increased sernm testosterone In early life (PND28), which may lead to sarly
puberty {albeit not mesasured in this study). With similar in utero DE exposures, later life outcomes
inelude decreased DSF, aberrant sperm moerphology, snd hormonal changes (testosterone apd FSHr
decrements}. Chronic exposure of adult mice to DE also induced decreased D3P and seminiferous
tubule degeneration. DE-dependent effects on male reproductive function have been reported in
multiple snimal models, with only one model separating exposure based on particulate versus
gaseous components, DE and filtered air {gasecuws phase only) exposurs in utere induced sertoli cell
and DSP decrements in both groups, indicating that the gaseous phase of DE was cansative. Adult
male rats expesed to ME manifested with decreased spermatid number, serum testosterone, and an
increase in inflammatory cytokines. Significant effects on the male reproductive system have been
demonstrated after exposure to ambisnot PM sources (DE or ME). Nonetheless, these models often
include a complex mixture of gaseous somponert and PM exposure, which malces interpreting the
contribution from PM alone difficult.

74.23. Multiple Generation Effects

Urban Air

Verag et al. (2009, 190496) investigated pregnancy and female reproductive outcomes in
BALB/c female mice exposed to ambient air or PM-filtered ambient air at one of two different time
periods (before conception and during pre?mncy} neat an area of high traffic density in Sao Panle,
Brazil. Exposutes were 27.5 and 6.5 ug/m” PMs s for ambient and PM-filtered air chambers,
respectively, with 101 pg/m® NO,, 1.81 pg/m® €O, and 7.66 ppm SO, in both chammbers. Two Zroups
of 2nd geperation (G2} nulliparcus female mice were continnously exposed from birth. Estrous
cyclicity and ovarian follicle classification were followed at PND&D (reproductive maturation) in one
group. A further group was svbdivided into four groups by exposures during pregnancy following
reproductive capabiiity apd pregnancy outcomes of the G2 mice. Animals exposed to ambient air
versus PM-filtered air had an extended time in estrous and thus, a reduction in the number of cycles
during the study period. The number of antral foliicles was significantly decreased in the ambient air
versus the PM-filtered air animals. Other follicular quantification (number of small, growing or
preovulatory follicles) showed no differences between the two chambers. There was an inorease in
the time necessary for mating, a decrease in the fertility index, and an increase in the pregnancy
index in the ambient air group versus the PhM-filtered group. Specifically, in the ambient air proups,
there was a significant increase in rate of the post-implantation loss in G1 and G2 groups. However,
there was no statistically significant change in number of pups in the litter. Fetal weight was
decreased in all treatment groups (ambient air groups G and G2, and PM-filtered G2) when
compared to the PM-filtered G1 group or animals rafsed entirely m filtered air, showing that fetal
weight was affected by both pre-pestational and gestational PM exposure.

FM exposure prior to concepiion is associated with increased time in estreus, which in other
animal medels can be related to ovarian hermone dysfunction and ovuelatory problems. These estrous
alterations can contribute to fecundity issues. There was no significant differepce in number of
preovulatory follicles in the above medsl, but thers was a stafistically significant decrease in the
number of antral follicles (Veras et al., 2009, 1904961, Antral fellicles are the last stage in fillicle
develapment prior to ovulation, and a decrease m antral follicle number can be related to premature
reproductive senescence, premature ovarian failure, or early menopause, which were not followed in
this study.

Iz thig study {Veras et al., 2009, 190496), the males that were used to generate the GI and G2
groups were also exposed to ambient air or PM-filtered ambient air, and thus the reproductive
confribution of thess males to the overal) fertility and mating changes in the females cannot be
totally eliminated 23 2 possible confounder to the observed effests. Thus, these effects are hard to
differentiate as male- or female-dependent and likely indicate a general loss of reproductive fimess.
Intersstingly, both pre- and gestational exposure to ambient air indused 2 significant lass in post-

Decembsar 2002 162



- 000206

implantation of fetuses and this may be related to placental insufficiency as has been described in
other work by this lab (Veras et al_, 2008, 190493).

74.24. Receptor Mediated Effects

Arylhydrocarbon Receptor {(AhR)

Diesel Exhaust Parficles

The AhR. is often activated by chemicals classified as endocrine disrupting compounds
(EDCs}, exogenous chemicals that behave as hormonally active agents, disrupting the physiclegical
funetion of endogenous hormones. DE particles are known to activate the ARR. A& recent study by
Izawa et al. (2007, 190387) showed that certain polyphencls {quercetin from the onion) and food
extracts (Ginkpo biloba extract) are able to attenuate DE particle-dependent AR activation when
meagured with the Ah-Immungassay, thus possibly attenuating the EDC activity of DE particles.

74.25. Developmental Effects

Sex Ratio

Urban Air

A correlation between PMy exposure and a decrease in standardized sex ratios (SSRs) has
been reported in humans exposed to air pollation (Lichtenfels et al., 2007, 09704 1; Wilson et al.,
2000, 10288), with fewer murnbers of malg births teported. To understand this shift, two groups
{control and exposed) of male Swiss mice were housed conewrrently in $ao Paulo and received sither
ambient air exposure or filtered air (chemical and particulate filtering} from PND10 for 4 mo
(Lichtenfels et al., 2007, 097041). Filtration efficiency for PM, s, CB, and NO, inside the chamber
was found to be 55%, 100%, and 35%, respectively. After this exposure, non-exposed females were
placed in either chamber to mate. After mating, the males were sacrificed and testes collected; males
exposed to ambient air showed decreased testicular and epididymal sperm counts, decreased total
number of germ cells, and decreased elongated spermatids, but o signifieant chanpe in litter size.
Females were housed in the chambers and sacrificed on GD19 when the number of pups born alive
and the sex ratio were obtained. There was a significant decrease in the $SK for pups born after
living in the ambient ajr-exposed chamber compared to the filiered chamber. In this stdy, a shift in
53R has been shown for both humans and rodents exposed to air polhrtion, but other studies with DE
exposure (Yoshida et al., 2006, 156170) or ambient air m Sao Paulo (Mohallem et al., 2003, 088657)
showed no changes in rodent sex ratio. Possible exposure to PM and other components of ambient
air via ingestion during grooming cannot be ruled ont in this rodent model.

Immunslogical Effects: Placenta

Diegel Exhaust

Placental insufficiency can lead to the Joss of a pregnancy or to adverse fetal outcomes, DE-
exposure has been shown to induce inflammation in various models. Fujimoto et al. {2005 (963556}
assessed cytokineimmunological changes of DE-dependent inhalation exposure on the placenta
during pregnancy. Pregnant Slc:CR mice were exposed to DE (0.3, 1.0, or 3.0 mg/m’; PM MMAD
of 0.4 pm) or clean air from 2 to 13 dpc and dams, placenta, and pups were collected at 14 dpe,
There was a significant increase in the number of absorbed placentas in DE-gxposed animals (6.3
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and 3.0 mg/m*) with a significant decrease in the number of absorbed placentas in DE-exposed
animals at the middle concentration (1.0 mg/m?). Absorbed placentas from DE exposed mtice had
undetectable fevels of CYPI1AL and twofbld inereases in TNF-n; CYPIAL placental mRNA from
healthy placentas of DE-exposed mise was unchanged versus control. IL-2, IL-5, 1L-12e, IL-12B and
GM-CSF mRNA significant]y increased in placentas of DE-exposed animals (0.3 and 3.6 mp/m™).
Fujimoto et al. (2003, 096556} reported DE-induced significant increases in multiple inflarmmatory
markers in the placenta with sigmificant increases in the number of sbsarbed placentss.

Immunological Effects: Asthma

Modef Particles

In utero exposure may confer susceptibility to PM-induced asthmatic responses in offspring.
Exposmre of pregnant BALB/c mice to arrosolized ROFA leachate by inhalation or to DE particles
intranasally increases asthma susceptibility to their offspring (Fedulov st 2., 2008, 097487: Hamada
etal, 2007, 081235}, The offspring from dams exposed for 30 min to 50 mg/mL ROFA 1, 3, or
¥ days prior to delivery responded to OVA immunization and aeroso] challenge with airway
hyperreactivity and increased antigen-specific IgE and 1gG 1 antibodies (Hamada et al., 2007,
091235}, Airway hyperreactivity was also observed in the offspring of dams intranasally instillad
with 30 ug of DE particles or TiDy, or 250 pg CB, indicating that the same effect could be
demonsirated using relatively “Inert” particles (Fedulov et al., 2008, 097482). Pregnant mice were
particularly sensittve to expostre to DE or TiD; particles, and genetic analysis indicated differeatia]
expression of 80 genes in response to Ti0; in pregnant dams. This pregnancy and in utere exposure
may enhance responses o PM, and exposure to even relatively inert particles may result in offspring
predisposed to asthoea.

Placental Morphology

Urban Air

Exposure to ambient air pollution during pregnancy is associated with reduced fet] weight in
both humsan and animal models. The effect of particulate urban air pollution on the functional
morphology of the mouse placents was explored by exposing second generation mice in one of four
groups to urban 3ao Paulo air {(PM was 67% PMa s, mainly of vehicular origin} or filtersd afr (Veras
et al., 2008, 190493). Experimentzl design was: group F-F comprised of miece that were raized in
filtered air chambers and completed pregnancy in fittered air chambers; group F-nF raised in filtered
air and pregnant in ambient air; group oF-nF raised and completed pregnancy in pon-filtered air
chambers; aed proup nf-F mice raised in ambient air and received filtered air during pregnancy.
Mean PM: s concentrations in the F and oF chambers were 6.5 and 27.5 pg/m’, respectively.
Expoesure was from PND20-PND60. Afier this exposure, the animals were mated and then
maintained in their respective chambers dering pregnancy. Pregnancy was terminated at GDE (pear
term) with placentas and fetuses collected for analysis,

Exposure to ambient PM pre-gestationally or gestationally led to significantly smaller fetal
weight (total litter weight). Pregestational exposure to ambient air induced significant increases in
fetal capillary surface area and total mass-specific conductance, but this may be explained by
reduced maternal/dam blood space and diameters. Gestational exposure to non-filtered ajr was
associated with reduced voleme, diameter {ealiber) and svrface area of matemnal blood space with
compensatory greater fetal capillary serface and oxygen diffusion eonduction rates. Intravaseular
barrier thickness, 2 quantitative relationship between trophoblast volume and the combined surfaces
of maternal blood spaces and fetal capillaries, was nor reduced with ambieat air exposure. This study
provides evidence that fetal/placental cireulatory adaptation to maternal bloed deficits after ambisnt
FM exposure may aot be suffivient to overcome PM-dependent birth weight deficits in mice sxposed
to ambient air, with the magnitude of this effect greater in the gestationally-exposed groups.
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Placental Weights and Birth Qutcomes

Urban Air

Pregnant fernale Swiss mice were exposed to ambient ajr (Sao Pauio) or filtered air over
various portions of gestation to determine if there was an association hetween fetal or placental
weight or birth outcomes with exposure to air gu]lutinru (Rocha et al_, 2008, 096685). The reported
ambient concentrations of PMp (42 + 17 pg/m ) NO2 (97 £ 39 ng/m™), and SO, (8 £ 4 wz'm™} were
measured 100 m away from the rodent exposure chambers. By using six time windows of exposure
that covered 1-3 wk of gestation (the entire gestation peried in a mouse), a significant deersase in
near-term fetal weight (GD19) was indueed by ambient air-exposure during the first week of
gestation. Decreased placental weight could be induced by ambient air exposure during any of the
3 wk of gestation. This study points to possible windows of exposure that may be important in
evaluating epidemiologic study results.

Neurodevelopmental Effects

Diesal Exhaust

The diagnesis of autism is on the rise in the Western world with its eticlogy mostly unlmown.
Autism-associated cell loss is brain region-specific and hypothesized to be deyelopmental in orpin.
Sugamata et al. (2006, 097165) exposed pregnant [CR mice to DE (0.3 mg/m®) eontinuonsly from
2 dpe to 16 dpe. Pups with in utero exposure to DE were nursed in ¢lean air chambers, but may have
recelved gastro-intestinal exposure via lactational transfer of various components of DE. At 1] wk of
age, cerebellar brain tissue was collected, Earlier work has shown that DE particles {(<0.1 pm} have
been detected iu the brains (cerebral cortex and hippocarnpus) of newborn pups who wers botn ta
dams exposed to DE during preguancy (Sugamata et al., 2006, 097166). Histologica) analysis of DE-
exposed pup cerebeila revealed sipnificant increases in caspase-3 (c-3) positive cells compared to
control and significant deersases in cerebella Purkinje cell numbers in DE-exposed animals versus
conirol. The ratio of cells positive for apoptosis (¢-3 pesitive) showed a nearly significant sex
difference with males displaying increased apoptosis versus females {p = 0.09). In humans with
autism, the cerebellum has a decreased number of Purkinje cells, which is thought to be fetal and
developmenta) in origin; further, these anthors speculate that huans may be more sensitive to DE-
dependent neuronal brain changes, as the human placenta is two-layers thick compared to the mouse
placenta that is four layers thick.

Behavioral Effects

Diesel Exhaust Particles

Body weight decrements at birth have recently been associated through the Barker hypothesis
with adverse adult eutcomes. Thus, many publications have begun to focus on deereased birth
weight for gestational age and associated adult changes. Hougaard et al. (2008, 156570) exposed 40
timed-pregnant C57BL/6 dams to DE particles reference materials (SRM 2975} via inhalation over
GD7-GD1% of pregnancy. They found significantly decreased pup weight at weaning, albeit not at
birth. PM-dependent liver changes were monitored by follewing various inflammatory and
genotoxicity-related mRNA transcripts and there were no significant differences in pups at PND2.
The comet assay from PND?2 pup livers showed no significant differences in DNA damage between
DE particle-exposed and control animals. The prohormone, thyroxine, was unchanged in control and
DE particle-expesed dams and offspring at weaning. At 2 mo, female DE particle-exposed pups
required less time than controls to locate the platform in its new location during the first trial of the
spatial reversal learning task in the Morris water maze. Thus, DE particle exposure during in utero
development led to behavioral changes without body weight at weaning or changes in inflammatory
markers or thyroid hormone levels.
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Diesel Exhaust

The effect of in utero DE exposurs on CNS motor function was evaluated in male pups (ICR
mice) after dams received DE exposure (Bh/dx5d/wk) from GD2-GD17 (Yokota et 2., 2009,
1905 18). The exposnre atmosphere contained concentrations of 1.0 mg/m’ for particle mass,
2.67 ppm CO, (.23 ppm NO;, and <0.01 ppm 50,. Spontaneous motor activity was sigmficantly
decreased in pups (PND35), as was the dopamine metabolite hormovanillic acid measured in the
striatum and nucleus zecumbens, indicating decreased dopamine {DA) turnover. However, DA levels
were unchanged in the same areas of the brain. The authors conclude that these data demonstrate that
maternal exposure to DE induced hypolocomaotion, similar to eatlier studies with aduit and neopatal
DE partiele exposure (Peters et al., 2000, 001756), with deereased extracellular DA release.

Lactation

Diase! Exfiaust

Tozuka et al. (2004, 090864) monitored the transfer of PAHs to fetuses and breast milk of
F344 rats exposed to DE (6bh/day) for 2 wk from GD7-GD 20 3{minus 4 days for the weekend when
no exposwe gocurred) with PMyg concentration of 1.73 mp/m®. At PNI 14, breast milk was
collected. Fifteen PAHs were mornitored in the DE exposure chamber and seven were quantified in
dzin blood with levels of phenanthrene (Phe), anthracene (Ant) and benz[a)anthracene (BaA) in the
DE group being significantly higher thar the control groap. In breast milk, Amnt, fmeranthene (Flu),
pyrene (Pyr), and chrysene {Chr) showed significant incresses in the DE group compared to the
control group. BaA tended to be about fourfold higher than the control group 1 breast milk, but the
increase was not significant. PAHs in dam livers of DE versus control were not significantly
different. The results of this study demonstrate that PAHz derived from DE are transferred across the
placenta from the DE-exposed dam to the fetus. Lactational transfer through the breast milk is also
likely as PAHs were detected in dam breast milk, but this shouid be confirmed in futurs stedies that
cross foster control and exposed dams and pups. The lipophilicity of the PAH based on its stracture
likely affected its nptake in the dam, as PAHs with 3 or 4 rings were found in maternal blood and
PAHs with 5 or 6 rings were not detected.

Heritable DNA Changes and Epigenefic Changes

Ambient Afr .

To address the role of ambient air exposure on heritable changes, Somers et al. (2004, 07809%)
exposed mice to ambient air in at a rural Canadian site or at an urban site near a steel mill. They
showed that offspring of mice exposed to ambient air in urban regions inherited paternal-origin
expanded simple tandern repeat (ESTR) mutations 1.9-2.1 times mote frequently than offspring of
mice expesed to HEPA filtered air or those exposed to rural ambient air, Mouse expanded simple
tandem repeat (ESTR)} DNA is composed of short base pair repeats which are unstable in the
germline and tend to mutate by insertion or deletion of repeat units. In vivo and in st studies have
shown that murine ESTR loci are susceptible to jonizing rediation, and other epvironmenta)
mutatgen-dependent germline mutations, and are thus pood markers of EXposure to environmental
contaminants.

Expanding upon the above work and to determing if PM or the gaseous phase of the urban air
was responsible for heritable mutations, Yauk et al. {2008, 157164) exposed maturs male
C57B1=CBA F1 hybrid mice to either HEPA-filtered air or to ambient air in Hamilton, Cntario,
Canada for 3 or 10 wk, or 10 wk plus 6 wk of clean air exposure (16 wk). Sperm DNA was
monitored for expanded simple tandem repeat (ESTR) mutations. [n addition, male-zerm line
(spermatogonial stem cell) DNA methylation was monitored post-exposure. This arsa in Hamilton is
near two steel mills and 2 major highway. Ajr guality data provided by the Ontario Ministry of the
Environment showed the highest concentrations of TSP and metals af week 4 (93.8 + 17 and
3.6 % 0.7 pg/m’, respectively) and PAH at week 3 (8.3 = 1.7 ng/m). Mutation frequency at ESTR
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Msb-hm locus in sperm DNA from mice exposed 3 or 10 wk did not show elevated ESTR mutation
frequencies, but there was a significant increase in ESTR mutation frequency at 16 wk in ambient
air-exposed males versus HEPA filter-exposed animals, pointing to a PM-dependent mechanism of
action. When compared to HEPA filter air-exposed males, ambient air-exposed males manifested
with hypermethylation of germ-line DNA at 10 and 16 wk. These PM-dependent epigenetic
modifications {kypermethylation) were not seen in the halploid stage {3 wk) of spermatogenesis, but
were nonetheless seen in early stapes of spermatogenesis (10 wk) and remained significantly
elevated in mature sperm even after removal of the mouse from the environmental exposure (16 wk).
Thus, these studies Indicate that the ambient PM phase and not the gaseous phase is respomsible for
the increased frequency of heritable XN A mutations and epigenetic modifications.

7.4.3. Summary and Causal Determinations

7434, PMys

The 1996 PM AQCD concluded that while few studies had been conducted on the Jink
between PM and infant mortality, the research “suggested an association,” particularly for post-
ngonates (U.S. EPA, 1996, 079380). In the 2004 PM AQCD, additional evidence was avaijable on
PM’s effect on fetel and ear]y postnatal development and mortality and while some studies indicated
a relationship between PM and pregnancy outcomes, athers did not (U.5. EPA, 2004, 056504).
Studies identifying associations found that expasure to PM,, early during pregnancy (first menth of
pregnancy) or late in the pregnancy (6 wk prior to birth} were linked with higher risk of praterm
birth, including models adjusted for other pollutants, and that PM,; ; during the first momh of
pregnancy was associated with [UGR. However, other work did not identify relatfonships between
PMyg exposure and Iow birth weight. The state of the sciznce at that time, as indicated in the 2004
PM AQCD, was that the research provided mixed results based on studies from multiple countries,

Building on the evidence characterized in the previous AQCDs, recent epidemiologic studies
conducted in the .8, and Europe were able to examine the effects of PM; 5, and all found an
mcreased risk of low birth weight (Section 7.4.1). Exposure to PM; s was vsually aszociated with
greater reductions in birth weight than exposure to PM 5. All of the studies that examined the
relationship between PM; s and preterm birth report positive associations, and most were statistically
significant. The studies evaleating the asseciation between PMa s and prowth restriction all found
positive associations, with the strongest evidence coming when exposure was assessed during the
first or second trimester (Section 7.4.1). For infant mortality (<t ¥7). several studies examined PM,
and found pesitive assoctations (Section 7.4.1).

Animal toxicological studies reported effeets including decreased nterine welght, limited
evidence of male reproductive effects, and conflicting reports of reproductive outcomes in male
offspring, particularly in smudies of DE (Section 7.4.2). Toxicological studies also reported effects for
several development outeomes, including immunological effects (placental and related to asthma),
neurodevelopmental znd behavioral effects {Seotion 7.4.27,

In summary evidence is accumulating from epidemiologie studies for effects on low birth
weight and infant mortality, especially due to respiratory causes during the post-neonatal peried. The
mean PM, s concentrations during the study periods ranged from 5.3-27.4 ug/m®. Exposure to PM «
was usually aszociated with greater reductions in birth weight than exposure to Phy. Several U.S.
studies of PMyg investigating fetal growth reported 11-g decrements in birth weight associated with
PM1g exposere. Most of these studies were conducted in California, where PMs. and P s .
contribute almost equally to the PMi; mass concentration. So while these results can not be
attributed to one gize fraction or the other, the consistency of the results strengthens the interpratation
that particle exposure may be causally related to reductions in birth weight. Similarly, animal
evidence supported an association between PM,; ;s and PM); expose and adverse reproductive and
developmental outcomes, but provided little mecharnistic information or biological playsibility for an
association between long-term PM exposure and adverse birth outcomes, Incloding low birth weight,
or infant mortality, Epidemiologic studies do not consistently repert associations hetween PM
exposure and preterm birth, growth restriction, birth defects or decreased sperm. quality. New
evidence from animal toxicological studies on heritable mutations is of great interest, and warrants

further investigation. Overall, the epidemiologic and toxicological evidence is Suggestive of a
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causal relationship between long-tenm exposures to PM.s and reproductive and
developmental outcomes.

7432, PMupas

Evidence is inadequate to deferming if 2 causal relationship exists between long-

term exposure to PMio2s and developmental and reproductive outcomes becanse studies
have ot been conducted in sufficient quantity or quality to draw any conclusion. A single study
found an association between PMga s and birthweight (~13 g [95% CI: -18.3 to 7.6 per 10 paém’
increase}, but no sach association for PMg s (Parker et al., 2008, 1360173,

74.33. UFPs

The 2004 PM AQCD did not report long-term exposurs studies for UFPs. No epidemiclogic or
animal toxicology studies have been condicted to evaluate the effects of long-term UFP EXpOsUrs
and reproductive and developmental effects. Ambient air exposures, which likely include UFPs, are
teported in this ISA but there is ne deliveation of the separate contribution from UFPs. The evidence
1s inadequate to determine if a causal relationship exists between long-term LIFP

exposures and reproductive and developmental effects.

7.5. Cancer, Mutagenicity, and Genotoxicity

Evidence from epidemiclogic and anima] toxicological studies has heen accumulating for
more than three decades regarding the mutagenicity and carcinogenicity of PM in the ambient sic.
DE has been identified as one source of PM in ambient air, and has been extensively studied for its
carcinogenic potential. In 1989, the International Agency for Research on Cancer (IARC) found thar
there was sufficient evidence that extracts of DE particles were carcinogenic in experimental animals
and that there was limited evidence for the carcinogenic effect of DE in humans (IARC, 1989,
002938). This eonclusion was based on stadies in which organic extracts of DE particles were used
to evaluate the effects of concentrates of the organic corapounds associated with carbonaceous soot
particles, These exiracts were applied to the skin or administered by IT instillation or intrapulmonary
implantation to mice, rats, or $yrian hamsters and an excess of tumors on the skin, lung or at the =ite
of injection were observed.

In 2002, the 11.8. EPA reviewed over 30 epidemiologic studies that investigated the potential
carcinogenicity of DE. These studies, ov average, found that lonp-term occupational exposures ta
DE were associated with a 40% increase in the relative risk of kg cancer (.5, EPA, 2002,
042866). In the same report the U8, EPA concluded that extensive studies with salmenella had
unequivocally demonstrated mutagentc activity in both particulate and gaseous fractions of DE.
They further concluded that DE may present 3 lung cancer hazard to humans {U.5. EPa, 2002,
042866). The particulate phase appeared to have the greatest contribution to the carcinpgenic effect
Both the particle core and the associated organic componnds demonstrated carcinogenic properties,
although a role for the gas-phase components of DE could not be ruled out. Almoast the entire diesa]
particle mass is < 10 wm in diarneter {PM,g), with approximately 94% of the mass of these particles
<2.3 um in diameter (PM. 5}, including a subgroup with & large mumber of UFPs {U.5. EPA, 2002,
042866). U.S. EPA considered the weight of evidence for potential human carclpogenicity for DE ta
be strong, even thongh inferences were involved in the averall 2ssessment, and conelnded that DE is
“likely to be careinogenic to humans by inhalation” and that this hazard applies to environmental
exposures (1.5, EPA, 2002, 42566).

Two recent reviews of the mutagenicity (Claxton et al, 2004, 089008) and carcincgenicity
{Claxton and Woodall, 2007, 130391} of ambient air have characterized the animal toxicological
literature on ambignt air pollution and cancer. The majority of these toxicological stmdies have been
conducted using IT instillation or dermal routes of exposure. Generally, the toxicological evidence
reviewed in this ISA has been limited to inhalation studies conducted with lower concentrations of
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PM (<2 mg/m®), relevant to eurrent ambient concentrations and the current regulatory standard
{Section 1.3). Because this ISA focuses on toxicological studies which use the inhalation route of
exposure, it is possible that important evidence for the role of PM in mutagenicity, tumorigenicity,
and/or carcinogenicity may be missed. In order to accurately characterize the relationship between
PM and cancer and be consistent with the EPA Guidelines for Careinggen Risk Assessment

(U.5. EPA, 2005, 086237}, these reviews (that include studies that employ IT instillation and dermal
routes of exposure) are symmarized briefly.

Claxton et al. (2004, 089008) reviewed the mutagenicity of air in the Salmonella (Ames)
assay, and showed that hundreds of compounds identified in ambient air from varying chemical
classes are mutagenic and that the commonly monitored PAHs could not aceount for the majority of
mutagenicity associated with most airborne particles. They eoncluded that the smallest particles have
the highest toxicity per partioulate mass, with the PMa ; size fraction having greater mutagenic and
cytotoxic poteptial than the PM,y, size fraction, which had a higher mutagenic potential than the TSP
size fraction. One study reviewed by Claxton et al, (2004, 089008) found that the cytotoxic potential
of PMz ; was higher in wintertime samples than in summertime samples. A series of studies on
source apportionment for ambient particle mutagenic activity reviewed by Claxton et al. (2004,
083008} indicate that mobile sourees (cars and diesel trucks) account for most of the mutagenic
st vity,

Claxton and Woodall (2007, 180391) reviewed many studies that exsmined the rodent
carcinegenicity of extracts of ambient PM samples; the PM was of various size classes, often from
TSP samples. Among a variety of mouse and rat strains, application methods, and samples
employed, the avthors found no pattern that would suggest the routine use of 4 particular strain or
protocol would be mote informative than another. The primary conclusiem that comes from the
analysis of rodent carcinogenieity smdies is that the most poliuted urban air samples tested to date
are carcinogenie; the contribution of PM and different size classes of PM to the carcinogenic effects
of ambient air has not been delineated. The differences in response by the various strains of inbred
mice indicate that the genetic background of an individua) can infloence umorigenic responss,
Studies examining different components of ambient PM (e.g., PAHs) confinm that ambient air
contains mulitple careinogens, and that the carcinogenic potential of particles from different airsheds
can be quite different. Therefore, one would expect the incidence of cancers related to ambient air
exposure in different metropolitan areas to differ.

Numerous epidemiologic and animal toxicological studies of ambient PM and their
coniributing sources have been eonducted to assess the relative mmtagenic ot genotoxic potantial,
Stmdies previously reviewed in the 2004 PM. AQCD (11.5. EPA, 2004, 056905) provide evidence that
ambient PM as well as PM from specific combustion sources {e.g.. fossil fuels) Is mutagenic in vive
and mn vitro, Building on these results, dara from recent epidemniologic and animal toxicological

studies that evaluated the carcinogenic, mutagenic andfor genotoxic effects of PM, PM-constituents,
and combustion emission source particles are reviewed in this section.

7.5.1. Epidemiologic Studies

The 2004 PM AQCD reported on orginal and follow-up analyses for three prospective cohort
studies that examined the relationship between PM and lung cancer incidence and mortality. Based
on these findings, as well as on the results from case-control and ecologic studies, the 2004 PM
AQCD coneluded that long-term PM exposure may increase the risk of lung cancer incidence and
mortality. The largest of the three prospective cohort studies included n the 2004 PM AQCD was the
ACS study (Pope et gl., 2002, §24689). This study was the follow-up to the otiginal ACS study
(Pope et al., 1995, 045139), and included a longer follow-up period and reported a statistically
significant association between PM; 5 exposure and lung cancer mortaiity.

A 14- to 16-yr prospective study conducted using the Six (ities Study cohort reported 2
slightly elevated risk of lung cancer mortality for individuals living in the most polluted city {mean
PMyo: 46.5 pg/m’; mean PM, 5 29.6 pg/m’) a3 compared to the least polluted eity (mean PM;:

182 pgim®; mean PM, 5 11.0 pg/m?y but the association was not statistically significant (Dockery et
al., 1993, 0444573,

Re-analysis of the AHSMOG ¢ohort, a study of noa-smoking whites liviag in California,
concluded that elevated long-temm exposure to PM, was associated with lung cancer incidence
among both men and women (Beeson et al., 1998, 048890). The original study had reported an
excess of incident lung eancers only among women (Abbey et al., 1991, 042668). Further reanalysis
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of this cohert revealed an association between PM,g and Iung cancer mortality among men but po
association among women (Abbey et al., 1595, 047359)_ fo addition, McDonnell et al. {2000,
010319} reported increases m lung cancer mortality with lonp-term exposure to PMs 5 in the
AHSMOG cohort; nio association was seen for PMigas.

7.5.1.1. Lung Cancer Mortality and Incidence

The foliowing sections will examine extensions of the above mentioned cohort studies and
new studies published since the 2004 PM AQCD. The section incldes discussion of both lung
cancer incidence and mortality, as well as markers of exposure/susceptibility. A surmary of the
mean PM concentrations reported for the new studies is presented in Table 7-6, In addition, a
summary of the associations for lung cancer mortality and incidence are presented in Table 7-7 and
Figure 7-7 (Section 7.6) Further disenssion of all-cause and cause-specific mortality is presented in
Section 7.6,

Table76.  Characterization of ambient PM concentrations from recent studies of cancer and long-

term exposures fo PM.
. Mean Annual Upper Percantile
Sttty Loction Follutant Cancentration gk Concentrabions (jagim?
Brunekraef et al, (2009, 191540 The Netherands Py 283 Mo JBE
Bonner at 3l {2005, 083503 Wectom NY St Tap H
Jemet o al (2005, 0B7500) Les Armpeles, Calfamia Phis Maxr7 1
Range of means adoss sifes: 10,2-20.0
Laden et al, {2006, (87505 B LS, cifies
R s fuqy of means acrees sites; 164 .
' Py 15 b 22
Maegs et al, {2007, DOOTIE Cslo, Marwa
k ! PM,g 19 Maz 30
Pafi &t al. {200K, 156537) Flarancs, Kty PMy MR
. Max 45-220
Pedersen ol al (2016, 155348) Czech Regubiic =
Pz Neax 122388
Range of meanz acmss sites; 12 6207
Sevensen et al, {2005, 0RI0Y Lopenhagen, Dermark A ToRh 243277
fe hag s Ay of mesns Hroas siies: 16T
Fl . Mg 55
Srar of o, (2007, 18845T) Czsch Republic Yo
Pilys e 33
B Range of means aamss sites: 36.4-55.5
" Jiug of Means 3crtes sites: 46.0
Gram et al, (2007, 18H084) Czech Repbis
F, Ranae of means acoss stes: 24.0-44.4
! Ang af means actess sles: 4.6
\ineis et al ; .Eﬂ- Muti-aty Eu - Range of means acnss shes 19,3734 -
, (206, 190B) witi-cily, Eura
. " Ay of means acmse sites; 35,4
_ Fange of means acoiss sites: 15.5-23.5
Virzents ef &. (2093, (37487 Cepenhagen, Denmark PR
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A subset of the ACS cobort study from 1982 to 2000 that included only resideats of Los
- Angeles, California was used to examine the association between PMs 5 and lung cancer mortality
while adjusting for both individual and neightborhood covariates (Jerrett et al., 2005, 087600}, There
Wwas a positive association between PM; 5 and lung cancer mortality when adjusting for 44 individual
covariates (RR 1.44 [95% CI: 0.98-2.11] per 10 pgém® increase in PMa ). However, including all
potential individus] and neighborhood covarlates associated with mortality reduced the association
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(RR 1.20 [95% CI: 0.79-1.82] per 10 pg/m’ increase in PMj 5). A recent re-analysis of the full ACS
cohort also demonstrated a positive associztion between PMa s and lung cancer mortality (RR 1.11
{93% CI: 1.04-1.18]) (Krewski et al., 2009, 101193). The authors observed modification of this risk
by educational attainment, with those completing a high school degree or less having greater risk. In
addition to utilizing the ACS cohort for a natienwide analysis, this same study conducted two
regional assessments, one in the New York City area and the other in the Los Angeles area No
association was detected between PMy s and lung cancer mortality in the analysis of the region
in¢lnded in the New York City analysis. A positive association was observed in the Los Angeles-area
anaiysis using an unadjusted model, but this association did not persist after control for individual,
ecologie, and copoilutant covariaies.

The Six Cities Study was extended to include data from 1990-1998, 2 pericd including 1,363
deaths and 34,735 person-years (Lader et al., 2006, 087605). An elevated risk ratio for lung cancer
mortality was reported when the entire follow-up period {1 974-1998) was included in the analysis
(RE. 1.27 [95% C] (.96-1.69] per 10 pg/m® increase in average anmual PMy ;). However, estimated
decreases in PM; s were not associated with reduced Jung cancer mortality (RR 1.06 ($5% CI;
0.43-2.62] for every 10 ug/m® reduction in PM, ).

Naess et al. (2007, 090736} studied individuals aged 51-90 ¥t living in Oslo, Nerway in 1992,
Death certificate data were obtained for 1992-1998 and informatien on PM was collected from
1992-1993. Women had a larger association of lung cancer mortality with PM; ; compared to men.
Similar results were reported for PM;;.

Mozt recently, Brunekreef et al. (2009, 191947 used the Netherlands cohort study (NLCS) on
diet and capcer to conduct a re-analysis of the research performed by Beslen et al. {2008, 1 36263)
examining the association between PM and both lung cancer mortality and incidence, After 10 yr of
follow-up, there was no association betwesn PMa s and lung cancer murta]igy for either the analysis
of the full echort (n = 105,296) (RR 1.06 [95% CI: 0.82-1.38] per 10 pg/m” increase in PM,5) or the
case-cohort (n = 4,075) (RR 0.87 [95% CI: 0.52-1.47]). Therz was alsa no association with black
smoke or traffic density variables, although living near a major roadway was associated with an
clevated relative risk for lung cancer in the full cohort analysis {RR 1.20 [95% CI: 0.98-1.47]). The
asseeiation was not present in the case-cohort analysis (RE 1.07 [95% CI: .70-1.64]).

In additien to lung cancer mortality, Brunekreef et al. {2009, 191947 also examined the
association with lung cancer incidence using 11.3 yr of follow-up data In both the fu)l cohort and
the case-cohort analyses no association was reported between P, 5 and lung caneer incidence (full
cohort: RR 0.81 [95% CI: 0.62-1.04]; case-cohort: RR 0.67 [95% CI: 0.41-1.10j per 10 pg/m’
increase in PMa5). The same was troe for analyses of BS and traffic density variables.

The association between PM and incident lung cancers was exzmined in the European
Prospective Investigation into Cancer and Nutrition study (EPIC) (Vineis et al., 2006, 192089).
Within this cohaort, a nested case-control study, the Genair study, included cases of incident cancer
and controls ratched on age, gender, smoking status, country of recruitment, and time between
recruitment and diagnosis. Only non-smokers and former smokers who had quit smoking at least
10 yr prior were included. The study inchuded 113 cases and 312 controls. No association WAS SN
between PM; and Tung cancer (OR 091 [95% CI: 0.70-1.18] per 10 ug/m?}. The OR was elevated
when cotinine, a marker for ciparette exposure, was included in the model but the authors state that
this is probably due to small study size (OR 2.85 [95% CI: 0.97-8.33] comparing > 11 pg/m® to
<11 pg/m?), Control for other potential confounders, such ag BMT, edncation level, and intake of
fruit and vegetables, did not have a larpe impact on the estimate.
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Table 7-7.  Associations* between ambient PM concentrations from select shudies of lung cancer
mortality and incidence.

Stucdy Cohort Location Years Analysie stbgroup  Effet Estimate {95% 01
MORTALITY - P«
Docery et al, (1993, 048487y BioDities Sit il acrpss b LS. 1E74-1991 11803157
Prowshi of o, (2000, 281 Sieles Regnalyss Sk cliesamss Bet5, 1071991 AR (085123
Laden et al_ (3006, JRTEDS) S-Cfies Six ciffes acress he .S, 19741998 1.27 (0861 B8
Beslen el al. (004, 156263 NLCS Metherlards 1987489 Full Cohort 2,06 (1.62-1.34)
Besfenetal (09, TSEIEY)  NLCS NeMeands 19671956 Came Cohort .87 (052147}
Bnielreet etal, (2008, 1915471 HLCSRe anafysis Nethafands 1587109 Fuol Cohar 1.06 {5:9241.38)
Brurehreef eld, (2008, 11847y NLCS-Rearalgis  Metherands 19671986 Case Cohont 087 (0.821.47)
Pape of 4 (1095, (451595 A us. 1952- 1385 L (05141
Pope et al. {2007, 246005 ACE T 196220108 113 1041 22
erret et al, (2004, DAFECH) ACELA Lz Angekes TR0 Intre-mel LosAngeles 144 {0,982 1)
Krewsif et ol (2000, 181182} ACS-Re-arulysis us 142000 11T [1341.18)
Keewskl et al, (2000, 18118%)  ACS-Re-anabyss Wew Yark City 19822000 Anframetro Mew York City .90 (0%9-2.78)
Krewskistal (2008, 19180 ACS-Re-anaysis Loz Angeies 19822010} WirzmedaLos Angeles 139 {:30-1.82)
MeDonnell of al (2000, 1AMST AHEMOG Califomiz 15731577 Men 130 0. 752 46
Mages et al, (0T, 060736 Eclo, Mowwray 10921996 Men, 5170 yrs 118 (053158
Maess of o, (2007, fOOTEE) Ok, Marway 1952-9996  Men, T80y 116 [4.83-1.52)
Maess et al. (2007, 090736) C=lo, Monway 19521958 Vamen, 51-70ys 1B8{1.36-2.47)
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7.51.2. Cther Cancers

Bonner et al. (2005, 088993) conducted a population-based, case-control study of the
association between ambient exposure to PAHs in earty life ard breast cancer incidence among
women living in Erfe and Niagara counties in the state of New York. Cazes fn= 1,166 of which 541
Were post-menopausal) were women with primary breast cancer, and controls (n = 2,105 of which
1,495 were post-menopausal) were frequency matched to the cases by age, race, and county of
residence. TSP was used as a proxy for PAH exposurs. Annual averaze TSP concentrations
(1959-1997) were obtained from the New York State Department of Environmental Conservation for
Etie and Niz:t{ga.ra Counties. Ameng postmenopausal women, exposure to high concentrations of TSP
{(>140 pg/m”) at birth was associated with an OR. of 2.42 for breast cancer (85% CI: 0.97-4.09)
relative 1o fow concentrations of TSP (<84 ug/m™. ORs were elevated for pollution exposures at age
of menarche (OR: 1.45 [95% CI: 0.74-2.87]) and age at first birth (OR: 1.33 [95% CI: 0.87-2.06])
among postmenopausal women. Among premenopausal women, exposure to high concentrations of
TSP at birth was associated with an OR for breast cancer incidence of 1.79 (95% CI: 0.62-5.10"
telative to low exposure levels, exposure at age of menarche was associated with an OR. of (.66

(85% CI: 0.38-1.16), and exposure at age of first birth was associated witk an OR of (.52 {95% {1
0.22-1.20).

7.5.1.3.  Markers of Exposure or Susceptibility

Several studies looked at markers of exposure or susceptibility ac the outeome associated with
short-term exposure. These studies are included here because they may be relevant to the mechanism
that leads to cancer associated with long-term exposures. For example, inflammstion can contribute
to carcinogenesis by inducing genomic instability, which can then lead to altered E£ene expression,
enhanced proliferation, and resistance to apoptotic sipnals. Reactive oxygen and nitrogen species,
provided by PM components or inflammation pathways, can cause molecular damage leading to
cellular transformation. Elevated inflammatory ¢ytokines, chemokines, and prostaglanding promote
tumer growth and angiogenesis, which in turn promotes metastasis and malignant invasion. In
particular, [L-6, IL-§, IL-1B, COX-2, and TNF-¢ have been implicated in these processes (Kundu
atd Surh, 2008, 198840). Several lines of evidence support the involvement of COX-2 in the
pathogenesis of lung cancer (Lee et al., 2008, 198811). Both short- and long-term exposure studies
demonstrate relationships between various forms of PM and increased production of these
inflammatory mediators, both in the lungs and cireulation. Additionally, limited evidence suggests
that exposure to PM (Chen and Schwartz, 2008, 190106), or traffic {Williarns et al., 2009, 151943),
or residence in a poilated airshed (Calderon-Garciduenas et al., 2007, 091232; Calderdn-
Garciduefias et al., 2009, 192107) are associated with decreases in the number or function of natural
kilter cells or other white blood eells, indicating suppression of anti-tumor defenses.

A study performed in the Czech Republic comapared 53 male policemen working at least
$ hours per day outdoors in urban air with age- and sex-matched controls who spent at [east 90% of
their day indoors {n = 52} (Sram et al., 2007, 188457). During the sampling peried, two monitors
frem downtown and suburban areas detected levels of air pollutants in the following ranges: PMy,
32-55 pg/m’, PMos 27-38 ug/m® ¢-PAHs 18-22 ng/m-, and B[2]P 2.5-3.1 ng'm” using a VAPS
moniter {measnrements taken with 2 HiVol monitor, which has z lower flow rate, had a mean for
PMyg of 62.§ ug/m’). c-PAHs detected on personal monitors during sampling days had 3 mean of
12.04 ng/m® among the policemen and 6.17 ng/m® among the controls. No difference in percernt of
chromosomal aberrations was observed between the pelicemen and control Eroup using conventional
cytogenetic analysis. However, using fluorescent in situ hybridization {FISH), 2 difference in
chromosomal aberrations between the policemen and confrol group was reported. For example, the
percentage of aberrant cells, as well as the penomic frequency of translocations per 100 cells, was
about 1.4-fold greater in the policemen. This was largely driven by a difference in chromasomal
abgrrations between nonsmoking policemen and nonsmoking coatrols. A similar study that ingleded
only the policemen {n = 6{), reported that the mean exposure to ¢-PAHs znd Bla]P for 40-50 days
before sampling was associated with chromosemal sberrations when analyzed with FISH (Sram et
al., 2007, 192084). However, when incleded in a model with ather covariates, the association with
these variables was null. No asseciation was present with use of conventional cyvtogenetic analysis.

Palli et al. (2008, 156837) investigated the correlation between ambient PMy, concentrations
and individual levels of DNA bulky adducts. Stmdy participants were 214 healthy adults aged
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35-64 yr at enrollment whe resided in the city of Florence, Italy. This stady was conducted between
1993-and 1998. PM,q exposure levels were based on daily environmental measures provided by two
types of urban monitoring stations (high-traffic and low-traffic). The researchers assessed correlation
between DNA bulky adducts measured in blood samples and PM,, concentrations prior to blood
sample collection. Time windows of PMiy exposure evaluated in this stady were (-5 days, 0-10 days,
0-15 days, 0-30 days, (60 days, and 0-90 days prior to blood sample eollection. Overall, average
PM;4 concentrations decreased during the study period, with some fluctuations. Quantitative values
were not reported, bt PM,, appeared to range between approximately 30 and 100 pg/m” for high-
traffic stations, and hetween approximately 20 and 50 pg/m* for low-traffic stations. This study.
found that levels of DNA bulky adducts among non-smoking workers with occupational traffic
exposure were positively eorrelated with cumulative PM,; levels from high-traffic stations during
approxamately 2 wk preceding bloed sample collection (0-5 days: r = 0.55, p = 0.63; 0-10 days:
r=0.58, p=0.02; 0-15 days: r = 0.56, p= 0.02). DNA bulky adducts were not associated with PM,
levels among Florence residents with no oceupational exposure to vebicle emissions or among
smokers. DNA bolky adducts were not associated with PM g levels assessed by low-traffic urban
monitoring stations.

The association between parsonal exposure to water-soluble ransition metals in PM 5 and
oxidative stress-induced DNA damape was investigated among 49 students from Central
Copenhagen, Denmark (Sorensen et al., 2003, 083053). Researchers assessed PM; 5 exposure by
personal sampling over two weekday periods twice in one year (November 1999 and August 2000),
and determined the concentration of water-soluble fransition metals (V, Cr, Fe, Ni, Cu and Pt) in
these samples. In addition, lymphocyte and 24-h urine samples were analyzed for DNA damage by
measuring 7-hydro-8-oxo-2"-deoxyguanosine (§-0x0dG). Mean concentrations and correspending
IQR of these metals differed between months of sample collection. This study found that 3-oxodG
concentration in lymphocytes was significantly associated with V and Cr eoncentrations, with a
1.9% increase in 3-oxo0dG per 1 pg/L increase in V concentration and a 2.2% increase in 8-oxodG
per 1 ug/L inerease in Cr concentration; these associations were independent of the PM, ; mass
concentration. The other transition metals were not significantly associated with the 8-oxodG
concentration in lymphoeytes, and rone of the six measured transition metals was associated with
the 8-ox0d(G concentration In urine.

Vinzents et al. (2005, 0§7482) investizated the association between UFP and PM;,
concenirations with levels of purine oxidation and strand breaks in DNA vsing a crossover design in -
Copenhagen, Denmark. Study participants were 15 healthy nonsmoking individuals with 2 mean age
of 25 yr. UFP exposure was evaluated using number concentration obtained in the breathing zeme by
portable instruments in six 18-h weekday periods from March to June 2003. Ambient coneentrations
for PMyp and UFP were also measured on 3l exposure davs at curbside street stations and at one
urban background station. Oxidative DNA damage was assessed by evaluating strand breaks and
oxidized purines In mononuelear ¢ells isolated from venous blood the morning after exposure
measurement. Mean number concentration of UFPs (street station) was 30.4x10° UFPs/mL (standard
deviation LSD]: 1.38), mean mass concentration of PM;pat a background monitoring station was
16.2 ng/m” (3D: 1.53), and mean mass concentration of PM;; at a street station was 23.5 pg/m® (SD:
1.48). Mean personal exposure to UFPs was 32.4x10° UFPs/ml (SD: 1.4%) while bicycling (5
oceasions), 19.6x10° UFPs/mL (S 1.78) during other outdoor activities (6 oceasions), and
153.4= 19" UFPs/mL (SD: 1.96) while indoors {6 oceasions). The regression coefficlents of the mixed-
cffects models looking at level of purine oxidation were estimated as 1.50x107 (95% C1: (.59% 1072
to 2.42%107%; p = 0.002) for cumulative outdgor exposure and 1.07x107 (95% CI: (.37=10™ to
1.77107% p= 0.003) for cumulative indoor exposure. Neither cumulative outdoor nor cumulative
indoor exposures to UFPs were agsoctated with strand breaks. Neither ambient air concentrations of
PMn nor number concentrations of UFPs at monitaring stations were significant predictors of DNA
damase,

Additionally, a number of studies employed ecologic stdy designs, comparing the mevalence
of biomarkers in populations from more polluted locations to those in less polluted locations. In 2
pilot stedy conducted in the Czech Republic (Pedersen et al., 2006, 156848), children age 5-11 vt
provided 5 mL blood samples and the frequency of micronuclei (MN) in peripheral blood
lymphocytes was analyzed as a measure of cytogenetic effects. Significantly higher frequencies of
MN were found in younger ehifdren living in Teplice (PM, s concentration = 120 pp/m™) than in
Prachatice (PM s concentration = 46 pg/m®). The levels of ¢-PAHs were also much higher in Teplice
(nearly 30 ng/m’ in Teplice and about 15 ng/m® in Prachatice). The difference in MN frequencies
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observed in the children from the two locations may be attributabie to differences in expogure to air
poliution, but could also be due to differences in diet or other environmental exposures. This finding
15 noteworthy considering MN formation in peripheral blood lymphocytes is thought to be
biologically relevant for carcinegenesis. _

Avogbe et al. (2005, 087811} showed a correlation between the leve! of oxidative DNA
damage in individuals and exposure to ambient UFPs. Formamidopyrimidine DNA glycosylase
sensitive sites and the presence of DNA strand breaks were assessed in blood and unne samples
obtained from healthy, non-smoking male volunteers that lived and worked in different areas of
Cotonow, Benin. Exposure to benzene was assessed by wrinary excretion of §-phenylmercapturic
acid. There was a high degree of correlation between exposute to bepzene and UFPs and the
presence of DNA strand breaks and formamidopyrimidine DNA glyeosylase sensitive sites (reral
subjects < suburban subjects < residents living near high traffic roads < taxi drivers). Genotyping
studies showed that the magnitude of the effects of benzene and UFPs may be modified by
pelymorphisms in GSTP1 and NQO!I genes.

Tovalin et al. (2006, 091322) evaluated the association between exposure to air pollutants and
the level of DINA damage using the single cell gel electrophoresis (comet) assay. Mononuclear
lymphocytes from outdoor and indeor workers frem two areas in Mexico, Mexieo City (large city)
and Puebla (medium size city), were evaluated. The outcomes showed that the outdoor workers in
Mexico City exhibited greater DNA damage than indoor workers in the samne region. Similar levels
of DNA damage were observed between indoor and outdoor workers in Pusbla. The level of
observed DNA damage was correlated with expasure to O and PM,, 5.

In summary, several recent studies have reported am association between lung cancer tnortality
and Jong-term PM, s exposure. Although many of the estimates include the nuli in the confidence
interval, overal! the results have shown a positive relationship. The two recent studies that looked at
lung cancer incidence did not report an association with PM.: s (Brunekreef et al., 2009, 191947 or
PMq {Vineis et al., 2006, 192089). Studies of exposure/susceptibility markers have reported
inconsistent outecmes, with some markers being associated with PM and others not.

1.5.2. Toxicological Studies

Over the past 30 yr numerous mutagenicity and genotoxicity studies of ambient PM and their
contributing seurces have been conducted to assess the relative mutagenic or genotoxic potential.
Studies previously reviewed in the 2004 PM AQCD (LLS. EPA, 2004, 036505} provide compelling
¢vidence that ambient PM and PM from specific combustion sources {e.p., fossil firels) are
mutagenic in vivo and in vitro. Research cited in the 2004 AQCD demonstrated mutagenic activity
of ambient PM from urban centers in California, Germany and the Netherlands. These studies
suggested that ubiguitous emission sources, particularly motor vehicle emissions, rather than isolated
point sources were largely responsible for the mutagenic effeets. In addition, the mutagenicity was
dependent upon the chemical composition of the PM with unsubstituted polyaromatic compounds
and semmi-polar compeunds being highly muragenic, Mutagenicity was also dependent on size, with
the fine fraction of urban PM having greater effects than the coarse fraction. Genotoxic activity was
demonstrated for ambient PM from two high traffic areas {(one upwind and one downwind) and a
rural site. In addition, the 2004 AQCD reported that exhausts from gasoline and diese] engines were
mutagenic and that DE was more potent. More muiagenicity was observad for exhaust from cold
starts than starts at room temperature. Both gaseous and particnfate fractions of DE were found to be
mutagenic. Sequential fractionation of extracts from gasoline and DE implicated the polar fractions,
especially nitrated polynuclear aromsatic compounds, as contributing greatly to mutagenicity. Among
some of the other mutagenically active compounds found in the gas phase of DE are sthylene,
benzene, 1,3-butadiene, acrolein and several PAHs, all of which are alzo present in gascline exhaust.
Also cited in the 2004 AQCD were studies demonstrating mutagenic effects of emissions from
wood/biomass buening, which were primarily atributable to the organie fraction and not the
condensate. It wag noted that wood smoke indueced both frameshift mutations and base palr
substitution but not DNA adducts. Further, erissions from coal combustion in China were found to
be mutagenic, with both polar and aromatic fractions eontributing to effects. Little data were
available on the mutagenicity of coal fly ash emissions fror U5, conventional combustion plants. In
conclusion, these studies provide evidenge that ambient PM and combustion-denived FM are
mutagepic/genotoxic. The 2004 AQCT noted that there is not 2 simpls relationship between
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mutagenic potential and careinogenic potential in apimals or humans. No stud;es evaloating
carcinogenic effects of PM were reported in the 2004 AQCD.

Building on results of earlier studies in the 2004 PM AQCD, data from newly published
studies that evaluated the mutsgenic, genotoxic and carcinogenic effects of PM, PM-constitnents,
and combustion emission source particles are reviewed. Perfinent studies are deseribed hriefly in the
following paragraphs. A summary table is provided in Annex B, Tebles D7 and D8).

7.5.2.1. Mutagenesis and Genotoxicity

In Vitro Studies

In general, studies have foeused on PM and PM extracts for mutsgenicity testing using
bactetia and mammalian cell lings. PM and/or PM extracts from ambient air samples, wood smoke,
and eoal, diesel, or gasoline combustion have all been repotted o induce mutation in S, fvphimurfian
and in cultured human cells {Abow et al., 2007, 19881 9 Gabelovd et al., 2007, 135437: Gabelovi et
al., 2007, 156458; Hannigar et al., 1997, 083598; Homberg et al., 1998, 095741). Ir addition, effects
associated with PM and PM-associated constitnents include induction of MN formation, DNA
adduct formation, SCE, DNA strand breaks, frameshifis and inhibition of gap-junction interceilular
communication (Alink et al., 1998, 087159; Arltet al., 2007, 097257; Avoghe et al., 2005, DR72) 1
Gabalovd etal,, 2007, 136457; Gabelova et al., 2007, 156458; Healey et al., 2006, 156532; Homberg
etal., 1996, 087164; Hornberg et al., 1098, 695741 ; Sevastyanova et al., 2007, 1559651,

Constitnents adsorbed onte individual particles play 2 large role in the genotoxic potentia) of
PM. Poma et al. (2006, 096203) showed that fine CB particles were consistertly less penotoxic than
similar cencentrations of PM; s extracts, suggesting that the adserbed components play a role in the
genotoxic potential of PM. Total PAH and carcinogenic PAH content were correlated with the
genotoxic effects of PM (De Kok et al,, 20035, 0§3636; Sevagtyanova et al,, 2007, 155969). _
Comparison of different extracts (water-soluble versus organic) by Gutierrez-Castillo et ai. (2006,
(89030) indicated that water-soluble extracts were more genotoxic than the corresponding organic
extracts. Sharma et al. (2007, 156975) reported that mutagenic activity of extracted PM samples
eollected in and aronnd a waste incineration plant was attributed to the moderately polar and polar
fractions. The polar and crude fractions were mutagenic without metabolic astivation, suggesting a
direet mutagenic effect. No mutagenic activity was observed from any of the nonpolar samples
evaluated. Arlt and colleagues (2007, 097237) have shown that the P constituents
2-nitrobenzanthrone (2-NB) and 3-nitrobenzanthrone were penotoxic in a variety of bacterial and
mammalian eel] systems.

Conflicting data have been reported on the role of metabolic enzymes in the genotoxicity of
PM and their adsorbed constitents. Arlt et al. (2007, 097257 reported that the PM constituent 2-NB
was genotoxic in bacterial and mammalian cells. However, metabolic activation with the human N-
acetyltransferaze 2 or sulfotransferase {SULT1A1} enzyme was nseded for the effect to be observed
in human cells. Erdinger et al. {2005, 136423) demronstrated that mutagenic activity was not affected
when metabolism was induced. de Kok et al. (2005, 0886356) evaluated the relationship between the
physical, chemical, and genctoxic effects of ambient PM. TSP, PM . and PM, 5 were sampled at
different locations and the exiracts were assessed for mungenicity and induction of DNA addects in
cells. Overall, induetion of rat Liver S9 metabolism generally reduced the mutagenic potential via the
Ames assay of the particle fractions and DNA rsaciivity (induction of DNA adducts) was ‘generaily
higher after metabolic activation, Binkové et al. (2003, 136274} found thet the addition of 59
increased PMip-dependent DINA adduet formation.

Armhignt Air

A limited number of studies evaluated the impact of the season on the penetoxic effects of
ambient PM. & few studies bave indicated that greater penotoxic effects were associated with
samples collected during the winter months compared to those colleeted in the summer {Abon et al,
2007, 098819 Gabelova et al., 2007, 126457; Gabelovd et al., 2007, 136458 In contrast, Hannigan
et al. (1997, 033598) indicated that no seasonal variation was observed. Studies have alse rhown that
greater genotoxic effecis were associated with smaller particle size extracts (eg., PM, =PM; ) and

December 2003 F-T6



from samples collected in urban areas or closer to higher trafficked areas {Abou et al., 2007, (95315;
Hornberg et al., 1968, 0957413,

de Kok et al. (2005, 088656) found the direct mutagenicity (Ames assay) and the direct DNA
reactivity {DNA adduct formation) of the PM: s size fraction was significantly higher than that of the
larger gize fractions (TSP, PM;q) at most locations.

DNA damage was assessed by the Comet assay in A54% cells exposed to PM collected from a
high traffic area in Copenhagen, Denmark (TSP approximately 30 pg/m®) and compared to the
results from exposure of A549 cells to standard reference materials (SRM1 650 or SRM2975} at the
same concentrations (2.5-250 ng/ml) (Danielsen et al., 2008, 192092). All three particles induced
strand breaks apd oxidized purines in a dose-dependent manner and there were no obvious
differences in potency. In contrast, only the ambient PM formed 3-ox0dG when incubated with calf
thymus DNA , which may be due to the concentration of transition metals.

Diegol and Gaseline Exhaust

Automobile DE particles (A-DE particles) was tested in S typhimurium straims TAODE, TA100,
and fts derivatives (e.g., TA98NR and YG1021) and found te be more mutagenic than forklift DE
particles (f-DE particles, derivative SRM2975), based on PM mass. A-DE particles had 227 times
more PAH-type mutagenic activity and 845 times more nitroarene-type matagenie activity
(DeMarini et al., 2004, 066329), Using a diesel engine without an oxidation catalytic converter
(OCC), the diesel engine exhaust particle extract produced the highest number of revertant colonies
m strains TA9% and TA 100 with and without 59 at several tested loads when compared to extracts
from low-sulfur diesel fuel (LSDF), rapeseed oil methyl ester (RME}, and s0vbean oil methyl ester
(SME). When an OCC was installed in the exhaust pipe of the engine, all extracts reduced the
number of revertant colonies in both strains with and without S9 at partial loads but increased the
number of revertant colonies without 89 at rated power. At idling, DE particles extracts increased the
number of revertant colonies with and without S8 (Bunger et al., 2006, 156303). na separate study,
engine emissions (particle extracts and condensates) from rapeseed {canocla) oil were found to
produce greater mutagenic effects in S fyphimurign strains TASS and TA 100 than DE particles
{Bunger et al., 2007, 156304). Additiopally, DE exiract (DEE) from diesel fuel containing various
percentages of ethanol was also observed to indeee mutational response in two Salmonella sirains.
Base diesel fuel DEE and DEE from fuel with 20% ethanol caused more significant DNA damage in
rat fibrocytes L-529 cells than extracts eontaining 5, 10, or 15% ethanol {Song et al., 2007, 155306).

DE and gasoline engine exhanst particles, as well as their semi-volatile organic compound
{(3VOC) extracts, induced mutations in the two S typhimurium strains YG 1024 and YG1029 in the
absence and presence of $9; the PM extracts were more mutagenic than the SVOC extracts,
Additionally, all extracts except the DE extract induced DNA damage and MN formation in Chinese
hamster lung V79 ¢ells (Lin et al., 2003, 097019), Another study demonstrated that gascline engine
exhaust significantly increased colony formation in TA9$ with and without $9 {Zhang et al., 2007,
157188).

Jacobsen et al. (2008, 156597) used the FE1-Muta™ Mouse Jung epithelial cell line to
imvestigate putative mechanisms of DE particle-induced mutagenicity. Mutation ion frequencies and
ROS were determined after cells were incubated with 37.5 or 75 pg/ml DE partic)es (SEME650} for
T2-h (n = 8). The mutation frequency at the 75 ug/ml dose was significantly increased (1.55-fold:
p=<0.001} in contrast to cells treated with 37.5 pg/ml DE particles. DE particles-induced ROS
generation 1.6- to 1.9-fold in the epithelial cell culteres after 2 h of exposure compared with the 3- to
103-fold merease in ROS production previously reported for CB. The awthors coneluded that the
mutagenic activity of DE particles is (ikely attributable 10 activity from the organic fraction that both
contains reactive species and ean generate ROS.

In human A34% and CHO-K1 cells, the organic fraction of DE particles significantly increased
the amount of Comet and MN formation, respectively, in the presence and absence of SKE-5254 {a
CYP4350 inhibitor} and 59, respectively (Oh and Chung, 2606, 088296). The organic bage snd
neutral fractions of DE particles also significantly induced DNA damage but only without SKF-
525A, and all fractions but the moderately polar fraction (phthalates and PAH oxyderivatives)
induced MN formation with and without 89 (Bac et al., 2007, 097258). Gasoline engine exhaust
significantly induced DNA damage as measured in the Corget assay and incressed the frequency of
MN In humsn A54% cells (Zhang et al., 2007, 157186). In human-hamzter bybrid {Ar) eells, DE
particles (SRM 2975) dose-dependently increased the mutation yield at the (D59 locus; this was
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significantly reduced by simultaneous treatment with phagsocytosis inhibitors {Bao et al | 2007,
poTIaRY.

Wood Smoke

The mutagenicity of wood smoke and cigarstte smoke {C8) extracts was assayed in
S. Hphimurium straing TA98 and TA 100 {Ames assay) using the pre-incubation assay with
exogenous metabolic activation (rat liver 5-9). Extracts of both samples (62.5 or 125 pg total PM
equivalent'ml) were equally mutagenic to strain TA98 but the wood smoke extract was Jess
mutagemic than the CS extracts in strain TA 100 (ba et al., 2006, 156582).

In Vivo studies

Ambiart Air

The contribation of ambient wrban roadside air exposure (4, 12, 24, 48 or 60 wic} to DNA
damage was examined in the lungs, nasal mucosa, and livers of adult mate Wistar rats in Fawasaki,
Japan (Sato et al., 2003, 09661 5). Messenger RNA levels of CYP450 enzymes that catalyze the
transformation of PAHS 1o reactive metabolites were also evaluated, Concentrations of EASES Were
repotted to be 12-132 ppb NO and 0-9 ppb NO, in the filtered ait chamber and 33-280 prb NO and
42-81 ppb NQ; in the experimental group chamber. Suspended PM concentrations were 11-19 pg/m?
in the filtered air chaweber and 42-100 pg/m® (average 63 pg/m in the experimental group chamber.
Body weight significantly decreased in exposed animals at 24, 42 and 60 wk. A 4wl SXPOSUre 10
wrban roadside air resulted in significant increases in multiple DNA adducts (lung, nasal, and liver
DNA adduets}. With longer exposures, there were significant increases in long (48 wk), nasal
(60 wk}, and liver DNA adducts (60 wk). Changes were seen in CYP1AZ mBENA at 4 wk with a
2.3-fold increase in exposed animals compared to the control group with no change observed at
60 wk: CYP1A] mRNA was unchanged. These results indicate that exposure to ambient air in this
roadside area could induce DNA adduct formation, which may he important for careinogenicity.
Eatlier studies (Tehinose et al_, [997, 053264 have showu that B-oxedG a DNA adduct, is elevated
along with tumor formation in a dose-dependent manmer in mice administered DE patticles. The
finding of adducts in the liver indicated that deposition of PM and its assotiated PAHs in the lung
can have indirect effects on extrapulmonary organs. It should be noted that PM deposition on the fur
and ingestion during prooming cannat be mled out as a possible exposure route,

Another animal toxicological study employed “non-carcinopenic” particles obtained from
pooled non-cancerous lung tissue collected during surpica} lung resection from three non-smoking
male patients diagnosed with lung adenocarcinomas {Tokiwa et al., 2005, 191952}, Particles were
partially purified to remove organic compounds. Morphologically the patticles were similar to DE or
ambient ajr PM and the organic extracts g-om the particles were directly mutagenic in §.
typhirmurium tester strains TA9S, YG1021 and YG1024. BALR/c and JCR mice wers Intratracheally
instilled with particles at doses of 0.25, 0.5, 1.0, or 2.0 mg/mouse. After 24 h, R-oxadG was
measured in lung DNA and found to be increased in ICR mice ina dose-dependent maneer, resching
a aximum of ~2.75 8-0x0dG/10° dG at the 2.0 mg dose. The response was statistically significant
at doses of 0.5, 1.0, and 2.0 mg. The increased 8-oxod( levels observed in vivo was reportad to be
likely due to hydroxyl radicals presumed to be involved in phagocytosis of nen-mutagenic particles
by inflammatory cells that could induce hydroxylation of guamne residue on DA,

Diese! Exhaost

An in vive study employed gp delta transgenic mice carrving the lambds EGE) on cach
Chromosome 17 from a C57BL/6) background to investizate the effects of DE particles on mutation
frequency (Hashimoto et al,, 2007, 397261}, Mice were exposed via inhalation to DE particles or via
IT instillation to DE particies or DE particle extract and lambda EGL0 phages were rescued; £ cofi
FGo(20 was infected with the phage and screened for 6-thioguanine resistance, The mutagenic
potency (mutation frequency per mg) eaused by DE particle extract was twice that of DE particles,
suggesting that the mutagenicity of DE particles is attributed primarily to compounds in the extract,
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since =50% of the weight of DE particles was provided by the extract. There was no difference in
mutation frequency between the | and 3 mp/m’® DE particle groups after 12 wk of exposure.

Weod Smoke

Ome recent study measured the effect of freshly zenerated hardwood smoke on CYP1A1L
actrvity based on ethoxyresorufin O-decthylase in pulmonary microsemes recovered from male
Sprague-Dawley rats exposed to hardwood smoke by noge-only inhalation exposure (Iba et al., 2006,
156382). CYP1A1 activity in rat lung explants treated with extracts of the total PM {(TPM) from
hardwood smoke samples and from freshly generated ciparette smoke {CS) was also evaluated.
Unlike CS, hardwood smoke did not induce pulmaonary CYP1A1 activity or mRNA {assessed by
northern blot analysis) nor did extracts of hardweod smoke TPM induce CYP1A1 protein (assessed
by western blot analysis) in cultured rat lung explants. The results sugzest that unique eonstiments
that are activated by CYP1A1 may be present in C'S but not bardwood smoke.

1.3.2.2. Carcinogenesis

Studies published prior to the 2004 AQCD that evaluated the carcinogenicity of ambisnt air
were reviewed by Clavton and ‘Woodall {2007, 180391}. Five stiedies invelyed chronic inhajation
exposures in rodents. No statistically significant increase in tmorigenesis was observed following
chronic exposure to urban air poliytion in Los Angeles (Gardner, 1966, 013129; Gardner et al., 1969,
015130; Wayne and Chambers, 1968, 038537). However in a study conducted in Brazil, urban air
pollution was found to enhance the formation of urethane-induced hung tumors in mice {(Cury etal.,
2000, 192100; Reymao et al., 1997, 084653).

Two recent studies evaluated the carcinogenic potential of chronic inhalstion exposures to BE
(Reed et al |, 2004, 0556235) and hardwood smoke (Reed et al | 2006, 156043). Two indjcators of
carcinogenic potential, formation of MN and tumorigenssis were measured in strain AT mice, which
is a mouse mode] that spontaneously develops lung tumors. Exposure to DE or hardwood smoke at
concentrations of 1,000 pg/m® and below did oot cause increased formation of MN or an increased

tate of lung tumors in this cancer-prone rodent model. These studies are described below.

Diesel Exhaust

A/I mice were exposed to 30, 100, 300 and 1000 pg/m® DE for 6 h/day and 7 days/iwk for
6 mo (Reed ot al., 2004, 055625). The concentration of gases in this including NQx, NO., CO, S0,,
NH;, methane, non-methage VOC, and FID total hydrocarbon ranged from control to high dose
group values of 0 to 504 £ 0.6 ppm, 0.2 0.2 t0 6.9+ 3.3 ppm, 0.5 + 0.1 to 30.9 + 4.5 ppm, not
detectable 10 955.2 & 584 ppb, 176.5 = 8.8 10 9.1 % 0.2 pg/m’, 1406.5 £ 2532 to 26421 &
455.9 ug/m”, 134.0 £ 52.1 to 15786+ 2562 ugim™, 0.1+ 011022202 PP, respectively. Particle
sizes in the four exposure groups ranged from 0.10-0.15 pm MMAD with geometnic standard
deviations of 1.4-1.3. Following the -mo exposure and a 6-mo recovery perfod, mice were collected
and MN formation in blood and turnor multiplicity and tmor incidence were measured in lungs. No
ncreases in formation of MN or numbers of lung adenomas were observed in DE-exposed mice
compared with controls.

Wood Smoke

A/T mice were exposed to 30, 100, 300 and 1,000 pg/m? hardwood smoke or to 30, 109, 300
and 1,000 pg/m’ DE for 6 hiday and 7 days/wk for 6 mo (Reed et al., 2006, 156043). Gaseous
components of the hardwood smoke included CO, NHj, and nop-methane VOC with concenirations
from controi leveis to high dose hardwood smoke £Xposure ranging from 229 + 31 1o 14587 .6 =
832.3 ppm, 1393 £23 10 54.94 1.2 pg/m’ and 177.6 % 10.4 tp 3455.0 & 557.0 Ug/m’, respectively.
Concentrations of NOy, NO, and SO, were reported to be null. Particle sizes in the four exposure
groups ranged from 0.25-0.36 um MMAD with geometric standard deviations of 2.0-3.3. Following
the 6-mo exposure and & 6-mo recovery period, mice were collected and MN formation in blood and
tumor multiplicity and tumor incidence were meastred in lungs. No increases in formation of MN or
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numbers of lung adenomas were observed in hardwood smoke-exposed mice compared with
controls. However, hardwood smoke from this study was mutagenic in the Ames reverse mutation
aszay.

7.5.2.3. 3ummary of Toxicological Studies

In summary, numerous new in vitre studies confirm and extend findings reported in the 2004
AQCD that ambient PM from urban sites and combustion-derived PM are mutegenic and genotoxie.
A small number of new studies were conducted in vive, One of these studies demonstrated increased
mutagenic potency in mice exposed to DE particles and DE particle extract. Another study found
mcreased formation of 8-oxodG, 2 DNA adduct, following IT instillation of PM in mice. A chronic
inhalation study of rats exposed to urban roadside air reported increased fonmation of DNA adducts
in nose, lung, and liver and indvction of CYP1A2. Inhelation exposure of rats to bardwood smoke
failed to induce CYP1A1 in another study. Finally, two chronic inhalation studies found no evidence
of earvinegenic potential for DE and kardwood smoke in a cancer-prone mouse model. Collectively,
these results provide some evidence, mainly from in vitro studies, to support the biological
plausibility of ambient PM-lung cancer relationships observed in epidemiology studies.

7.5.3. Epigenetic Studies and Other Heritable DNA mutations

Two epidemiolopic epigenetic studies examined the effect of PM on DNA methylation. Both
studies examined methylation of Alu and long interspersed nuclear element-1 (LINE-1) sequences,
which are located in repetitive elements. In previous studies, methylation of these sequences has
been linked to global genomic DNA methylation content (Weisenberger et al., 2005, 19210 [; Yang et
al., 2004, 1921024,

The first sindy included men age 55 and older who were part of the Normative Aping Stedy In
the Boston area (Baccarelll et al., 2009, 192155). A stationary monitoring site located 1 kan from the
examination site was used to estimate ambient PMa s exposure for the duration of the smdy
(1999-2007). During the study period, the median level of PM; ¢ averaged over 7-day perdods, was
9.8 pgfm® (interquartile range 8.0-12.0 pg/m”). There was no association between PM, s and Al
methylation. LINE-1 methylation was associated with P s measured over the 7 days before the
EXATinAtIons.

The second study included 63 healthy men aged 27-55 yr working at an electric furnace steel
plant {Taramtini et al., 2008, 192010}. Blood samples were taken twice, once in the morning after
2 days of not working and onee in the morning after 3 full days of work. PMyg was measured in
11 work areas and individuals completed daily logs about the amownt of time spent in each area. On
average, individuals had an estimated exposure of 233.4 pg/m® PM,q (range 73.4-1220.2 ng/m).
Short-term exposure did not alter the methylation of Aln and LINE-1. To examine effects of long-
term exposure, both blood samples were considered independent of time, and Alu and LINE-] werse
examined with respect to averall estimated PM); exposure using mixed effects models. There was a
negative association between increasing levels of Py exposure and Alu and LINE-1 methylation,
indicating that PM;; causes epigenetic changes to occur with long-term exposure. This study also
looked at levels of INOS gene, which is 2 gene suppressed by DNA methylation. iNOS expression
was not assoeiated with Iong term exposure to PM but was affected by methylation in the short
term.

Animal toxicology studies evaluating the effect of PM exposure on changes in the epigenome
and other non-epigenetic heritable DN A changes have only recently been conducted. A fter earlier
work showed increased germline mutation rates in herring gulls nesting near stee! mills on Lake
Ontario {Yauk and Quinn, 1996, 089093} further work was conducted to address air-dependent
contribotion to germline mutations by housing male and female Swiss Webster mice in the seme area
and comparing mutation rates in those animais with mutation rates of apimals housed n a rural
setting with less air pollution (Somers et al_, 2002, 078100). To determing if PM or the gaseous
phase of the urban air was tesponsible for heritable mutarions, Yauk et al. (2008, 157164} exposed
mature male C5781=CBA F1 hybrid mice to either HEPAfiltered air or to ambient air in Hamilton,
Cmtario, Canada for 3 or 10 wk, or 10 wk plus 6 wk of clean air exposure {16 wk) (alsc diseussed in
Sectton 7.4.2.5). Sperm DNA was monitored for ESTR. mutations, testicular sample bulky DNA
adduets, and DNA single or double strand breaks. In addition, male-germ line (spermatogenial stem
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7.54.2. PMg,s

The 2004 PM AQCD did not report long-term exposure studies for PM a0 No epideﬁﬂolagic
studies have been condusted to evaluate the effscts of lonp-term PMyga s exposure and cancer. The
evidence is inadequate to assess the association between PM,.s and UFP exposures and
cancer. .

754.3. UFPs

The 2004 PM AQCD did not report long-term exposure studies for UFFs. No epidemiologic
studies have been conducted to evaluate the effects of long-term UFP and cancer. The evidence is
inadequate to determine if a causal relationship exists between long-term UFP
exposures and cancer.

7.6. Mortality

In the 1996 PM AQCD, results were presented for three prospective cohort studies of adult
populations: the Six Cities Study (Dockery et al., 1993, 044457); the ACS Stody (Pope et al_, 1995,
045159); and the AHSMOG Swudy (Abbey et al., 1995, $00669). The 1096 AQCD concluded that
the chronic exposure studies, taken together, suggested associations between increases in mortality
#nd long-term exposure to PM: 5, though there was no evidencs to support an association with PM;;
z5 [(U.5. EPA, 1996, 079330).

Discussions of mortality and long-term exposure to PM in the 2004 PM AQCD emphasized
the results of four U.5. prospective cohort studies, but the greatest weight was placed on the findings
of the ACS and the Harvard Six Cities studjes, which had each undergone extensive independent
reanalysts, and which were based on cohorts that were broadly representative of the U.S., population.
The 2004 PM AQCD concluded that the results from the Seventh-Day Adventist (AHSMOG) cohort
provided some suggestive (but less conclusive) evidence for associations, while results from the
Veterans Cohort provided inconsistent evidence for associations between long-term exposures to
PM: s and mortality. Collectively, the 2004 PM AQCD found that these studies provided strong
evidence that long-term exposure to PMa s was associated with increased risk of human mortality.
Effect estimates for all-cause mortality ranged from 6 to 13% increased risk per 10 pgim® PM, -,
while effect estimates for cardiopulmonary mortality ranged from 6 to 19% per 10 pg/m® PM, .. For
lung cancer mortality, the effect estimate was a 13% increase per 10 po/m® PMo s, based upon the
results of the extended analysis from the ACS cohort (Pope et al., 2002, 024689). With regard to
PMigz 5, the 2004 PM AQCD reported that no association was observed between mortality and long-
term exposure 1o PMips 5 in the ACS study (Pope et al,, 2002, 024689}, while a positive but
statistically non-significant association was reported in males in the AHSMOG cohort (MecDonnell et
al., 2000, D103 19). Thus, the 2004 PM AQCD concluded that there was insufficient evidence for
associations between long-term exposure to PM.; 5 and mortality. Overall, the 2004 PM AQCD
concluded that there was strong epidemiologic evidence for associations berween long-term
exposures to PMa; and excess all-cause and cardiopulmonary mortality.

At the time of the 2004 PM AQCD, enly 2 limited number of the chronic-exposure eohort
studies had considered direct measurements of constituents of PM, other than sulfates. With regard
ta souree-priented evaluations of mortality associations with long-term exposure, the 2004 PM
AQCD noted only the study by Hoek et al. {2002, 042364), in which the authors coneluded that
long-term exposure to traffic-related air pollution may shotten life expectaney. However, Hoek &t al.
(2002, 042364} also noted that living near a major road might include other factors that contribote to
mortality associations. There was not sufficient evidence at the time of the 2004 PM AQCD to draw
cenclusions on effeets associated with specific components or sources of PM.

New epidemiclogic evidence reports a consistent association between long-term exposure to
PM; s and increased risk of mortality. There is little evidence for the long-term effects of PM ga . on
mortality. Although this sertion focuses on mortality outcomes in response to long-term exposure 1o
PM, it does not evalnate studies that examine the association between PM and infant mortality,
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7542 PMy.;

The 2004 PM AQCD did not report long-term exposure studies for PM,g.5 No epidemiologic
studies have been conducted to evaluate the eifects of loag-term PM 1o 1 s exposure and cancer. The
evidence is inadequate to assess the association between PM,.. . and UFP exposures and
cancer. .

1.94.3. UFPs

The 2004 PM AQCD did uot report long-term exposure studies for UFPs. No epidemiclogic
studies have been conducted to evaluare the effects of long-term UFP and cancer. The evidence 1s

inadequate to determine if a causal relationship exists between long-term UFP
expasures and cancer,

7.6. Mortality

In the 1996 PM AQCD, results were presented for thres prospective cohort studies of adult
populations: the Six Cities Study (Dockery et al., 1993, D44457): the ACS Study (Pope et al., 1985
045159); and the AHSMOG Study (Abbey et al., 1995, 000669}, The 1996 AQCD conciuded that
the chronic exposure shudies, taken together, suggested associations between increases in mortality
and long-term-exposure to PM; 5, though there was no evidence to support an association with P,
25 (U.S. EPA, 1996, 079380),

Discussions of mortality and long-term exposure to PM in the 2004 PM AGCD emphasized
the results of four U.S. prospective cohort stydies, but the greatest weight was placed on the findings
of the ACS and the Harvard Six Cities studies, which had each undergous extensive independent
reanalysis, and which were based on cohorts that were broadly representative of the U 8. population,
The 2004 PM AQCD concluded that the resylts from the Seventh-Day Adventist (AHSMOG) echort
provided some suggestive (but less conclusive) evidence for asgociations, while reguits from the
Veterans Coliort provided inconsistent evidence for assosiations between long-term: exposurss to
PM. s and mortaltty. Collectively, the 2004 PM AQCD found that these smdies provided sirong
gvidence that long-term exposurs to PM; s was associated with jncreased tisk of human mortality,
Effect estimates for all-cause mortality ranged from & to 13% increased risk per 10 pg/m’ PM; 5,
while effect estimates for cardiopulmonary mortality ranged from 6 to 19% per 10 pe/m® PM; . Fer
lung cancer mortality, the effect estimate was a 13% iperease per 10 pg/m’ PM, s, based upon the
results of the extended analysis from the ACS cohort (Pope et al., 2002, 024689). With regard to
PMig.a 5, the 2004 PM AQCD reported that no asseciation was observed hetween mortality and long-
term exposure to PM .5 in the ACS study (Pope et al., 2002, (24689), while a positive but
statistically non-significant association was reported in males in the AUSMOG cohort (MeDonnell et
al., 2000, D10319). Thus, the 2004 FM AQCD concluded that there was insufficient evidence fr
agsociations between Jong-term exposure to PMqa< and mortality, Overall, the 2004 PM AQCD
concluded that there was strong epidemiologic evidence for associations batwesn lomg-term
exposures to PMas and excess all-cavse and cardiopulmonary mortality. :

At the time of the 2004 PM AQCD, only a limfted number of the chronic-exposure coho
stedies had considered direct measurements of constituents of PM, ather than sulfates. With regard
to source-priented evaluations of mortality associations with long-term exposure, the 2004 PA
AQCD noted cnly the study by Hosk et al. (2002, 042364, in which the anthors concluded that
long-term exposure to traffic-related air pellution may shorten lifs expectancy. Howesver, Hoek ot al.
(2002, 042364) also noted that living near 2 major road might inclnde other factors that contribute to
mottality associations. There was not sufficient evidence at the time of the 2004 PM AQCD to draw
conelusions on effects associated with specific compoments of s¢urces of PM.

New epidemiologic evidence reports a consistent association between long—term exposurs to
PM; 5 and increased fsk of mortality. There is little evidence for the long-term effects of PM iz < on
mortality. Although this section focuses oo mortality outcomes in response to long-tenm exposure to
PM, it does not evaluate studies that examine the association between PM and infant mortzlity,
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These studies are evaluated in Section 7.5 because it is possible that in utero exposures contribute to

infant mortality, A summary of the mean PM concentrations reported for the studies characterized in
this sectiom is presented in Takle 7-8,

Table7-8.  Characterization of ambient PM concentraions from studies of mortality and long-term

exposures to PM,
Shady Location Mean ?p?fm Upper Percentle Concenirations {ugim’
FMzs
asith; 32
Buneiozef et al. {2009, 191%47] The Nethertands = St 33
Mt 37
Chen et al. (2005, (273 Muticity, G, 20
Eftim et al. {2008, 085104) us. 136141 Mape 10.1-25.1
Ertstrom (XH05, 067 558) A 74 Maw 3.1
D0ss o al. (2004, 65524 s, 137 Thth: 15.9
Jartes et al, {2007, 0908T) v 4.0
Jematt et o, (2005, bR Lig Angeles, G Mae 271
' 75" 1600
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7.6.1. Recent Studies of Long-Term Exposure fo PM and Mortality

Studies since the last PM AQCD include results of new analyses and insights for the ACS and
Harvard Six Cities studies, further analyses from the AHSMOG and Veterans study eohorts, as well
as analyses of a Cystic Fibrosis cohort and subsets of the ACS from Log Angeles and New York City.
In the original analyses of the Six Cities and ACS eohort studies, no associations were foupd
between long-term exposure to PMye s and mortality, and the extended and follow-up analyses did
not evaluate associations with PMyss s The historfcal and more recent results for BN 5 of hoth the
ACS and the Harvard Six Cities studies are compiled in Fignee 7-f. Moreaver, since the lagt PM
AQCD, there is a major new cohort that investigates the effects of PM; - on cardiovascnlar mortality
i, the literatare; the WHI study (Miller et al_, 2007, 090130). Most recently, an ecologic cohort study
of the nation’s Medicare population has been completed (Eitim et gl., 2008, $99104). These new
findings further strengthen the evidence linking long-term exposure o PM; s and mortality, while

. providing indications that the magnitude of the PM s-wortality association is larger than previously

estimated (Figure 7-7). Two recent reports from the AHSMOG and Veterans study cohorts have
provided some limited evidence for associations between long-term exposure to PM g5 5 and
mortality. The original analyses of the AHSMOG cohort study found positive associations between
long-termn concentrations of PMq and 15-yr mortality due to natural canses and fung cancer (Abbey
gt al, 1999, 047559} McDonnell et al. (2009, 010319} reanatyzed these data and concluded that
previcusly observed association of long-term ambient PM,, concentrations with mortality for maies
were hest explained by a relationship of mortality with the fine fraction of Py rather than the
theracic coarse fraction of PM,,. Recent reports irom the ATISMOG study cohort, as well as the
Nurses® Health Study and a cohort of women in Germany have provided some evidence for
associations between long-tetm exposure to PM; and mortaiity among women.

Harvard Six Cities: A follow-vp study has used updated air poilution and mortality data; an
additional 1,368 deaths occurred during the follow-up period (1980-1998) versus 1,364 deaths in the
original smdy period (1974-1989) (Laden et al., 2006, 087605). Statistically significant associations
are reported between long-term exposure to PM2 s and raortality for data for the two periods
(AR = 1.16 [95% CL 1.07-1.26] per 10 pg/m’ PMa ). Of special note Is a statistically sienificant
reduction in mortality visk reported with reduced long-term PM, s concentrations (BR ={0.73 [95%
CI: 0.57-0.95] per 10 pg/m?* PM, ). This is equivalent to an RR of 1.27 for reduced mortality risks
with reduced long-term PM; s concentrations. This reduced mortality risk was observed for deaths
dite to cardiovascular and respiratory capses, but not for lung cancer deaths. The P ¢
conceatrations for recent years were estimated from visibility data, which introduces some
uncertainty in the interpretation of the results from this study. Coupled with the results of the original
analysis (Dockery et al., 1993, 044457), this study strongly suggests that a reduction in PM; ;
pallution yields positive health benefits,

ACS Extended Analyses/Reanalysis Il; Two new analyses further evaluated the
agsociations of long-term PM ¢ exposures with sk of mortality in 50 U %, cities teported by Pope
and colleagues {2002, 024689), adding pew details about deaths from specific cardiovascular and
raspiratory canses (Krewski, 2009, 190075, Pope et al 2004, 053880}, Pope et al. (2004, B55880)
reported positive associations with deaths from speeific cardiovascular diseases, particularly
ischemic heart discase (JHD), and a group of cardiac conditions including dysrhythmia heart failure
and cardiac arrest (RR for cardiovasculsr mortality = 1.12, $5% CI 1.08-1.15 per 10 ug/m PMas),
but no PM asseciations were found with respiratory moertality.

In an additional reanalysis that extended the follow-up period for the ACS cohortto 18 yr
(1982-2000) (Krewski et al., 2009, 191193), investigators found effect estimates that were simjlar,
though generally higher, than those reported in previons ACS analyses. This reanalysis also included
data for seven ecologic {neighborhood-level) contextual i.e., not mdividual-level) covariates, sach
of which represents local factors known or suspected to Iinfluence mortality, such as poverty level,
educational attainment, and unemplovment. The effect estimate for all cause mertality, based on
PM,; ; concentrations messured in 1999-2000 was 1.03 {#3% CI: 1.01-1.05). The eorresponding
effect estimates for deaths due to IHD and lung cancer were 1,15 (95% CI: 1.04-T.18) and 1.11
(95% CI: 1.04-1.18), respectively. In earlier analyses of this cohort, Investigators found that
incressing education levels appeared to reduece the effect of PM; 5 exposure on mortality. Results
from this reanalysis show a similar pattern, although with somewhar less certainty, for all causes of
death exeept IHD, for which the pattern was reversed. Owerall, although the addirion of random
sffeets modeling and contextual covariates to the ACS model made maost effect estimates higher {but
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AHSMOG: It this analysis for the Seventh-Day Adventist echort in California, a positive,
statistically significant, association with coronary heart disease mortality was reported among
females (92 deaths; RR = 1.42 [95% CT: 1.06-1 90] per 10 pg/m’ PM. 5}, but not among males
(53 deaths; RR = 0.90 [95% CI: 0.76-1.05] per 10 pg/m’ PM; 5) (Chen et al., 2005, 087942).
Associations were strongest in the subset of postmenopausal women {80 deaths; RR = 1.4% [95% CI:
1.17-1.89] per 10 pg/m” PM; 5). The authors speculated that females may be mors sensitive to air
pollution-related effects, based on differences between males and females in dosimetry and
exposure. As was found with PM, 5, a positive association with coronary heant disease mortality was
reported for PM, 55 and PM,o among females (RR = 1.38 [93% CI: 0.97-1.95] per 10 pg/m® PMyq., o
RR = 1.22 [95% CI: 1.01-1.47] per 10 ug/m® PMq), but net for males (RR = 0.92 [95% CI: 0.66-
1.29] per 10 ng/m’ PMiza5; RR = 0.94 [95% CI: 0.82-1.08) per 10 WE/m’ PM,;); associations were
strongest in the subset of postmenopausal women (30 deaths) (Chen et al | 2003, 087942).

U.S. Cystic Fibrosis cohort; A pasitive, but not statistically significant, association was
reported for PMa s in this study (RR = 1.32 [95% CI: 0.91-1.93) per 10 ug/m’® PM, ) that primarily
focused on evidence of exacerbation of respiratory symptoms (Goss et al., 2004, 033624). No clear
association was reported for PM,,. However, only 200 deaths had cccurred in the cohort of over
11,000 people {average age in cohort was 18.4 ¥7), 5o the power of this study to detect associations
was relatively low.

Women’s Health Initiative (WHI} Study: This nationwide cohort study considered 65,803
post-menopausal women with no history of cardiovascular disease who lived in 36 U.S. metropolitain
areas from 1994 to 1998 (Miller et at., 2007, 090130). The study had 2 median subject follow-up
time of 6 years. Miller and colleagues assessed each woman’s exposure to air pollutants using the
monitor located nearest to their residence. Hazard ratios were estimated for the first cardiovascular
¢vent, adjusting for age, race or ethnic group, smoking statys, educational level, household income,
body-mass index, and presence or absence of diabetes, hypertension, or hypercholesterolemia.
Overall, this study concludes that “long-term exposure to fine particulate air pollution is associated
with the incidence of cardiovaseular disease and death arnong postimenopausal women.” In terms of
etfect size, the study found that each increase of 10 pg/m® of PM.; was associated with a 249
increase in the risk of a cardiovascular event (hazard ratio, 1.24 [95% CI: 3.09-1.417) and a 76%
increase in the risk of death from cardiovascular disease (hazard ratio, 1,76 [85% CI: 1.25-2.47]).
While this study found results confirmatory to the ACS and Six Citias Study, it reports much larger
relative risk estimates per pg/m’ PMs.. In addition, since the stdy included only women without
pre-existing cardiovascular disease, it ¢ould potentially be a healthier eohort population than that
considered by the ACS and Six Cities Study. Indeed, the WHI Study reported omly 216
cardiovascular deaths in 349,643 women-yT of follow-up, or a rate of 0.075% deaths per year (Miller
et al, 2007, 090130, whiie the ACS Study reported that 10% of subjects died of cardiovascular
disease over a 16-yr follow-up period, yielding 3 rate of .625% per year, or approximately 8 times
the cardiovascular mortality rate of the W] population (Pope et al, 2004, 053880). Thus, PM, <
impacts may yield highe:r relative risk estimates in the WHI population because the PM, 5 risk is
being compared to a much lower prevailing risk of cardiovascular death in this select study
population.

The WHI study not only confimms the ACS and Six City Study associations with mortality in
yet another well characterized cohort with detsiled individual-level information, it also has been able
to consider the individual medical records of the thousands of WH] subjeets over the period of the
study. This has allowed the researchers to examine not only mortality, but also related morbidity in
the form of heart problems (cardiovaseuiar events) experienced by the subjects during the study. As
reported in this paper, this examination confirmed that there is an increased risk of cardiovascular
morbidity, a3 well {Section 7.2.9). Thess morbidity co-associations with PM: - in the same
population Jend even greater support to the bislogical plausibitity of the air pollution-mortality
associations found in this study.

Medicare Cohort Studies: Using Medicare data, Eftim and co-authors (2008, 099104}
assessed the association of PM; s with mortality for the same locations inclhided m the ACS and Six
City Study. For these locations, they estimated the chronic effeets of PM: 4 on mortality for the
peried 2000-2002 using mortality dara for cokorts of Madicare participants and average PM; . levels
from monitors in the same counties included in the two stadies, Using ageregate counts of mortality
by county for three age groups, they estimated mortality risk assoelated with air pollution adjusting
for age and sex and area-level covariates (education, income level, poverty, and employment), and
controlled for potential confounding by cigarette smoking by including standardized mortality ratios
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for lung cancer and COPY. This study is, therefore, an ecological analysis, similar to past published
cross-seciional anatyses, in that area-ievel covariates {education, income level, poverty, and
émployment) are employed as controlling variables, since individual leve) information Is not
available from the Medicare database {other than age and sex), which includes virtually all
Americans aged 65 or greater. Exposures are also ecolopical in nature, as central site dara are used a3
indices of exposure. These results indicated that a 10 ug/m® increase in the yearly average PM ;
concentration is associated with 10.0%; {(%3% CI: 9.0-12.2) and with 20.8% (93% CI; 14.8-27.1)
inereases in all-cause mortality for the ACS and Six Citles Study counties, rezpectively. The
estimates are somewhat higher tharn those teported by the original investipators, and there may be
several possible explanations for this apparent increase, especiaily that this is an older population
than the ACS cobort. Perhaps the most likely explanation is that the lack of personal confounder
information (e.g., past personal smoking information) led to an insufficient control for the effeats of
these other variables” effects on mortality, inflating the pollution effect estimates somewhat, similar
to what has been found in the ACS anaiyses when oniy scolopical-level control variables were
included. The ability of the Eftim =t al. (2008, 099104} study results to qualitatively replicare the
original individual-level cohort study {e.g., ACS and Six Cities Study) results snggests that past
ecological cross-sectional mortality study resuits may alse provide useful insights into the nature of
the association, especially when used for consideration of fime trends, o7 for comparisons of the
telative (rather than absolute) sizes of risks between different pellirtants or PM components in health
effects associations.

Janes et al. (2007, 090927) used the same nationwide Medicare mortality data to examine the
association between monthly averages of PMs < over the preceding 12 mo and monthly mertality
rates in 113 U.5. counties from 2000 to 2002, They decomposed the association between PM. ; and
mortality inte two eomponents: {1) the associatien between “national trends™ in PM; 5 and mortality;
and (2) the association between “local trends,” defined as county-speciiic deviations from national
trends. This second component is posited to provide evidence as to whether counties having steeper
declines in PM; s also have stegper declines in mortality relative to the national wend. They report
that the exposure effect estimates are different at these two spatiotemnporal scales, raising concerns
about confounding bias ip these analyses. The authors assert that the association between trends in
PM; 5 and mortality at the national scale is more likely to be confounded than is the association
between trends in PM, ; and mortality at the local scale and, if the association at the national scale is
sef aside, that there is little evidence of an assaciation between 12-month exposure 1o Fhs ; and
mortality in this enalysis. However, in response, Pope and Burnett (2007, 090928) point ot that
such use of long-term time trends as the primaty source of exposure variahility has been avoided in
most other air pollution epidemiology studies becavse of such coneerns about potential confounding
of such time-trend associations.

By linking monitoring data to the 1.8, Medicare system by couuty of residence, Zeger et al.
(2007, 157176) analyzed Medicare mortality records, comprising over 28 million encollees in the
250 largest counties during 2000-2002. The authors estimated log-linear regression models having
age-specific county level mortality rates as the owteome and, as the main predictor, the average PM; 5
pollution level in each county during 2000. Area-level covariates were used to adjust for socio-
economic status and smoking. The aothors reported results under several degrees of adjustment for
spatial confounding and with stratification imto eastern, central and western U8, connties. &

10 pg/m’ increase in PM, 5 was associated with a 7.6% increase n mortality (95% CI: 4.4-10.8).
When adjusted for spatial confounding, the estimated log-relative risks dropped by 50%. Zeger ot al.
(2007, 157176} found a stronger association in the eastern counties than nationally, with ne evidence
of an assoeiation in western counties.

In a subsequent report, Zeger et al. (2008, 191251) created a pew retrospective cohert, the
Medicare Cohert Air Pollution Study {(MCAPS), consisting of 13.2 million persons residing in 4,568
ZIP codes in uwrban areas having geographic centreids within 6 miles of 2 PM. ; monitor. Using this
cohort, they investigated the relationship between 6-y1 avg exposore to PM; s and mortality risk over
the period 2000-2005. When divided by region, the associations between long-term exposure 1o
PM: sand mortality for the eastern and central ZIF codes were qualitatively similar to those reported
in the ACS and Six Cifies Study, with 11.4% (95% CI- 8.8-14.1) and 20.4% (95% CI: 15.0-25.8)
increases per 10 pg/m” increase in PMa 5 in the eastern and centra] regions, respectively. The MCAPS
results included evidence of differing PM; s relative risks by aze and geographic location, whars risk
declines with increasing age category until there is no evidence of an association among persons
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= 85 yr of age, and there iz no evidence of a positive association for the 640 urban ZIP codes in the
wester reglon of the 1.8,

Using hospital discharge data, Zanobetti et al. (2008, 156177) constructed a eohort of persons
discharged with COPD using Medicare data between 1985 and 1999, Positive associations in the
survival analyses were reported for single vear and multiple-year lag exposures, with'a hazerd ratio
for total mortality of 1.22 (95% CI: 1.1 7-1.27) per 10 pg/m” increase in PM6 over the previous
4 years. '

Veterans Cohort; A recent reanalysis of the Veterans cohort data focused on exposure o
traffic-related air pollution (traffic density based on traffic flow rate data and road segment length)
reported 2 stronger relationship between mertality with long-term exposure to traffic than with PM -
mass (Lipfert et al., 2006, 088218). A significant association was reported between total mortality
and PMy 5 in single-pollutant medels (RR = 1.12 [95% CI: 1.04-1.20] per 10 Hg/fm® PMa ). This risk
estimate Is larger than results reported in a previons study of this cohert, In multipollutant models
including traiffic density, the associztion with PM; s was reduced and lost statistical sipnificance,
Tratffic emissions contribute to PM:; so it would be expected that the two would be highly
correlated, and, thus, these multipollutant model results should be interpreted with caution. In a
companion study, Lipfert et al. (2006, 08821 8) used data from EPA’s fine particle speciation
networl, and reported findings for PM, ¢ which were similar to those reported by Lipfert et al. (2006,
088218). In this study (Lipfert et al., 2006, 088218), a significant association was reported between
long-term exposure to PMn.; s and total moriality in a single-pollutant model (RR=1.07,55% CI:
1.01-1.12 per 10 pg/m® PM1gzs). However, the association became negative and not statistically
significant in 2 mode! that included traffic density. As it would be expected that traffic would
contribuie to the PM o, ¢ concentrations, it is difficult to interpret the results of these multipoltutant
analyses,

Nurses’ Health Study Cohort: The Nurses® Health Study (Puett et al., 2008, 156891} is an
ongoing prospeciive eohort study examining the relation of chronic PM,, exposures with all-cause
mortaiity and incident and fatal CHD consisting of 66,250 female nurses in MSAs in the
northeastern region of the U.8. All cause mortality was statistically significantly associated with
average PM;; exposures in the time period 3-48 mo preceding death. The association was strongest
with average PM,; exposure in the 24 mo prios 1o death (hazard ratio 1.16 [95% CI: 1.05-1 28] and
weakest with exposure in the month prier to daath (hazard ratio 1.04 [95% CI: 0.98-1.11]). The
association with fatal CHD oceurred with the greatest magnitude with mean exposure in the 24 mo
Priot to death (hazard ratio 1.42 [95% CI- 1.11-1.817).

Netherlands Cohort Study {(NLCS): The Netherlands Cohort Study (Brungkreef et al.,
2009, 191947) estirpates the effects of traffic-related ajr polltion on cause specific mortality in a
cohiort of approximately 120,000 subjects aged 55-69 yT at enrollment. For 2 10 pg/m® inorease in
PM.; s concentration, the relative risk for natural-canse mortality in the full cohort was 1.06 {(95% CI:
0.57-1.16), similar in magnitude to the results reported by the ACS. In a case-cohort amalysig
adjusthd for additional potential confounders, there were o associations between air pollution and
meottality.,

German Cohort; The North Rhine-Westphalia State Envitenment Agency (LUA NRW)
initiated a cohort of approximately 4,800 womer, and assessed whether long-term exposure to air
pellution originating g}:}m motorized traffic and industrial sources was associated with total and
cause-specific mortality (Gehring et al., 2006, 039707). They found that cardiopulmonary mortality
was associated with PMyp (RR = 1.52 [95% CL: 1.09-2.15] per 10 pg/m® PMyg).

7.6.2. Composition and Source-Oriented Analyses of PM

As diseussed in the 2004 PM AQCD, only a very limited number of the chronic exposure
cohort studies have included direct measurements of chemical-specific PM constituents other than
sulfates, or assessments of source-otiented effects, in their analyses. Cne exception is the Veterans
Cohort Study, which looked at associations with some constitusnts, and traffie,

Yeterans Cohort: Using data from EPA’s fine particle speciation vetwork, Lipfert et al,
(2006, 038756} reported a positive association for mortality with sulfates. Using 2002 data from the
fine particle speciation network, positive associations wers found between mortality and long-term
exposures to nitrates, EC, Ni and 'V, as well as traffic density and peak O concentrations. In
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multipeilutant models, assoeiations with tafhc density remained significant, as did nitrates, Ni and
V in stme models.

Netherlands Cohort Study: Beelen st al (2008, 156263) studied the association between
long-term exposure to traffic-related air poliution and martality in a Putch cohoit. They used data
from an cngoing cohort study on diet and cancer with 120,852 snbjects who were followed from
1987 to 1996. Exposare to BS, N0, 50,, and PM; 5, as well as various exposure variables related to
traffic, were estimated at the home address, Traffic intensity on the nearest road was independently
assoctated with mortality. Relative risks (CI) for a 10 pg/m” incresse in BS concentrations
{difference between 5th and 95th percentile) wers 1.03 {#3% CI: 1.00-1.11} for natiral cause, 1.04
(95% CI: 0.95-1.13} for cardiovascular, 1.22 (95% CI- 0.9%-1.507} for respiratory, [.03 {25% CI-:
0.88-1.20) for lung cancer, and 1.04 {95% CI: 0.97-1.12) for mortality other than cardiovascular,
respiratory, or lung capcer. Results were similar for NO, and PM3 5, but 1o associafions were found
for 8Q,. Traffte-related air pollution and several traffic exposure variables were associated with
mortality in the full cohort, although the relative risks were generally small. Associations between
naturai-cause and tespiratory mortality were statistically significant for NO, and BS. These results
add 1o the evidense that Iong-term exposure to traffic-related particulate air pollution is associated
with increased mortality.

Given the general dearth of published source-oriented studies of the mortality impacts of long-
term PM exposure components, and given that the recent Medicare Cohort study now indicates that
such ecelogical cross-sectional studies can be useful for evaluating ime trends and/or comparisons
across polivtion components, it may well be that examining past cross-sectional studies comparing
source-oriented components of PM may be informative. In particular, Ozkaynak and Thurston {1987,
072960}, utilized the chemical speciation conducted in the [nhalable Particle {IP} Network to
condnct a chemica] constituent and source-oriented evaluation on long-term PM exposure and
mertality in the U.S. They analyzed the 1980 U.S. vital statistics and available ambient air poliution,
data bases for sulfates and fine, inhalable, and TSP mass. Using multiple regression analyses, they
conducted a cross-sectional analysis of the association between varions particle measures and total
mortality. Reselts from the various analyses indicated the importance of considering particle size,
compaosition, and source information in modeting of particle poliution heaith effects, Of the
independent mortality predictors considered, particle exXposure meagyres most related to the
respirable fraction of the aerosols, such 35 fine particles and sulfates, were most consistently and
significantly associated with the reported SMSA-specific total annual mortality rates. On the other
hand, particle mass measures that included PMyg; ¢ (e.g., total suspended particles and inhalable
particles) were often found 10 be non-significant predictors of total mortality. Furthermore, based on
the application of PM. ; source apportionment, particles from industrial sources and from coal
combustion were indicated to be more significant contributors to uman mortality than fine soil-
derived particles.

7.8.3. Within-City Effects of PM Exposure

Much of the exposure gradient in the national-scale cohort studies was due to city-to-city
differences in regional air pollution, raising the possibility that some or all of the original PM-
sutvival associations may have heen driven instead by city-to-eity differences in some unknown
(non-pollution) confounder variable. This has been evaluated by three recent studies.

ACS, Los Angeles: To investigate this issue, two new analyses using ACS data focused on
neighborhood-to-neighborhood differences in urban air pollutants, using data from 23 PM; s
monitoring stations in the Los Angeles area, and applying interpolation methods (Jerrett et al,, 2005,
037600) or land use regression methods (Krewski et al., 2009, 191103} to assign exposure lavels to
study individoals. This resulted in both improved exposure assessment and an increased focus on
local sources of PMG: 5. Significant associations between PMa ; and mertality from all causes and
cardiopelmonary diseases were reported with the magnitmde of the relative risks being preater than
thoze reported in previous assessments. In general, the associations for PM; s and mortality using
these two methods for exposure assessment were similar, though the use of land use regression
resulted in somewhat smaller hazard matios and tighrer Cis (see Table 7-0. This indicates that ¢ity-to-
city confounding was not the cause of the associations found in the earlier AC'S Cohort studies, This
provides evidence that reducing exposurs error ean result in stronger assoclations between PMy 5 and
mottality than generally observed in broader studies having less exposure detail.
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Table79.  Comparison of results from ACS intra-urban analysis of Los Angeles and New York City
using krigirg) or land use regression to estimate exposure.

Las Angales: L Anpeles: Newt *rark City:
Cause of  Hazard Rafio' and 95% Confidencs  Hazard Ratie and 5% Confidence,  Hazard Ratio” and 95% Confidence,
Dt Inienval Lsing Kiigin Interval Using Land Uize Ragression Interval Using Land Use Regression
{Jerrett et al., 2005, 0&7600) (Krewski et al,, 2008, 191153) {Krewski et al., 2008, 151193)
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ACS, New York: Xrewski et al. (2009, 191193) applied the same techniques used in the land
use regression analysis of Los Angeles to an investigation conducted in New York City. Anmual
dverage concentrations were calculated for each of 62 monitors from 3 3T of daily monitoring data
for 1999-2001. Those data were combined with land-pse data collected from traffie counting
systems, readway network maps, satellite photos of the study area, and local government planning
and tax-assessment maps to assign estimated exposwres 1o the ACS participants. The investigators
did not observe elevated effect estimates for all cause, CPD or lung cancer deaths, byt IHD did show
a positive association with PM. s concentration. The difference between the B0th 2nd 10th percentiles
of the 3-yr avg PMa; concentration was 1.5 pg/m’ and the difference between the minimum ard
maximum values of the 3-yr avg PM; s concentration was 7.8 pe/m”. This narrow range in PM. 5
exposure contrasts across the New York City metropolitan area and may well aceount for the
inconclusive results in this eity-specific analysis, Relatively uniform exposures would reduce the
power of the statistical models to detect patterns of mortality relative to exposure and estimate the
assoclation with precision.

WHI Study: This study also investigated the within- versus between-city effects in its cities.
#s shown in Figure 7-8, similar effects for both the within and between-city analyses demonstrate
that this association is not due to some other (non-pollution) confounder differing between the
various cities, strengthening confidence in the overall pollution-effact estimates.
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Figure 7-8.  Plots of the relative risk of death from cardiovascular disease from the Women's
Health Initiative study displaying the hetween-city and within-city contributions
to the overalf association betwaen PM; ; and cardiovascular mortality windows of
exposure-effects.

7.64. Effects of Different Long-term Exposure Windows

The delay between changes in exposure and changes in health has important policy
implications. Schwartz ¢t al. (2008, 156963) investizated this issue using an extended foliow-up of
the Harvard $ix Cities Study. Cox proportional hazards models were £it 1o contrg] for smoking, bady
mass index, and other covariates. Penalized splines were fit in a flexible functional form to the
concentration response to examine its shape, and the degress of freedom for the curve wers salected
based on Akaike's information eriterion (AIC). The researchers also nsed mode] averaging as an
alternative approach, where multiple models are fit explicitly and averaged, weighted by their
probability of being cotrect given the data, The lag relationship by model was averaged across a
fange of uncongtrained distributed lag models {Le., same year, | yr prior, 2 yr prior, etc.). Begults of
the lag comparison are shown in Figure 7-0 indicating that the effects of changes in exposure on
mortality are seen within 2 yr. The authors 2lso noted that the conceniratlon-response curve was
linear, clearly continuing below the level of the current U.S. air guality standard of 15 pg/m”.
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Figure 7-8.  The model-averaged estimated effect of a 10-ug/m® increase in PM:5 on all-cause
mortality at different lags {in years) between exposure and death. Each lagis
estimated independently of the others, Also shown are the pointwise 95% Cls for
each lag, based on jackknife estimates.

Similarly, the effeet of long-term exposure to PM,;on the risk of death in a large multicity
study of eldexly subjects discharged alive following an admission for COPD found the effeet was not
limited to the exposure in each year of follow-up, and had larger cumulative effects spread over the
follow-up year and three preceding years {(Zanobetti et al., 2008, 156177).

Ro8sli et al. (2005, 156923} took an alternative approach to determining the window over
which the mortality effects of long-term pollution exposures occurred. They fit the maodel shown in
Figure 7-10 using k = 0.5 based on the Utah Steel Strike {Pope, 1989, 044461) and the Ireland coal
ban study (Clancy et al., 2002, 035270). They found that roughly 75% of health benefits are
observed in the first 5 years, as shown in Table 7-10, These resuls are consistent with the findings of
Schwartz et al. (2008, 156963). Puett et al. (2003, 156841 ) also compared different long-term
exposure lags. with exposure periods ranping from 1 month to 48 mo prior to death. They found
statistically significant associations with average PM;; exposures in the time period 3-48 mo prior to

death, with the strongest associations in the 24 mo prior to death and the weakest with exposure in
the 1 mo prior to death.
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Figure 7-10.  Time course of relative risk of death after a sudden decrease in air pollution
exposure during the year 2000, assuming a steady state model (solid line) and a
dynamic model {botd dashed line). The thin dashed line refers to the reference
scenario. '

Table 7-10.  Distribution of the effect of a hypothetical reduction of 0 ugim® PMy; in 2000 on afl-
cause mortality 2000-2009 in Switzerland.
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In the reanalysis of the ACS cohort, the investigators calenlated time windows of EXPOSIIS A5
average concentrations during successive 5-yr periods preceding the date of death (Krewski et al,
2009, 191193}, The investigators considered the time window with the best-fitting model (judged by
the AJC statistic) 1o be the period during which pollution had the strongest influence on mortaiity.
Owerall, the differences hetween the time periods were small and demonstrated no definitive
patrerns. High correlations between exposure levels in the three penods may have reduced the ability
of this analysis to detect any differences in the relative importznce of the time windows. The
investigators did not analyze any time periods smaller than 5 yr, so the results are not directly
comparzhle to those reported by Schwarts et al. (2008, 156943), Ra0sh et al. (2005, 136923), and
Pustt et al (2008, 15368917.
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Generally, these results indicate a developing coherence of the air pollution mortality
literature, suggesting that the health benefits from reducing afr polfution do not require a long
latency period and would be expected within z few vears of intervention,

1.6.5. Summary and Causal Determinations

7651, PMy;

In the 1996 PM AQUD (U.S. EPA, 1996, Q79380), results were presented for three prospective
cohort studies of adult populations: the Six Cities Study (Dockery et al., 1993, 044457}, the ACS
Study (Pope et al., 1995, 04515%); and the AHSMOG Study (Abbey et al., 1995, 000669}, The 1996
AQCD concluded that the ¢hronic exposure studies, taken together, suggested associations hetween
increases in mortality and long-term exposure to PM, 5, though there was no evidence to support an
association with PMings (U.S, EPA, 1696, 079380). Discussions of mortality and long-term
exposure to PM m the 2004 PM AQCD emphasized the results of four U.S. prospective cohort
studies, but the greatest weight was placed on the findings of the ACS and the Harvard Six Cities
studies, which had undergone extensive independent reanalysis, and which were based on cohorts
that were broadly representative of the U.S. population. Collectively, the 2004 Pa AQCD found that
these studies provided strong evidence that long-term exposure to PM. 5 was associated with
increased risk of human mortality.

The recent evidence is largely consistent with past studies, further supporting the evidence of
associations between long-term PMa 5 exposure and increased risk of human mortality (Section 7.6)
in areas with mean concentrations from 13.2 to 29 pg/m® (Figure 7-7). New evidence from the Six
Cities cohort study shows a relatively Jarge risk estimate for reduced mortality risk with deereases in
PMa s (Laden et al, 2006, 087605). The resuits of new analyses from the Six Cities cohort and the
ACS study in Los Anpeles suggest that previous and current studies may have underestimated the
magmitude of the association (Jerrett et al., 2005, 087600). With regard to mortality by canse-of-
death, recent ACS analyses indicate that cardiovascalar mortality primarily aceounts for the total
mortality association with PM; s among adults, and not respiratory mortality. The recent WHI cohort
study shows even higher cardiovascular riske per pg/m® than found in the ACS study, but this is
likely due to the fact that the study included only post-mmenopausal women without pre-existing
cardiovascular disease (Miller ¢t al., 2007, 090130). There is additional evidence for ag association
between PM; 5 exposure and lung cancer mortality (Section 7.5.1.1). The WHI study also considered
within versus betwesn city mortality, as well as morbidity co-asseciations with PM;; in the same
population. The first showed that the results are not due to between city confounding, and the
morbidity anaiyses show the coherence of the mortality association across health endpoints,
supporting the biological plansibility of the air pollution-mortality associations found in thege
studies.

Results from a new study examining the relationship between life expectancy and PM. ; and
the {indings from a multivear expert judgment study that comprehensively characterizes the size and
uncertainty in estimates of mortality reductions associated with decreases in PMa s in the U.S draw
conclusions that are consistent with an association betwees long-term exposure to PM; s and
mortality (Pope et al., 2009, 190107; Roman et al., 2008, 156921). Pope et al. {2009, 190107) report
that a decrease of 10 pg/m” in the concentration of PM;: 5is associated with an estimated inerease in
mean (x SE) life expectancy of 0.61 + 0.20 year. For the approximate period of 1980-2000, the
average Increase in life expectancy was 2.72 vt among the 211 counties in the analysis. The authors
note that reduced air pellution was only one factor contributing to inereased life expectancies, with
ity effects overlapping with those of other factors,

Roman et al. (2008, 136921) applied state-of-the-art expert judgment elicitation techniques to
develop probabilistic uncertainty distributions that reflect the broadar armay of uneertainties i the
concentration-response relationship. This study followed best standard practices for expert
elicitations based on the body of literature accumulated over the past two decades. The resulting
PM: s effect estimate distributions, elicited from 132 of the world's leading experts on this issue, are
shown in Figure 7-11. They indicate both larger central estimates of mortality reductions Tor
decreases in long-term PM; s exposure in the U.S. {(averaging almost 1% per pg/m® PM, ;) than
reported {for example) by the ACS Study {i.e., 0.6% per ug/m” PM; s in Pope et al. (2002, 024689),
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and & wider distribution of uncertainty by each expert than provided by any ane of the PM, 5
epidemiologic studies. However, a composite uncertainty range of the overall mean effect estimate
{i.e., based upon all 12 experts® estimates, but not provided in Figure 7-11} would be much namower,
and eloser to that derived from the ACS study than indicated for any one expert shown in Figure
7-11.
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Figure 7-11.  Experts’ mean effect estimates and uncertainty distribufions for the PM,
mortality concentration-response coefficient for a 1 ug/m® change in annual
dverage PM15. '

Overall, recent evidence supports the strong evidence reperted in the 2004 PM AQCD
{U5. EPA, 2004, D56905) that long-term exposure to PM, 5 1% 2s5ociated with an inereased risk of
human mortality. When looking at the cause of death, the strongest evidence comes from mortality
due to cardiovasenlar dissase, with additional evidence suppeorting an association between PM; ; and
lung cancer mortality (Figure 7-7). Fewer studies evaluate the respiratory cotnpenent of
cardigpulmonary mortality, and the evidance to support an association with long-term exposure to
PM: s and respimatory mortality is weak (Figure 7-7}. Together these findingy are consistent and
coherent with the evidence from epidemiologic, contralled human exposure, and anirmal
toxicological studies for the effects of short- and long-term exposure to PM on cardiovascular effects
presented in Sections 6.2 and 7.2, respectively. Evidence of shori- and long-term exposure to PM; 4
and respiratery effects {Sections 6.3 and 7.3, respectively} and infant wortality {Section 7.4) are
coherent with the weak respiratory mortality effects. Additionaily, the evidence for short- and long-
term cardiovascular and respiratory morbidity provides biological plausibility for mortality due to
cardiovascular or respiratory disease. The most recent evidence for the association betwesn leng-
term exposure to PM; 5 and mortality is particularly strong for women. Collectively, the evidence is
sufficient to conclude that the relationship between long-ternt PM.; exposures and
mortality is causal.
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