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Chapter 7. Integrated Health Effects of
Long-Term PM Exposure

7.1. Introduction

This chapter reviews, summarizes, and inteprates the evidence on relationships betweean healih
effects and long-term exposures 10 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 toxicelogical studies. Both epidemiologic and toxicological studies provide a
basis for examining reproductive and developmental and cancer health outcomes with regard to
leng-term exposure to PM. In addrion, there Is a large body of epidemiologic literature evaluating
the relationship between mortality and long-term exposute to Ph.

Cemelusions from the 2004 PR AQCD are summanzed briefly at the beginning of each
section, and the evaluation of evidence from recent studies builds upon what was available doring
the previous review. For each health outcome (¢.g., respiratory infections, lung function), results are
summarized for studies from the specific scientific discipline, i.e., epidemiologie and toxicological
studies, The majer sections (i.e., cardiovascular, respiratory, reproductive/developmental, cancer)
conclude with summaries of the evidence for the varions health outcomes within that category and
integration of the findings that iead to coneclusions regarding causality based upon the framework
described in Chapter 1. Determination of causality is made for the overall health effect category,
such ag cardiovagcular effects, with eoherence and plausthility being based upon the evidenee from
across disciplines and also across the suite of related health cutcomes including cause-specific
mortality. Section 7.6 provides detailed discussions on the epidemiclogic literature for long-term
exposure to PM and mortality, [o each summary se¢tion (7.2.11, 7.3.9, 74.3, 7.5.4, and 7.6.5), the
evidence is briefly reviewed and independent conclusions drawn for relationships with PM, 5,
PMigas, and UF pﬂ:ﬁcles {-UFPE}

7.2. Cardiovascular and Systemic Effects

Smdies examining aszociations berwsen long-term exposurs to ambient PM {over months to
years) and CVD morbidity had not been conducted and thus were not included in the 1996 or 2004
PM Air Quality Criteriz Documents (U1.5. EPA, 1996, 079380; TU.5. EPA, 2004, 156905). A number
of studies were included in the 2004 PM AQCD that evaluated the sffect of long-term FM, -
exposure on cardiovascular mortality and found consistent associations. No toxicelogical studies
examined chronic atherosclerotic effects of PM exposure in animal models. However, a subchronic
study that evaluated atheresclerosis progressiom in hyperlipidemic rabhits was discussed and this
study provided the foundation for the subsequent work that has been conduneted in this area (Suwa et
al., 2002, 023588). No previous toxicological studies evaluated effects of subchronie or chronic PM
gxpasure on diabetes measures, of HR or HRY changes, nor were there animal toxicological stedies
included n the 2004 PM AGCD that evaluared systemie Inflammatory or blood evagulation markers
following subchromie or chronic PM exposure.

Several new epldemislogic studjes have examined the long-term PM-CVD associgfion among
U.5. and European populations. The studies investigate the association of both PM: - and PMyg
exposures with a variety of clinical and subclinical CVD outecomes. Epidemiclogic and toxicolegical
studies have provided evidence of the adverse effects of long-term exposure to PMas on

Mot Hyperlinks iy the Icferencs citations theaaghaut this docurment will take you to the %CEA HEROD . databace {(Health and
Envirgnmental Research Omline) af hitpzepa aowherg HERD is 8 databass of scientific 16t used by 115, EBA in the process of
develnping scienpe assessments such as the Ingraed Sckence Assessments (ISA) md the Ivtegrated Risk nftrmation System (IRIS).
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cardiovascular outcomes, including atherosclerosis, clinfeal and subglinical markers of
cardiovascular morbidity, and cardicvascular mortality. The evidence of these effécts from long-term
exposure t0 PMppa - is weaker

7.2.1. Atherosclerosis

Atherosclerosis 1s a progressive disease that contributes to several adverse outcomes,
meluding acwte coronary syndromes such as myocardial infarction, sudden cardiac death, stroke and
vascular aneurysms. It is multifaceted, beginning with an early injury or inflammation that promotes
the extravasation of inflammatory cells. Under conditions of oxidative or nitrosative siress and high
lipid or cholesterol concentrations, the vessel wall undergoes a chronic remodeling that is
characterized by the presence of foam cells, migrated and differentfated smooth musele cells, and
ultimatel ¥ & fibrons cap. The advanced lesion that develops from this process can occlude perfusion
to distal tissue, capsing ischemia, and erode, degrade, or even rupture, revealing coagulant initiators
(tissue factor) that promote thrombosis, stenesis, and infarction or stroke. Several detailed reviews of
athergsclerosis pathology bave been published elsewhere (Ross, 1999, 156926 Stocker and Keaney,

2064, 157013},
7.2.1.1. Epidemiologic Studies

Measures of Atherosclerosis

Although no study has examined the agsociation batween long-term PM exposure and
lomgitudinal change in snbelinical markers of atherosclerosis, several crogs sectional studies have
heen conducted. Markers of atheroscierosis used in these studies include coronary artery caleium
{CAC}, carotid intima-media thickness {CIMT), ankle-brachial index (ABI), and abdominal aortic
caleium {AAC) These meagures are deseried briefly below.

CAC represents the accumulation of celcium in corenary artery macrophages and represents
an advanced stage of atherosclerosis. As sueh CAC is 2 measure of atherosclernsis assessed by non-
contrast, cardise-gated electron heam computed tomography (EBCT) or multidetector computed
tomography (MDCT} of the coronary arteries int the heart {Greenland and Kizilbagh, 2005, 156494;
Heffimang et al., 2005, 156556, Mollet et al., 2005, 1559&8). The prevalence of CAC Is strongly
related to age. Few people have deiectable 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 absence of CAC does not rule out atherosclerosis, it does imply a very low
likelihood of significant arterial cbstruction (Achenbach and Daniel, 2001, 156189; Arad et #[.,
1896, 155661; Shaw et al., 2003, 156083 ; Shemesh et a],, 1996, 156085). Conversely. the presence
of CAC confirms the existence of atherosclerotic plague and the amount of calcification varies
directly with the likelihood of obstructive diseass (Ardehall ot al, 2007, 155662). CAC s a
qnagtified using the Agatston method (Agatston et al., 1950, 156197). s repeatability depends on

_ the laboratery and the methed of calenlation (O Roudke etal., 2000, 192 159), Agatston scores are
frequently vsed to classify individuals imto 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-resolation, B-mode ulirasencgraphy of
the carotid arteries in the neck, the walls of which have ioner {intimal), middle {medial) and outer
{adventitial) layers (Craven et al_, 1990, 155740 O'Leary etal., 1990 156826; Wendzlhap ot al.,
1993, 157138). CIMT estimates the distanes In mm or pm between the innermost (blood-intima) and
outermost {mmedia-adventitiz) interfaces, often by averaging over three arteria) segmeants in the
commton carotid, carotid bulb, and internal carotid artery (Amate et al., 2007, 133636). CIMT has
hean agsociated with atherosclerosis risk factors (Heiss etal , 1991, 36335, O'Leary ot al,, 1992,
15642 3; Salonen and Salonen, 1991, 156938}, prevalent coronary heart disease (Chambless et al,,
1997, 136329; Geroulakos et al., 1994, 133788), and ineident coronary and cerebral events (('Leary
etal., 1999, 156826; van der Meer et al_, 2004, 136129), Several studies have indicated that CTMT
measurements are accurate {Girerd et al.,, 1994, 136474; Pignoli et al., 1986, 156626; Wendelhas et
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al., 1991, 157135} and reproducible (Montavban et al., 1999, 156777, Smilde et al., 1997, 156988;
Willekes st al., 1999, 157147}, espama]l}r fur the common carotid artery (Mantauban at aI , 1099,
36777

ABI, which is also known as the ankle-arm or resting (blood) pressure index, is a measure of
lower extremity artertal occlusive disease commonly caused by advanced atherosclerosis (Weitz et
al., 1996, 156150}, It is assezsed by continnous wave Doppler and manual or antomated
oscillometric sphygmomanometry, the latter having been shown to have higher tepeatability and
validity {Weitz et al., 1998, 156150). ABJ is defined as the untiless 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 0.90 to 1.50 (Resnick et al., 2004, I56ﬂ48 Low ARBI has been assoetated with all-cavse and
CV D mortality (Newman et al., 1993 156803 ogt et al, 1993, 1571001, ag well as myocardial
mfarction and stroke (Karth:keyan and Lip, 20{]'? 1366”6}

AAC iz a measure of athetosclerosis assessed by non-contrast, EBCT or MDCT of the
abdominal gorta. It is scored much like CAC (Agzatston et al., 1990, 156197), but the age-specific
prevalence and extent of AAC 1s gregter, particularly among women and st ages =50 vr. Although
AAC has not been studied as extensively as CAC, it is associated with carotid and coronary
atherosclerosis as well as cardiovascular morbidity and mortality (Allison et al., 2004, 156210;
Allison et al., 2006, 155653; Hollander et al_, 2003, 156562; KEhoury et al., 1997, 156636, Oel et al_,
2002, 136820; Walsh et al., 2002, 157103; Wilson et al., 2001, 15613%9; Witteman et al., 1986,
156161) and measurements are sufficiently reproducible to allow serial investigations over time
{Budoff et al., 20045, 192105).

Stedy Findings

Diez Roux et al. (2008, 1564013 conducted cross-sectional analyses of the aszociation of thres
of these subelinical markers of atheroselerosis (CAC, CIMT and ABI), collected from 200¢ to 2003
during baseline examinations of parficipants enrolled i the Multi-Ethnic Study of Atherosclerosis
(MESA), with long-term exposure to PM; s and PM ;. The study population included 5,172
ethojcally diverse people {53% femaie) residing in Baltimore, MD; Chicago, IL; Fersyth Counnty,
NC; Los Angeles, CA; New York, N'Y; and 5t Paul, MN ranging in age from 45 to 34 yr old.
Authors used spafio-temporal modeling of pollutant concentrations, weather and demographic data
to impute 20-yr avg exposures 1o PM: s and PM ;o They reported small increases in CIMT of 1%
(99% CI: 0-1.4} and 0.53% (95% CI: - -1), which correspond to absolute changes of 8 (95% CI: 0-12)
and 7 ($5% CI: 0-14) pm, per 10 pg/m’ increase in 20-yr avg PM;p and PM; s concentration,
respectively. Evidence of age-, gender-, lipid- and smoking-related susceptibility was lacking. They
also reported weak, non- s1gnlﬁcant increases im the relative prevalence of CAC of 1% (85% CI: -2 1o
4) and 0.5% (95% CI: -2 to 3} per 10 ug/m’ increase in PM,q and PM, 5, respectively. Among the
subset of 2,586 participants with EBCT-identified calcification, sitilarly weak associations were
observed. There was little evidence of modification of the CAC associations by demographic,
socioecontmic or clinical characteristics. Finally, the authors teport no differences in mean ABT with
PM, or PM2 5 concentrations. The null findings for ABI extubited little heterogeneity smong
participant subgreups and were similarly null when ABT was modeled as a dichotemous outcome
using a cutpoint of 0.9 units,

MESA investigators also examined the chronic PM: s-AAC association in a residentially stable
subset of 1,147 participants {mean age = 66 yr; 50% female) randomly selected from all MESA
centers, except Baltimore, MD for enrollment in its Aortic Calcium Ancillary Studv{Allen et al.,
2009, 156209). The authors used kriging and inverse residence-to-monitor distance-weighted
averaging of EPA AQS data to estimate 2-vr mean expogures to PMz . In cross-sectional analyses,
the anthors found a 6% (95% CI: -4 to 16) excess risk of @ non-zero Agatston score and an 8% (95%
CI: -30 to 46) increase in AAC, ie,, approximately 30 (95% CI: -251 to 385} Agatston units, per
10 y.gfm ingrease 1n B, 5 concentranon These associations were stronger among users than non-
users of lipid lowering dregs.

Kounzli et a], (2005, 087337 used baselins data collected between 1998-2003 from two
randomized placebo-controlied elinical trials, the Yitamin E Athercsclerosis Progression Stedy
(VEAPS) and the B-Vitamin Atherosclerosis Interveation Trial (BVAIT), for their ancillary cross-
sectional analyses of the effect of long-term PM; s exposure on CIMT. The study population included
793 residents of the greater Los Angeles, CA area who were more than 40 yr old at baseline and 4%
were female. The authors used universal kriging of PM, < data from 23 state and Jocal monitors
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operating in 2000 to estimate 1-yT avg exposure to PM;z 5 at cach participant’s geocoded 1.5, Postal
Service ZIF code, They fonnd 2 4 2% 595% CIs 02 to 8.9} or approximately 32 (95% CI: -2 1o

68) pm increase in CIMT per 10 po/m” increase in PM; 5 conceniration. In contrast to findings from
the relatively large, ethnically diverse, yet geopraphically overlapping MESA ancillary study
described above, PM-related inereases 10 CIMT were two- to three-fold larger among older and
fenrale participants taking lipid lowering dnags in this study. PM-related Incteases in CIMT were
also higher in never smokers when compared with eurrent or former smokers,

Hoffinann et al. (2007, 091163) conducted a eross-sectional analysis of data collected at
basehine (2000-2003) for 4 494 residents of Essen, Milheim apd Bochum, Germany enrolied in the
Heinz Nixdorf Reeal] Study from 2000 1o 2003, The age of participants ranged from 45-74 yr and
51% were female. In this eross-sectional study the authors used dispersion and chemistry transport
modeling of emissions, climate and topography data to estimate 1-yr avg exposure to PM; «in 2002
(the midpoint of the baseline exam ) They reporied an imprecise 43% (959 CL -13 to 115) or 102
{95% CI: -77 to 273) Agatston unit increase in CAC per 10 pg/m® increase in PM, 5. Differences in
strenath of association betwean subproups defined by demographic and clinieal characteristics were
soall. The suthors reporied a more consistent association of CAC with traffic exposure (digtance
from a major roadway) than with PM, ; In this stady, _

In & subsequent analysis of these data, Hoffmann et al. (2009, 196376} examined the PM-ABI
association in this population. In thig cross-sectional study, no changes in ABI were observed in
association with PM. s coneentration nor was evidence of effect modification by demographic and
elinjeal characteristics apparent. As in the previous study (Hoffmann et al_, 2307, 091163), 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 to of 2 major roadway
compared to living more than 200 m away.

Each of the studies described above relied on cross-sectiona] analyses examining differences
in long-term average PMz s concentrations across space (35 well as time to the extent baseline
examinations were conducted over time). Such aszociations may reflect the effect of compositional
differences in PM; 5 as well a3 the effect of higher PM; ; concentrations, Most assosiations of PM; 5
with CAC (Diez et al., 2008, 156401; Hoffimann et al., 2007, 091163, CIMT (Disz et al., 2(H)8,
136401 ; Kunzli et al., 2005, 087387), ABI (Diez et al., 2008, 156401; Hoffmann et al., 2009,
190376) and AAC (Allen et al, 2009, 156209} reviewed in this section were weak and/or impreeise.
However, several factors lacluding exposure measuremetit error, varlation in baseline measures
atherosclerosis, as well as limited power may contributs to the insensitivity of these crogs-sectional
studies to detect small differences in CAC, CIMT, ABI and AAC. The study by Hoffmann =t al.
(2007, 091163}, which reported large, imprecise and non-significant increases in CAC in association
with PMa s, 15 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 Kunzli
et al. (2005, 087337} and Diez Roux et al. (2008, 156401) may be related to differences between the
study populations. The armbient PM concentrations from these studies are characterized in Table 7-1.

7.21.2. Toxicological Studies

In the only study of this kind desetibed in the 2004 PM AQCD, Swwa et al, {2002, (28588}
demonstrated more advanced atheroselerotic lesions based on phenotype and volume fraction in the
left main and right coronary arteries of rabbits exposed to PMyp (3 mg/leg, 2 fimes/wlk=4 wk).
Although this study was condueted vsing IT exposare methodology at a relatively high dose, 1k
provided the first experimental evidence that FM exposure may result in progression of
athereselerosis. 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 aresa in aortas of ApoE™ mice
exposed to PMy s CAPs for 4-6 mo {6 hiday=3 daysiwk). Average CAPs concentrations rapged from
23 to 138 up/m” and all of the stedies were conducted in Tuxedo or Manhattan, NY. Chen and
Nadzigjko (2005, 0872 19) reported that the percentage of asrtic intimal surfsg::a covered by
atheroselerotic lesions in ApoE” mice was increased. In male ApoE™VLDLR™ mice. bath lesion area
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and cellularity in the gortic root were enhanced by Tuxedo, NY CAPs exposure, although thers was
no change in lipid content. Genetic profiles within plaques recovered from ApoE™ mice included
many of the moleglfla.r pathways known to-contribute to atherosclerosis, including Inflammation
{Floyd et al., 2009, F50Y, “Bun (2005, 087952) similarly demonstrated an enhancement of
atherosclerosis in ApoE™ mice exposed Tuxedo, NY CAPs. Plaquee area in the aortic arch apd
abdominal aoria was significantly increased in the PM-exposed, high fat-chow group compared to
air-exposed, high fat-chow group. Macrophage infiltration in the abdominal acrta was also observed
in the groups exposed to CAPs. A study conducted in Manhattar, for 4 mo (May- Se ber 2007)
showed that PM; s CAPs exposure increased atherosclerotic plague area and led to higher levels of
macrophage infiltration, collagen deposition, and lipid composition in thoracic acrtas of ApoE™ mice
{Ying et al., 2009, 180111}, which is consistent with the previons two studies described that were
conducted in Tuxedo, NY.

Alteration of vasomotor function has been observed in aortic rings of ApeE™ mice on a high
fat diet with leng-term exposure to CAPs {Sun et al., 2003, 687952: Ying et al., 2009, 180111). Sun
(2005, DRT952) reported that. PM; o-exposed animals exhibited Increased vasoconstretor
responsiveness 1o serotonin and PE. Increased ROS and elevated iINOS protein expression in aortic
sections of CAPs-exposed mice may have resulted alterations in the NO pathway and peneration of
peroxynitrte that could have affected vascular reactivity. In contrast, ¥ing, et al. {2000, 120111}
demonstrated decressed maximum consirietion induced by PE following Manhattan CAPs exposure.
Pretreatment with the soluble guanylate eyelase (3GC) inhibitor QDG aftenuated the response,
indicating that CAPs exposure resulted in abnermal NO/EGC gignaling. Expression of iNQS mRNA
and protein was increased in aortas of CAPs-exposed mice, further supporting a role for NO
production. In conjunction with increased NO, aortic superoxide production was demonstrated that
appearad ¢ be partielly driven by increased NADPH oxidage activity. The differenee in
vasoconstrictor responses betweesn these two studies may be attributable to varying durations
{6 versus 4 mo, respectively) or CAPs compositions,

Sun (2003, 087952 and Ying etal. (2009, 180] 11} 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 oconmed via Ca®* -dependent mechanisms
(Ying et al., 2009, 1901114, Abnormal eNOS funetion 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 wag part of the research degeribed above (Sun et
al., 2005, ET932) investigated tissue factor (TF) expression in aortas, which is 2 major regulator of
hemestasis and thromhbosis following vascular injury or plague erosion. In PM; s-exposed Apo
mice on 3 high-fat diet, TF was sigmficent]y elevated in the plaques of sortic sections compared to
airexposed mice on the high-fat diet. TF expression was generally deiected in {13 the extracellular
matrix sutrounding maerophages and foam cell-rich areas; and {2) around smooth muscle cells.

One new study of CAPs PM; s or UFPs derived from traffic was conducted. Araujo et af,
(2008, 156222) compared the relative mmpact of UF (0.01-0.18 pm) and fine {0.01-2.5 um) PM
inhalation on aortic lesion development in ApoE™ mice following a 40-day exposure (3
h/day=3 daysiwk for 75 total h). Animals were on 2 normal chow diet and exposed to CAPs ina
mobile inhalation laberatory parked 300 m ffom a ﬁ'eewag in downtown Los Angeles. Exposurs
concentrations were ~440 pg/m® for PMa s and ~110 pug/m® for UFPs, and the number concentrations
were roughly equivalent (4.56x 10" and 5 59x10° particles/cm® for PM, s and UF Ps, Tespectively).
Sigpificant increases in plague size {estimated by lesions at the aortic root) were reported for mice
exposed to UFPs only. The lesions were largely comprised of macrophages with intracellular lipid
agcumtulation. Increased total cholesterel measured at the end of the exposure protoco] was obzerved
only in the PMs s group. HDL isolated from the UF PM-exposed mice demonstrated decreased anti-
inflarpmatory protestive capacity against LDL-induced monocyte chemotactic astivity in an in viro
assay, The livers from the UFP-exposed mice demonstrated significant increases in lipid
peroxidation and several stress-related gene produets (catalase, glutathione S-transferase Y,
NADPH-quinene oxidoreductasel, superoxide dismutase 2). Thus, UFPs in these exposures had a
substantially greater impact on the systemic response than did PM;s.
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Ambient Air

A siudy employing voung BATLR/e mice examined the effects of 3 4 month exposure (24
b/day=7 daysiwk} to ampbient air on artenial histopathology (Lemos et al., 2006, 088594). Qutdoor
exposure chambers were located in downtown Sao Paulo, Brazil next to streets of high traffic
density. In the control chantber, PM;, and NO, were filtered with 50% and 75% efficiency, .
respectively. The average pollutant eoncentrations were 2.06 ppm for CO {8-h mean), 104.75 p,g,-'m3
for NO, (24-h mean), 11.07 pg/m” for SO» (24-h mean), and 35.52 pg/m’ for PMp (24-h mean) ata
monitoring site within 100 m of the inhalation chambers. The pulmonary and corenary arteries
demonstrated significant de¢reases in L/W ratio for animals exposed to the entire ambient mixture
compared to controls, indiceting thicker walls in these vessels. Thers 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 hypertrephy rather than fibrosis. The results of this study indicate vascular
remodeling of the pulmonary and coronary arteries, as opposed to changes in tone.

To examine the role of systemic inflammation and recruitment of monoeytes into plague tissus
as a possible pathway for accelerated atherosclerosis, Yatera et al, {20038, 1571683) exposed female
Watapabe heritable hyperlipidemic rabbits (42 week old} to Ottawa PM ., (EHC-53) via IT
ingtillation (5 mg/rabbit; approximaiely 156 mgi/kg) twice a week for 4 wk, Transfusion of whole
blood harvested to from exposed and non-exposed animals to danor rabbits supplied labeled
monocytes for assessment of monocyte reeruitment from the bloed to the aortic wall. The fraction of
aprtic surface and volume of aortic wall taken up by atherosclerotie plagque was jnereased and the
number of labeled monocytes in the atherosclerotic plagues was elevated in rabbits exposed to M,
In addition, labeled monocytes were attached onto the endothelium overlying atherosclerctic plaques
and the number that migrated into the smaeth muscle vndemeath plagues in aortic vessel walls was
greater with PM,p expogure compared to conirol. These responges were not observed in pormal
vessel walls. ICAM-1 and VCAM-1 expression was elevated in atherosclerotic lesions, likely
indicating enbanced monocyte adhesion to endothelivm and migration into plaques. Monocytes in
plagne tissue stained with immanogoeld demonstrated foam cell charactenistics, which were more
numerous in the rabbits exposed to Ph .

Gasoline Exhaust

Lund and colleagues (2007, 125741) vsed whele emissions from gasoline exhanst to
Investigate changes in the transeriptional regulation of several gens products with known roles i
both the chronis promoiion and acute degradation/destabilization of atheromatous plaques. These
50-day exposures {6 h/iday =7 daye/wk) employed ApuE"r' mice on high-fat chow and the
concentrations of the high exposure group were §1 pg/m?’ for PM, 19 ppm for NOy. 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 & concentration-dependent increase in transcription of matrix metsfoproteinase (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 (nitrotyrosine and TBARS)
in the aortas were aise observed. However, using a high-efficiency particle trap, they establishad that
most of the effeets were caused by the gaseous portion of the emissions and not the particles. This
study did not directly address lesion area.

7.2.2. Venous Thromboembolism

One spidemiciogic study examined the relationship between long term FM g concentration,
vengous thromboembalism, and Iaboratory measures of hemostasis (prothrombin and activated partial
thomboplastin imes [PT; PTT]). 8T and PTT meagure the exirinsic and intrinziec blood coagulation
pathways, the fatrmer activated in response to blood vessel injury, the lattet, key to subsequent
amplification of the coaguistion cascade and propagation of thrombus (Mackman et al_ 2007,
136723}, Decreases in PT and PTT are consistent with a hypercoagulable, prothrombotic state.
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7.2.21. Epidemiolegic Studies

Baccarelli et al. (2008, 157984) studied 2,081 residents (56% female) of the Lombardy region
of Italy whose ages ranged from 18 to 84 yr old. In this case-control stody of 371 patients with
ultrasonographically or venographically diagnosed lower extremity deep vein thrombosis (VT 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-yT avg regidence-specific
exposures. They found -0.06 (93% CL -0.11 o 0) and -0.12 {95% CI: 0.23 to 0) decreages in
standardized correlation coefbcients for PT az well as 0.01 (95% CI: -0.03 to 0.04) and -0.09 (95%
CI: 0.19 15 0.01) decreases in stapdardized comrelation egefficients for PTT among cases and
controls, respectively, per 10 pg/m’ increase in PM,p. Patients with DV'T who were taking heparin or
conmarin anticoagulants were not agked to stop taking them before measuremert of PT and aPTT. Of
addijonal note, PT was neither adjugted for differences in reagents used to determine it nor
conventionally reported as the Interpational Normalized Ratio (TNR). The ambient PM
concentrations from this swdy are characterized in Tabie 7-1.

7.2.3. Metabolic Syndromes

7.2.3.1. Epidemiologic Studies

Chen and Schwartz (2008, 190106} studied 2,973 residentially stable participants in 33 U5,
communities fage range = 20-89 yr; 49% female) who were examined during phase 1 of the National
Health and Nutrition Examination Survey Il {1989-1991). In this cross-sectional study, the authors
used inverse-distance weighted averaging of U.5. EPA AQS monitored data from participant and
adjacent counties of residence to estimate 1-yr avg exposimss 10 PM 0. They found that after
adjustment, residents of communities with lower PMp concentrations had fewer white biood ceils
than residents of communities with higher PM s eoncentrations. This difference inereased with -
inereasing nurpber of metabolic abnormalities (insulin registance; hypertension:
hypertriglyceridemia; low high-density lipoprotein cholesteral; abdominal obesity) reported by the
participant. This observed differsnce across individuals with different degrees of metabolic
sbnermalitieg gupports the concapt that the presence of a metabolie syndrome may impart 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
toxicologica! stody of a diet-induced obesity mouse model {CI7TBL/AG fed high-fat chow for 10 wlk)
examined the effects of 2 128-day PMa s CAPs exposure {mean mass concentration 72.7 pg/m”;
Tuxede, NY) ont insulin resistance, adipose inflammation, and visceral adiposity (Sun et al., 2009,
190487}, Elevated fasting glucose and insulin levels were observed in CAPs-exposed mice compared
to air-exposed doring the glucose tolerance test. Aortic rings of mice exposed to CAPs detnonstrated
decreased peak relaxation to ACh or insulin, which was agsociated with redueed NO bioavailability.
Additionally, insulin signaling was impaired in aortie tisgue via lowered endothelial Ak
phosphorylation. Increases in adipokines and systemic inflammatory markers {i.e., TNF-g, IL-8,
E-selectin, TCAM-E, PAI-1, resistin, leptin) were teported for CAPs—exposed mice. CAPs resulted in
increased viscetal and mesenteric fat mass, as well as greater adipose tissue macrophages in
epididvmal fat pads and larger adipocyte size compared to mice in the filtered air group. The results
of thiz study demonstrate that PM; ; exposure can exaggerate insulin resistance, visceral adiposity,
and inflarnmation in mice fed high-fat chow.
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7.24. Systemic Inflammation, Immune Function, and Blood Coagulation

7.24.1. Epidemiologic Studies

Az diseussed In Section 7.2.3.1, Chen and Schwartz (2008, 190106) conducted a cross-
sectional study in 33 U.5. communities and used inverse-distanees weighted aversping of U.S. EPA
AQS monitored data from participant and adjacent countiss of residence to estimate -yr av
exposures to PM ; (median concentration within quartiles = 23.1, 312, 38.8 and 53.7 ug/m’). They
found that after adj |.1.'-3t|:|:h.=:1:lr1 residents of communities in quartile ] had 138 (953% CI: 2-273) fewer
white blood cells (x 10°/L) than residents of communities in quartiles 2-4. This difference increased
with increasing number of metabolie abnormalities.

Forbes et al. (2009, 190531) studled approximately 25,000 adults {age = 16 yr; 53% female)
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-
sectional findings, the authors used dispetsion modeling of emissions and weather data to estimate
2Z-yr avg exposures to PM)g at participant postcode sector ceniroids (median in 1994, 1998 and 2003
=19.5,17.9 and 16.2 pgim”, respeciively). They found litde evidence of a PM,;g-inflammatory
marker association, ie., only a -0.08% (95% CI: -0.25 to . 10) decrease in fibrinogen concentration
and a 0.14% (95% CI; -1.00 to 1.30) increase in CRP concentration per I pg/m? increase in PMj.

Calderon-Garciduenas et al. (2007, 091252} compared residentiaily siable, non-smoking
healthy children {age range: 6-13 1) Living and attending school between 2003-2004 in Mexico City
{(historically high PM; altitude 2 250 m) and Polatitlan (historfcally low PM; alfitude 2,380 m). In
this ecologic sf:udy, residents of Mexico City {n = 59; 93% female) had fewer white blood cells and
neutrephils {<10°71) than residents of Polotitlin (0 = 22; 69% femals): nnadjusted mean 6.2 {95%
CI: 5.7-6.6) versns 6.9 (95% CI: 6.3-7.5) and29(95%ﬂ 2.3-3.5) versus 3.8 (95% CI: 3.24.4),
respectively.

Calderon-Garciduenas ef al. (2009, 192107} subzequently 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 {4394} of the measures were
significantly different in residents of sputhwest Mexico City {n = 66; 48% femals) than those in
Pelotitlan (n = 93: 57% female). However, only § mausures were significantly different afier Bon
Ferroni—correction (o= 0,05 / 37 = 0.001] and even fewer would be after adjustment for reported
correlation between the measures of immune function and inflammation e.g., CRP and
lipopolysaccharide binding protein (Pearson’s r = §.71).

Twao eross-sectional analyses of PMieconeentration 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, 190106 but not
in a relative large survey of adults, which was conducted In England {Forbes et al., 2009, 190351},
Ecological anayses 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
ummeasured risk factors that differs across the communities stodied (Calderon-Garciduenas et al.,
2007, 081252 Calderon-Garciduefias et al., 2009, 192107).

7.24.2. Toxicological Studies

In addition to the PM.; stud}f mentioned prevmust fhat showed increased TF expression (an
important Initiator of thrombosis) in acrtas of ApoE™ mice following subchronic CAPs exposure
{Sur et al_, 2008, [57033), three recent studies examined hematology and clotting parametsts in rats
and mice expused to DE, gasoline exhanst, or hardwood smoke for | week or & mo (Reed et al,,
2004, 0535623; Reed et al., 2006, 156043; Reed et al., 2008, 136903}, In all stedies, male and female
F344 rats were exposed to the mixtures by whole-body inhalation for 6 hiday, 7 day/wk. Respiratory
effects for these studies are presented in Section 7.3.3.
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Diesel Exhaust

The'target PiM concentrations in the DE stedy was 340, 100, 300, and 1,000 ug.-’m3 and the
MMAD was 0.10-0.15 pm (Reed ot 2l., 2004, 055625). Male and femals rats exposed to DE at the
highest concentration (NO concentration 45.3 ppm; NQ, concentration 4.0 ppm; CO concentration
298 ppm; 80; concentration 363 ppb) for 6 mo demonstrated decreased serum Factor VII, but no
change in plasma fibrinogen or thrombin anti-thrombin complex (TAT) (Reed et al., 2004, 055625).
White blﬂﬂd cells were decreased only in fernale Tats in the highest exposure group. | Another DE
study of shorter duration {4 wk, 4 h/day, Sday/wk; PM mass concentration 507 ar 2201 pgim”, CO
13 and 4.3 pprm, NOQSandSBppm WOy <025 and 1 2 ppm, 505 0.2 and 0.3 ppm furlnwand
high PM exposures, regpectively) did not demonstrate chapges in hematologic parameters or those
related to coapulation (i.e., PT, PPT, plasma fibrinogen, D-dimer} or inflammation {(1.e., CRP) in SH

or WEY rats (Gottipola et al., 2009, 190360}, Together, these findings do not support a2 DE-related
stimulation of blood nuagulaﬁon following 1 or & 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 2|, 2006, 5604.:-] In male rats exposed to hardwood
smolke, the mid-low group (PM concentration 113 pgf 0, NG, 80, concentrations Q ppm; CO
concentration [,B32.3 ppm} had the greatest regponses in hematolugy parameters, including
increased hematncrir, hemoglobin, Iymphocytes, and decreased segmented ﬂeutraphjls {Reed et al.,
2006, 156043). Platelets were elevated in male and female rats after | week of exposure, but this

response returmed to conteal values fuIluwmg the 8-month exposure. No changes were observed for
any coagulation markers at & mo.

Gasoline Exhaust

PM mass in the gaseline exhanst t study rangad from 6.6 to 59.1 pefm’, with the corresponding
number concentration between 2.6x 10% and 5.0% 107 particles/cm®; the dilutions for the gascrlme
exhaust were 1:10, 1:15 or 1:90 apd filiered PM at the 1:10 dilution (Reed et al., 2008, 156903).
Similar to the responses observed with hardwood smoke, male and female rats in the mid- and high-
gasoline exhaust exposure groups (NO concentrations 11.9 and 18.4 ppm; NO; concentrations 0.5
and (.9 ppm; CO concentration 73.2 and 107.3 ppm; 5, concentration 0.38 and 0.62 ppm,
respectively) demonstrated elevated hematocrit and hemoglobing EBC count was also elevated in
these proups (Reed et al., 2008, 1356903}, The only response that appeared somewhat dependent on
the presence of particles was increased RBC in female raty at 6 mo, although the arthors atributed
the observed increasss to the high concentration of CO.

Collectively, these studies do not indicate robust systemic inflammation or coagulation
responses in F344 rats fellowing 6-month exposteres to diesel, hardwood smoke, or gasoline exhanst

The limited effects that were observed could possibiy be due to the varying gas concentrations in the
EXposure mixtures,

7.2.5. Renal and Vascular Function

Two recent epidemiologic studies have tested associations between PM exposure and
indicators of renal and vageolar function {urinary albumin to creatinine ratio [UACR] and blood
pressure). UACR is a measure of uninary albumin excretion (National Kidney Foundation, 2008,
156796). When calculgted as the ratro of albumin to creatipine concentrations in untimed (“spof”)
urine samples, (JACE approximates 24-h urinary albumin excretion and can be used wo identify
elbuminuria, & marker of generalized vaseylar endothelial damage (Xu et al., 2008, I57157). Values
= 30 mg/e (3.5 mgfmmol) and = 300 mg/g (34 mz/muozol) usually define miero- and
macrealbuminuria, both of which are associared with increases in CVD incidence and mortality
{Bigazzi et al., 1998, [56272- Deckert et al., 1996, 156349 Dinneen and Gerstein, 1997, 136403;
Gerstein et al,, 2001, 156466; Mogensen, 1984, 156769). Several researchers have called the
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dichotomization of albuminuriz into question, observing that there is no threshold below which risk
of cardievasenlar and end-stage kidney disease disappears (Forman and Brenner, 2006, 156439,
Enight and Curkan, 2003, 179900; Ruggenenti and Remzzt, 2006, 156933).

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, 1564448} suggested
that 8BP and PF wers the only two measures predictive of carotid stenosis in a multivariable analysis
considering all 4 measeres, whereas Ehattar et al. (2001, 155896) suggested that their prognostic
sigmificance in hypertensive popnlations may differ by with SBP and PP being most predictive
ameong thoge > 50 yr and DBP among those <60 yr old ?E_l'umar et al., 20061, 15358963,

7.2.5.1. Epidemiologic Studies

Q°Neill et al. (2007, 156006) examined the association of UACR. with PM, s and PM)p among
members of the MESA population deseribed previcusly (Diez et al., 2008, 136401). For this study of
UACE, which ircluded cross-sectional 2nd lengitudjnal analyses, the stndy population was restricied
to a subset of 3,901 participants (mean age =63 yr, 52% female) with compleie covariate, outcome
and exposure data at their first through third exems {2000-2004}. In cross-sectional anal}'ses the
authors found that afier adjustment for demographic and clinical characteristics, 10 pg/m® increases
in 20-¥r imputed exposures to PM; s and PMg were associated with negligible 0.002 {95% CI:

-0.04% to 0.052) and -0.002 (55% CI: -0.038 to 0.035) mean differences in baseline log UACR,
respectively. Similarly, small statistically non-significant decreages in the prevalenes of
microalbumninuria (defined in this setting 25 = 25 mg/g) provided little avidenee of 2n effect on renzl
funetion. These largely nuil cross-sectional findings rourrored those based on the study’s shorter-terre
{30- and 00-day) PM; ¢ and PM;; exposures. Moreover, longitudinal analyses revealed only a weak
association between 3-¥r change in log UACR and 20-yr PMyg exposure. Evidence of effect
modification by demographic and geographic characteristics was not apparent in either the cross-
sectional or longitudinal analyses,

Aunchincloss et al. (2008, 156234) foeused on automated, oscillomettic, sphygmomantmetric
measyres of blood pressures in mmig (SBP; DEP; PP; MAP). Like O°Neill (2007, 156006}, Diez et
al. (2008, 156401 and Allen et al. (2007, 136006}, Aachincloss et al. (2008, 156234 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 fres of clinicaily 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 svailable at the monitor nearesi to each
participant’s geocoded LIS, Postal Service ZIP code centroid to estimate 30- and 60-day avg
exposures to PM; o, They found smal] nonsignificant inereases of 1.5 (95% CI: -0.2 to 3.2), 0.2
(93% CL -0.7 to 1.0), 1.3 (95% CI: 0.1 to 2.4), Emd 0.6 (95% CI: -0.4 to 1.7) mmHg increases in
SBP, DBP, PP and MAP, respectively, pet 10 pg/m?® increase in 30-day avg PMzs exposure,
Associations were shightly weaker for 60-day avg PM. - exposure and among participants without
bypertension, during cooler weather, in the presence of low NO., tesiding =300 m from a highway,
or surrounded by lower road deasity.

Finally, the Calderon-Garciduenas et al_ (2007, 091252} ecolopic study introduced in
Section 7.2.3.] also found that children residing in Mexicoe City had higher mean pulmonary artery
pressure as assessed by Doppler echocardingraphy and fasting plasms endothelin-1 (ET-1) than
restdents in Polotitldn: unadjusted mean 17.5 (95% CI: 13.7-19.4) versug 14.6 (25% CJ: 13.8-15.4)
mmHg and 2.23 (93% CL; 1.93-2.53) versus 1.23 (95% CI: 1.11-1.35) pg/mL., respectively. Within
Mexico City, ET-1 was higher in residents of the Northeast {historieally higher PM; ;) than those of
the Southwest {historically lower PMz <)

The MESA analyses of CACR (O'Neill et al., 2007, 136006) and the ceologic study of
children living in a highly polleted area of Mexico (Calderon-Garciduenas et al., 2007, 091232)
provide little evidence that long-term exposurs 10 PM: : had an effect on renal and vaseular function,
respectively. Auchincloss et al. (2008, 156234 reponts small nongignificant assoeiations of blood
pressure with 30- and 60-day avg FM, s concenirations. PM coneentrations from the analyses are
characterized in Table 7-1,
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Table 7-,  Characterization of ambient PM concentrations from studies of subelinical measures of
cardiovascular diseases and |ong-term exposure.
St Location Mean Concentration {uafm’) Upper Percentile
dy an an {K Concentrations (ug/m’)
Pt
Ctiez Rowx et o (2008, 155401} MES: £ Cilies L5, 20y Ergutad mean; 34 NR
Long-Tenm Expostre:
1080200 347
O'Neil et 2. (2007, 156605) MESA: £ Clties L 5. o i R
19531807 206
1993 537
Preyfawus Month: 27.5
Baceaelf et al. (2008, 1570843 Lambardy Regicn fizfy NR NR
Eﬂ-va'-'g F'I'-'hu [trenfficy it % D56
Rsanlung et al. (2005, (26705) Stnekhim, Sweden :
Emfmts 5 be58
Chan ard Swartz (2008, 1951 D6) LK Popuiation [HHANES) Aol avgs 368 MR
18594 185 {medan) 1854, Min-Max 12.5.38 1
Fobes et 2l (X109, 190351 Erflish Populaion 1958: 7.8 (mediar] 1090, Man-Mac 12.6-27 0
2006 16.2 {median) 200, bin-dtze 1 02 7
s
Hedffmann ed al. (2007, DA1163) HHRE, & Cites: Genmamy Arnud avg: 22,8 MR
Allen et al. (2008, 156305) MESA: 5 Citiee fraual av: 15.8 Win-Mae 105247
Fugii gt al, (2004, 487380 VEAPS AWAT Ponual vy 20.3 Min-Mae 5.2-26.0
; . Prigr 3 davs: 168
Bucdingioes et al. (2005, 155234y MESA £ Cilits Frior 80 daye. 16.7 NR
€rNaill (RONT. 156 008} MESA: & Cifies 5, Frevious Marth; 16.5 NR
Cier Rouw 24 al. {2008, 1564013 MESA: § Gities LS. Ay impeted meam: X7 HE:
Harflemzmn et l, (2008, 150375, HNRS; 5 Cifies Garmany Annuyd avg: 28 Mir-mac 19.8-25.3
Cakern-Sanaduenas et al. £2003, Southasest Mexdoa fhigh pedlution] Al awg; 2 NR
18207 Patitian (nw podution] Arrial avg; <15 MR
Calpson Garsiderus ol al (07, Southwest Ve tign i) R R
1254 Poittan Jow pollutisn NE MR
MELY MUS-Enc Sy ofAthamacieees
HFE Heing Moo Recal p-d. 5
VEAPS; \Wtamin EAtherterierogs: Progressen Sy
ERAIT: Bvitasin Athoorcional s Infarsenbion Trig
71.25.2. Toxicological Studies

In a PM, ¢ CAPs study of 10 wk (6 h/dayx5 days/wk} in Tuxedo, NY (mean mass
concentration 79.1 pg/m™), there was no difference in mean arterial pressure (MAF) in SD rats
between groups (Sun et al_, 2008, 157037), When angiotensin II {Ang IT} was infused during the last
week of exposure to induce systemic hypertension, the MAP slope was consistently greater in the
CAFs-exposed rats cornpared to the filtered air group, Furthermore, thoracic aortic rings were more
respongive to phenylephrine-induced constriction and less responsive o ACh-induced relaxation in
the PM+Ang II vessels, In contrast to the latter findings, the relaxation response was exaggerated in
the PM+Ang IT aortic segments with a Rhe-kinase (ROCK} inhibitor. Superoxide praduction in
aortic rings increased in the PM+Ang 11 group compared to the filiered air group and the addition of
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NAD{PIH oxidase inhibitor (apocynin) or 2 NOS inhibitor (L-NAME) attenuated the superoxide
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 {s consistent with a systemnic effect of CAPs.
Together, these findings indicate that CAPSs potentiate Ang [1-induced hypertension and alter
vageular reactivity, perhaps through activated NADPH oxidase and eNOQS uncoupling that result in
oxidative stress generation and triggering of the Rho/ROCK signaling pathway.

7.2.6. Autonomic Function

7.2.6.1. Toxicological Studies

Hwang et al. (2003, 087957} and Chen and Hwang (2005, 08731 8} used radiotelemetry w0
examine the chronic changes in HR and HRV resulting from the same CAPs exposures deseribed
previously (Chen and Nadziejko, 2005, 087219). The overall average CAPs exposure concentration
was 133 pg/m” and resulfs indicare d;lﬂ’ermg regponses to CAPs between ApoE™ mice and their
genetic background sirain, C57BL/6] mice (Hwang et al., 2005, 087957). Using the time period of
1:30-4:30 am. CETBL:"EI mice showed a HR increase nnl}-’ over the last menth of exposure. In
contrast, ApoE mice had chronic decreases of 33.8 beat/min for HR. Changes in HREV {(SDNN and
rMSSD) were somewhat more complicated, with biphasic responses in ApoE™ mice over the

5-month period (imitial increase over first 6 wh, decresse over next 12 wk, and slight upward turn for
remainder of the study){Chen and Hwang, 2005, 087218). Increasing linear trends were observed in
CSTBLfﬁ.T mice for SDNN and tMSSD. The average CAPs conceniration for the HRV study was
110 pg,-'m However, unl;,r three CS7RL/GT mice in the gxposure group were ineluded in the anal}rsw
compared to ten ApeE™ animals, thus making it difficult to interpret the C57BL/6T mice responses
(Chen and Hwang, 2005, 087218; Hwang et al., 2005, 087957,

7.2.7. Cardiac changes

7.2.7.1. Toxicological studies

Two recent toxicological studies have evaluated the effects of PM on cardiac effects including
pathology and gene expression. Cardiac mitochondrial fimetion has alse been evaluated fulIDwmg
PM exposure in rats,

Diesel Exhaust

A tecent study of DE exposure (PM mass concentration 507 or 2,201 pefm”, CO 1.3 or
4.8 ppm, NO <2.5 or 5.9 ppm, NO» <025 or 1.2 ppm, SC2 0.2 or 0.3 ppm for low and high PM
exposures, res pectively; geometric median number diameter 85 nm) indicated a hypertensive-like
cardiac gene exprass:on in WEY rats that mimicked baseline patierns in air-exposed SH rats
(Gottipolu et al., 2009, 190360). Exposure to the high concentration of DE for 4 wk {4 h/day,
5 day/wlk) led to dom]reguIannn of genes involved in stress, antioxidant compensatory response,
argwih and extracellyplar matoy regulation, membrane fransport of melecules, mitochondrial
functinn, thrombaosis regulation, and immmune function. Mo genes wers affected by DE in 8H rats. A
dose-dependent inhibition of mitochondrial aconitase activity in both rat strains was observed,
indicating a DE effect on oxidative stress. It should be noted that while DE-related cardigvascular
effects wete found in WKY rats only, pulmonary inflammation and injury were observed in both
strains (Sections 7.5.3.2 and 7.3.5.1).
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Model Parkicles *

Wallenborn et 2l. (2008, 191171) examined the subchronic {5 hiday, 3 dav/wk, 16 wi}
pulmonar;f cardiae, and systemic effects of nose-cunly exposure to particulate ZnS0, (9, 35, or
120 pgfm™) In WKY rats. Particle size was reported to be 31-44 nm measured as rumber median
diameter. Although changes in pulmonary in tion o1 Injury and cardiac pathology wers not
observed, effects on cardiac mitochondrial prorein and enzyme levels were noted (ig., Increased
ferritin levels, decregse In suecinate dehydrogenase activity), possibly indicating a small degree of
mitochondrial dysfunction, Glutathione perowidase, an antioxidant enzyrme was alye decreased In
the cardiac cytosol. Gene expression analysis identified alterations in eardiac genes involved in eel]
signaling £vents, ion channels regulation, and ecagulation in anfmmals exposed to the highest Zn$0,
concentration omly. This study demonstrates a possible direct effect of Zn504 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 fage range = 43-84 yr; 53% female)
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
megsures: left ventricular mass index (LVMI, g/m®) and gjection fraction (EF, %), the former
estimated using the DuBois formula for body surface area, the latter as the ratio of stroke volume to
end diastelic volume. The study also estimated annual mean exposures to PMa s at participants”
grocoded residential addresges in 2000 using ordinary kriging of' 1J.8. EPA AQS eoncentration data.
In fully adjusted models, it fuund 38(93%Cl:-6.11013.7) g/m”’ and -3.0% (-8.0 to 2. 0 differences
in LVMI and EF per 10 p.g,-'m increment in PMaz 5. The findings were small and imprecise, albeit
supmestive of a slight, PM-associated increase in the mass and decrease in the function of the Jeff
venfricle. The effect of living within 50 m of = major roadway on LVMI was greater than the effect
of PM, 5 (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 European populations have examined associations
between long-term PM exposures and clinical CVD events {Bagearelli et al., 2008, 157984;
Hoffinann et al | 2006, 091162, Hoffmann &t al., 2009, 190376, Maheswaran et al., 2005, 088683
Mahegwaran et al., 2005, 090769; Miller et al., 2007, 090130; Rosenlund et al., 2006, 089798;
Solomon et al., 2003, 156994- Zanobetti and Schwartz, 2007, 021247). Results from these studies

are sumnarized in Figure 7-1. The ambient PM concentrations from these studies are characterized
in Table 7-2.

Coronary Heart Disease

Epidemiologic studies examining the association of coronary heart disease (CHD) with loag-
term PM exposure are discussed below (Hoffmann et al., 2006, 091162, Maheswaran et ai., 2005,
090769; Miller et al., 2007, 090120; Puett et al., 2008, 156891 ; Rosenlund £t a]., 2006, 059796
Rosenlund et al., 2009, 190309; Zanobett] and Schwartz, 2007, 91247). Cases of CHD were
variably defined in these smdies to include history of angina pectoris, M1, coronary artery
revascularization (bypass graft; angjoplasty; stent; atherectomy), and congestive heart failure (CHF).
Results pertaining to death from CHD are described in Section 7.6

Miller et al. {2007, 020130Y studied incident, validated MI, revascularization, and CHD death,
both sepatately and collectively, among 58,610 post-menapausal "fernale residents of 36 U.S,
metropolitan areas (3ge range = 50-79 y1} enrolled in the Women's Health Initiative Observational
Study (WHI 08, 1994-1928}. In this prospective cohot study of participants fiee of CVD at baseline
{median duration of follow-up = & yr), the authors used arithmetic averaging of year 2000 EPAAQS
PM, ; data available at the monitor nearest to each participant’s geocoded ULS. Postal Service five-
digit ZIP eode centroid to estimate 1-yr avg exposures. They found 6% (95% CI: -15 o 34), 20%
{95% Cl: 0-43) and 21% (95% CI: 4-42) increases in the overall risk of MI, revaseularization, and
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their combination with CHD death per 10 ug/m® increase in PM. s, respectively. Hazards were higher
within than between cities and in the obese. For the combined OV outcome {MT, revascularization,
stroke, CHD death, cerehrovascular disease), authors reported a 24% (95% £1: 9-41) increase inrisk
that was higher amomp participants at higher than lower quintiles of body mass index, wajgt-to-hip
ratie, and waist eircummterence. The Pha s-CVD association was stronger among non-diabetic than
diabetic participants.

Table 72,  Characterization of ambiert PM concentrations from studies of dinica cardrovascular

diseases and long-term exposure.
Study Location Concontation g Contenirations fugin’)
Pt
Puet et 2l [2008, 155801) 13 U5, States B
Zanchetfiand Schvartz (207, 247 2 US. Clies 288 Overall range NE2
Ay awg PMyy thraflich Str35th Percentile
Roseniur et al, {2006, DRG7SE) Siockhabm, Swaden Cazes: 26 0580
Controls 24 DE-5G
: 547 vy P from frafe:
Rysenhnd ef al. (208, 190300 Stackhoim, Sweden Cases: 2.4 [median)
Conrele: 2.2 (median]
Mahiegwaran ot al, (005, G376 Shafakf. LK Range: of rasets in each quirtile: 16-23, MR
Barcaref etal. (2008, 157934 Lombzarcia Regian, Bary MR -4
PMzs -
Willer ef &l (207, 80130} WHI: 36 Metrapaliten areas Citywide auy (vr 20000, 13.5 Min-mae 193
Haiffrranm el al, (2006, 081182 HHRS: 2 Cities German'y 233 NR
Hefirean et a1, (2005, 300378, HENE: 2 Cifies Genman 25 -
WL 'Abmers Hedlth | ndinres
HIRE: Hare Morirf Racal Sty

Pustt et al. (2008, 1568%1) studiad incident, validated CHD, CHD death, and non-fatal MI
among 66,23() female residents (mean age = 62 y1) of meiTopolitan statistical areas in thirteen
northeastern 1.5, states whe were enrolled in the Nurses® Health Study (WHS, 1992-2002). In this
prospective cohort study of women withoot a history of non-fatal MI at baseline {maximum duration
of follow-up = 4 yr), the arthors used two-stage, spatially swoothed, land use regression to estimate
residence-specific, 1-yr ma PM,; exposures from 1.8, EPA AQS and emissions, IMPROVE, and
Harwvard University monitor data. They fovnd a 10% (95% CIL: -6 to 297 jncrease in rigk of first CHD
event per 10 Wi ncrease in 1-yr avg PM g exposure, while the association with MJ was close to the
null value. The association with fatal CHD event of 30% (95% CI: -71) was stronger. Furthermore,
associations with CHI death were higher in the obese and in the never smokers.

Rasenlund et al. (2006, D39796) studied 2,538 residents of Stockholm County, $weden {age
ratige = 45.70 yr; 34% female). In this case-control study of 1,085 patients with their first, validated
non-fatal Ml and an age-, gender- and catchment-stratified random sample of 1,853 controls withont
MI {1992-1904), the authors used street canyon-adjusted dispersion modeling of emissions data {o
estimare H}-yr avg exposure to PMyy (median = 2.4 pg/m’). They found that the OR for prevalent MI
per 10 pgdm” increase in FM g was 0.85 (95% CI: 0.50-1.42). The OR for fatal MI was elavated, but
not statistically significant.

In 2 more receat study, Rosenlund et al. (2009, 190509) evaluated 554,340 residents (2ge
range = 15-79 vr; 49% female} of Stockholm County, Sweden {1984-1998). ln this population-based,
cage-control study of 43,275 cases of incident, validated MI, the authors used dispersion maodeling of
traffic emissions and land use data to estimate 5-vr ave exposure to PMy,. They found that after
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adjusnnant fm; demographic, temporal, and stocioeconomic characteristics, the OR for MI per

5 j.r.gf’m mcTease in PMijpwas 1.04 {95% CI: 1.00-1.09). ORs were higher “after restriction to fatal
cases, in- of out-of-hospital deaths, and participants who did not move between population censuges,
Authors state that control for confounding was superior In their previous study (Rosenlund ei al,
2006, (0839796} although the size of the population was [arger in this recent study (Rosenlund et al.,
2009, 190309},

Zamobetti and Schwartz (2007, 091247) studied (CD-coded recurrent MI {ICD 9 410) and
post-infarction CHF (ICD 9 428) among 196.131 Medicare recipients (age > 65 yr, 50% femaie)
discharged alive following MI hospitalization in 21 cities from 12 U8, states {1985-19991_ [ this
ecologic, open cohort study of re-hospitalization among MI survivors (mean duration of follow-
up = 3.6 and 3.7 yr for MI and CHF, respectively), the authors used arithmetic averaging of EPA
AGS PMy, data available in the county of hospitalization to estimaie -yt avg exposures. They found
17% (95% CI: 3-31) and 11%: (95% CI: 3-2]1) increases in the risk of recurrent MI and post-
infarction CHF, respectively, per 10 pug/m® increase in PM o exposure. Hazards were somewhat
higher among persons aged =75 yro

Hoffinann ef al. (2006, (91162) studied self-reported CHD (M1 or revascylarization) among
3.399 residents of Essen and Milheim, Germany (age range = 45-75 yt; 51% female) at the baseline
exam of the Heinz Nixderf Recall $tudy (2000-2003} introduced previcusly. In this cross-sectional
aneillary study, the authors used dispersion modeling ﬂf emissions, climate and topography data to
estimate [-yT avg exposurs 1o PMy s (mean = 23.3 pg/m *). They found little evidence of an
association between PM; s and CHD in these data. After adjustment, for geographic, demographic
and clinical characteristics, the OR for prevalent CHD per 10 pg/m” increase in exposure was 0.55
(95% C1: 0.14-2.11).

Sturly Avg Time Endpaint Effect Estimate f95% CIj
T . | 5
hiller Bt \ Ty Ecdentiil —— "
58610 post esal waomeen eveodled in WHIL Fevascaan-abon =
e, wlifded mases 36 LS oies e ] h—
mw»mimbﬂm .F AN P,
" alirlater} £aris. 13 melo ances, NE statee - S
Case Corrod Studies
iy 1 ay Pl
24 347 cases, N=2 randomiy seleched .
beed nondr ks, Sockhalm, Sweden P .
g etal. 57 dlyr  FalafNonraE M —_—
2,245 cases, N=2 206 randomily selected !
. Bopadation contrels, Sockholm, Swedn .
Baccarell et tﬁih_%j Tyr AT | -
871 cazes, N=1210 Trend controks, ’
Lﬂfﬂhmdfl'. rbhf . - - . - 4

Zanabets & (2007, U 24 Tyr  Reciement W Hosfitalzation [ B Py
196,43 Ml svavors 410, readmitted fr “PosthAl CHF lzatign |t —
Ml or CHEF, e miﬁ,npmﬂﬂ'ﬂtﬂuslﬂ'ﬁea - ! —

i

i afeswaran o 2 (A5, 070 A5, DRems) Gyt LHD Fospikizaien ’ e
Megpital dmissinns among 1 3,42 reszients, ke Hnaﬂahmbm I
___ecolopi desi, Shefbeid, 1

O 0Z 04 06 08 10 12 14 16 18 20 22 24
Relative Risk Estmate
Figure 7-1.  Risk estimates for the associations of ¢linical outtomes with long-term exposure
to ambient PM..s and PMy,.
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In the study of 1,030 census enumeration distrcts in Sheffield, UK. descrbead previously,
Maheswaran et al. (2005, 09076%) stydied 11,407 ICD-10-coded emergeney hospitalizations for
CHD {ICL 10 [20-25) 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 o
PMg. They found that after adjusting for smoking prevalence, controlling for socioeconomic factors,
and smoothing, the age- and gender-standardized rate ratios for CHD admission were 1.01 (95% CI:
0.52-1.113, 1.04 (95% CI: 0.93-1.15), 0.97 (95% CI: 0.87-1.08), and 1.07 (95% CL: 0.95-1_20) across
PM,; quintiles. The linear trend was somewhat sttonger for CHD mortality {Saction 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 t¢ ¢xamine the effect of PM; s rather than PM,,. This study, which provides
sirong evidence of an associztion, was distinguished by it prospective cohort design, validation of
Incident cases and large population. Pustt et al. (2008, 156891), the other 7.5, study with
comparable design features, provides evidence of an association of incident CHD* with long- term
PMyg exposure. Findings from Swedish case conirol studies of incident validated cases of MI were
not consistent. A oross-sectional study of self-reported CHD did not provide evidence of an
association with PM, s while findings frem two ecologic studies of PMi, indicated positive
associations of CHD hospitalizations with PM, (Maheswaran et al., 2005, 088683 Zanobetti and
Schwartz, 2007, 0912473,

Stroke

Miller et al. (2007, 090130) found 28% (95% CI: 2-61) and 35% (95% CI: 8-68) increases in
the overzll risk of validated stroke and cerebrovascular disease, respeciively, per 149 pa/m® increase
in 1-yr avg PM; s exposure. Risks ware higher within than between citfes. In the study of 1030
Censs of epumeration districts in Sheffield, U K. described previously, Maheswaran et al. (2003,
088683} studied 5,122 ICD-10-coded ¢émergency hospital admissions for strokes (I60-69) among
199,682 residents {age = 45 vr; 45% female) of 1,030 census enumeration distriets in Sheffield, UK.
(1994-1999), In this ecologic study, the authors used dispersion modeling of emissions and ¢limate
data to estimate 5-¥r avg exposure to PMye. They found that the age- and gender-standardized rate
ratios for stroke admiszion were 1.05 (33% CL: 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 4 quintiles. Linear trend was somewhar stronger
for siroke mortality (Section 7.6).

These studies examining the long-term PM-stroke relationship provide evidence of
association_ aheswaran et al. (2005, 088683) examined emergency room hospital admissions in
Sheffield, UK. using an ecologic design while results reporied by Miller et al. (2007, G90130) are
based on the prospective cohort study of the WHI 08 population fboth introduced previously).

Peripheral Arterial Disease

The German Heinz Nikdorf Recall cross-sectional study described in Section 7.2.1.1
(Hoffmann et al., 2009, 194378) also evaluated the association between 1-yr avg exposure o PN,
and peripheral arterial disease (self-reported history of a surgical or procedural intervention or an
ABI <05 in one or both legs). The authors found no evidence of an merease in risk. The OR for
penpheral arterial disease was (.87 (95% CI: 0.57-1.34) per 3.9 ug/m” increase in PM; 5. However,
evidence of an association with raffic exposure was present in these data. ORs of 1.77 (95% CI:
LO1-3.100, 1.02 {95% CI: 0.58-1.80%, and 1.07 {95% CI: 0.68-1.68) for residing = 50, 50-100, and
100-200 m of a major road (reference category: =200 m), respectively were obgerved, ORs were
higher among participants with CAC scores < 75th pereentile, women, and smokers.

Deep Vein Thrembosis

The Italian ease-control study (introdueced in Section 7.2.1.2) also examined the chromic PM -
DV T association {Baccarelli et al_ 2008, 1579843, The anthers found a 70% (95% CI: 30-223)
increase in the odds of DV per 10 pug/m” increase in 1-yr avg PM,;p exposare. This finding was
consistent with the decreases in PT and PTT also observed among controls in this context as well 25
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the 47% (95% CI: 11:96) 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 ¢ases and controls (Baccare]li et
al., 2009, 188183). The PMp-D'VT and distance-DVT associations wete both weaker among women
and among users of oral contraceptives ot hormone therapy.

7.2.10.Cardiovascular Mortality

New epidemiclogic evidence reports a consistent association between long-term exposure to
PM; s and inereased risk of cardiovascular mortality, Thete is little evidence for the long-term effects
af PM, o 5 on candiovascular mortality. This section focuses om cardiovascular mortality outcomes in
response to long-term exposure to PM. The studies that investigate long-term exposure and mortality
due to any specific ot all (nonaceidental} causes are evaluated in Section 7.6. A summary of the
mean PM concentrations reported for the stadies characterized in this seetion is presented in Table
7-8, and the effect estimates are presented in Figure 7-7 and Figure 7-8.

A number of large, .S, cohort studies have found consistent associations between long-term
exposure to PMa ; and cardiovascular mortaiity. The American Cancer Society (ACS) (Pope et al.
(2004, 035380) reported positive associations with deaths from specific cardiovascular diseases,
particularly ischemic heart disease, and a group of cardize conditions inelnding dysrhythmiz, heart
failure and cardiac arrest (RR for cardiovascular mortality = 1.12 [95% CI: 1.08-1.15] per 10 pg/me
PM. ). In an additional reanalysis that extended the follow-up period for the ACS cohort to 18 ¥1
{1982-2000) (Krewski et al., 2009, 151193}, investigators found effect estimates that were similar,
though generally higher, than thoze reported in previous ACS apalyses.

A follow-up to the Harvard 3ix Cities study (Laden et al., 2006, 087605) vsed updated air
pollution and mortality data and found positive assoclations between long-term exposure to PM; 5
and mortality, Cf special note is a statistically significant reduction in mortality risk reported with
reduced Jong-term fine particle concentrations. This reduced mortality risk was observed for deaths
due 10 cardiovascular and respiratory causes, but not for lung cancer deaths.

The WHI cobort study (Miller et al., 2007, 090130) {described previously) found that each
10 pg/m® increase of PM, ; was assoclated with a 76% Increase in the risk of death from
cardiovascular disease (hazard ratio, 1.76 [35% CL: 1.25-2.47]). The WHI study not only confirms
the ACS and Six City Stmdy associations with cardiovascular mportality in yet another well
characterized cohort with detailed individual-level information, it also has been able to consider the
individual medical records of the thousands of WHI subjects over the pericd of the study. This has
allowed the regearchers to examine not only mortality, but aiso related morbidity in the form of heart
problems (cardiovascular events) experienced by the subjects during the study. These morbidity co-
agsociations with PM; ; in the same population lend even greater support to the biological
plausibility of the air pollution-mortality assomations found in this study, '

In an analysis for the Seventh-Day Adventist cohort in California (AHSMOG), a positive
association with eoronary heart disease mortaiity was reported among females (92 deaths; RR = 1.42
[95% CI: 1.06-1.90] per 10 pg/m® PMz ), but not among males (53 deaths; RR = (.90 [¢5% CI:
£.76-1.05] per 10 ug/m’ PM: 5} {(Chen et al., 2005, 087942). Associations were strongest in the subset
of postmenepausal women (80 deaths; RR = 1.49 [55% CI: 1.17-1.89] per 10 pg/m® PM ;). The
authors speculated that femnales may be more sensitive to air pollutton-related effects, based on
differences between males aod females in dosimetry and exposure. As was Tound with PM; ., 2
positive association with coronary heart disease mortality was reported for PMy, s and PM,, among
females (RR = 1.38 [95% CI: 0.97-1.95] per 10 pgim’ PM g5 BR = 1.22 [95% CI: 1.01-1.47] per
10 pg/m” PMo), but not for males (RR = 0.92 [95% CL 0.66-1.29] per 10 pg/m® PMigps: BR = 054
[95% CI: 0.82-1.08] per 10 pg/m” PMug); associations wers strongest in the subset of
postmencpavsal women (80 deaths) {Chen et al., 2005, GET942).

Two additional studies explored the effects of PM gy on cardiovasenlar mortality. The Nurses®
Health Study (Puett et al_, 2008, 156851} 15 an ongoing prospective cohort study examining the
relation of chronic PM,;, exposures with all-cause mortality and incident and fatal coronary heart
disease consisting of 66,250 female nurses in MSAs in the northeastern region of the U8, The
association with fatal CHD occurred with the greatest magnitude when compared with other
specified causes of death (hazard ratio .42 [95% CI- 1.11-1.81]). The North Rhine-Westphalia State
Environment A gency (LUA NE'W) initiated a cohott of approximately 4,800 women, and assessed
whether long-term exposure ta air pollution originating from mototized traffic and industrial sources
was associated with total and canse-specific mortality (Gehring et al., 2006, 089797). They found
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that c:ardmpulmunary mortality was associated with PM,, (RR = 1.52 [93% C[- 1.09-2.15] per
10 pg/m’® PMp)-

In sumimary, the 2004 Ph AQCD concluded that there was strong evidence that long-term
exposure to PMz s was associated with increased cardiopulmonary mortality. Recent studies
investigating cardiovascular mortality provide some of the strongest evidence for 3 cardiovascolar
effect of PM. A aumber of large cokort studies have been conducted throughout the ULS. and
reporied consistent increases in cardiovaseular mortality related to PMg ; concentrations. The results
of two of these studies have been replicated in independent reanalyses. These effects are coherent
with short-term epidemialogic studies of CVD morbidity and mortality and with long-term
epidemiologie studies of CVD morbidity. In addition, biological plausibility and coherence are
pravided by toxicelogical studies demonstrating short-term cardiovascular effects as well as
M3 s-related plaque progression in chronically exposed mices.

7.2.11.Summary and Causal Deferminations

7.211.1. PM,;

Epidemiclogic studies examimng associations between long-term exposure to ambient PM
{over months to vears) and CVD morbidity had not been conducted and thus wete not included in the
1994 o1 2004 PM AQCDs (1.5, EPA, 1996, 079380; 1.5, EPA, 2006, 157071). A number of studies
were included in the 2004 AQCD that evaluated the effect of long-term P s exposure on
cardiovascular mortality and found strong and consistent associations. No toxicological studies had
evaluated the effects of subshromnic of chronic PM exposure on CVD effects in the 2004 PM AQCD.
Recently, epidemiclogic and toxicological studies have provided evidence of the adverse effects of
long-term exposure to PMs s on cardiovascular cuteomes and endpoints, ineluding atherosclerosis
and clinical and subclinical markers of cardiovaseolar morbidity.

The strongest evidence for a OV health effect related to long-term PM; s exposurs comas
from epidemislogic studies of cerdiovascular mortality. A number of large, multicity 1.5, stodies
fthe ACS, Six Cities Study, WHI, and AHSMOG) provide consistent evidence of an effect between
lung—ten'n exposure to PM; 5 and cardiovascular mortality (Section 7.2.10). These studies ware
conducted in urban areas across the U3, where mean coneentrations ranged from 10.2-28.0 ug/m’
(Table 7-8). An epidemiclagic study Investipating the relattonship between PMg s and elinical CVD
morbidity among pﬂst-menu‘pausal women (Miller et al., 2007, 890130} provides evidence of an
effect that is coherent with the cardiovaseular mortality studies. This large, prospective cohort stmdy
of ineident, validated cases found large increases in the adjusted risk of M, revascularization, and
stroke wsing a I-3T avg PM; s concenfration (mean = [3.5 pe/m®). A cross-sectional analyses of self-
reported prevalence of CHD and peripheral arterial disease found no such increase in the odds of
CY¥D morbidity (Heffmann et ak, 2006, 091162); the inconsistency of these findings with Miller et
al. (2007, 090130) may be explained by differences in study design or location.

The eftect of long-term P ; 2xposute on pre-clinical measures of atherosclerosis (CIMT,
CAC, AAL or ABI} has been stirdied In several populations using a oross-sectional study design. The
magnitude of the PMa ¢ 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 arpong participants of a elinical trial in preater Los Angeles, which
was several fold higher than the §.5% increase observed by Disz-Roux et al. (2008, 156401) in their
analyses of MESA haseline data. The associations in MESA of CAC apd ABI with long-term PM; -
exposure were largely null (Diez et al., 2008, 15640}, while an increase In AAC with [ong-term
FM; s exposare was teported (Chang et al., 2008, 180393). By contrast, a 45% increase in CAC was
associated with long-term PMa s exposure in a German study, but no similar agsociation with ABI
was observed (Hofftnann et al, 2009, 1205376). Although the number of studies examiniap these

. ralatiunships is limited, effect modification by use of lipid lowering drugs and smoking statis was
reported in more than one study of long-term PM, 5 and PM 2 exposure.

Evidence of enhanced athergsclerosis development was demonsirated in new tuxlccrl{:gma.l
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 observed,
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suggesting an impaired NO pathway, Additional toxicological studies of PM 15 are consistant with
these regults, Further support is provided by a study that reported decreased L/ ratio in the
pulmonary and coronary arteries of mics exposed to ambient air. However, P, s CAPs derived from
traffic in Los Angeles did not affeet plaque size (Araujo et al., 2008, 156222). Collectively, these
toxicolopgical smdies provide biological plausibility for the assoclations reported in epidemiclogic
studies.

There is imited evidence for the effects of PM; s on tenal or vaseular function. Cross-sectional
and lengitdinal epidemiologic analyses of PM s and UACR revezled no evidence of an effect
(O'Neill et al., 2007, 156006}, while small non-statistically significant incresses in BP with 30- and
§0-day avg FM. s concentrations were reported (Auchincloss et al., 2008, 156234). A toxtcolegical
study did not show changes in MAP with CAPs, but indicated a CAPs-related potentiation of
experimenta][y-induced hypertension (Sun et al., 2008, 157032}, In addition, CAPs hag induced
changes in insulin resistance, visceral adiposity, and inflammation in a diet-induced obesity mouse
model (Sun et al., 2009, 190487, indicating that diabetics may be a potentially susceptible
population to PM exposure.

Tn summary, # number of large U5, cohort studies report associations of long-term PMo;
concentration with cardigvascular mortality. These studies provide the strongest evidence for an
effect of Jong-—term Ph; s exposure on CVD effects. Additional evidence comes from a
methodelogically rigorous epidemiology study that demonstrates coherent associations between
long-term PM; . exposure 2and CVD morbidity among post-menopaugal women. Toxicological
studies demonstrate that this effeet is biologically plausible and the effect is coherent with studies of
short-term PM s exposure and CVD morbidity and mortality, and with long-term exposure to PMa
and CVD mortality. Associations betwesn PM; = and subclinical measures of atherosclerosis are
inconsistent, but cross-gectional stndies may be limited in their ability to diseern small changes in
these raeasures. In addition, potential modification of the PM. «-CVD association by smoking status
and the use of lipid lowering drugs has been demonsirated in epidemiclogic stmdies thar used
individual-leve] data. Toxicological studies provide evidence for accelerated development of
atheroselerosis in ApoE™ mice exposed to CAPs and show effects on coagulation factors,
experimentally-induced hypertension, and vascular reactivity. Available studies of clinical
cardiovascnlar disease outcomes report inconsistent results. Based on the above findings, the
epiderniclogic and toxicological evidence is sufficient to infer a causal relationship between
long-term PM:; exposures and cardiovascular effects.

7.2.11.2. PNyg.25

One epidemiologic study evaluated the relationship between long-term exposure to PMpo 5
and eardiovascular mortality and formd a pogitive association with coronary heart diseage mortality
among Temales, but not for males; associations were strongest in the subset of post-menopausal
women (Chen et al., 2005, 0879423, No toxicological studies of long-ternn exposurs to ambisnt
PM 5.2 5 and cardiovascular effects have been conducted to date. Evidence is inadeguate fo infer
the presence or absence of a causal relationship.

7.2.11.3. UFPs

A few toxicelogical studies of long-term exposure to UFPs have been eonducted. Increased
plagque size was reported in mice exposed to UF CAPs derived from traffic (Araujo et al., 2008,
156222}, Stodies of diese]l and gaseline exhagst reported relatively few changes In hematologic or
coapulation parameters (Section 7.2.4.2) and one DE study demonsirated altersd eardiac gene
expression fn normotensive mts that reflected the development of hypertension (Gottipolu et al,,
2009, 1903607 Whole and filterad gasoline exhaust indueed increases in gene products involved in
atheromatous plague formation and/or degradation, but these effects were largely due 1o the paseous
emissions (Lund et al., 2007, 125741). Evidence from these studies alone is inadequate to 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 resplratory system, though it did not rule out the
possibility that the observed respiratory effects may have been confounded by other pollutants. In 12
southern Califymia communities in the Children’s Health Study ({CHS), Gauderman et 2l. (2000,
012531; 2002, 026013} found that decreases in lung function growth among sehoolehildren were
associated with long—term exposurs to PM. Declines in pulmonary funetion were reported with all
three major PM size classes — FMy, PMyg s+ and P, c — though the three PM measures were highly
cotrelated, [n another analysis of data frem the CHS cohort, McConnell et al. {1999, 0070233,
reported an increased risk of bropehitis symptoms In children liviag in communities with higher
PMiq and PM: s concentrations. These results were foend to be consistent with results of cross-
sectional analyses of the 24-city study by Dockery et al. (1996, 046219 and Raizenne et al, (1996,
077268}, that were assessed in the 1996 PM AQCD. These stindies reported associations between
increased bronehitis rates and decreased peak flow with fine particle suifate and fine particle asidity.
Haowever, the high correlation of PM;, acid vapor and NO» precluded elear attribution of the
bronchitis effeets reported by MeConnell ef al. (1995, 007028} +0 PM alone. In a prospective cohort
study among 2 subset of children in the CHS {n = 114} who moved to other locations during the
stidy period, Avol et al. (2001, 020553) raported that those subjects who moved to areas of lower
PM,; showed increased growth in lung function compared with subjects who moved to communitiss
with higher PM o concentrations. Finally, the 2004 PM AQCD concluded that there was strong
epidemiologic evidence for agseciations between lonp-tatm exposures to PM; ¢ and cardispulmonary
mortality, though the respiratory effects were not separated from the cardiovascular effects in this
conclosion.

The 2004 PM AQCD (J.5. EPA, 2004, 0536903 concluded that the evidence for 2n assoeiation

-between long-term exposurs to PM and respiratory effects may be confounded by other polhutants,
Ganderman et al. (2002, 026013} reported declines for FEV) and McConnell et a], (1999, 007028)

orted increased OBs for bronchitic symptoms in asthmaties for PM;p and PMz 5. Recent

epidemiologic literature includes results from several prospective cohort studies, which foupd
congistent, positive associations between long-term exposure to PM and respiratory morbidity.
Associations Were repyrted with PMz s and PMq, and the studies showing associations only with
PM g were conducted in locations where the PM consisted predominantly of fine particles, providing
support for associations with long-term exposure to fine particles. Thesa results are summarized
below; further details of these srudies are summarized in Annex E.

"v’ar;.r few subchronic 2nd chronic toxicological smdies investigating respiratory effects were
available in the 2004 PM AQCD. However, the 2002 EPFA Health Assessment Document for DE
reported that chronic exposure to DE was associated with histopatbology including alveolar
histiewsytosis, aggregation of alveolar macrophages, tissus inflammation, increased
polymorphomiclear lenkooytes, hyperplasia of bronchiolar and Type 2 epithelial cells, thickened
alveolar septa, edema, fibrosis, emphysema and lesions of the trachea and bronchi. Sinee then a
mumber of animal toxicological stedies have been conducted Invelving inhalation exposure to CAPS,
urbar air, DE, gasoline exhaust, and wood smoke. These subchronic and chronic studies provide
evidence of aliered pulmonary function, inflamsmation, histopatholopical ehanges and oxidative and
allergic responses Following PM2 s exposures. These results are summanized below; forther details of
these studies are summanzed in Annex D.

1.3.1. Respiratory Symptoms and Disease Incidence

7.3.1.1. Epidemiologic Studies

MNew bongitudinal cohort studies provide the best evidence to evaluate the relationship beowesn
long-term exposere to ambient PM and increased ineidence of respiratory symptoms or disease. A
summmary of the mean PM concentrations reported for the long-term exposurs studies characterized
in this section i= presented in Table 7-3,
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Bayer-Oglesby et al. (2005, 086245) examined the decling of ambient poliution levels and
improved respiratory health demonstrated by a reduction in respiratory symptoms and diseases in
school ehildren (n = 9,591) in $witzerland. Reduced air pollution 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 levels. The average decline of PM,y,
between 1993 and 2000 across the nine study regions was 9.8 pg/m? (29%). Declining levels of PMin
were associated with declining prevalence of chronic cough, bronchitis, common cold, notturnal dry
cough, and corjunctivitis symptoms, bt no significant associations were reported for wheezing,
sneezing, asthioa, and hay fever, as shown in Figure 7-2. In Figure 7-2, Panel (B) illustrates that on
an agpregate level across regions, the mean change in adjusted prevalence of chronic cough is
associated with the mean chauge In PM,; levels (r = 0.78; p = 0.0Z2). Similar associations wers seen
for nocturnz! dry cough and conjunetivitis symptoms and PM,, levels. R8sl et al. (2000, 010296,
2001, 108738, 2005, 156923 have demonstrated that P levels are homopeneously distributed
within regions of Basel, Switzerland and are not substantially affected by local traffic, justifying the
single-monitor approach for assignment of PMs exposures. Based on parallel measimements of
PM; ; and PM g at seven sites in Switzerland, PM; 5 and PMyy at all sites are generally highly
correlated {r* ranging from 0.85 to 0.98) (Gehrig and Buchmann, 2003, 139678), indicating that
PM g consists predominantly of fine particles in these locations.

Schindler et al. (2009, 191950) re ported that sustained reduciion in ambient PM g
concentrations can lead to decreases in respiratory symptoms among Swiss adolts In the SAPALDIA,
study. They compared baseline data in 1991 1o a follow-up interview In 2002 afier 2 sybstantial
decling in PMq concentrations served as a natural experiment. Each subject was assigned model-
baszed estimates of PMy, concentrations averaged aver the 12 mo preceding each health assessment
with mean decling in PMio levels of 6.2 pg/m® (S =30 pg/m>). When the awthors tested the joint
hypothesis of no associstion between the PM,, difference and symptom incidencs or persistence,
positive results were obtained for regular cough, chronic cough or phlegm and wheezing but not
regular phlepm or wheezing without 2 cold.

Pierze et al. (2006, 088757) studied the association between primary PM o (particles directly
emitted from local sourcesfiraffic) and the prevalence and incidence of respiratery symptems in a
randomly sampled cohort of 4 400 children {aged 1-5 yr) in Leicestershire, England surveved in
1998 and again in 2001. Annual exposure to ptimary PMis was caleulated for the home address
using the Ajrviro statistical dispersion model . After adjugting for confounders, mean anmual exposore
to locally generated PMyo was associated with an increased prevalence of cough without a cold in
both the 1998 (OR 121 [95% CIL: 1.07-1.38], n = 2,164) and 2001 surveys {OR 1.56 [95% CI:
1.32-1.84], n = 1,756).

Nordling et al_ {2008, 097998} examined the relationship between estimated PM exposure
levels and respiratory health effects in a Swedish birth cobort of preschool children {n = 4,085}, The
spatial distributions of PM from traffic in the study area were estimated with emission databases and
statistical dispersion modeling. Children were examined at 2 mo and I, 2, and 4 yr of age. Using GI5
methods, the average contribution of traffic-generated PM,p above regional background to the
children’s residential outdoor air pollution levels was determined. To evalpate the exposure
asgessment, the authors compared the estimated levels of traffic-generated PM;q with PMz 5
measurements Trom 42 locations (Hoek et al., 2002, 042364) and reported modeled traffic-generated
PM g correlated reasonably well with measured FM; 5 (1 = 0.61). Persistent wheezing {cumulative
incidence up to age 4 yr) was asgociated with exposure to traffic-generated PM; (OR 2.28 [95% CI:
0.84-624] per 10 ug/m” increase) while transient and late onset wheezing was not associated. This
study demonstrates that respimatory effects may be present in preschool children
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Table 7-3.  Characterization of ambient PM concentrations from studies of respiratory
symptoms/disease and long-temm exposures,

U pper Percenfile
Study Lacation Mean Anntsal Goncentration [po/m’) uncenﬂq_’ﬁms
{ngfm
M5
A - Raripe of MEdns acmss s B.1-230
Annesi-Maasang et al. (2007, 95931500 & French Cities .
Aut) of Mesrs across sites; 155
7ot 181
Biauer at al. (2007, teogot) The Hetherands 153 Bk 1.0
Max: 25,2
(ass et 2l (2004, 155624) [TE:A 137 7hihe 154
(st ed &l (2007, {E0607) : 12 CHATA commarities Max: 235
Tath: 221
Janssen et . (2003, 133559 The Natharands A5
Max 244
af masn sitess: 11-15
G ek 2. (200, 087361 San Franciseo, CA Range A
Ao of mEans aonss sies 17
MeCarnell e 31, {2003, 48490} 12 CHETA comemunities 138 Wax 255
Mongershern et al, (X108, 15673} Murich, Germany 114
P
Bayer-Dylety et al (2005, D36245) Mine sty reghans in Swikzeriand biac 46
il 1 21, (2008, 191481 Switzestand 215
Merding et al. (RO08, [aTHE Sweden 4
Schindler et al. [2005, 181550) Switzenrg d
Hcorned & al (20, o4O 12 CHEICA emmurifies ane Max: B35
. , Fath: 1.84
Pretse ef al, (208, $88757) Lefcestershine, U1K, 13 i

~Hama speciis PM,, from tafic
=ty iefrrted chongs In P cantemiration
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Figure 7-2.  Adjusted ORs and 95% Cls of stptoms and respiratory diseases associated
with a decline of 10 pgim® PM;; levels in Swiss Surveillance Program of
Childhood Allergy and Respiratory Symptoms’. Inset: Mean change in adjusted
prevalence }1993-2001 to 1992-1933) versus mean change in regional annual
averages of PMy, {1997-2000 to 1993) for chronic cough, across nine SCARPOL
regions (An: Aniéres. Be; Bern. Bi: Biel. Ge: Geneva. La:, Langnau. Lu: Lugang.
Mo: Montana. Pa: Payeme. Zh; Ziirich).

McConnell et al. (2003, 049490) conducted a prospective study examining the agsociation
between air pollution and bronchitic symptoms in 473 school children with asthma in 12 Southern
California communities as part of the CHS from 1996 to 1999. They investigated both the
differences between- communities with 4-yr avg and within- commumtles yvearly varation in PM
{i.e., PMug, PMs s, FPMjoz5 EC, 2nd OC). Based ona 10 l-lgfm change in PMs ¢, within-communities
effects were larger (OR 1.90 [95% CI: 1.10-2.70]) than these for between-communities (OF 1.30
[95% CI: 1.10-1.50]). The OR for the 10 ug/m® range in 4-yr avg PMa s concentrations across the 12
communities was 1.29 (95% CI: 1.06-1.58). Similar results were reported for PM o and PM,p0 5 but
the effeet estimates were staaller in magnitude and generally not statistically sipnificant. Within-
community associations were not confounded by any time-fixed personal covaniates. In two-

| Adjursted forage, sex, natignality, parental sducation, number of siblings: Srming stius, low birth weight, breastfseding, child who
smokes, family history of asttona, hronchitis, andéor atopy, Tonther who smokes. indoor mmidity, mode of heating @nd cooldne,
carpeting, pets Allrwed in bedroom, remeval of capet andior pets for health reasons, person who completed questicnnairte, Moth when
questinmnaire was compltted, number of days with the maxomwrn temperatyg =0%C, amd bedic? of mother that there is an assoGatcn
Tetwpen eoviremments] Cxposures and shildren’s respiratary health
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pollntant models, the within-community effect estimates for PM; - ang OC were significant in the
presence of several other pollutants. While the within -commonity single-pollutant effect of Ph, s
(B = 0.085/ug/m") was only modestly attenuated after adjusting for some pollutants, it was markedly
reduced after adjusting for NO; ar OC. The between-community effect estimates generally were not
significant in the presence of other pollutants in copollutant models.

In the CHS, Islam ef al. (2007, (90697} examined the hypothesis that ambient air poliution
attenuates the reduced risk for childhood asthma that i3 associated with higher lung funetion
{n = 2,057}, At each age a distribution of pulmonary functions exists, Haland et al. (2006, 156511)
found evidence that children with high ling function have a reduced risk for asthma. Islam et al.
{2007, 090497 used the CHS data to study how the association of asthrma incidence with lung
function 15 modified by long-term PM exposure. The incidence rate (JR) of newly diagnosed asthma
inereased from 9.5/1,000 person-vears Tor children with percent-predicted FEF 105 values = 120% to
20.4/1,000 person-years for children with FEF2¢ 1¢ value = 100%. Over the 1{th-90th percentile
range for FEFasqs (57.1%), the hazard ratio of new onset asthma was 'D 50 (95% CL: 035-0.71). The
IR of asthma for FEF;s.ns2 120% in the “high™ PM3 5 (13.7-29.5 pg/m’) cﬂmmumtles was 15.9/1,000
person-years compared to 6.4/1,000 person-years in “low” PMzs (5.7-8.5 pg/m’y communities. Loss
of protection 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 Phzs on the assteiation
of lung funetion with asthma. Of all the pollutants examined {NQs, PMy,, PMz 5, 2cid vapor, Os, EC,
and OC), PM; 5 appeared to have the strongest modm’m% effect on the association between lung
fupction with asthma as it had the highest R? value (0.42}. Over the 10th-90th percentile range of
FEFas3s. the hazard raf.m of new onset asthma wag .34 {95% CI: .21-00.56) In a community with
low PM; 5 {{13 7 ug/m™) and 0.76 (95% CI: 0.45-1.26) in 2 community with high PM;
{z 13.7 pg/m®). The data do not indjcate that PM exposure increased rates of incident asthma among
children with poor lung function at study entry because rates among those with poor lung function
were 3imilar in both low and high poilotion communities.

High Pl < - Communities

‘Hazard Ratlo
o
4

oso{ #75
.20 S ek
ety P=0.01
000 — 1 T T T 1
5 10 15 20 25 30
PM; s(ngfm®)

Soume: Reprinled with Permissian of BiLI Pubishing Graup LId & Bvitish Tharasic Socicty from Isam o a1 (007, GHEET)

Figure 7-3.  Effect of PMz; on the association of lung function with asthma. Community-
specific hazard ratio of newly diagnosed asthma over 10-90th percentile range
{57. 1??] of FEF z575, by level of ambient PM; ¢ (pg/m®). The 12 CHS communites
are shown.

In a prospective birth cohort study {n = £.000) in The Netherlands, Brauer et al. (2007,
090691 assessed the development of asthma, aliergic 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
madel using GI5. PM, s was associated with doctor-diagnosed asthma (OR = 1.32 [95% CI:
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1.04-1.69]) for a cumulative lifetime indieator. These findings extend observations made at2 yr of
age in the same eohort (Braver ¢t al., 2002, 035192) providing ereater confidence in the asgociation.
Mo associations were observed for bronchitis.

Kunzli et al. (2009, 121949 used the SAPALDIA cohort study discussed gﬁretriﬂusl}r in this
section 1o evaluate the relationship between the 11-yr change (1991-2002} in traffic-related PM 1y and
asthm a incidence-adult onset asthma. [n a cohort of 2,725 never-smokers without asthma at baseline
(age: 18-60 yr in 1991), subjects reporting doctor-diagnosad asthma at follow-up were considered
incident eagses, Modeled trafiic-ralated PM;; levels were used. Cox proportional hazard models for
time to asthma onset were nsed with adjustments for cofpunders. The study findings suggest that PM
cottributes to asthma development and that reductions in PM decrease asthma risk. A strong feature
of SAPALDIA is the ability to assign space, time, and source-specific pollution t¢ sach subject.
Furthet, Kunzli et al. (2008, 129258 dizeusses the impact of attributable health risk models for
exposores that are assumed to canse both chronie disease and its exacerbations. The added impact of
eausing disease increases the risk compared te enly exacerbations.

A matched case-control study of infant bronchiolitis (ICD 9 eode 466.1) hospitalization and
two measures of long-term exposure — the month prior to hospitalization (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, 490719) among 18,595 infants born between
1995-2000. For each case, 10 controls matched on date were randomly selected from birth records.
Exposure was based on PM: s measurements collected every third day. The mean distance betwsen
the subjests” residential ZIP code and the asgigned monitor was generally 4-6 mi with a maximum
distance of 30 rai. For 10 pg/m” increases in both sub-chronic and chronic PM, ; exposure, an
adjugted OR of 1.09 {95% CI: 1.04-1.14}) was observed. In multipollutant model analyses, the
association with PMa s was robust to the inclusion of gassous pollutsnts. Also, in a cohort of children
in Germany, Morgenstern et 21, (2008, [ 56782) modeled PM; s data at birth addresses foand
statistically significant effects for agthmatic bronchitis, hay fever, and allergic sensitization to pollen.

Goss et al. (2004, 035624} conducted a national study examining the relationship between air
pollutants and health effects in a cohort of cystic fibrosis (CF) patients (o= 11,484) over the age of
6 yr (mean age = 18.4, 30 = 10) enralled in the Cystic Fibrosis Foundation National Patient Registry
in 1999 and 2000. Exposure was gssessed by linking air pollution values from the closest population
monitor from the Alr Quality System (AQS) with the certroid of the patient’s home ZIF code that
was within 30 mi. The mean distance from the patient’s ZIP code to monitors for PM; 5 and PMyg
was 10.8 mi (SD 7.8) and 11.5 mi (SD 7.9}, respectively. PMa s and PM g 24-h avg were collected
every | to 12 days. CF dizpnosis involves genetic seregning panels and 2 commeon severe mutation
used 15 the loss of phenylalanmine at the 508th position. Genotyping was available in 74% of the
population and of those 3genotyped, (6% carried one or more delta F308 deletions. After adjusting for
confounders a 10 pg/m” increase in PMa - or PM | was associated with a 21% (93% CI: 7-33) or 8%
{959 CI: 2-15) increase in the odds of two or more exacerhations, respectively. The exacerbations
were defined as a CF-related pulmeonary condition requiring admission to the hogpital or use of home
intravenous antibioties. The estimate for the aszociations between pylmonary exacerbations and
PM, s and PM,, were attenuated when the models were adjusted for lung funetion. Brown et al.
{2001, 012307) found that particle deposition was Increased in CF and that particle distribution in
the lungs was enbanced in poorly ventilated rachesbronchial tegions in CF patients. Soch focal
deposition may partizlly explain the association of PM and CF exacerbation. -

Annesi-Maesano (2007, 093180% relate individeal data on asthma and allergy from 5.33%
school children gll] 4 +£0.7 y7) attending 108 randomly chosen schools n & Freneh cities to the
concentration of PM: - mnonitored in school vards. Atopic asthma was related to PMps (OR 1.43
[95% CI: 1.47-1.217) when high FM; ; concentrations (20,7 J.Lgf’maj were compared to low PMz 4
concentrations (8.7 ug/m®). The report is consistent with the results in an earljer paper (Penard-
Morand et al., 2003, 087951} in the same sample of children that related the findings to Fhs.

Kim et g, (2004, 087383} conducted a sehool-based eross-seetional study in the San Francisco
metropolitan area ie 2041 comprised of 10 neighborhoods to examine the relationship between,
traffic-related pollitants and eurrent bronchitic symptoms and asthma obtained by parental
questionnaire (n = 1,109}, They related traffic-related pollutants (PM) and bronchitic and asthme
symptoms in the past 12 mo. No muitipollutant models were evaluated becanse of the high
interpollutant correlations. PM; s levels ranged 2cross the school sites from 11 10 15 pa/m’.

Schikowsk? et al. (2005, 088637) examined the relationship betwsen both long-term air
pollution exposure and living close to busy roads and COPD in the Rhine-Ruhr Basin of Germany

December 2005 75



000187 VTA

from 1985 to 1994 using consecutfve cross-sectionsl siudies. Seven monitoring stations that were

<3 km t0 a woman's home address provided TSP data that PM 5 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 8 major road was determined using GIS. The resulis of the study suﬁ:‘gest that
long-term exposure to air pollution from Py, and 1iving near a major road might increase the risk of
developing COPD and can have a detriental effect on lung fenction. All ORs for 5-yr axposures
were stronger than those for 1-yr exposures.

It summmary, the 2004 PM AQCD evalnated the available stndies which prirmarily related
effacts to bronchitic symptoms in school-age children. New studies are using several diffarent
methods to include individual estimates of exposure to ambient PM that may reduce the impact of
exposlre error. The strength and consistency of the outcomes i3 enhanced by results being reported
by several different ressarcheis in different countries using different designs. Most recent studies
have focused on children, hut 3 few studies have also reported assoeiations in adults.

The CHS (McConnell et al., 2003, 049490} provides evidence in a prospective longiudinal
eohort study that relates PM; 5 and bronchitic symptoms and reports larger associations for within-
community effects that are less subject to confounding than between-community effects. Several
new studies report similar findings with lomg-term exposure to PMy, in areas whers fine particles are
the predominant fraction of PMis. In England, in & cohort of 4,400 children (aged 1-5 y1), 20
asgociation is seen with an increased prevalence of cough without a eold. Further evidence includes a
reduction ¢f respiratory Symptoms corresponding to decreasing PM levels o “natural experiments™
in both a cohort of Swiss school children {Bayer-Osleshy ot al., 2005, 0862435) and adults (Schindler
et al., 2009, 191950).

In 2 separate analysis of the CHS, Islam et ai. {2007, G90697) showed that PM, ¢ had the
strongest modifying effect on the association between lung function with asthma such that loss of
protection by high Tung finction against new onset asthma in high PM. s coramunities was observed
fot al] the Iunp funetion measures fram 10 to 18 yr of age. This relates new onset asthrpa to long-
term PM exposnre. In the Netherlands, Braver et al. (2007, 080691) angments the literature with dats
examining the first 4 vr of life in a birth cohort showing an asspeiation with doctor-dizgnosed
asthma. Further, in an adult cohort in the SALFALDIA study, Kunzli et al. (2009, 191949) relate Ph
to aythma incidence,

1.3.2. Pulmonary Function

Several cohort studies reviewed in the 2004 FM AQCD provided evidencs 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 =1, {2000, 012331; 2002, 426013}
found that decreages in lung function growth among school children were associated with long-term
exposurg to PM. Declines in pulmonary function were reported with afl three major PM size classes
— PMyp, P10 5 and PMys — though the three P measures were highly correlated. These resulis
were found to be consistent with results of cross-sectional analyses of Raizenme et al. (1996,
077268}, that was assessed in the 1996 FM AQCD. That study reported associations between
decreased peak flow with fine particle sulfate and fine particle acidity. Finally, In a prospective
cohort study ameng a subset of children in the CHS {n = 110} who moved to other locations during
the study peried, Avol et al, (2001, 020552) reported that thase subjects whe moved to areas of lower
FM o showed increased growth o lung funetion compared with subjects who moved to communities
with higher PM,, concentrations wha showed decrease growth in iung fupction.

7.3.21. Epidemiologic Studies

New longitudinal cohort studies have evaleated the relationship between long-term, exposure
to PM and changes in measures of pulmonary fupetion (FVC, FEV 1, and measures of exphratory
flow). Cross-sectional studies also offer supportive information {Annex E) and may provide insights
derived from within community analysis. Lung function inereases coatinue through sarly adulthood
with growth and development, then declines with aging (Stancievic et al,, 2008, 137007, Thurlbeck,
1982, 093260; Feman and Bennett, 2004, ]37178). A summary of the mean PM concentrations
reported for the long-term exposure studies characterized in this section is presented in Table 74,
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Table 74.  Characterization of ambient PM concentrations from studies of FEV, and long-temm

EXPOSUres. y
' . Wean Annual Upper Percentile
Study Locabon Concentration {pg/m” Concentrations {ug/m®
PMes
GBawlpman el . (20, (PR35 12 CHSCA communities 530
Gowdemnan f 3, (2004, BEESRT 12 CHEXA comummnities E-27
o0ss etal. 2004, 055624 us 137 T5th: 15.8
ot — o E i Range qf means saose sites: 37447
Godschi of o, (208, } Lt =3
e Aum of mean ages sites: 18.4
FMun
] Farge of Medns aomss dies: 348
Cerarzs & al, (2007, BR2RA5Y 8§ citiess in Switzeriand

A of mean across sites: A6
Rame of Mmesns soross sites: 1373
Ay of megn 3085 Sites NR

Gauderman et al. (002, T38013) 12 CHECA commnities

Fange of means acroes sies: T8

Gawdenrgn et al. (2004, 12 CHSCA commuries
n Leeem A of megn aoss ke MR,

Aol et a, {2001, 0205573 Soutem CACHS Range of means adrass sites: 15.0466.2
Teith: 92,4
Rejas-Mortinezed . (2007, (91064)  Mexio Cy. Mesica 78 4t 1127

The CHS prospectively examined the relationship between air pollutanis and lung function
{(F¥C, FEV,;, MMEF} in a cohort {n. = 1,759 of ¢hildren between the ages of 10 and 18 yr, a period
of rapid lung development (Gayderman et al., 2004, 056369y, Alr pollution monitoring stations
provided data in each of the 12 study communities from 1594-2000. The results for Oy PM ;g NO3,
PN 5, acid vapor, and EC are depicted in Figure 7-4. In general, copollutant models for any pair of
pollutants did pot provide a substantially better fit to the data than the corresponding single-pollutant
models due to the strong correlation between most pollutants. The pollution-related deficits in the
average growth in iung function over the 8-yr peniod resulted in chrically important deficits in
attained lung function at the age of 18.

Downs et al. (2007, 0928551 prospectively examined 9,651 mndomly selected adults (18-00 yr
of age) in eight ¢ities In Switzerland (see alsoAckermann-Liebrich ef al., 1997, 077537) to ascertain
the relztjonship between reduced exposure to FM |, and age-related decline in lung function (FVC,
FEV,, and FEF 2551} An evaluated statistical dispersion model (Liu et al., 2007, 093093} provided
spatially reselved concentrations of PM;, that enabled assignment to residentia] addresses for the
participant examinations in 1991 and 2002 that yielded a medizn decline of 5.3 ug/m® (IQR 4.1-7.5).
Decreasing PM, 4 concentrations attenuated the decliné in lung function. Effects were greater in tests
reflecting small aipway function. No other pollutant relationships were evaluated, though a ralated
study indicated that levels of W0; also declined over the same period (A cdkermann-Lishrich et 4.,
2005, QB7826). Generalized cross—validation essentislly chose a linear {it for the concentration-
response curve for age-related decline in lung function.

Thase data show that improvement in air quality may slow the annual rate of decling in lung
funetign in adulthood Iindicating positive consequences for public health. Further evidence on
improvement in respitatory health with reduction in air pellution levels is provided from stodies
conducted in East Getmany related to dramatic emissions reductions after the reunification in 1590
{Fryer and Collins, 2003, 156454 Heinrich et al , 2002, 034825; Sugiri et al., 2006, 0887560). This
type of “natural experiment” provides additional support Tor epidemiologic findings that relatively
low levels of airtborne particles have respiratory effects.
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Figure 74.  Proportion of 18-yr olds with an FEV, below 80% of the predicted value plotted
aganst the average levels of poliutants from 1984 through 2000 in the 12
southem California communities of the Children’s Health Study. AL = Alpine;

AT = Atascadero; LA = Lake Arrowhead; LB = Long Beach; LE = Lake Elsinore;
LM = Lompoc; LM = Lancaster; ML = Mira Loma; RV = Riverside; 3D = San Dimas;
5M = Samta Maria; UP = Upland.

In a prospective cohort study consisting of school-age ehildren (n=3,170) who were 8 yr of
age at the bepinning 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-tenm exposure to
Phg, 05 and NOs and lung funetion growth every 6 mo from April 1996 throupgh May 1999,
Exposure data were provided by 10 air quality meniter staticns lacated within 2 km of each child’s
school. The multipollutant model effect of PMp over the age of §-10 ¥t of life in this cohort on FYC,
FEV,, and FEFzs1s showed an assoetation. Single pollutant models showed an association hetween
ambient pollutants {Q;, PMyg and NOs) and deficits in lung function growth. The asseciation
between Py and FEFas.9s was not statistically significant. While the estimates from copoliutant
models were not substantially different thar single pollutant medsls, indespendent effects for
pollutants eould not be estimated accurately because the traffic-related pellutants wers correlated.
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Although'no PM- ; data were presented in this study, in a separate study Chow et al. (2002) report
that during the winter of 1997 approximately 50% of PMy, was in the PMa ¢ fraction in Mexico City.

Gorschi 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 FYC
were assessed at bageline and after 9 yr of follow-up from 21 European centers (followed-up sample
n=5610). No statistically significant associations were found between city-specific annual mean
P05 and average lung function levels which Is in contrast to the results seen by Ackermann-
Liebrich (1997, 077537) (SAPALDIA) and Schikowski et 21. {2003, (§8637) (SALIA) which
compared across far more homogenous populations than for the population assessed In the ECRHS.
Misclassification and confounding may partially explain the discrepancy in findings.

In a birth cohort {n = 2,170} in Oslo, Notvway, Oftedal ¢t al. (2008, 093202) examined effects
of exposure to PM; s and PMp on lung funetion (FVC, FEV, FEF ). Spirometry was performed in
2,307 children aged 9-10 yr in 2001-2002, Residential air pollution levels over the time period
1992-2002 were calctlated using EPISODE dispersion models to provide three Hme scales of
expogure: (1) first vear of life; (2) lifetime exposure; and (3) just before the lung function test, Only
single pollztant models were evaluated because air pollutants were highly correlated (r = 0.83-0.95).
PM exposire was associated with changes in adjusted peak respiratory flow, especially in girls. No
effect was found for forced volumes. Adjusting for contextual socioeconomic factors diminighed
associztions. Results for PM;; were similar to those for PMa -

In an exploratory study, Mortimer et al. (2008, 137280% examined the association of prenata]
and lifetime exposure 1o air pollotants using geocoded monthly average PMy, levels with pulmonary
funetion in 2 San Jeaguin Valley, California cohort of 232 children (ages 6-11 yr} with asthma. First
and second trimester PM,; exposures (based on menthly 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.

Drales et al. (2008, 156378} in a cross-sectional prevalence study examined the relationship of
pulmonary function and PM measures, other pollutants, and indicators of motor vehicle emissions in
Windsor, Ontarie, in a cohort of 2,402 sehael children. Pz 5 and PM g concentrations were
estimated for each child's residence at the postal code ievel. Each 10 pg/m’ increase in PM; s was
associated with 2 7.0%0 decrease in FVC expressed in a percentage of predicted.

In Leicester, England, investigators examined the carbon content of airwyy mactophages in
induced sputary in 64 of 114 healthy 8-15 year-0ld children {Grigg et al., 2008, 15649%; Kulkarni et
al., 2006, DB9257). The carbon content of alrway macrophages (Finch et 2l., 2002, 054603 ; $trom et
al., 1990, 137020} was used as a marker of individueal exposure to PMe. Near each child’s home,
exposure to PM, was estimated using a statistical dispersion model (Pierse et gl., 2006, 0RR73T).
The authors reported a dose-dependent inverse association between the ¢arbon content of airway
macrophages and leng function in ¢hildren and found no evidence that reduced | functigm itself
causes an increase in carbon content. Consistent results were obtained for both FWC and FEF.1s.
Cairtion should be used when interpreting these results as the accuracy of the estimates on individual
PM g exposures were not validated; there is potential for eonfounding by ethnic origing and there is
concern that the magnitude of the changes in pulmonary function associated with increased particle
area appear large {Boushey et al., 200§, 192162).

Nordling et al. {2008, 097998) dizcussed above n the respiratory symptoms section, also
reported that lower PEF at age 4 was associated with exposure to traffic-related PMyg (-8.93 L/min
[95% CI: -17.7% to -0.088]). Goss et al. (2004, 055634), discussed in Section 7.3.1.1, found strong
mverss relationships between FEVY, and PM, s concentrations in both cross-sectionsal and
longitudinal analyzes.

In summary, recent studies have greatly exparnded the evidenee available for the 2004 PhI
AQLD. The earlier CHS stiedies followed young children for 2-4 yr. New analysas have been
conducted that include longer follow-up periods of this cohort through 18 yr of age (considered early
adulthood for lung development (Stanojevic et al., 2008, 157007) and provide evidence that effects
from exposure to PMa s persist into early adulthood. Longitudinal studies follow effects over time
and are considered to provide the best evidence as opposed to studies across communities as in
cross-sectional studies. The longitudinal cohort studieg in the 2004 PM AQCD provided data for
children in one lecation in one study and new longitudinal smdies have been conducted in other
locations.

Gauderman et al. (2004, 036569) reported that PM,; < exposure was associated with clinically
and statistically significant deficits in FEY, attained at the age of 18 yr. Clinica] significanee was
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defined as a FEV, below 80% of the predictad value, a ariterton commonidy used 1o elinical settings
to identify persons at increased risk for adverse respiratory conditions. This clinical aspect is an
important enhancement over the earlier results reported in the 2004 PM AQCD. Further, the
association reporied in this study that evaloated the 8-yriime peripd into early adulthood net only

. provided evidence for the persisience of the effect, but in addition the strengih and robustmess of the
owtcomes ware more positive, larger, and more certain than previous CHS studies of shorter follow-

up.

Supporting this result are new longitudinal cohort studies conducted by other researchers in
other locations with different methods. Though these studies report results for PM) g, availabie data
discussed above indicate that the majority of PM,p i3 compesed of PM. s in these areas. New studies
provide positive results from Mexice City, Sweden, and a national eystic fibrosis cohort in the U8,
One study reported null results in a European cohort described as having potential misclassification
and confounding concerns as well a5 lacking a homogenous population potentially rendering the
outcome as non-informative, A natural experiment in Switzerland, where PM levels had decreased,
reperted that improvement in air quality may slow the apnual rate of decline in [ung function in
adulthood, indicating positive eonsequences for public health. These natural experiments are
considered especially supportive.

The relationship between long-term PM exposure and decreased lung function is thus ssen
during g growth and lupg development in school-age children into adulthood. At adult ages
studies continus to show a relattonship between decreased Jung function and lotg-term PM
exposure. Some newer studies atterpping to study the relationship of long-term PM exposure from
birth through preschool are reporting a relationship. Thus, the impact of long-tere PM exposure iz
SCFtE over the tlme period of lung fanction growth and development and the decline of lung fimetion
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 acrogs several desipns, locations, and regearchers, With eautions noted,
the results relating catbon comtent of airway macrophages 1o decreased measures of pulmonary
funetion add plausibility to the epidemiclogic findings. Some new studies are ysing individual
estimates of exposure to ambient PM to redece the impact of exposure error (Downs et al., 2007,
0923853: Terrett et al., 2005, 087381).

As was found in the 2004 PM AQCD, the studies report associations with PMs s and PM,,,
while most did not evaluate P50 5. Associations have been reported with fine particle components,
particularly EC and OC. Source apportfonment methods penerally have not been used in these long-
term exposure studies. However, numerows studies have evaluated exposures to PM related to traffic
or motor vehicle sources. For example, Meng et al. (2007, 093275) investigated the associations
between traffic and outdoor pollution levels and poorly controlled asthma amonp adults who were
respondents to the California Health Interview Survey and found associations for traffic density and
PMp, but not PMas.

1.3.2.2. Toxicological Studtes

Urban Air

One new study evaluated the effects of chronic exposure to ambient levels of urban particles
on lung developtnent in the mouse (Mauad et al., 2008, 156743}, Both functiona] and anatemieal
indices of lung development were measured. Male and female BALB/c mice were continnously
exposed to ambient or filiered Sao Paclo air for § mo. Concentrations in the “polluted chamber”
versus “clean chamber™ were 16.5 versus 2.9 pg/m” PM; ;. Thus PM levels were reduced by
filiration but not extirely eliminated. Ambient concentrations of CO, NO, and 50; weare 1.7 ppm,
894 pg/m® and 8.1 pgim’, respectively. Concsntrations of aseous poliutants wers assumed to be
similar to arnbient levels in both chambers, After 4 moa, the animals were mated and the offspring
were divided into 4 groups to provide for a prenatal exposure group, a postnatal exposure group, a
pre and postnatal exposure group and a control group. Animals were sacrificed at 15 and 90 days of
age for higtological analysis of lungs. Pulmoenary pressure-volume measurements were also
condusted in the $0-day-old offsprng. Statistically significant reductions in inspiratery and
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expiratory volumes were found in the group receiving both prenatal and postnatal exposure, but not
in the groups receiving only prenatal exposure or only postnata] exposure, compared with controls.
These changes in pulmonary funection correlated with anatomical changes which are discugsed in
Section 7.3.5.1. PO

Diesel Exhﬁust

Li et al. (2007, 155929; exposed BALB/c and C56BL/6 mice to clean air or to low-dose DE
{at a PM concentration of wzm®) for 7 hiday and 5 dayyweek for 1, 4 and 8 wk, Average gas
concentrations were teported to be 3.3 ppm CQ, 2.2 ppm NCo, and less than §.0] ppm $O;. Airway
hyperresponsiveness (AHR) was evaluated by whole-body plethysmography at Day 0 and after 1, 4
and & wk of exposure. Short-term exposure responses are digeussed in Section 6.3.2.3, 5,333 and
6.3.4.2. The increased sensitivity of airways to methacholine {measured as Penh) seen in C57BL/6
burt oot BALB/c mice at 1 week was also seen at 4 wk but not at § wk. This study suggests that
adaptation ocours during ptolonged 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 no attempt was made in this study to determine the effects of gaseous components of DE
on the measwred responses, concentranons of gases were very low suggesting that FM may have
been responsible for the observed effects.

In many animaf studies changes in ventilatory patterns are assessed using whole-body
plethysmography, for which measutements are reported as enhanced pause (Penh). Some
investigators report increased Penh as an indicator of AHR, but these are inconsistently correlated
and many investigators consider Penh solely an indicator of altered ventilatory timing in the absence
of other measurements to confirm AHR. Therefire use of the terms AHR. or airway responsivenass
has been limited to instances in whigh the terminology hag been sitnilarly applied by the study
inyestigators,

Cottipolu et al. (2009, 1903460) exposed WKY and 5H rats to fiitered air or DE (particulate
concentration 500 and 2,000 pg/m™y for 4 hiday and 5 days/wk over & 4-wk peniod. Concentrations
of gases were 1.3 and 4.8 ppm CQ, NC <2.5 and 5.9 ppm NO, <0.25 and 1.2 ppm NQ,, 0.2 and
(.3 ppra 50, for low and high PM exposures, respectively. Particle size, measured as geomstric
median number and volume diameters, was $5 and 220 wm, respectively. Wo DE-related effects were
found for breathing parameters measured by whole-body plethysmography, Gther pulmonatry 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
Browa MNorway rats. Rats were exposed 3 k'day and 5 days/week for 4 and 12 wk to air or to
concentrated wood smoke from the pinyon pine which is native to the U.S. Southwest szesfai gziet
al., 2002, 25575y PM concentrations in the woodsmoke were 1,000 and 10,000 pg/m®. The
particles in this woodsmoke had a bimodal size distribution with the smaller size fraction {74%)}
characterized by 2 MMAD of 0.405 pm and the larger size fraction (26%) characterized by a
MMAD of 6.7-11.7 pm. Many of these larper particles would not be inhalable by the rat since 8 pm
MMALD particles are about 30% inhalable (Ménache et al., 1995, 006353}, Concentrations of pases
were reported to be 15-106.4 ppm CO, 2.2-18.9 ppm NO, 2.4-19.7 ppm NCh and 3.5-13.8 ppin total
hydrocarbon in these exposures. Respiratory function measured by whole-body plethysmography
demonsirated a statistically significant 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 7.3.3.2 and 7.3.5.1).
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7.3.3. Pulmonary Inflammation

7.3.3.1. Epidemiclogic Studies

One epidemiologic study examined the relationship of airway inflammation (eNG) and PM
measures, other pollutants, and indicators of motor vehicle emissions in Windsor, Ontario (Dales et
al., 2008, 1536378). This cohort of 2,402 school children estimated PM; 5 and PM o0 5 Tor each child’s
residence at the postal code level with an evaluated statistical model (Wheeler et 2], 2006, 103505).
Each 10 pg/m’ increase in 1-yr PMas was associated with 2 39% increase in eNO (p = 0.053).
Asspciations between eNO and PMig. < were positive but not statistically significant.

7.3.3.2. Toxicological Studies

CAPs Studies

4 set of subchronic studies involved exposure of normal (C57BL1/6) mice, ApoE™ and the
double-knockout ApeE"/LDLR™ mice to Tuxedo, NY CAPs for 5-6 month {March, April or May
throngh Septemgber 2003 {Li?pmann et al., 2005, 087452). The average PM; 5 exposize
coneentration was 110 pag/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 found vpregulation of numerous genes in lung
tissue (Gurmisen and Chen, 2005, 087936). An in vitro study conducted simultaneously found daiiy
vartations in CAPs-mediated NF-«B activation in cultursd human bronchial epithelial cells,
suggesting that transeription factor-mediated pene upresulation ¢ould occur in response to CAPs
(Maciejezyk apd Chen, 2005, 087456). It should be noted that significant cardiovascular effects were
observed in these subchronic smdies which are discussed in Section 7.2.1.2,

Aravjo et al. (2008, 156232) compared the relative impact of UF (0.01-0.18 pm) versus fine
{0.01-2.5 um) PM inhalation in ApoE™ mice following a 40 day exposure (5 h/iday=3 daysiwk for 75
tota] hours). Animals were fed 2 normal chow diet and exposed to PM from November 3 -December
12, 2005 in a mobile inhalatiom Jaboratory that was parked 360 m from the 110 Freeway in
downtown Los Angeles. Particles were concentrated to ~440 pg/m” for PMa : expostres and
~110 pgim’ for the UF exposures, representing 2 roughly 15-fold increase in concentration from
ambient levels; the number concentration of FM in the fine and UF chambers were roughly
equivalent (4.56> 10° and 5.59x10° particles/em’, respectively). Over 50% of the UFPs were
comprised of OC cormpared to only 25% for PM; 5. No major increase in BALF inflammatory cells
was found in respénse to PM. However UFP exposure resulted in significant cardjovascalar and
systemic effects (Section 72.1.2),

Diesel Exhaust

Cottipoln et al. {2009, 1903600 exposed WY and 5H rats to filtered air or DE for 4 wk as
deseribed in Section 7.3.2.2, Previous studies from this [aboratory have shown enhanced effects of
PM io SH compared with WEY rats. Although the main focns of this recent study was on DE-
induced mitechondtial exidative stress and hypertensive gene expression in the heart
(Saction 7.2.7.1}), somée pulmaonary effects were also found. Subchropic exposure to DE resolted in 3
dose-dependent increase in BALF neutrophils in both 1at strains altheugh levels of measured
eytokines were not altered. Hizstological analysis of lung tissue fiom rats exposed to the higher
concentration of DE demongstrated accumunlation of particle-laden maerophages 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, 006404} exposed Wistar rats to filtered air and DE containing
200, 1,000 and 3,000 ugx‘nf PM for 16 hiday and 6 daysiwk for 6, 12, 13 ar 24 mo. The mass median
particle 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, .23-4.57 ppm 50;,1.8-21.9 ppm CO in the DE exposures. Statistreally
significant increases in total nurpbers of inflammatory cells and neutrophils in BALF were observed
beginning at 6-12 mo of exposurs to DE comtaining 1,000 and 3,000 ug/m’ PM. When rats were
exposed to DE containing [,000 pg/m” PM, which was filtered to remove PM, the inflammatory cell
Tesponse was significanty diminished. These results implicate the PM fraction of DE as a key
determingnt of the inflammation. The PM fraction was also found to mediate the incresse in protein
lewvels, the dectease in PGE;z levels and alierations in mucus and surfactant components observed in
BALF {Section 7.3.5.1).

Li et al. (2007, 153929) exposed BALB/c and C56BL/6 mice to low dese DE as described in
Section 7.3.2.2. for 1,4 and & wk. Increases in numbers of BALF macrophages and total
inflammatory cells were observed in BALB/c mice at § wk but not 4 wk of DE exposure. Persistent
inereases in numbers of BALF newtrophils and lymphocytes were observed in both straing at 4 and
% wk of DE exposure. Corresponding increases in BALF cytokines differed between the two strains.
These rasulte should be interpreted with cantion since comparisons were made with Day O controls
tather than age-matched controls. Ne histopathological changes in the lungs were seen at any time
point after DE exposure. This stud{Idemuns‘a'zted differences in pulmonary responses to low dose
DE between two mouse strains. AHR, pulmonary inflammation, markers of oxidative stress and
effects of antroxidant intervention were aiso evaluated (Sections 7.3.2.2 and 7.3.4.1}. Although ne
attempt was made in this stody to determine the effects of gaseous components of DE on the
measured responses, concentrations of gases were very [ow suggesting that PM may hawve been
regpensible for the observed effects.

In 2 study by Hiramatsu et al. {2003, 155848), BALB/c and C57BL/6 mice were exposed o
DE (PM concentrations 100 and 3,000 pg/m”y for 1 ‘or 3 mo. Concentrations of FASES Were reporied
to be 3.5-9.5 ppm CO, 2.2-14.8 ppm NO., and less than (.01 ppm 502 Modest Increases in BALF
neutrophils and I}'mphuc}"rﬂs werg observed in response to DE in both monse straing at 1 and 3 mo.
Histological analysis demonstrated diesel exposure particle-laden alveolar macrophages in alveoli
and peribronehial tissues at both time points. Bronchug-associated (ymphoid tissue developed after
3-month exposure to the higher concentration of DE in both touse siraing. Mac-1 positive cells (a
marker of phagocytic activation of alveolar macrophages} were also Increased in BALF of BALBE/:
mice exposed to the higher concentration of DE for 1 and 3 mo. [ncreased expression of several
cytokines and 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 exposure to the lower concentration of
DE. Ne attempt was made in this study to determine the responses to gaseous components of the DE.

In a study by Raed et al. (2004, 055825, healthy Fisher 344 rats and 4/7 mrice were exposed to
DE (PM soncentration = 30, 100, 300 and 1,000 ug/m™} by whole body inhalation for 6§ hiday,

7 days/wk for either 1 week or 6 me. Concentrations of gases were reported 10 be 2.0-45.3 ppm NO,
0.2-4.0 ppm NO,, 1 5-20.8 ppm CO and B-365 ppb 80, Short-term responses are diseussed in
Section 6.3.3.3 and 6.3.7.2, and sub-chromic systemic effects are presented in Section 7.2.4.1. Six
months of exposure resulted in no measurable effects on pulmonary ivflammation. However
numerous black particles were observed within alveolar macrophages afier 6 mo of exposure.

Seagrave et al. {2003, 088000) evaluated pulmonary responses in male and female CDF
{F- 344]|ICr1EIR rats expesed 6 h/day for & mo to filtered alr or DE at concentrations ranglng from
30-1000 pg/m® PM. Concentrations of gases were reported for the highest exposure ag 45.3 ppm NO,
4.0 pptn NOs, 29.8 ppm CO and 2.2 ppm total vapor hydrocarbon, No changes in BALF cells were
neted. A small deerease in TNF-¢¢ was seen in BALF of female rate exposed to the highest
coticentration of DE for % mo . Pulm onary injury also was evaluated (Section 7.3.5.1). Thus changes
in BALF markers weie modest and gender-specific.

Woodsmoke

Seagrave et al. (2003, D&3000) also evaluated pulmenary responses in male and female CDF
(F344)/CrIBR rats exposed 6 hfda}r or 6 mo to filtered air or hardwood smoke concentrations
rangmg from 30-1,000 pg/m® PM. Concentrations of pases were reported for the highest exposure as
3.0 ppm CO and 3.1 ppm total vapor hydrocarbon. A small incresse in BALF asutrophils was
ohserved 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. Pulmonary 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 & parallel study. However
these gender-specific responses were modest and difficult to interpret.

In a study by Reed et al. (2006, 156043), Fisher 344 rats, SHR rats, A/J mice and
C57BLAG m:ce were exposed to ¢lean air or hardwood smoke (PM concentrations 30, 100, 300 apd
1,000 pg/m®) by whole body inhalation for 6 hiday, 7 daysfwk for efther 1 week o1 6 mo.
Concentrations of gases ranged from 229.0-14887.6 mg/m’ for CQ, 54.9-139.3 pg/m” for ammonia,
and 177.6- 3455.0 up/m® nonmethane VOC in these eXposures. Short-term responses are discossed
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
kacterial clearance are discussed below {Section 7.3.7.2).

Another stdy evalgated the effects of subchronic woodsmoks exposure in Brown Norway rats
and is described in detail in Section 7.3.2.2 (Tesfaigz et al., 2002, 025575} Numbers of alveoiar
macrophages in BALF were significantly increased in rats ExPc-sed to 1,000 ng/m’ woodsmoke for
12 wk, but no chanpes were seen in numbers of other inflammatery cells. A farge percent of BALF
macrnphages contained carbonaceous material. Histological aralysis of lung iissue showed minimal
to mild inflammation in the epiglotiis of the larynx in rats exposed to both concentrations of
woodsmoke.

Ramos et al. (2009, 190118) examined the effects of subchronic woodsmoke exposurs on the
development of emphysema in guinea pigs. Inflammation is thought to be involved 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 monoooclear
phagocytic and lymphocytic peribronchiolar inflammation were observed by histological analysis of
[ung tissne. This study is disenssed in depth in Section 72.5.1.

Model Particles

Wallenborn et al. (2008, 191171) examined the pulmonary, cardiac and systemic effects of
subchrc-ruc exposure to particulate Zn30,. WKY rats were exposed nose-only to 140, 30, or
100 pg/m” UFP of ZnS0, for 5 h/day and 3 day/wk overa 16-wk period. Particle size was reported
10 be 31-44 nm rpessured as number median diameter. No changes in pulmonary inflammation or
Injury wers observed although cardiac effects were noted (Section 7.2.7.1). This study possibly
demonstrates a direct effect of Zn50, on extraprulinonary systems, as supeested by the lack of
pulmenary effects.

7.3.4. Pulmonary Oxidative Response
7.3.4.1. Toxicological Studies

Urban Air

-0One new study evaluated the effects of subchronic exposure to ambient Javels of whan
particles on the development of emphysema in papain-treated mice (Lopes et al., 2009, 1904305
Since oxidative stress is thought to eontribute to the development of emphysema, 8-isoprostans
levels were measured in lung tissue from the four groups of mice used In this study. A statistically
significant increase in 8-isoprostane, a orarker 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 1o Section 7.3.5.].
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Diesel Exhaust .- . -:

Li et al. (2007, 135929) exposed mice to low dose DE for 1, 4 and 8 wk as described in
Section 7.3.2.2. Markers of oxidative stress and effects of antioxidant intervention were gvaluated in
this model, While HO-1 mBNA, and protein were increased in Jung tissues of both mouse strains
aftetr 1 week of DE exposire {Section 6.3.4.2), at 8 wk of DE exposure, HO-1 protain levels
remained high in C57BL/6 mice but returned to contrel values in BALB/¢ mice. This study
demenstrates differences In pulmonary responses to low dose DE between twp mMouse sirains.
Furthermore, this study suggests that adaptation ocgurs in BALB/c mice during prolonged DXE
exposure since the increase in HO-1 protein seen in both strains at 1 week of exposure was only seen
in C57BL/6 mice at § wk. AHR ({Sectfon 7.3.2.2) and pulmonary inflammation {Section 7.3.3.2)
were also evaloated. Although no atternpt was made in this study to determine the effects of gaseous
components of DE on the measured responses, concentrations of pases weare very low. This suggests
that PM may hawve been responsible for the gbserved effects.

7.3.5. Pulmonary Injury
71.351. Toxicological Studies

Urban Air

One new study evaluated the effects of chronie exposure to ambient levels of urban particles
on lung development in the mouse (Mauad et al., 2008, 156743). Both functicnal and anatomical
indices of lung development were tneasured in mice exposed prenatylly and/or postnatally as
deseribed in Section 7.3.2.2. Animals were sacrificed at [5 and 90 days of age for histological
analysis of lungs. Histological analysis demonstrated the presence of mild foci of macrophages
containing black dots of carbon pigment in the prenatal and postratal exposure group at 90 days. In
addition, the alveolar spaces of 15-day old mice in the prenatal and postmatal exposure group were
enlarged compared with controls. Morphometric analysis demonstrated statistically significant
decreases in surface to volume ratio at 15 and 90 days in the prenatal and postnatal exposure group
compared with controls. Since alveolarizetion is normally complete by 15 dayvs of age, these results
suzgest incomplete alveolarization in the 15-day-old group and an enlargement of air spaces in the
40-day-old group. These anatomical changes correlated with decrements in pulmonary function
which are disengsed in Section 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 naszl cavity of mice, specifically increased production of acidie
mucosubstances (Pires-Neto et al., 2006, 096734). Sheday-old Swiss mice were continuously
chatnber exposed to ambient or filtered 530 Pauly air for § mo. Concentrations in the “polhred
chamber” versus “clean chamber” were (in ug/m’) 59.52 versus 37.08 for NOs, 12.52 versus 0 for
BC. and 46.49 versus 15.62 for PMzs- Thus, pellutant levels were reduced by fltration but not
entirely eliminated. Compared to filtered ait, exposure to ambient air resulted in increased total
mucus and acidic mmeus In the epithelium lining the nasal septurn, but no statistically significant
differences in other parameters {amount of neutral mucus, volume proportions of newtral muens,
total mucus, ot nonsecratory epithelivm, epithelial thicleness, or ratio between neuytral and acidie
mucus) The physicochemical propertiss of mueus glycoproteins are critical to the protective
function of the airway mucus layer_ Acidified mucus 15 more viseous, and is associated with a
deerease in mucoeiliary transport. Thus acidic mucosubstances may represent impaired defense
mechanisms in the respiratory ract.

One new study evaluated the effects of subchronic exposure to ambient levels of urban
particles on the development of emphysems in papain-mreated mice (Lopes et al_, 2009, 190430},
Emphysema is 2 form of COPD caused by the destruetion of extracellular matrix in the alveglar
region of the lupg which results in airspace enlargement, airflow limitation and a reduection of the
gas-exchange area of the lung. Inflammation, oxidative stress, protease imbalance and apoptosis are
thought to contribute to the development of emphysema. In this study, male BALB/c mice wers
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continucusly exposed 1o ambient or filtered Sac Paulo air for 2 mo. Concentrations of PMa s in the
“polluted chamber” versus “clean chamber” were 33.86 £ 2.09 versus 2.68 £ (.38 pug/m’. Thus
filiration reduced Ph levels considerably. Ambient concentrations of CO and 80, were 1.7 ppm and
16.2 pg/m’ respectively. No significant difference was observed in the concentrations of NO- in the
“polluted chamber” versus “clean chamber” (60-80 pg/m®). Half of the mice were pre-treated with
papain by intranasal instilation in order to induce emphyseme. Morphometric analysis of himg tissue
demonstrated a statistically significant increase in mesn linear intercept, 3 measure of airspace
enlargement, in papain-treated mice compared with salins-treated controls exposed to filiered air.
While exposure to ambient air failed to inersase mean linear intercept values n saline-treated mice,
mean linear intercept values were significantly increased in papain-treated mice exposed to ambient
air compared with papain-treated mice exposed to filtered air. A similar pattern of vesponses was
observed for the volume proportion of eollagen and elastin fikers in alveclar tissue, which are
markers of alveolar wall remodeling. Lung immunohistochemical 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
botween the four groups of mice. Oxidative stress was gvaluated in thiz medel as desceribed in
Section 7.3.4.1. Taken together, results of this study demonstrate that urban levels of PM, mainly
from traffic sources, worsen protesse-induced emphysema in an animal medel.

Pulmensry vaseular remodeling, measured by a decrease in the lumen to wall ratio, was
observed in mice exposed to ambient 3o Paulo sir for 4 mo (Lemos et al., 2006, 088594). This
study is described in greater detail in Section 7.2.1.2.

Kato and Kagawa (2003, 089563) exposed Wistar rats to roadside air contaminated mainly
with automobile emissions (55.7-63.2 ppb NO; and 63-65 pe/m’ suspended BM [SPM]} and
examnined the effects on respiratory tissue after 24, 48, or 60 wk of exposure. The surface of the
Inngs was light gray in color after all durations of exposure, and BC particle deposits accumulated
with prolenged exposure. These characteristics were not evident in filtered air-exposed sontrol
animals, although filtered air contained low levels of air pollutants (< 6.2 ppb NO; and 15 ug/m’
SPM}. The raost common change observed using tnsmmsston electron microscopy was the presence
of particle lader (anthracotic) alveolar macrophages, or anthracosis, in a wide range of pulmonary
tissues, including the submucosa, trachesl- and bronchiole-associated lymph nodes, alveolar wall
and space, pleurs, apd perivascular conpective tissue, These changes were evident after 24 wk and
inersased with duration of exposure. Othet changes included increases in the number of mueus
granules in gobiet cells, mast cell infilation (but ro degranulation) after 24 wk, inereased
Iysnzomes in ciliated cells, some altered morphology of Clara eells, and hyperirophy of the alveslar
walls after 48 wk. No goblet cell proliferation was observed, but slight, variable acidification of
mrucus granules appeared after 24 and 48 wik and disappesred after 60 wk, Anthracotie macrophages
wete $een in contact with plasma cells and lymphocytes In the lymphoid tissue, snggesting immuone
cel} interaction in the immediate vicimity of particles. Even after 60 wk, no lymph node anthracosis
was observed in the filtered air group.

In a post-mortem study of lung tissues from 20 female lifeloag residents of Mexico Clty, a
high PM locals, histolory demonstrated significantly greater amounts of fibrous tissue and muscle in
the airway walls compared o sabjects from Vancouver (Churg et al., 2003, 087898, a city with
relstively low FM levels. Eleciron mieroscopy showed carbonaceous aggregates of UFPs, which the
authots conclude penetrate into and are retained in the walls of smali airways. The study shows an
assoclation between retzined particles and sirway remodeling in the form of exeess muscle and
fibrotic walls. The subjects were deemed suitable for exarnination based on vever-smoker status, no
use of biomass fuels for eocking, no kntwn cccupational particle/duest exposure, death by cause
other than respiratory disease, and extended residenee in each locale {lifelorp for Mexico City and
>20 yr for Vaneouver). However, subjects from the two [ocales were not matched with respect to
ethnicity, sex (20 females from Mexico Citv versns 13 females and 7 males from Vancouver), or
mean age at death (66 = % varsus 76 £ 11}, and other possibly influential factors such as exercise or
dier were not considered.

Diesel Exhaust

Gorttipolo et al. (2009, 1903607 exposed WKY and SH rats to filtered air or DE as described in
Sectiont 7.3.2.2, Previous studies from this laboratory have shown enhanced effects of PM in SH
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compared with WKY 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 2.7 1), some
pulmonary effects were found. Inflammarory effects are described in Section 7.3.3.2, GGT activity
in BALF was incteased in both strains in response to the higher concentration of DE. No DE-telated
changes were observed in BALF protein or albumin. Histelogical analysis of lung tissue from rats
exposed to the higher concentration of DE demonstrated accurmilation of particle-laden
macrophages as well as focal alveolar hypetplasia 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 statictically s1gmfic3nt increase in BALF protein was observed at 12 mo of
exposure to DE contsining 1,000 up/m’ PM. This fesponse was attenuated when the DE was filtered
to remove PM. Polmonary mﬂammatmn was noted and is deseribed in Section 7.3.3.2.

Seagrave et al. (2005, 088000} evaluated pulmonary responses ix rats exposed to DE for up to
6 mo as described in Section 7.3.3.2. A small increase in LDH was seen in BALF of female rats
exposed to the highest concentration of DE for 6 mo. Pulmonary inflamoation was also evaluated
{Section ¥.3.3.2). The changes in BALF markers in this study were modest and pender-specific.

Gasoline Exhaust

Eeed et al. (2008, 156803) examnined a variety of health effects following subchrenic
inhalation exposure to gasoline engine exhanst. Male and female CDF (F344)CrIBR rats, SHE. rats
and male C37BL/6 mice were exposad for 6 h'day and 7 daysiwk for a period of 3 days-6 me. The
dilutions for the gasoline exhaust were 1:10, 1:15 and 1:99; 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 5.0% 107 particlesiom’. Concentrations of gases ranged from 12.8-107.3 ppm €Q, 2.0-17.9 ppm
NO, 0.1-0.8 ppm WO, 0.09-0.62 ppm 50; and 0.38-3.37 ppm NH,. Other effects are described 1n
Sections 7.2.4.] and 7.3.6.1. No pulmonary inflammation or histopathelegical changes were noted in
the F344 rats and AST mice, except for a tirne-dependent inerease in the pumber of macrophages
containing PM. However statistically significant increases of 47% and 29% in BALF LDH were
observed in female and male F344 rats, respectively, after & mo of exposure to the highest
concentration of engine exhanst. 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 LN A was observed in male F344 rats following 6 moe of exposure to gasoline exhaust
containing 30 pg/m” PM. This response was PM-dependent since it was absent in mice exposed to
filtered gasoling exhanst. The significance of this ¢pigenetic change in terms of regpiratory health
effects is not kmown. However, altered patterns of DMNA methylation can affect gene expression and
are sometimes associated with altered jmmune responses and/or the development of cancer.

Woodsmoke

Seagrave et al. (2005, 088000) also evaluated pulmeonary responses in rats exposed to
hardwood smoke for 6 mo as described in Section 7.3.3.2. Increases in BALF LDH and protein were
seer, in male but not female rats. Female rats exhibited a decrease in BALF glutathione at the highest
concentration of hardwood smoke. Decmases in BALYF alkaline phosphatase were found in both
males and females exposed 1o 1,000 ug/m* hardwood smoke. Male rats exposed to 100 and
300 pg/m’ hardwood smoke exhibited a decrease in BALF B-glucuronidase activity. Pulmonary
inflammation was alse evaluated (Section 7.3.3.2). These changes in BALF markers in this study
were modest and gender-specific.

Ancother study evaluated the effects of subchromic woodsmoke exposure In Brown Nunvay rats
as degeribed in Section 7.3.2.2. (Tesfalpzi et al., 2002, 025575} Exposure to 1,000 ngim®
woodsmoke forl2 wk resulted in 2 starigticaliy mgmﬁcant Inerease in Alcian Blue- {(AB) and
Periodic Acid Schiff- (PAS) positive airway epithelial cells compared to contrels, indicating an
increase in mucous secretory cells containing neutral and acid mucus, rcsPeactively. More significant
histopathelogical responses were found following exposure to 10,000 pg/m” of DE. Pulmonary
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function and inflammation were evaluated also but are net discuszed here due to the extremely high
exposurs ievel {Sections 7322, and 7533 2).

Rameos et al. (2009, 180116) examined the effects of subchronic woodsmoke exposure on the
development of emphysema in guinea pigs. In particular, the involvement of macrophapes and
macrophage—derived MMP in woodsmoke-related responses was investigated. Guinea pigs were
exposed t¢ ambient air or t whole smoke from pine wood for 3 h'iday and 5 days’wk over a 7-month
period. PM g agd PM; ; comcemirations in the exposure chambers were reported to be 502 + 34 and
363 £ 23 up/m®, respectively, while the concentration of CO was less than 80 ppm. COHb levels
were reported to be 6% in controls and 15-20% in gmoke-exposed guines pigs. Statistically
significant decreases in body weight were observed in puinea pigs exposed o smoke for 4 of more
months compared with controls. Statistically significant increases in total pumbers of BALF cells
were observed In guinea pigs exposed to smoke for 1-7 mo, with numbers of macrophages Increased
at 1-4 month and numbers of nectrophiis increased at 4-7 mo. At 4 me, alveolar mononuclear
phagocytic and lymphocytic peribronchiolar inflammation, as well as brenchiolar epitheiial and
smooth muscle hyperplasia, were observed by histological analysis of lung tissue. Emphysematons
lesions, smooth musele hyperplasia and pulmonary arterial hypertension were noted at 7 mo.
Morphometric analysis of [upg tissue demonstrated statistically sipnificant increases in mean linear
imtercept values, a measure of airspace enlatgement, in guinea pigs at 6 and 7 mo of exposare.
Statigtically significant increases in elagtolytic activity was observed in BALF macrophages and lung
tissue homogenates at 1-7 mo of exposure. Lung collagentlytic activity was also incteased at 4-7 mo
of exposure and corresponded in time with the presence of active forms of MMP-2 and MMP-9 in
[ung tissue homogenates and BALF. Furthemmore, MMP-1 and MMP-9 imwunoreactivity 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 found in smoke-exposed puinea pigs after
3-7 mo. Apoptosis was found in BALF macrophages (TITNEL assay) from guinea pigs exposed to
smoke for 3-7 mo and in alveolar epithslial cells (caspase-3 immmunoreactivity) after 7 mo. Taken
together, these results provide evidence that subchronic exposure to woodsmoke leads to the
deve]spment of emphysematous lesions accompanied by the acoumnlation of alveclar macrophages,
increased levels and activation of MMPs, connective tissue rernodeling and apoptosis. However, the
high levels of CO and COHbY reported in this study make it difficult to conclude that woodsmoke PM
alone s responsible for these dramatie effects.

7.3.6. Allergic Responses

7.3.6.1. Epidemioclogic Studies

A number of epidemiciogic studies have found associativns between PM and allergic (or
atopic) indicators. Allergy is a major drver of asthma, which has been associated with PM in studies
discargsed in previous sections. In a study by Annesi-Maesano (2007, 093180) (deseribed in
Section 7.3.1.1) atopic asthma was related to PMa< (OR 1.43 [95% CT: 1.07-1.91]) and positive skin
prick test to common allergens was alse Increased with higher PM levels, This report is consistent
with the results from an earlier study (Penard-Morand et al., 2005, 087951 in the same sample of
children that associated allergic thinitis and atopic dermatitis with Phi. Also, Morgenstern et al.
{2008, 156783} found statistically significant effects for asthmatic bronchitis, hay fever, and allergic
sensitization to pollen in a cohort of children in Germany examining modeled PMo.; data at birth
addresses. Distance to 3 main rozd had 4 dose-response relationship with sensitization to outdoor
allergens. Nordling et al. (2008, 097908} {discussed above in Section 7.3.2.1) reported a positive
association of PM;g exposure during the first year of life with allergenic sensitization (IgE
antfbodies) to inhaled aflergens, especially pellen. In a study by Brauer et al. {2007, {90591)
(dizeussed above in Section 7.3.1.1) 2n interquartile range increase in PM; swas associated with an
mmereased risk of sensitization to food allergens (OR 1.75 [95%4 CI 1.23-2.47]). A signifreant
association was found for sensitization to any aflerzen, but none was found for sensitization to
specifie indoor or outdpor aeroallergens or atopic dermatitis {eezema). In a study by Janssen et al,
(2003, 133353), PM, ; was associated with allergic indicators such as hay fever (ever), skin prick test
reactivity to eutdoor allergens, cwrent itchy rash, and copjunctivitis in Dutch children. These same
outcomes were also asstciated with proximity of the school to truck taffic but not car traffic,
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suggesting a role for diesel-related pollution. Consistent with the aforementioned Duteh study by
Brauer et al. (2007, 0906917, PM.: s was not asseciated with eczema.

Mortimer et ai. (2008, 187280) examined the asseciation berween prenatal and early-life
exposures to air pollutants with allergic sengitization 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 PMpand €O during the entire pregnancy and 2nd trimester and higher PM g during the
firet 2 yr of life. Sensitization to 4t least one indoor allergen was assoelated with higher exposures to
PMygand CO in during the entire pregnancy and during the Znd trimester. However, no significant
associations remained for PM,, after adjustment for copeliutants, effect modifiers, or potential
cofounders in addition to year of birth. The axthors advise that the large number of comparisons may
be of concern and this stady should be vigwed as an exploratory, hypothesis-generating nndertaking.
In examining the National Health Interview Survey for the years 1997-2006, Bhattacharyya et al.
2009, 1801341 found relationships between air quaiity and the prevalence of hay fever and sinusitis.
However, the air quality data were not clearly defined and as such caution is required in
interpretation of these results. In contrast, Bayer-Oglesby et al. (2005, 086245) found no significant
associanion between declining levels of FM,, and hay fever in Switzerland. In 2 study by Oftedal et
al. £2007, 191948) conducted in Oslo, Norway, eatly-life exposure to PM i or PMz s was generally
not associated with sensitization t¢ allergens in 9- to 10-yr-old children; lifetime exposures to PM g
and PMz s were associated with dust mite allergy, but the association was diminished by adjustment
for speiceconomic factors . In Norway, wood burning in the wintertime is theught to aceoumt for
about half of the PMa s levels. Although associations between PM and reactivity to specific allergens
have been reported in long-term studies, there is 3 consistent lack of somrelation between PM and
total TgE levels, indicating a selective enhancement of allergic responges.

7.3.6.2, Toxicological Studies

Diesel Exhaust

Exposure to relatively low doses of DE has been shown 1o exacerbate asthmatic responses in
ovalbumin (OVA}Y sensitized and chailenged BALB/c mice (Matsumoto et al., 2006, 098017). Mice
were Intraperitoneally sensitized gnd intranasally challenged 1 day prior to inhalation exposure to
DE (PM concentration 100 pug/m’; CO, 3.5 ppm; N0y, 2.2 ppm; $O; <0.01 ppm) for 1 dayor 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 Sectfon §.3.6.3. It should be noted that control mice were left in a clean
Toom a5 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 ¢nly RANTES significantly elevated after 8 wk. DE
bad no effect on OVA chailenge-induced peribronchial inflammatory or mucin positive cells. These
results suggest that adapitive processes may have oceurred during prolonged exposure to DE.

Gasoline Exhaust

In a study by Reed et al. (2008, 156903 :E, BALB/c toice were exposed to whele gasoline
exhaust dituted 1:10 (H), 1:15 (M), or 1:90 (L), filtered exhaust at the 1:10 (HFY, or clean air for

6 hiday {atmospheric characterization described In Seetion 6.5.6.3). GEE exposure from eoncepiion
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 eosinophils. Significant increases in
total serum IgE were observed, but this effect persisted after filtration of particles and was thus
attribured to gas phase components.
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Woodsmoke

In a study by Tesfaigzi et al. {2005, 1561186), Brown Norway rats were sensitized and
challenged with OVA. Rats were exposed for 70 days to filtered air or to 1,000 pg/m” hardwood
smoke. Particles were charucterized by a MMAD of 0.36 wm. Cencentrations of gases were reparted
to be 13.0 ppm CO and 3.1 ppm total vapor hydrocarbon with negligible NOw. Respiratory function
was measured In anesthetized animals by whole-body plethysmography apd demonstrated a
significant increass in functional regidual capacity as well a3 a significant increase in dynamic Jung
compliance in hardwood smoke-exposed animaly comparsd to controls. No change in total
pulmonary resistance of airway responsiveness to methacholine was observed. BALF inflammatory
cells were not increased, although histelogical analysis demonstrated focal inflammation including
granulematous lesion and eosinophilic infiitmations in hardwood smoke-exposed rats. Alterations of
several cytokines in BALF and plasma were noted. Changes in airway epithelial mucus cells and
intragpithelial stored mucosubstances were modest and did not achieve statistical significance.
Results of this study demonstrate that subchromic exposure to hardwood smoke had minimal effects
on pulmenary responses in a rat model of allergen sensitization and challenge.

7.3.7. Host Defense

7.3.7.1. Epidemiologic Studies

Epidemiologic studies of respiratory infections indieate ap association with PM. This is more
gvident when considering short-term exposures (Chapter 6), but studies of long-term exposures have
observed associations with general respiratory symptoms often caused by infection, such as
bronchitis. In a birth echort study of approximately 4 000 Duteh children, Braver et al. (2007,
090591 Y deseribed in Section 7.3.1.1) found significant positive associations for PM; s with
ear/nose/throat infections and dector-diagnosed flu/serious cold in the first 4 yr of 1ife. These resulis
are sonsistent with an earlier stedy by Brauer et al. {2006, 090757), which found that an increase of
10 pug/m” PMz s Was associated with inereased risk for ear infections in the Netherlands [OR 1.50
(#5% CI, 1.00-2.22)]. A Swiss sedy by Bayer-Opleshy et al. (2005, 086245}, discussed in
Section 7.3.1.1 above, demonstruted that declining levels of PM; were associated with declining
prevalence of common told and conjunctivitis. Because traffic-related pollutants such as UFPs are
high near major readways and then decay exponentially over a shaort distance, Williams, et al. (2009,
191943} assessed exposure according to residerntial proximity to major roads in a Seattle area study
of postrenopausal women. Proximity to major roads was associated with a 21% decrease in natural
killer cell function, which is an important defense against viral infection and tumors. This finding
was limited t0 women who reported exercising near traffic; other markers of inflammation and
lymphoeyte proliferation did not cousistently differ according to proximity to major roads. In the
Puget Sound region of Washington, arr et al. (2009, 191946} reported that there may be a modest
increased risk of bronchiolitis related to PM; ; exposure for infants born just before the peak
respiratory syneytial virus (RSV) season. Risk estimates were stronpger when restricted to cases
specifically attributed to RSV and for infants residing ¢loser to highways. Emerging evidence
suggests that respiratory infections, particularly infection by viruses such as RSV, can cause asthma
or frigger asthma attacks.

7.3.7.2. Toxicological Studies

Diesel Exhaust

DE may affect systemic immuanity. The proliferative response of AT mouse spleen calls
following stimulation with T cell mitppens was suppressed by 6 mo of daily exposure to DE at
concentrations at or above 300 pg/m® PM {Burchiel et al., 2004, 053557). B cel] gm]iferatinn WaS
increased at 300 pg/m® but unaffected at higher concentrations (up to 1,000 pg/m?). Concentrations
of gases and were reported in the parallel study by Reed ot al. (2004, 055625, deseribed in
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Secton 733 .2 The Reed study reported a decrease in spleen weight In male mice (27% reduction in
the 300 pg/m® exposure group). The immunosuppressive effects of DE were not due to PAHs or
benzo(a)pyrene (BaP)}-quinones (BPQs) since there were little, if any, of these compounds present in
the chamber atmosphere, It should be noted that sentinel animals were negative for mouse
parvovirus at the start of the study, but seroconverted by the end of the study, indicating possible
infection. Parvovirus can interfere with the modulation of [¥mphocyte mitogenic TESPOnSes (Baker,
1998, 156245). A 6-month exposure (6h/day, 7d/wi) to 30, 100, 300 or 1,000 pg/m’ of PM in DE did
not s1gn1ﬁcam:1}r affect bacterial ¢learance in C57BL/G mice infected with Pseugomonas asrusingsa,
aithough all [evels 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,
053623) (Section 7.3.3.2.).

Gasoline Exhaust

Iz a study by Reed et al. £2008, 1 56903) (described in Section 0.3.7.2) long-term exposure to
fresh gasoline exhaust (h/day, 7d/wk for 6 me) did not affect clearance of P agruginosa from the
[ungs of C57BL/G mice.

Hardwood Smoke

Ope study demenstrated immunosuppressive effects of hardwood smoke (Burchiel et al., 2005,
03305907, E:cpusure to hardwood smoke inereased proliferation of T cells from A/T mige expnsed
daily to 100 ug/m® PM for 6 mo, but pruduced a comeentration-dependent suppression of
proliferation at PM concentrations >300 pg/m® No effects on B cel] proliferation were observed.
Concentrations of NG and MO; were not detectable or <40 ppb for ]ljexposure fevels. CO was
reported ta be 2, 4, and 13 ppm for the 108, 300 and 1,000 uz/m’ PM concentrations, respectively.
Exposure annospheres contained slgulﬁcant levels of naphthalene and methylated napthalenss,
fluprene, phenanthrens, and anthracens, as well as low concentrations of several metals (K, Ca, and
Fe} (Butchiel et al., 2005, 088090). It should be noted that serologic analysis of study sentinel
animals indicated infeciion with parvevirus , which can interfers with the modulation of [ymphoeyrs
mitogenic responses (Baker, 1998, [56245). In anoﬂ-m:r study by Reed et al, {20086, 156043)
C37BL/ mice were exposed to 30- 1,000 pg/m® hardwood smoke by whole-body inhalation for 6
meo prior to instillation of £ geruginesa. Exposure characterizations arg described in Section 7.3.52.
Althpugh there was a trend toward ipcreased cilearance with increaging exposure concentrations,
there was no statistically significant effect of hardwood smoke exposure on bactetial clearance.

7.3.8. Respiratory Mortality

Twao large U.S. cohort studies examined the effect of long-term exposure 10 PM; 5 on
respltatory mortality with mixed results. In the ACS study, Pope et al. (2004, 055880) repotted
positive associations with deaths from specific cardiovascular diseases, but no PMz s assoeiations
were found with respiratory mortality. A follow-np to the Harvard Six Cities study (Laden et al.,
2006, 087605) used updated air pollution and mertality datz and found positive associations betwaen
long-term exposure to PM; s and mortality. Of special note is a statistically significant reduction in
mortality sk reported with reduced long—term fine particle consentrations observed for deaths due
to cardiovagcular and respiratory causes, but not for lung cancer deaths. There is some gvidence for
an association between PMa s and respiratory mortality among post-neonatal infants {ages 1 month-i
vear) {3 ection 7.4.1). In summary, when deaths due to respiratory causes are separated from all-
cause {nonaceidental) and cardiopulmenary degths, there is limited and inconsigtent evidence for an
effect of PM; ; on respiratory teortality, with one large cohort study finding a reduction in deaths dne
to respiratory causes associated with reduced PMs ¢ concentrations, and another large cohort study
finding no PMa, s associations with respiratory mortality,
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7.3.9. Summary and Causal Determinations

7391, PMy;

The epidemiclogic studies reviewed in the 20{4 PM AQCD snggested relationships between
long-term PM;; and PMa s (or PM;z ) exposures and increased incidence of respiratory symptoms and
disease. One of these studies indicated agsociations with bronchitis in the 24-eity cohort (Dockery et
al., 1996, 046219). They also suggested relationships between long-term sxposure to PMy; and
pulmonary fimetion decrements in the CHS (Gauderman ¢t al., 2000, 01253]; Gauderman et al.,
2002, 02601 3). These findings addad to the database of the earlier 22—city study of PM2, (Raizenne
et al., 1996, 077268) that found an association between exposure to ambient particle strong acidity
and impairment of lung furction in childrer. No long-term exposure toxicological studies were
reported in the 2004 P§/I AQCD.

Recent studies have preatly expanded the evidence available sinee the 2004 PM AQCD. New
analyses have been condueted that include longer follow-up perigds of the CHS echort through 18 3y
of ape and provide avidence that effects from exposure to PM; 5 persist into early adulthood.
Gauderman et al. (2004, 0563569) reported that PMj 5 exposure was associated with ¢linically and
statistically significant deficits in FEV, attaiped at the age of 18 vr. In addition, the strength and
robugtness of the outeomes were larger i magnimde, and more precise than previows CHS studies
with shorier follow-up perfods. Supporting this result are new lomgitudinal cohort studies conducted
by other researchers in other locations with different methods. These studies report results for PMy,
that 13 dominated by PM; 5. New studies provide positive associations from Mexico City, Sweden,
and 2 natfonal cystic fibrosis eghort In the U.S. A natural experiment in Switzetland, where PM
levels had decreased, reported that improverpent in air quality may slow the annval rate of decline in
hung function in adulthood, indicating positive consequences for public health. Thus, the data are
consistent and coherent across several study designs, Iocations and researchers. As was found in the
2004 PM AQCD, the studies report associations with PM;: s and FM;g, while most did not evaluate
PMinzs. Associations have been reported with fine particle components, particulaply EC and OC.
Source apportionment methods generally have not lgeen used in these long-term exposure studies,

Coherence and biclegical plausibifity for the obsetved associations with lung furction
decrements is provided by toxicological studies (Section?.3.2.2). A recent study demonstrated that
pre- and postnatal exposure to ambient levels of urhap particles affected mouse lung development, as
measured by anatomical and functional indieas (Mauvad et al., 2008, 156743). Another study
suggested that the developing Tung may be susceptible to P since acute exposure to UF iron-soot
decreased cell proliferation in the proximal alveolar region of neonatal rats (Finkerton et al., 2004,
087465) (Section 6 3.5.3}. Impaired lung development is 2 viable mechanism by which PM may
reduce lung fapction growth in children. Other animal toxicological studies have demonstrated
alterations In pulmonary function follewing exposnte to DE and wood smoke {(Section 7.3.2.2).

An expanded body of epidemiclogic evidence for the effect of PM; s on respiratory symptoms
and asthma incidence now includes prospective cohort studies eonducted by different researchers in
differsnt locations, both within and cwtside the U5, with differeot methods. The CHS provides
evidence it a prospective longitudinal cobort study that relates PMzs and bronehitic symptoms and
reports larger associations for within-cormmunity effects that are less subject to confounding than
between-commaunity effects (McConnell et al., 2003, (49490), Several new studies report similar
findings with long-term exposure to PMg In areas where fipe particles predominate. In England, an
asgociation was seen with an increased prevalence of cough without 2 cold, Further evidence
includes a reduction of respiratory symptoms corresponding to decreasing PI levels in natural
experiments in coherts of Swiss school children (Bayer-Oglesby et al., 2005, 086245) and adults
(Schindler et al., 2009, 191930},

New studies examined the relationship between long-tetm PM. ; exposure and asthma
incidence. PM; s had the sttongest modifving effect op the association between lung function with
asthima in an analysis of the CHS {Islam et al., 2007, 000697}, The loss of protection by high lung
funetion against new onset asthma in high PM; ; communities was ohserved for all the leng funetion
measures. In the Nethetlands, an association with dector-diagnosed asthma was found n & birth
cohort examining the first 4 yr of life (Braver et al., 2007, 090691} Further, findings from an adult
cohort suggest that traffic-related Py, contributes to asthma development and that reductions n PM
decrease asthma rizk {(Kunzli et al., 2009, 1915948},
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A large proportion of asthma is driven by allergy, and the majerity of recent epidemiclogic
studies examining allergic (or atopic) indicators found positive associanons with PM; s or PM,
(Section 7.3.6.1). Limited evidence for PM-mediated allergic responses is provided by toxicological
studies of DE and woodsmoke, while effects of gasoline exhanst were atirithted to gasecus
components (Section 7.3.6.2).

Long-tertm PM; s exposure is associated with pulmonary inflammation and oxidative
responses. An epidemiclogic stdy found a relationship between PM; 5 and incressed inflammatory
marker N9 among school shildren (Dales et 4l., 2008, 156378}, Toxicological studies of pulmonary
inflammation have demensirated mived results, with subchronic DE axposures genersting increases
and CAPs and wood smoke inducing little or no response (Section 7.3.3.2). The pulmonary
inflammation o¢bserved with DE was attributable to the particle fraction. Texicological studies also
reported evidence of oxidative responses (Section 7.3.4_1). Adaptation to prolonged DE was
observed for some axidative responses in addition to some allergic and pulmonary function
responses (Section 7.3.2.2 and 7.3.6.2).

Additignal support for the relationship between long-term PM; ;s exposures angd respiratory
outcomes is provided by pulmenary injury responses observed in toxicological studies (Section
7.3.5.1%. Markers of pulmonary injury were incrzased in rats exposed to DE and gasoline exhaust;,
and these changes wete attributable to PM, Further, lung DNA methylation was observed in the
gasoling exhaust study, Histopathological changes have also been reported following exposure to
heavily-trafficked urban air and woodsmoke. Findings include nasal and airway mucous ¢l
hyperplasia accompanied by alterations ip mucus production which can lead to a logs of mucug—
mediated protective functions; exacerbation of protease-induced emphysema; and mast cell
infiltration and hypertrophy of alveolar walls. These results provide biolegieal plausibility for
adverse respiratory outcomes following long-term PM exposure.

Limited information is available on host defenge responses (Section 7.3.7) and respiratory
mortahity (Section 7.3.8) resulting from PM: s exposure. Several recent epidemiologic studies
suggest a relationship between long-term exposure to PMyz s or PMyy and infection in children and
infants (Section 7.3.7.1). A few toxicological studies suggest that DE exposure affects systemie
Immwunity, and although impaired bacterial <learance Is associated with short-term exposures to DE,
neither DE or gasoline exhaust seems to have this effect after longer exposures {(Section 7.3.7.2).

In summary, the strongest evidence for a relationship between long-term exposure to PM-5
and respiratory morbidity is provided by epidemiologic studies demonstrating associations with
decrements in lung function growth in children and with respiratory symptems and rhsease ineidence
in adults. Mean PM; ; concentrations in these study locations ranged from 13.8 1o 30 ugfm during
the siudy periods. These studies provide evidence for associations in areas where PM s
predominantly fine particles. A major challenge to imterpreting the results of these studies s thar the
PM size fractions and concentrations of other air pollutants are oftern, correlated; however, the
consistency of findings across different locations supports an independent effect of PMa <. Recent
toxicological studies provide support for the associations with PMa ¢ and decreases in lung function
growth in childrer. Pre- and postnatal exposurs to ambient levels of urban particles was found to
affect mouse lupng development, which provides biological plavsibility for the epidemiclogie
findirgs. Becent subchronic and chronic toxicological studies also demonstrate altered pulmonary
function, mild inflammation, oxidative responses, histopatholopical changes including mueus cell
hyperplasia and enhanced allergic responses in response to CAPs, DE, uwrban air and woodsmoke and
provide further coherence and biolegical pleusibility, Exacerbation of emphysematons lesions was
noted in one study invelving exposure to urban air in a heavily-trafficked area. Collectively, the
evidence is sufficient to conclude that the relationship between long-term PM.s exposure
and respiratory effects is likefy to be causal.

7.3.92. PNys

The 2004 PM AQCD did oot report long-term exposurs studies for PMigas. The only recent
study to evaluate long-term exposure to PMp.z 5 found positive, bat not statistically significant

associations with eNO (Dales et 3., 2008, 136378). The evidence is inadequate fo determine if a
causal relationship exists between long-term PM.e.s exposures and respiratory effects.
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7.38.3. UFPs

The 2004 PM AQCD did not report long-term exposure stodies for UFPs. The current
gvidence for long-term UFP effects is limited to toxicological studies. Generally, subchronic
exposure 1o DE induced pudmonary inflarmnmation, which was in contrast to UF CAPs exposure
{(Seetfion 7.3.3.2) It appeared that the PM fraction was responsible for the inflammatory response
with DE exposiure. Long-term exposure to DE also resilted in oxidative and allergic responcses,
although Jung Injury was not remarkable (Sections 7.3.4.1 and 7.3.6.2). The evideace is Inadequate
to determine if 2 causal relationship exists between long-ferm UFP exposures and

respiratory effects.

7.4. Reproductive, Developmental, Prenatal and Neonatal
Outcomes

7.4.1. Epidemiologic Studies

This section evaluates and summarizes the seientific evidence on PM and developmental and
pregoancy cutcomes and infant mottality, Infants and fetal development processes may be
particularly vulnerable to PM expaosure, and although the physical mechanisms are not fully
understood, several bypotheses have been proposed involving divect effects on fetal health, altered
placenta furction, or indirect effects on the mother’s health (Bracken et al., 2003, 1536288; Clifton &t
al., 2001, 156360; Maisonet ot al., 2004, 156725 Schatz et al., 1950, 156073 ; Sram et al., 2005,
087447 Stpdy of these outcomes can be diffienlt given the need for detailed data and potential
residential movement of mothers during pregnancy. Two recent articles have reviewead
methodological issues relating to the study of outdoor air pollution and adverse birth onteornes (Ritz
and Wilhelm, 2008, 1560914; Slama et al., 2008, 1 36933). Some of the key challenges to
interpretation of these study results include the difficulty it assessing ex posure 23 mest studies wse
existing monitoring networks to estimate individual exposure to ambient PM; the inability to control
for potential confounders such ag other risk fastors that affect birth cutcomes (2.2., smoking);
evaleating the exposure window (e.g., timester) of immportance; and limited evidence on the
physiclogical mechanism of these effects (Ritz and Wilbelm, 2008, 156914 Slama et al., 2003,
[56985). Another uncertainty is whether PM effects differ by the child’s sex. A review of preterm
birth and low birth weight studies found limited indication that effects may differ by gender,
however sampie size was limited (Ghosh et al | 2007, 0972333

Previous summaries of the agsoviztion between PM concentrations and pregnancy outcomes
and infant mortzlity were presented in previous PM AQCDs. The 1996 PM AQCD concluded that
although few studies had been conducted on the link between PM and infant mortality, the research
“sugpested an association,” particularly for post-nepnates (U.S. EPA, 1994, 07933800, In the 2004 PM
AQCD, additional evidence was available on PM’s effect on fetal and early posinatal 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
PFM,; early during pregnancy (first month of pregnancy) or late In the pregnancy (6 wk prior to birth)
were linked with hagher tigk of preterm birth, Ineluding models adjusted for other pollutants, and that
PW s during the first mmonth of pregnancy was associated with intranterine growth restriction,
Hewever, other work did net identity relationships between PM g exposure and low birth welght,
The state of the s¢ience at that tme, as indicated in the 2004 PM AQCD, was that the research
provided mixed results based on studies from multiple countriss, and that additional research was
required to better andergtand the impact of PM on pregoancy outeomes and infant mortality.
Considering evidenee from recent studies discussed below, along with previous AQCD conclusions,
epidemiologic stediss consisienily report assoclations between PM;p and PM, ¢ exposure and low
birth weight and infant mortality, especially during the post-neonatal period. Animal toxicologica)
evidence supports these associations with PM; 5, but provides little mechanistic information or
biological plausibility. Information on the ambient conceptrations of P and PMz 5 in these study
locations ¢an be found in Table 7-5.
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741.1. Low Birth Weight

A Jarge number of studies have Investigated exposure to ambient PM and low birth weight at
term, including 3 U.S. national study, 45 well as two studies in the portheast U.S ., and four in
Califomia. Parker and Woodreff (2008, 136848) linked 5. birth reeords for singletons delivered at
4Q-wk gestation 1n 200] -2003 durng the months of March, June, September and Deceraber to
quarter]y estimates of PM exposure by county of residence and month of birth. They f:;:und an,
association between PMp., s and birthweight (-13 g [95% CI: -18.3 to -7.6]) per 10 ug/m? increase),
but no such association for Ph- <.

MMaisonet et al. (2001, 01.6624) analyzed 89,557 births {1994-98) in six northeastern cities
{Boston and Springfield MA; Hartford CT; Philadelphiz and Pittsburgh PA; and Washington DC).
Each city had three PM,o menitors measuring every sixth day. Results from multiple monitors were
averaged in each city. Exposure was d:e‘tenumed for each trimester of pregnancy and categorized by
guartiles (<25, 25-30, 3 1—35 36-43 pgfm J and 95th percentile (>43g/m”). There was no increased
rigk for low birth we:ght at term asgociated with PMy, exposure during any trimester of pregnancy.
When birth weight was considered as a continuous onteome, exposure to PM;, was not assoclated
with a reduciion in mean birth weight.

In contrast, Bell ex al. (2007, 093256) reported posgitive associations for both PM;  and PM
with birth weight in a study of births {p = 338 304) 10 Connecticut and Massachusetts {1999-2002).
Birth dats indicated county, not street address or ZIP code, $¢ women wire a.ss1gned exposire based
on county residence at delivery. The difference in birth we:ght per 10 pg/m? associated with PMa .
was -60.8 (85% CI: -77.7 to 55, 9 g. For PMpit was -11.1 (95% CI: -15.0 to -7.2) g. The increased
risk for low birth weight was OR. = 1.'[}54 {95% CI: 1.022-1.087) for PM, s and OR = 1.027 (5% CI-
0.891-1.064) for FM g, based on average exposure during pregnancy. Reduetions in birth weight
were also associated with third trimester exposure to PM, and second and third trimester exposure
to PMa s. Comparing this study to Maisonet et al. {2001, Q16624), a larger sample size was able to
detect a small inerease in visk. In addition, birth weight was reduced more by exposure to PM; s than
by exposure 10 PM 1. Measured PMj; s concentrations were not available in the earlier study.

The Children’s Health Study is a population based cohort of children living in 12 souwthern
California communities, selected on the basis of differing levels of ajr pollution (Salam et al., 2003,
0873835), as previously discussed in Section 7.3, The children in grades 4, 7 and 10 were recruited
through schools. A subset of this cohort (n= 6,25%) were born in Califernia from [975-1987. Cf
these, birth certificates were located for 4,842, including 3 901 infants born at term and 72 cases of
low birth weight af term. Using the mother’s ZIP 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,o monitor Within 5 km of the ZIF code centroid (40% of data), exposure from that
monjtor was used. Exgrosure was caleulated for the entire pregnangy, and for each trimester of
pregnancy. A 10 pg/m” increase in PM o during the third trimester reduced mean birth weight -10.9 g
{95% CI: -21.1 to -0,6) in single pollutant models, et becamne non-significant in ¢opollutagt models
controlling for the effects of O, Inereased risks of low birth weight (<2,500 £) were not statistically
significant (OR = 1.3 [95% CI: 0.9-1.9]). A strength of this study was the cohort data available
included information on SES and smeking during pregnancy. A limitation is the assignment of
expogure based on monitoring stations up to 5{ km distent; this may have introduced sybstantial
exposure misclassification obscuring some associations.
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Table 7-5,  Characterization of ambient PM concentrations from studies of reproductive,
developmental, prenatal and neonatal sutcomes and long-term exposure.

Mezn Annual Upper Percontie

Study Loeation Coneentration fugim’) Goncentrations (:gim’)

PMs 5

Range of mean; actes sifes, 145182
Basm et . (20104, PE7A05) 3 ) Mty 26.3-34,1
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Rl et al_ (2007, 1191 055} CT & s 223
Braver et al. {2008, 1553 Yancouner, Cargda 53 Mae 370
iy st 1. {2006, 0512403 ca Fange of means acnss Mimesiers, 17.-18.4

A of means aomgs imesiers: 18.2
Jalaludined a (2007, $56601) Bymmey, AustraFa a
Li (27, 0424 Muicity, Canada 122 THth; 15
Loomiz Bt al. [1239, 0ET2E) Mesico City 74 Max 5
Mannes et al. £2005, (147485) Eydriey, Auttiafia o4 T 11,2 Max 824
Parker el &, (2005, DRr4ET CA 154
Rt of of. (00T, (0E146) Los Anpeles, CA A0
Wilhedm ang Ritz (3005, (B8A6E) Los Angeles, CA 7.0 My 34 9-46.5
Weodruff et al, 2006, 058758 ca 182 Tathe 22 ¥

Pange of means aanss effeds: 14.5-747"
Winodrulf et al, {2008, [HR856) us. gl oo sfeck 14 hth: 135187
Py os
Pater et 4, (2008, 156015 12 132 A 175
My
Bed o a1, (3007, 233056 CT&MA =3
Braver o al (A, 156203) Witogunes, Canada 127 Max 354
Chen et al, (19, 1249451 Tnfashie Counfy, MY 5% 7ot 3935, M 157,32
Gilboz et . (2104, (R7RAD) X _ 7 Thtir, 26
Ha et al, {2002, 42552 Sell, Seath Freeea 602 Vol BT, M 2454
Han=en et al, (2006, ABE14) Eistrane, fusdralia 95 M 1717
Hansen el & (2007, 080704 Bizhiare, Sugttalid 186 TS 227 Ma 17 Y
alalagin e af, (2007, 19650 Eydney. fusdralia 5.3

Rare of means meress time: B8, 7-84.7
i 2. 2007, 1A Sgwl._}tuea A of means aomss me: 892
Le gtal. (2003, (4320} Seaud, Krrea, ER Tk BALS; Wi 2558
Lo etal, {204, Daoese) Inchean, ¥oesa 4" TEY 4 5; Mar, 106,38
Lipier! et al, 2002, 004103 U, 2.1 Max 53
Maisarst et al. (2001, 015624} ME 113, M Tt 36,17 Max: 46.5
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Fareisa etal. M8E, (TiEd) Saa Pawa, Brasl G504 Mas: 182 5
Rtz g4 al (HI0G, 28 CA 453 Max 173.E
Rtz 4 sl (06, Jedd ) Ch 453 Max: 53.5
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Studt L ] Mean Annual Upper Percentile

Congentrabion {pg/m’) Concentrafions fugim’)
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Parker et gl. (2005, 087463) examined births in Califernia within 5 miles of a monitoring
station {n = 1§,247). Only infants borm at 40 wk gestation were included. Thus all infants were the
sarme gestational age, and had been exposed in the same year. Exposure o PMa s in quartiles (<11.9,
11.2-13.9, 14.0-18.4, >18.4) was associated with decrements in birth weight Infants exposed to
>13.9 pg/m® experienced reductions in birth weight (third quartile -13.7 g {95% CI: -34 2 t0 6.9),
fourrth quartile -36.1 & (95% CL: -55.8 to -16.5). These are larper reductions than have been $een in
some other studies. However, this study reduced misclassification by ineluding 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 association, If the agsociation is causal.

The effects of spatial variation in exposere were alse investigated by Wilhelm and Ritz (2005,
0&8668). Their study included all women living in ZIP eodes where 60% of the ZIP code 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 average PM,
im 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% CL:
0.97-1.091). However the analyzis 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 vghere PMp was measured. For thege women {r = 247 cases, 10,981 non-cases), each
10 ppfmn® increase in PM)p was associated with a 22% increase in rigk of term low birth weight
(OR = 1.22 [95% CI: 1.05-1.417). In the categorical analysis, exposure to PMp >44.4 ngim” was
associated with a 48% increase in risk (OR = 1.4§ [95% CI: 1.00-2.19]}. Increased risk of low birth
weight also was associated with exposure to CO in single pellutant models. However, when
multipollutant models were considered, the effects of CO were attenuated bot the effects of PM,,
increased. Controlling for CO, NO;, and O, each 10 p.gf’ma increase in exposure to P increased
1isk of low birth weight 36% {OR. = 1.36 [95% CI: 1.12-1.65]).

Spatial variation in P, s exposure was investigated by Basu et al. (2004, 0878267, They
included only mothers who lived within 5 miles of 2 PMz s moniter and within a California county
with at least 1 monitor. To minimize potential confounding, they included only white {n = 8,597} or
Hispanic {n = £,114) womten, who were martied, 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
Monitor was more strongly associated with reductions in birth weieht than exposure measured by the
neighborhood monitor. 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 PM, .,

In the remaining U.5. study, Chen et al. {2002, 024945) analyzed 33,859 birth certificates of
residents of Washoe County in northern Nevada (1991-1999). There were four sites monitorng FM;,
during the smudy period, it appears {not stated) that exposurs was averagad over the county. A
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10 pg/m? increase in exposure to PM;, during the third trimester of pregmancy was associated with
an 1! g reduction in birth weight (55% CI: -2.3 to -19.8). Effects on risk of low birth weight wers aot
statisticall y signifi cant. For exposure in the third tiimester of 19.77 to 44.74 pg/m’ compared to
<19.74 ug/m” the odds ratio for low birth weight was 1.05 (95% CI: 0.81-136). Comparing exposure
»44 74 to the same reference category, the odds ratio was 1.10 (85% CI: 0.71-1.71).
Misclassification of exposure may have cccurred when exposure was averaged over a large
geographic area (16,968 km?).

Fecent international studies investigating effects of particles on lew birth weight inclnde one
in Munich {Slama et al_, 2007, 093216), two in Canada (Braver et al., 2008, 156292; Dugandric et
al., 2006, 083631), two in Australia (Hansen et al., 2007, 090703: Mannes et al., 2005, 878925, two
in Taiwan (Lin et al., 2004, §89827; Yang et al., 2003, 087886) one in Korea (Ha et al., 2003,
042532) and two in Sao Paule, Brazil (Gouvels et al., 2004, 355613; Medeiros and Gouveiz, 2005,
(189324). The majortty of these studies found that PM concentrations were associated with low birth
weight, though two studies (Hansen et al., 2007, 090703; Lin et al., 2004, 089827} found no
associations. The effect estimates were similar in magnitode to those reported In the U5, studies.

Considerations in Interpreting Resulfs of Low Birth Weight Studies

Studies inciuded gubjects at distances from monitoring stations varying from as close a3 [ mile
or 2 km_to as far 25 50 km or the size of the county. Studies that gnly included subjects living within
a short distance (1 mile, 2 km} of the monitoring station (thos likely reducing exposure measurement
error) were more likely to find that PM exposure was associated with increased risk of low birth
weight. However, Basu et ai. (2004, 087896 reported a stronger association between PMa, 5 exposuore
and birth weight when exposure was estimated based on the eounty monitor, rather than the monitor
within 5 miles of the residence. They supgest that county level exposure may be more representative
of where women spend their time, including not only home, but also other tune spent away from
horms. Other pollutants also appeated to Inflnence the risk asscciated with particle exposure. In one
study, exposure o PMyp in a single pollutant model reduced birth weight by 11 &, but became non-
significant in copoilutant models with O, (Salam et al., 20035, 087885). In another stedy the risk
agsociated with PM)p exposure increased from 232% to 36% when other pollutants were included in
the model (Wilkelta and Rite, 2003, 088668} All but one study in the U.5. found some association
between particle exposure apd reduced birth weipht {Maisonet at al., 2001, 0]6624). The results of
international studies were ingonsistent. This might be related to the chemical composition of
particles in the 11.5., or to differences in the pollutant mixture, Studies with null results must be
interpreted with caution when the companson groups have significant exposure. This was certainly
the situation in studies in Taiwan and Korsa (Lee et al., 2003, 043202; Lin et al., 2004, 0239827; Yanp
et al , 2003, 087884}, Differences in geographical locations, study samples and linkage deeisions
may contribute to the diverse findings in the literature on the association between PM and
birthweight, even within the U.5. (Parker and Woodruff, 2008, 156846).

7.4.1.2. Preterm Birth

A potential association of exposure to airbore particles and preterm birth has been
investigated in mumerous epidemiclopic 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 natural experiment occwred whet an epen-hearth steel mill in Utah Valley was closed from
August 1986 through September 1987, Parker et al. (2008, 156013} compared birth cutcomes for
Utah mothers within aed outzide of the Utah Valley, before, during, and after the mill elesure. They
report that mothers who were pregoant around the time of the elosure of the mill were less likely to
deliver prematurely than mothers who wers preznant before or after. The strongest effect estimates
were obaerved for exposure during the second timester ([4% decrease in 1isk of preterm birth
during mill elosure). Preterm birth outside of the Urah Valley did not change during the time of the
milf elosure.

In 2000, Ritz et al. {2000, 012088) published the first study investigating the association of
preterm birth with PM in the U5, The study population was women living in the southern Calffornia
Bagin. There were eight menjtoring stations measuring PMp every 6th day during the study period.
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Birth certfficates {1989-1993) were analyzed for women living in ZIP codes within 2 miles ofa
monitoring station. Womern, with multiple gestations, chronic disease prior to pregnancy and women
who delivered by cesarsan section were exclnded resuiting m 2 study population of 48,204 women,
The rigk of preterm birth increaged by 4% (RR = 1.04 [95% CI: 1.02-1.6]) per 10 pug/m® increase in
PM;; averaged in the 6 wk before birth. Exposure to PM,; in the first month of pregnancy resulted in
& 3% increase in risk (RR = 1.03 [95% CI: 1.01-1.05]). These results were robust in multipollutant
models.

Wilhelm and Ritz {2005, 0886681 reinvestigated this association among women in the same
area In 2005, when air pollution had declined from 2 mean level near 50 pg/m” to & mean [evel near
40 ug/m”. Birth certificate data from 1954-2000 was analyzed for women living in ZIP codes within
2 miles of a monitoring station, or with addresses within 5 miles of 2 monitoring station. No
significant effeets of exposure to PMy, were reported. Exposure to PM; 5 6 wk before birth resulted
in an increase in preterm birth (RR = 1.19 [95% CI: 1.02-1 40]) forthe highest quartile of exposurs
(PMa 5 >24.3 ug/m®). Using a continuous measure of PMa 5, there was a 10% increase In risk for each
10 pz/m® increase in PMa s (RR = 1.10 [95% CI: 1.00-1.21]).

There have been two major eriticisms of air pollution studies using birth certificate data First,
that birth certificates only indicate 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., smoling}. To obtain more preeise informatign about these variables, Ritz
et al. (2007, 096144) conducted 3 case-control study nested within a cohort of birth certificates (Jan
2003-Dec 2003) in Los Angeles County, Births ¢ women residing in ZIP codes (n = 24) closa to
menitoring stations or major population centers or roadways (n = 37) were eligible {n = 58,316
birthe). All cases of low birth weight or preterm birth and an equal number of ragdomly sampled
cottrols in the 24 ZIP codes ¢lose to monitors wete selected. In the other 87 ZIP codes, 30% of cases
and an equal number of controls were randomly sampled. Of 5,374 women selected for the cage
control stndy, 2,543 (4055} were interviewed. The aszoelation of preterm birth with expasure to
PM. 5 differed between women respending to the survey and women who did not respond. Among
responders, exposure to each 10 ugf’rn3 increase in PM; ¢ concentration in the first trimester increased
risk to preterm birth by 23% (RR = 1.23 [95% CI: 1.02-1.48)). There was no increase in risk amone
Ec;n—respunders (RR = 0.95 [95% CI: 0.82-1.10]), ot in the entire birth cohort (RR = 1.00 [95% CI:

94-1 07T).

An additional case control study of preterm birth and PMa « exposure (Huyuh 2t al., 2006,
0912487 used California birth certificate data. Singleton preterm infants (24-36-wk gestation) born in
California (1999-2000) whose mothers Jived within 5 miles of 2 PMa ¢ monitor were eligible. Each of
these 10,673 preterm infants were matched to three tarm (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,
Contrelling for maternal race/ethnicity, education, marital status, parity and CO exposuere, exposure
to PM, 5 >17.7 pg/m’ increased the risk of preterm birth by 14% (OR = 1.14 [¢5% ¢I: 1.07-1 23]).
Averaging PM; ; expogure over the first month of pregnancy, the last 2 wk bafore birth, or the entire
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, 087468 used time
series to analyze births in four Pennsylvama counties hetween January 1997 and December 2001. In
this analysis, exposurs to PMyg is compared to the rate of pretermn births sach day. Both acute
exposure (on the day of birth) and longer term exposure (average exposure for the preceding & wk)
were comsiderad in the analysis. An advantage of this analysis is that days, rather than individoals are
compared, so confounding by individual risk factors i3 minimized. For exposure averaged over the
& wk prior to birth, there was an increase in risk (RR = 1.07 [95% CI: 0.98-1.18]). which persisted
Eﬂr acute expscﬁure with a 2-day lag (RR = 1.10 [95% CI: 1.00-1.217} and 3-day lag (RR = 1.07 95%

[: .23-1.18]).

Ropers and Dunlop (2006, 091233 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
included 69 preterm, small for gestational age (SGA) infants, 59 preterm appropriate for gestational
age {AGA) infants and 197 term AGA contrals. Exposure was estimated using an envirenmental
transport model that considered P emissions from 32 geopraphically located industrial point
sources, meteorological factors, and geographic location of the birth home. Exposure was
categorized by quartiles. Comparing women who deliversd a preterm AGA infant to those 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
E.A44-9.440,

BraEer et al. (2008, 156292} evaluated the impacts of PM; s on preterm birth using
spatiotemporal exposure metrics in Vancouver, Canada. The authors found simijar results when they
used 2 Jand-yse regression medel or inverse distance weighting as the exposure metric. For preterm
births <37 wk, they reported an OR of 1.06 (3% CI: 1.01-1_11), and for pretermn births <35 wk the
OFR inereased to 1.12 (93% CI: 1.02-1.24). There were oo consistent trends for early or late
gestaijonal pericd to be more stromgly associated with preterm births.

Suh et al. (2008, 192077} conducted 2 study to determing if the effects of exposure to Py
during pregnancy on preterm delivery are modified by maternal pelymorphisms in metabolic genes.
They analyzed the effects of the gene-environment interaction between the GSTM1, GSTTI,
CYP1al-T&235C and -14462V polymorphisms and exposure to PM;; during pregnancy on preterm
birth in a case-control study in Seoul, Korea. PMyp concentration > 75th percentile aione was
significant in the third trimester of pregaaney (GR = 2.33 [#5% CI: 1.33-4.80]), but not in the first or
second iriraester. The risk of preterm delivery conferred by the GSTMI1 null genotype was increased,
and the highest risk was found during the third trimester of pregnancy (OR =2 58 [93% CL
1.34-4.97]). There were no statistical associations with the GSTTI or CYP1 Al genotypes. When the
Eene-environment interaction was analyzed, the risk for preterm birth was substantially higher for
waomen who carried the GETM1 null genotype and were exposed to high levels of PMy, (> 75th
percentile) than for those who ¢aumied the GSTMI positive genotype but were only exposad to low
levels of PMp (<75th percentile) during the third tnimester of pregnancy (OR = 6.22, 95% CL:
2.14-18.08).

In Incheon, Kerea, Leem et al. (2006, 08982 8) estimated P, exposure spatially as well as
temporally. Exposure was based or 26 monitors and kniging was used to determine exposure for 120
dongs (zdministrative districts, mean area 7.82 km®, median area 1.42 Jom”). The sample included
52,113 births, from 2001-2002, PM,q was very weakly comrelated with other pollutants. Exposure
was compared in quartiies for the first and third trimester of pregnancy. Int the first trimester, relative
risks for the second, third and fourth quartiles were RR = 1.14 (95% CL: 0.97-1.34), RR = 1.07 (95%
CI: 0.94-1.37}, and RE = 1.24 (85% CI: 1.09-1.41), regpectively. Exposure to PMy; in quartile one
{reference gronp) was 26.9-45.9 pg/m?; fourth quartile exposure equaled 64.6-106.4 pg/m’. The
p-value for trend was 0.02. Exposgure in the third trimester was not related to preterm birth, howeyer
n¢ information was provided to determine how exposure in the third trimester was adjusted for
women who deliverad preterm.

Twao gtudies Investigating risks of preterm birth related to particls exposure have been reported
from Australia. In Brishane, Hansen et al. (2006, 0898183 studied 28,200 births {2000-2003) in an
arza of low PM; concentrations. Exposure to an interquartile range inerease in PMyp exposure in the
first trimester resulted in a 15% increased nisk of preterm birth (OR = 1.15 [95% CL: 1.06-1.25]).
This result was strongly influenced by the effect of PM o exposure in the first month of pregmancy
(OR = 1.19 [95% CI: 1.13-1.26]). PMyg was correlated with 5 (r = 0.77) in this study and O also
increased risk in the first trimester. No effects were associated with exposure te PMp in the third
trimester.

In 3ydney, associations between exposure to particles and preterm birth varied by season.
Jalaludin et al. (2007, 136601) obtained information on all births in metropolitan Sydney
{1998-2000). Exposure to Ph; 5 in the 3 o preceding birth was assoeiated with an increased sk of
preterm birth (OR = 1.11 [953% CI: 1.04-1.19]). Additional effeets were dependent on season of
conception. Both PMq (OR = 1.3 [95% CI: 12-1.5}) and PMo s {(OR = 1.4 [95% C1: 1.3-1.6]) were
assoclated with inereased risk for conceptions in the winter. Conceptions in summer were associated
with reductions in rigk (PM;, OF = .91 [95% CI: 0.88-0.93]) (PM., ; OR = 0.87 [95% CI:
0.84-0.927h. Due to both positive and negative findings, the authors resommend caution in
interpreting their resalts.

Considerations in Analyzing Environmental Exposures and Preterm Birth

A major issue in studying environmental exposures and preterm birth is selecting the relevant
exposure period, since the biolopical mechanisms leading to preterm birth and the eritteal periods of
vulnerability are poorly understood {Bobak, 2000, 0 1448). Exposures proximate to the hirth may be
most relevant if exposure canses an acute effect. However, exposure ocowring in early gestation
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hirth weight for gestationa] age. In this study there was ahst:mstlcally stemificant effect of exposure to
both PMyq (OR = 1.10 [95% CI: 1.00-1.48], per 10 pg/m’ increase) and PM; s (OR = 1.34 [95% CI:

1.10-1.63], per 10 pg/m® increage) for exposure during the second trimester. When analysis was
restricted to blrths within 5 km of the monjtoring station, the association for PMy, became slightly
stronger {OR = 1.22 [95% CI: 1.10-1.34]). Exposure durning other trimesters of pregnancy was not
asgociated with IUGR.

In Brisbane, Hansen et al. {2007, 090703) examined head circumferencs (HC), crown heel
length (CHL) and risk of SGA, defined as less than the tenth percentile of weight for gestational age
and gender based on an Auvstralian national standard. There was no congistent relstionship between
PM;g exposure and SGA, HC or CHL in any trimester of pregnancy. PM, exposure was determined
by averaging values from the five monitoring 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
menitoring station, as was done in Sydney.

In Canada, Liv et al. (2007, 090429) investigated the effect of PM; 5 exposure on fetal growth
in three cities, Calgary, Edmonton and Montreal. [TUGR was defined 2s birth weight below the tenth
pereentile, by sex and gestational weelc (37-42) for 21l singleton live births in Canada between 1986
and 2000, Models were adjusted for maternal age, parity, infant sex, season of birth, ity of
residence, and year of birth. A 10 pg/m?® increase in PM; s was associated with an increased risk for
IUGR {OR = 107 [25% CI: 1.03-1.10]} in the first trimester, and similar risks were assoclated with
exposure in the second or third trimesters. The effect of PMa s was reduced in multipollutant models
meluding CCO and NQ;,

Brauer et ai. (2008, 156292} observed consistent increased risks of SGA for PM; 5] PM g, NO2,
NG and CO in Vancouver, Canada (20% increase in risk in PM; 5 and PMy, per 10 pgfm® increase).
The effecty were similar for exposure estimates based on nearest monitor, inverse digtance
welghting, 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 stndies examined PM and birth defects. Ths Seoul, Koree study discussed sbove
also comsidered congenital anomalies, defined as 4 defect in the child’s body structure (Kim et al.,
2007, 156642, PM 4 levels were associated with h1gher risk of birth defeets for the second mmester
with a 169 (95% C1: 0-34) increase in risk per 10 ug/m’ in PM,

Two U.S. studies examined air pollution and risk of birth defeets. Data were collected from the
California Birth Defects Monitoring Prograrg for four counties in Southern California {Los Angeles,
Riverside, $an Bemardino, and Orange) for the period 1237-1993 although each county included a
subset of this peried (Ritz et al,, 2002, 023227, Cases (L.e., infants with birth defiects) were
fdentified 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 thoss
with registry data for pestationa] age and residence ZIP code, and those with residences <10 miles
from an air pollution monitor. Six types of categories were included: aortic defeets; atritun and
atrium septum defects; endoerinal and mitral valee deficts; pulmonary artery and valve defects;
conotruneal defeets; and ventricular septal defects not part of the conotruncal category. PM,
measuremeants were available every & days. While resulis indicated increased tisk of birth defects for
higher levels of CO or O, the authors determined that results for PMyg were inconclusive, finding ne
consistent trend of effeet after adjustment for 0 and Os.

The ather 1.5, study examined birth defects throngh a case-control design in seven Texas
counties for the period 1997-2000 {Gilboa et al., 2005, 087892} Births were excluded for parents
<18 yt and several non-air pollution risk factors known to be associated with birth defects {e.g_,
matemal d:abetes holoptosencephal ¥ in addmnn 1o oral elef), Comparison of the highest
(= 29.0 pgim’) and lowest (19.321 pg/m® quartiles of PMy, for exposure defined as the third to
eighth week of pregrnancy penerated an OR of 2.27 (95% CL: 1.43-3.60} for risk of izelated airial
septal defiacts and 1.26 (95% CI; 1.03-1.55) for individual atrial septal defects. Including other
pollutants {CO, NQ3, T, 50;) in the model did not greatly alter results;, rumerical results for
copollutant analysis were not provided. Strong evidence was not observed for 2 relationship between
PM g and the other birth defect categories. Eeview articles have concluded that the scientifie
literature is not sufficient to conclude a relationship between air pollution and birth defects (Sram =t

al., 2005, 0R7442).
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birth weight for gestational age. In this study there was a statistically significant effect of sxposure to
both PM, (OR = 1.10 [95% CL: 1.00-1.48], per 10 pp/m?® increase) and PM; (OR = 1.34 [95% CI-
1.10-1.63], per 10 pg/m® increase) for exposure during the second trimester. When analysis was
resiricted to births within 5 km of the monitoring station, the sssociation for PM 1, became slightly
stronger {OF. = 1.22 [95% CI: 1.10-1.34]). Exposure during other trimesters of pregonancy was not
associated with IUGE.

In Brishane, Hangen et al. (2007, 020703) examined head circumference (HC), crown heel

- length (CHL) and risk of SGA, defined as less than the tenth percentile of weight for gestationai age

and zender based on an Australian national stendard. There was ng consistent relationship between
PM g exposure and SGA, HC or CHL in any irimester of pregnancy. PM,; exposure was determined
by averaging valoes from the five monitoring stations. Due to the sample size and limited number of
monitoring stations, It was not posgible to snalyze the data for woinen living within 5 km ofa
roonitoring station, as wag dene in Sydney.

In Canada, Liu et al. (2007, 090429) investigated the effect of PMa s exposure on fetal growth
In three ¢ities, Calgary, Edmonton and Montreal. IUGR was defined as birth weight helow the tenth
percentile, by sex and gestational week (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
tesidence, and year of birth, & 10 peim” increase in PM- ¢ Was associated with an increased risk for
IUGR {OR = 1.07 [95% CI: 1.03-1.10]) in the firzt trimester, and similar risks were associated with
exposute in the second or third trimesters. The effect of PM: s was redueed in multipoliutant models
including CO and NO,.

Brauer et al_ (2008, 156292} observed congistent increased risks of SGA for Phi, 5, PM,q, NO;,
NO and CC in Vancouver, Canada (20% inerease in risk in PMa s and PM; per 10 pg/m” inereage).
The effects were similar for exposure estimates hased 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 dJuration of pregnancy.

74.1.4, Birth Defects

Four recent studies examined PM apd birth defects. The Seoul, Korea study dizcussed above
also considered congenital anomalies, dJefined as a defect in the ¢hild’s body structure (Kim et al.,
2007, 156642). 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,,.

Two U.S, studies examined air pollution and risk of birth defects. Data were collected from the
California Birth Defects Momtoring Program for four eounties in Southern California (Los Angeles,
Riverside, San Bemardine, and Orange) for the period 1%87-1993, althongh each county incladed a
subset of this period (Ritz et al., 2002, 023227). Cases (L.e., infants with birth defects) were
identified ag 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 residence ZIP code, and those with residences <10 miles
from an air pollution monitor. Six types of categories were inclnded: aortic defeets; atrium and
atrium septum defects; endocrinal and mitral value defects; pulmonary artery and valve defects;
conotruncal defects; and ventticular septal defects not part of the conotruncal category. PMg
measurements were available every § days. While results indicated increased rizk of birth defects for
higher levels of CG or O, the atthors determined that results for PMy, were inconelugive, finding no
consistent trend of effect after adjivstment for CO and G,

The other [1.5. study examined birth defects through a case-confrol design in seven Texas
counties for the period 1997-2000 {Gilbea ot 2l., 2005, 087892}, Births were excluded for parents
<18 yr and several non-air pollution risk factors known to be associated with birth defests {=.g.,
maternal dizbetes, holoprosencephaly in addition to oral clef). Comparison of the highest
(= 25.0 pe/m™ and (owest (<19.521 pe/m™) quartiles of PMp for exposure defined as the third to
gighth week of pregnancy 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 atrial septal defects, Incloding other
pollutants (CC, NO;, O, 50, in the medel did not greatly alter results; numerical results for
gopellutant anabysis were not provided. Strong evidence was not cbserved for a relationship between
PM;; 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., 2005, 3874477
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A recent study of oral clefis condueted in Taiwan found no association between this birth
defect and concentrations of PM 1y during the first or seeond gestational month (Hwang and Jaakkola,

20008, 193794). This population-based case-conirol study included 633 cases and a random sample of
6,530 controls born in Taiwan between 2001 and 2003.

7.4..5. Infant Mortality

Many studies bave identified strong associations between exposure to particles and inereased
risk of mortality 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,
althgugh studies have been condueted in several countries. The reselts of these infant mortality
studies are presented here with the other reproductive and developmental outeomes because it is
likely that in vitre exposures eontribute to this outcome. Both long-term and short-term exposure
studies of infant mortality are Included in this section. Results on PM and infant mortality includes 2
range of findings, with some studies finding associations and maty statistically non-significent or
mull effects. Yet, more consistency is ohserved when results are divided into the type of heaith
outcome based on the age of infant and sause of death.

An important question regarding the association between PM and infant mortality is the
critical window of exposure during development for which infants are susceptible. Several age
intervals have been explored: neonata) (<] mo); infants (<1 ¥1); and postnecnatal {1 mo-1 yr.
Within these various age categornies, 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, exposure petiods, regions, and adjustment for confounders.

Stillkirth

Oaly one study of stillbirths and PM was identified. A prospective sohort of pregnant women
in Seoul. Korea from 2001 to 2004 was examined with respect to exposure 1o PMyp (Kim et al.,
2007, 156642}, Gestational age was gstimated by the last menstrual period of by ultrasound.
Whereas many of the previously discussed stadies of PM and pregnancy outcomes wete based on
nationsl tegistries, this study examined medical records and zathered individual information through
interviews on socigeconomic eondition, medieal history, pregnaney complieations, smoking, second-
hand smoke exposure, and aleohol use. Mother's exposure to PM g was based on residence for sach
month of pregnancy, each timester defined as a three month period, and the & wk prior to death.
Exposure was assigned by the nesrest monitor. A 10 pz/m® increase in PMyg In the third trimester
was agsoclated with an 8% (95% CI: 2-14) incresase in risk of stilibirth.

In 530 Paulo, Brazil, Puisson regression of stillbirth counts for the period 1991-1992 found
that a 10 pg/m” increase in PMy, was associated with 2 0.8% increase i stillbirth rates {Pereira et al.,
1998, 007264}, When other pollutants (W03, 80+, CO, 04) were included simultaneously in the
mede], the associgtion did ot remain. Stillbirths were defined as fetal logs at =28 wk of pregnancy
age, welght >1,000 g, or length of fetus =35 em.

Neonatal Mortality and Neonatal Respiratory Mortahity, <1 Month

Studies on PM and neonatal mortality (<1 month) incladed a ime-series analysis of PMy, for
4 yr of data (1998-2000) for Sfc Paulo, Brazil (Lin et al., 2004, 083737). The analysis used daily
eounts of deaths from government registries and adjusted for temporal trend, day of the week,
weathet, and holidays. Findings indicated that a 10 pg/m® increase in PM;, was associated with a
1.71% (953% CI: 0.21-3.32) increasze in risk of neonatal death.

A case-crossover study of 11 yr {1985-2000) in Southern California did not find an assoeiztion
hetween PM,, and neonatal deaths (Ritz et al., 2006, 089819). Quantitative results were not
provided. The authors considered adjustment for season, county, parity, gender, prenatal care, and
maternal age, education, and race/ethnicity.

These results add to previous work on PM and neopatal death, including studies identifying
higher risk of necnatal mortality with higher TSP in the Czech Republic in 2n ecological analysis
{Bobak and Leon, 1992, 04441 3% and case-crossover study (Bobak and Leon, 1999, 007678}, and a
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Poisson model study in Kagoshima City, Japan (Shinkura et al.,, 1999, 090050). An ecological study
evaluated U.S. PMiq data for the year 1990 using long-term pullutmn ‘levels in 180 U.S. counties
(Lipfert et al., 2060, 004103). Analysis considered birth weight, sex, month of birth, location by state
and county, prenaial care, and mother’s race, age, educationa! level, marftal stat, and smoking
status. County-level variables were included for sociveconomic status, altitade, aud climatie. Resuls
ndicate a 13.1% increase in neonatal mortality {95% CI: 4.4-22.6} per 10 J.tgf’m PM,g for non-low
birth weight infants, Statistically significant associations were also observed considering all infants
or low birth weight infants. However, kigher levels of 503 were assoelated with lower risk of infant
tnortality, When sulfate and o estimate of non-sulfate particles were included o the regression
simultaneously, asseciations were observed with non-sulfhte particles and an inverse relationship
with sulfate particles. Respiratory neonatal mortality was not associated with bigher TSP in the
Czech Republic case-controf study (Bobak and Leon, 1999, 007673).

Infant Mortality and Infant Respiratory Mortailty, <1Year

A literature search did not reveal new siudiez on PM and infant mortality (<1 year) since the
pravious PM AQCD. Previously condueted stdies include a cagse-control study that reported
associations hetween 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 11,5,
P data for the year [990 using [ong-term pollution levels in 180 U.S. counties (Lipfert et al.,
2000, 004105)- The authors found a 9.64% (95% CL: 4 60-14.%) increase in risk of infant mortality
for non-low birth weight infants per 10 ug/m? inerease in PM,p, a 13.4% (929 CI: -10.3 to 43 .5}
increase in non-low birth welght regpiratory-disease related desths (ICD 9 460-519) and a 19.5%
{95% CI: 0.07-42.8) increase in all non-low birth weight respiratory-related infant deaths {(ICD 9
460-519, 765, TT0).

Postnecnatal Mortality and Posineonatal Respiratory Morfality, 1 Month—1 Year

Several studies have been conducted on PM and postneonatal mortality since the previeus PM
AGQCD, including three from the 1.5., one from Mexico, and three from Asia. Two cage-control
studies examined the risk of PM to postneonatal death in California. Research focused on Southem
California for the period 1989-2000 linked birth and dearh certiffcates and considered PMy;, 2 mo
prior to death with adjustment for prenatal care, gender, parity, county, season, and mother’s age,
racefethnicity, and edueation (Ritz et al., 2006, 0893158}, As previously noted, this study did not find
an association between PM, and neonatal mortality g-:l month), bowever an association was
observed for post-neonatal mortality, with a 10 pp/m” inerease in PMyp associated with a 4% (95%
CI: 1-6) incrzase in risk. The exposurs pericd of 2 whk before death was also considered, producing
effect estimates of 5% (95% CI: 1-10} fog the same PM;, increment. Even larger effect estimates
were observed Tor those who died at ages 4-12 mo. When CG, NO;, and 05 were simultaneously
included with PM; in the model, the central estimate reduced o 2% for the 2-wk gxposure period

and 4% for the 2-mo exposurs penud and both estimates Jogt statistical significance. The other cage-
control smdy of California considered FMa 5 from 1999 to 2000 for infants borp to mothers within
five miles of 2 PMa ¢ menitoning station (Woodruff et al_, 2006, 088758). Infants who died during the
postmeonatal period were matched to infante with date of birth within 2 wk aad birth weight
category. Exposute was estimated from the time of birth to death, Models considered parity and
waternal race, education, age, and martial status. A 10 Lg/m increase in PM. s was associated with 2
T% (95% CIL: T to 24) increase in posinecnatal death

County-level PM,p and PM; 5 for the first 2 mo of Iife for births in urban U S. counties
(= 250,000 residents) from 1999 ro 2002 were evaluated In relation to postmeonatal maoriality with
GEE models {Woodruff et al., 2008, 098384). Births wete restricted to singletnn births with
gestational age =44 wk, same connfy of residence at birth and death, and non-missing data on birth
arder, birth welght, snd maternal race, eduecation, and martial status, Higher levels of either PM
meiric wera assoctated with higher r:sI{ of pustneonata.l mortality, with 4% (35% CI: -1 to 10)
increase in mortality risk per 10 pp/m in PMy, and 4% (5% CI: -2 to 11) increase in martality risk
for the same increment of PMos. This work builds on a previous study of 86 ULS. wban areas from
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1989 to 1991, findiag a 4% (95% CI: 2-7) increase in postneonatal mortality per 10 pg/m’ county-
level PM g over the first 2 mo of 1ife (WoodneT et al., 1997, 0842713,

In Civdad Juarez, Mexico, a case-crossover approach was applied to data from 1997 o 2001
based on death certificates and the cumulative PM,, for the day of death and previous two days
{Romieu et al., 2004, 093074}, A case-crossover study of Kachsiung, Taiwan from 1994 to 2000
compared the average of PMiq on the day of death and two previous days to PMy, in contre] periods
a week before and week after death (Tsai et al., 2006, 090709). A similar approach was also applied
to 1994-2000 data from Taipel, Talwan, also using case-crossover methods for the lag 0-2 PMiq with
referent periods the week before and afier death {Yang et al_, 2006, 050760). In thesve CaASE-CIOSSOVEr
stdiss, season was addressed through rpatching in the smd}' demgn A 10 pg/m® increase in PMq
was associated with a 2.0% (95% CL: 2.8 to 7.0) increase in the Mexico study, a .59 (95% CI: -15.0
to 1%8.8) increase in postneonatal death in the Kachsiung stody, and a 1.02% (93% CI: -13.2 to 17.6)
increase in the Taiped study. A study in Seoul, South Kores from 1993 to 199% used time-geries
approaches adjusted for temporal trend and weather, based on national death regisiries exeluding
acmdental deaths (Ha et al_, 2003, 042552} A 10 j.Lg:’m increase in PMg was associated with a

31484 (95% CI: 2.16-4. 14] increaze in risk of death for postnecnates.

A subset of the studies examining postneonatal mortality alse considered the subset of
postieonatal deaths from respiratory causes. These include the time-series study i i, south Korea,
finding a 17.8% (95% CI: 14.4-21.2) increase in respiratory-mortality per 10 ugim® increase in PM;o
{Ha et al., 2003, 042552 and the case-crossover study in Mexico, for which the same increment in
PM,, was associated with 3 1.5% (95% CI: -14.1 to 13.00 decrease in risk {Romieu et al., 2004,

093074}, Both California case-control studies identified associations, with a 3% {95% CI:; 1-10}
increase in risk in Southern Cahfnrma (Ritz et al, 2006, 089819 and 57.4% (95% CI. 7 .0-132)
increase in California per 10 pg/m’* PM o {Wuudmﬁ‘ et al 2006, 088738). The U.5. study found this
inerement in PM 4 to be linked with a 16% (95% CI: §.0- 28, 0} increage in respiratory postneonatal
mortality, although effect estimates for PMa s were not statistically significant {Weodmif et al., 2008,
0983 86). Earlier studies on respiratory-related postneonatal mortality include the study of §6 1.5,
urban areas, finding statistically significant effects (Woodruff et al., 1997 084271,

Sudden Infant Death Syndrome

Three stedies examining the relationship between PM and sudden infant death syndrome
(RID&} have been published from 2002 onward. These studies examined infant mortality and were
thereby discussed 1n this section previously. A case-control study over a 12-year period {1989 to
2000) matched 10 controls to deaths (cases) in Southern California (Ritz et al., 2006, 039819, A
18 pg/m’ increase in PMg the 2 mo prior to death was associated with a 3% (95% CI: -1 to 8}
ircrease in SIDS. Adjusted for other pallutants (OO, WOy, and Oy), the effect estimate reduced to 1%
(95% CT: -5 1o 7).

A case-control study, alse based in California, found an OF. of 1.00% (95% CI: 1.006-1.012}
per 10 ng/m’ increase in PM3 s, considering a SIDS definition of ICD 10 R93 {Woodruff et 2l., 2006,
(82758). Dus to chan%es m 3IDE diagnesis, another 51D3F definition was explored for ICT 10 R99
in addrion to ICE 10 R95. Under this $1D3 definition, the effect estimate changed to 1.03 {95% CI:
0.79-1.35}. The authors also examined whether the relaticmship between PM; s and SI0S differed by
season, finding ne significant difference. PM o and PM; 25 were not associated with ngk of 5IDS;
numerical results were not provided for these PM metrics. The third recent stady of PMb and SIDS
examined U.5, urban counties from 1999 to 2002 (WoodtufT et al., 2008, 098386). Statistically non-
significant relationships were ohserved betweesn SIDS and PM g or PM, s in the first 2 mo of life.

These studies add to earlier work, such as a U.S_ study that found higher risk of 5IDS with
higher annual PMs 5 levels, including in 2 separate analysis of nonmal birth weight infants (Lipfernt et
al., 2000, 0841037, and a U8, study identifving a 12% (%3% CI: 7-17) increase in $1DS risk per
10 pgim” in PM;, for the first 2 mo of life for normal weight births {Woodraf¥ et 21, 1997, 0842713,
A study based on Taiwan found higher STDS risk with lower visibility (Kndibel et al., 1995, 1 35905),
wheareas a 12-city Capadian time-geries study identified no significant associations (Dales et al,,
2004, D87342).

Deaths by S5IDS were identified by different methods in the studies, partly due to transition
from WCD 9 to ICD 10 eodes, but also due to different cholees within the research design. Two
stedies examined multiple approaches (ICD 10 R93, ICD 10 R95 and R99) (Woodruff et al., 2006,
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083758; Woodmif et al., 2008, (93386}, and other studies Investigated ICD 9 798.0 and ICD 10 R95
(Ritz and Wilkeln:, 2008, 1569143, ICD 3 798.0 {Woodruff et al., 1997, 0842713, ICD 2 798.0 and
799 0 (Knobel ot 2l., 1995 155905), as well as a sudden unsxplained death of infant <1 year for
which an autopsy did not identify a speeific cause of death (Dales et al., 2004, 087347, These
variations in the definition af health cwtcomes add to differences in populations and study designs.

Although some findings indicate a potential effect of PM on rigk of SIDS, with the strongest
evidence perhaps from the case-contrel study tn California (Woodraff et al., 2006, 088758), others
do not find an effect or observe an uncertain association. For the relationship between PM and STDS,
8 2004 review article concluded consisient evidence exists compared to evidence for other infant
mortality effects (Glipianaia et al., 2004, 0B7598), whersas other reviews found weaker or
insufficient evidence (Heinrick and Slama, 2007, 156534). Another review concluded that the
sgientific {iterature on air pallution and SIDS suggests an effect, but that further research is needed to
draw & conclusion (Tong and Colditz, 2004, 0878831,

Considerations for Comparisons across Studies

Comparison of results across studies ean be challenging due to several issues, including
differences in methodologies, populations and study areas, pollution levels, and the exposure
timeframes uged. Given the large variation in smdy designs, the methods to address potearial
confounders vary. For example, weather and season were addressed in the case-control studies by
matching, in the time-series study through non-linear functions of tempersture and temporal trend,
and in the ecological study through county-level variables. All studies included consideration of
seasonality and weather, Researchers used different deflnitions of respiratory-related deaths,
including FCD 9 460-519 (Bobak and Leon, 1999, 007678; Lipfert et al., 2000, 004143); ICD ¢
460-519, 769-770 (Lipfert et al,, 2000, 004103%; 1CD © 460-5319, 769, 7704, 770.7, 7708, 7709,
and [CD 10 J00-Jo8, P22.0, P22.9, P27.], P27.0, P23.0, P28.4, P28.5, and P28.9 (Ritz et al., 2004,
080819); and ICI & 460-519 and ICD 10 J00-J99 for any canse on death certificate {Romieu et 2l
2004, 093074); ICD 10 JG0-99 and P27.1 exclnding J69.0 (WoodruiT et al., 2006, 0887 58; Woodrmff
et al , 2008, 0983848); and ICD & 450-51% (Woodmff et al., 1997, DBJ271).

Socioeconomic conditions wers incieded at the individual level, typically maternal education,
in many studies {e.g., Bobak and Leon, 1999, 007678, Ritz and Wilhelm, 2008, [ 56914; Ritz et al .,
2006, 089819; Woodruff et al., 1997, 084271 ; Woodruff et al., 2006, 0B3758) and at the community-
level in others {e.g.. Bobak and Leon, 1992, 04441 3; Penna and Duchizde, 1991, 073325) or for both
individual apd community-leve] data (e.g., Lipfert et al,, 2000, 004103). The time-seties approach is
unlikely to be confoundad by socioeconomie and other variables that do not exhibat day-to-day
variation. Similarly, cage-crossover methods use sach case as his/her own contrel, thereby nesating
the need for individual-level confounders such as speigeconomic status (e gz., Romieun et al., 2004,
093074; Tsai et al., 2006, 090709; Yang et al, 2006, 030760}, All sipdies published after 2001
ineorporated Individual-level sociceconomis data or wers of ¢ase-crossover or ime-series design.
One study specifically examined whether sociceconomic status modified the PM and mortality
relattonship, dividing subjects into three sociceconomie strata based on the ZIP code of residence at
death (Romien et af., 2004, 023074}, This work, based in Mexico, found that at lower socio-
economic lavels the association between PMy; and postneonatal mortality increased. Although the
overall azzociation showed higher risk of death with higher FM,, with statistical uncertainty, for the
lowest socio-sconomic group, a [0 pg/m’ incremnent in cemulative PMy, over the 2 days before death
was associated with a 60% (95% CI: 3-149) increase in postoeonatal death. & trend of higher effect
for lower socio-economic condition 15 observed in all 3 lag structures.

Studies differ in terms of the time frame of pregnancy that was used to estimate exposure.
Exposure to PM for infant mortality (<1 ye) was estimated as the levels betwesn birth and death
{Bobak and Leon, 1999, D074678), aneual community levels (Lipfert et al., 2000, 084103 ; Penna and
Dechiade, 1991, 073323} and the 3-5 davs prior to death (Loomis et al., 1999, 02738R). For neonatal
deaths, exposure imeframes constdered were the time between birth and death {Bobak and Leon,
1992, 0444i5; Bobak and Legn, 1999, 007678), annua) Jevels (Bobak and Leon, 1999, 007675
Lipfert et al., 2000, 0041037, monthly levels {Shinkura et al., 1999, 8900507, the same day
concentrations (Lin et al., 2004, 085787}, and the 2 mo o 2 wk prior to death (Ritz et al., 2008,
089819 Postneonatal mortality was assoclated with PM concentrations bazed on anmual levels
(Bobzak apd Leon, 1992, 044415; Lipfert et al., 2000, 004103), between birth and death (Bobak and
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Leon, 1999, 007673, Woodruff et al., 2006, 0EE758), 2 mo before death (Ritz et al., 2006, 039819Y,
the first 2 mo of life (Woodruff et al., 1997, 084271 ; Woodruff et al, 2006, $88758), the day of death
{Ha et al., 2003, 042552}, and the average of the same day as death and previous 2 days (Romieu et
al., 2004, 093074 Tsai et al., 2006, 090709; Yang et al., 2006, 0907607, Thus, no consistent window
of exposure wag identified across the studies.

PM ¢ concentrations were highest in Sowth Korea (692 pg/m”) (Ha et al,, 2003, 0242552) and
Taiwan (8145 ug/m®) {Tsai et al., 2006, 090709), and lowest in the U.S. (29.1 ug/m®) {Woodruff et
al., 2008, 098386 and Japan (21.6 pg/m’) (Shinkora ef al., 1999, 0900503, 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 health responses
of copollutants Is a challenge in the study of ambient air pollution. Several studies exarmined
multiple pollutants, most by estimating the effect of different pollutants through several univariate
models. Some studizs noted the difficulty of separating PM effects from those of other pollutants,
but noted stronger evidence for particles than other pollutants (Bobak and Leon, 1999, 007673). A
few studies applied copollutant models by including multiple pollutants slmultanesusly in the same
model. Effect estimates for the relationship between PM,q 2od neonatsl deaths in 530 Paule were
reduced to 2 null effect when $O, was incorporated (Lin et al., 2004, 095787). Associations between
PM,; and postneongial mortality or respiratory postneonatal mortality remained but lost statistical
sigmificance in & multiple pollutant model with CO, N0, and O3 (Ritz et al_, 2006, 039819).

Several 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
postneonatal mortality, particularly from respiratory causes (Bobak and Leon, 1999, 007678,
Heinrich and $lama, 2007, 156554; Lacasaiia et al,, 2005, 155914; Sram et al., 2005, 057442}, In
one review authors identified 14 studies on infant mortality and air pollution and determined that
stodies on PM and infant mertality do not provide congigtent results, although more evidence was
present for an association for some subsets of infant mortality such as postneopatal regpiratory-
related mortality (Bobak and Leon, 1999, 00767 8). The relationship between PM and posmeonata)
respiratory mortality was concluded to be causal in one review (Sram et al., 2003, 087442) and
strong and consistent I another {(Heinrich and Slama, 20—97, 1 56334). Meta-analysis using Inverse-
variance weighting of PM, studies found that a 10 pg/m” incresse In acute PM;; exposure was
associated with 3.3% (95% CI: 2.4-4 3) increase in risk of postneonatal mortality, whereas the same
mcrement of chronic PM ) exposure was linked with a 4.8% (95% CI: 2.2-7.2) increase in
postneonatal mortality and 2 21 .65 (95% CI: 10.2-34 2} inerease for respiratory postneonatal
mmortality (Lacasafia et al., 2005, 155914).

Studies that examined multiple outcomes and ages of death allow a direct comparison based
on the same study population apd 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 efiects faumerical results not provided)
bt statistically significant results for postmeonatal mortality (Ritz et al., 2006, 089219}, Figure
F-5compares risk for the postmeonatal period for respiratory and total mortality. In six of the seven
studies, higher effect estimates were observed for respiratory-related motrtality. Results from the
neonatal peried found kigher effects for total mortality compared to respiratory mortality (Bobak and
Leon, 1992, 007678) and the reverse for a study examining infant mortality (Lipfert et al., 2000,
004103). Thus, there exists evidence for a stronger offect at the postneonatal peried and for
respiratory-related mortality, although this trend is not consistent across all studies.
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Figure 7-5.  Percent increase in postneonatal mortality per 10 pg/rs’ in PNy, comparing risk
for total and respiratory mortality. Panel 2 {left) provides central estimates; panel
b (right} also adds the 95% intervals, The points reflect central esfimates and the
lines the 93% intervals. Solid lines represent statistically signfiicant eﬁeet
estimates; dashed lines represent non-statistically significant estimates.’

7.4.16. Decrements in Sperm Quality

Limited research conducted in the Czech Republic on the effect of ambient air poliution on
sperm production has found associations between elevated air pollution and decrements in
proportionately fewer motile sperm, proporticnately fewer sperm with normmal morphology or normat
head shape, propertiouately more sperm with abnormaj chromatin (Selevan et al., 2000, 012578
and an mcrease in the percentage of sperm with DNA. fragmentation {Rubes et al. ,2005, 073097 Ij
These results were not specific to PM, but for exposare to a high-, medinm- or lew-peiluted air
mixture. Similarly, in Salt Lake City, Utah, PM; ; was assosiated with decreased sperm motility and
morphology (Hammoud et al., 2009, 192156, Research in Los Angeles, California examined 5,134
semen samples from 48 donoss in relation to ambient air pollution measured 0-9, 10-14, 70-20 days
before semen collection over a 2-yr peried (1996-1998). .Eml:uent 0; during ali exposure periods bad
a significant nepative correlation with average sperm concentration, and no other pollutant measures
were significant]y associated with sperm quality parameters, or presented quantitatively (Sokol et al.,
2006, 058539,

7.4.2. Toxicological Studies

'[his section summatizes recent evide_nce on reproductive health effects reported with exposure
10 ambient PM; no evidence was presemted in this area in the 2004 PM AQCD. Studies from
different toxicologieal rodent models allow for investigation of specific mechanisms and modes of

! Sedies ingluded ave Bobalr and Leon (1952, QU7a74), Ha et al, (2003, 142557y, Riw et al, (2008, pERE19Y, Romicy ey al, (2004, 003078
Fomien =t al, {2008, | 5600 WoednoT et al, (1597, BE1371), WoodmudT ot al. (2006, GE3733). Findings from Bohak and Leon (15599,
A0FETEY were besed on TSP and wers converted to Phiie estonates assuming PhTSF = 0.8 a5 per summary dak) m the origloal anticls
{(Baobal: and Leon, 1959, 0074678, Findings from WandmT et al. (1957, 084271 fr mepiratpry-related oocklity were bessd on nanslow
birth weight infants, Restelts B Woodnudf et al, (2006, 132758 were baced on PM; 5 and weee comverted to Php assumiing
Phl o PhLs =048,
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action for reproductive changes. Emphasis is placed here on results from different windows of
development, Le., exposure in uters, neonatally or as an adult can affect reproductive outeomes as an
adult. In addition, studies evaluating wheather fertility is affected in female and/or male animals by 2
similar exposurs, and how exposures are transmitted to the fertility of the Fy offspring, are
summarized. Hormonat ¢ es which can lead to decreased spernm count or changes in the estrous
cycle are also of interest. Studies of pregnancy losses and placental sufficiency are also reporied.
Most 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 inferest,

71.4.2.1. Female Reproductive Effects

Urban Air

Windows of exposure are important in determining reproduetive success as an adult. Exposurs
as a neonate may have 3 drastically differemt imapact than does 3 similar adult exposure. To test thig,
fernale BATLB/C mice wers exposed to ambient air in Sa0 Paulo as neonates or as adults and then
were bred to non-exposed males (Maohallem et al., 2005, 08865 7). Ambient concentrations of the
pollutants CO, NQy, PM,,, and 80O, were 2.2 & 1.0 ppm, 107.8 £ 42.3 pg/m’, 35.5 £ 12.8 pg/m®,
and 11.2 =+ 5.3 pg/m”, respactively. They reported decreased fertility in animals exposed as
newhornsg, but not in adult-exposed female BALB/c mice. There were a significanily higher number
of liveborn pups from dams housed in filtered chambers (PM and gaseous compoments removed)
versus animals exposed to ambient air a3 newborns. There was also a higher incidence of
implantation failures in dams reared as newborns in polluted chambers. Sex ratio, number of
prégnanciss per group, resorptions, fetal deaths, and fetal placental weights did ant differ
significantly by exposure group. Thus, in these studies, exposure to ambient air pollution affected
firture reproductive suceess of females if they were exposed as neonates and not if exposed as adults.

Diesel Exhaust

Significant work has beer done in tale rodent models to determine the effect of PM exposure
on reproductive outcomes, with fewer studies condncted using female rodents, Tsukue et al. (2004,
096643) exposed pregnant C57-BL mice to DE {0.1 mg."m3} o7 to clean air (comtrols) for 8 hiday
from GD2-13. The ¢concentration of the gaseous matenals including NO, NOy, NO,, CO and 0,
are 2.2 + 0.34 ppm, 2.5 £ 0.34 ppm, 0.0 ppm, 9.8 = (.69 ppm, and <0.1 ppm (not detectable),
respectively, At GD14 female fetmses were collected for analysis of mRMNA for twoe genes involved in
sexuza] differentiation (Ad4BP-1/5F-1 and MI8), and found ne significant changes. Work by Yoshida
et al. (2006, 097015 showed changes in these two transcripts in male ICR fetuses exposed to similar
comeentrations of DE, albeit with different daily dumstions of exposure. Further work by Yoshida et
al (2006, 097015} showed that of three mouse straing tested, ICR male fetuses were the most
sensitive to DE-dependent changes in these two gepes. Nonetheless, strain sensitivity to DE particles
may also differ by sex. Thus, it appears that female mice exposed in atero 1o DE show a lack of
response at the mENA level of MIS or Ad4bP-1/5F-1, important genes in male sexual differentiation
that shewed DE-dependent changes in male pups from dams exposed in utero. Female fetuses have
showu a decrease in BMP-15, which is related to oocyte development {Tsukus et al, 2004, 096643).

A sensitive measure of androgenic activity in male rodents is anogenital distance (AGD}, ie.,
decreased AGD is seen with exposure to anti-androgenic environmental chemicals, the phthalates
{Foster et al., 1980, 094701 ; Foster et 2l., 2001, 156442). To assess the role of DE exposere on
reproduactive suceess and anti-androgenie effects on offspring, Teukue et al, (2002, 0303503} expoged
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 stpnificantly decreased uterine welght (1.0 mg/m™)
Some of the DE-exposed females were bred to unexposed males and DE-exposure led to inereased,
albeit not sighificant]y increased, vates of pregmancy loss in mated females {np to 25%). Offspring
were welghed after birth and decreases in body weight were observed at 6 and 8 wk {males and
fernales, 1.0 and 3.0 mg/m?*) and 9 wk (females, 1.0 and 3.0 mg/m®). Anogenita] 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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are, lower organ weights {adrénals, Hver, and thymus) were observed (1.0 mg/m’) compared to
controls; thymus weight of the 0.3 mgfm fernales was also Iower at 70 days. Crown to rump lengih
in females from dams exposed to DE (1.0 and 3.0 mg/m”) was less than the conirol group. In
cm‘qusmn, adult exposure to DE led to maternal-dependert reproductive changes that affecied
outecomes in offepring that magifested as decreased pup body weight, anti-androgenic effeets like
decreased AGD and decrzased organ weight (which may have beea confuunded by changes in body
welght because weights were not reporied as relative organ weights).

74.2.2. Male Reproductive Effects

Diese| Exhaust

Studies were performed 10 determine PM-dependent strain sensitivity of the male reproductive
tract using male steroidogenic enzymes as the model pathway. Three strams of pregnant mice (ICR,
C37BIG] or ddY mice) were continuously expnsed to DE at 0.1 mg/m® ¥ia inhalation or clean air
over gestational days 2-13 (Yoshida et al., 2006, 156170}, At GD14, dams were euthanized and

. fetuses were collected. Male fetuses were coliected from sack dam for mRNA analysis of genes
related to male gonal development including Mullerian Inhibiting substance (MI3; crucial for sexual
differentiation including Mullerfan duct regression in males}, steroid transgenic fctor {AJ4BP/SF.],
an enzyme in the testosterone synthesis pathway), eytochrome P450 cholesterol side chain cleavage
enzyme (P450s6c), and other stereid ogenic enzymes [173-hydroxysteroid debydrogenase (HSDY,
cvtochrome P430 17-o-hydroxylase (P450c17), and 3-Bhydroxvsteroid dehydrogenase (3FHSD)).
There were significant decreases in MIS (ICR and C57BL/6 mice) and Ad4BP/SF-1 (ICR mice)
compared to the control proups. The ddY strain demenstrated no changes in AJ4BP/SF-1 or MIS,
which may be due to marked changes in 3p-hD expression compared to non-DE exposed controls.
From these studies, it appears that mounse strains with in utero exposures to DE show differential
sengitivity in ponadal differentiation genes (mRNA) expression in male offspring; ICE are the most
sensitive, followed by C3TBL/G, with 4dY mice being the least sensitive.

Yoshida et al. {2006, 027013) alsc monitored changes in the male reproductive tract after in
utery exposure o DE. Timed- pregnant ICR dams were exposed during gestatien {2 days post-coitus
[dpc)-16 dpc) to continuous DE (0.3, 1.0 or 3.0 mg/m®) or ¢lean air. The reproductive tracts of male
affspring were monitored at 4 wk postnataily. Theze pups received possible continned exposure

u%h lactation as dams were sxposed to DE dunng gestation and nursed pups. Exposure to 0.3
tem” of DE had ne effact on male repmductwe organ weight or serum testosterone. The
intermediate concentration of 1.0 mg/m’ induced increases In senum testosterone. Exposure to the
higher coneentration (1.0 and 3.0 mgAn®) of DE led to significant increases in reproductive gland
weight (festis, prostate, and coagulating gland). The organ weights are presented as absolute numbers
and not adjusted for body weight, which iz sometimes problematic for complete representation of
hormenal changes, as body welght 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 regulatbd 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 demenstrated. Exposure
of pregnant ICR. mice to DE (2-16 dpe continuous inhalatron exposure to 1.0 mpfm’ or filtered clean
air) led to impaired spermatogenesis in offspring (Ono et 2., 2007, 136007). 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, al] of the animaly were transfirred o a regular amimal care facility and resejved clean air
exposure until the termination of the study. No cross fostering wag performed in this experiment, so
pups that were born to DE-exposed dams were also nursed on these dams and may have received
lactational exposure to DE. The gaseous compoenents of the diluted DE ineluded NO, NQq, S0, and
CO; 8t conceptrations of 11.75 £ 1.18,4 .62 £ 0.36, .21 & 0.0, and 4922 £ 244 ppm, respectively.
Body welght was significantly depressed at PNDs § and 35, Acoessary gland relative weight was
significantly ipereased at PNDE and PND 14 only. Serum testosterone was significantly decressed at
3 wk and was significantly increased ar 12 wl. At 5 and 12 wi, daily sperm production (DEP) was
significantly decreased. FSH receptor and StAR mRNA levels were significantly increased at 5 and
12 wl, tespectively. Relative testis weight and relative eprdidymal weight were unchanpged at all
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nme points. Histological changes showed sertoli eells with partial vacuelization and g significant
increase in testicular multinucleated giant cells in the seminiferous tubules of DE-exposed animals
compared 1o control. This stydy indicates that in utero exposure to DE had effects on
spermatogenesis in offsprng at the histolagical, hormonal and functional levels.

In utera exposure to DE and its effect on adult body weight, sex rafio, and malg reproductive
gland weight was measured by Yoshida et al. (2006, 097015). Pregnant ICR mice were exposed by
inhalation to DE (0.3, 1.0 or 3.0 mg/m”) or clean 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
tirms, serum testdsterone and pup reproductive gland weight was determined. Significant inereases in
relative reproductive organ weights were reported at 1.0 and 3.0 mg/m® for the seminal vesicle,
testis, epididymis, ecagulating pland, prostate and liver. hMale pup serum testosterone was
significantly increased at 1.0 mg/m°. Mean testosterone positively correlated with testis weight, DSP,
aromatase apd steroidogenie enzyme message levels (P430cc, ¢17 lyase, and P450 aromataze). Sex
ratio did not differ in DE-exposed amimals versus control. Male pup hody weight of DE-exposed
arirnals was significantly increased at FND28 (1.0 and 3.0 mg/m’). These studies show that in utero
DE-exposure led to Increased serum testosterone and ineteased reproductive gland weight in male
offspring early in life.

The effects of DE on murine adult male reproductive function were studied by sxposing 1CR
male mice (6 wk of age) to DE (clean air control, 0.3, 1.0 or 3.0 mg/m®) for 12 h/day for 6 mo with
another group recefving a 1-mo recovery of clean air post-exposure (Yoshida and Takedab, 2004,
097 7a0). After 6 mo of DE exposure, there was 2 concentration-dependent increase in degeneration
of seminiferous tubuies and » decrease in DEP/g of testis tissee. After 6 mo exposure o DE particles
plus 1 mo of recovery in ¢lean air, sfonificant decreases remained in D3P at the twe highest
coneentrations. The effect of ingestion of deposited PM on the fur with grocming capnot be ruled out
as a possible exposure pathway in this experiment.

To expand on PM-dependent changes In spermatogenesis, an eloquent DE-exposure mode]
was degigned 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/DuCyj rats) exposed to DE
{6 h/day exposure to 0.17 or 1.71 mg/m”; <00% of PM less than 0.5 pm; NO; coneentrations 4.10
and 0.79 ppm, respectively) or filtered air (removing PM only, low concentration filtered air and
high concentration filtered air) from GD7 to parturition produced adult male offspring with a
decreaced number of sertoli calls and decreased DSP (PND 96) when ¢ompared to eontrol mice
exposed to clean ait. The concentrations of NO» for the low and high filtered exposurs groups were
0.1 2nd 0.8 ppit, respectively. Because both PM-filtered and DE-exposure groups showed the same
cutcomes, the effects are likely due to gasedus components of DE.

Motoreycle Exhaust

Adult male (3-wk old} Wistar mts were exposed to motoreycle exhaust (ME) for 1 b in the
morning znd 1 hin the afiernoon (3 day/wk) at 1:30 dilution for 4 wk {group A}, 1:1¢ dilution for
2 wk (group B) or 4 wk {group ), or to clean air (Huang et al., 2008, 156574), After 4 wk of
exposire, both exposed groups had significantly decreased body weight compared to the control
group. All three ME exposure groups showed a decreased number of spermatids in the testis. Both
1:10 exposure groups alse demonstraied decreased caudal epididymal sperm counts. Group C had
sipnificant decreased testivular weight, decreased mRNA expression for the eytochrome P450
substrate 7-ghtoxyooumarin O-de-ethylase, and increased IL-6, IL-1$, and COX-2 mRNA levels.
Decreased protein levels of the antioxidant, superoxide dismutase, and increased I1L-6 protein were
reported for group C when compared to contral. 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-1pB, and COX-2
ME exposure-dependent message levels to baseling, The ghitathione antioxidant system and lipid
perexidation were unchanged. In conglusion, male animals exposed to ME showed significant
decrements in body weight, spermatid number, and serurn testosterone with an increase in
inflamnmatery 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 abaormal
effects on the male reproductive system. [n utero exposure to DE induced increased reproductive
gland weight and increased sermm testosterone In early life (PND2E)Y, which may lead to early
pubarty (albeit not messured in this study). With similar in utero DE exposures, later life outcomes
inelude decreased DSF, aberrant sperm morphology, snd hormonal changes (testosterane and FSHr
decrements}. Chronic exposure of adult mice to DE also induced decreased DSP and seminiferous
tubule degeneration. DE-dependent effects on male reproductive function have been reported in
multiple animal models, with only one model separating exposure based on particulate versus
gaseous components, DE and filtered air {gasecus phase only} exposure in utere induced sertoli cell
and D5F decrements in both groups, indicating that the gassous phase of DE was causative. Adult
maie rats expesed to ME manifested with decreased spermatid number, serum testosterome, 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
inchude a complex mixturs of paseous eomponent and PM exposure, which males interpreting the
gontribution from PM alone diffieult.

1.4.23. Multiple Generation Effects

Urban Air

Veras &t al. (2009, 190496) investigated pregnancy and female reproductive outcomes in
BALB/¢ female mice exposed to ambient air or PM-filtered ambient air at gne of two different time
periods (before conception and during pregnancy} neatr an area of high traffic density in Sao Panle,
Brazil. Exposutes were 27.5 and 6.5 ug/m” PM; < Tot ambient and PM-filtered air chambers,
respectively, with 101 pg/m® NO,, 1.81 pg/m® €O, and 7.66 pprm SO, in both chambers. Two groups
of 2nd generation (G2} nulliparous female mice were continneusly exposed from birth. Estrous
cyclicity and ovarian follicle classification were followed at PND&0 (reproductive maturation} in ons
group, A further group was sebdivided into four groups by exposures during pregnancy following
reproductive capability aod pregnancy outcomes of the G2 miee. 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 follicles was significantly decreased in the ambient air
versus the PM-filtered air animals. Other follicufar quantification (number of small, growing or
precovulatory follicles) showed no differences between the two chambers. There was an inerease 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 PM-filtered group. Specifically, in the ambient air groups,
there was a significant inerease in rate of the post-implantation loss in <1 and G2 groups. However,
there was no statistically significant change in number of pups in the litter. Fetal weight was
decreased in all reatment groups (arubient air groups G1 and G2, and PM-filtered G2) when
compared to the PM-filtered (G1 group or animals raised entirely in filtered air, showing that fetal
welght was affected by both pre-pestational and pestational PM exposure.

PM exposure priof to concepiion is associated with increased time in estrous, which in other
animal medels can be related to ovarian hermone dysfunction and ovelatory problems. These estrous
alterations can contribute to fecundity issues. There was no significant difference in numrber of
preovulatory follicles in the above model, but there was a stafisticaly significant decrease in the
number of antral fellicles (Veras et al., 2009, 1904063, Antral follicles are the [ast stage in fullicls
development prior to gvulation, and a decrease m antral follicls number can be related to premature
reprodective senescence, premature ovarian failure, or early menopause, which were aot followed in
this study.

In this study {Veras et al., 2009, 130496), the males that wers used to generate the GI and G2
groups were also exposed to ambient air or PM-filtered ambient air, and thus the reproductive
contribution of these males to the overall fertility and meting changes in the females capnot be
totally eliminated as a possible confoundsr to the observed effests. Thus, these effects are hard to
differentiate as male- or female-dependent and likely indicate a general loss of reproductive fitness.
Intersstingly, both pre- and gestational exposure to ambient air induced & significant lass in post-
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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
Anylhydrocarbon Receptor (AhR}

Diesel Exhaust Particles

The AhR is often activated by chemicals classified as endocrine disrupting compounds
(EDCs), exogenous chemicals that behave as hormonsally active agents, disrupting the physiological
fanetion of endogenous hormones. DE particles are known to setivate the AhR. A recent study by
Izawa et al. (2007, 120387) showed that certain polyphenols {quercetin from the onion) and food
extracts (Ginkpo biloba extract) are able to attenuate DE particle-dependent AhR activation when
meazured with the Ah-Immimoassay, thus possibly attemeating the EDC aetivity of DE particles.

74.25. Developmental Effects
Sex Ratio

Urban Air

A correlation between PM s eXposure and a decrease in standardized sex ratios (SSRs) has
been reported in humans exposed to air pollation (Lichienfels et al., 2007, 087041; Wilson et al.,
2000, p10288}, with fewer nurmbers of male births reported. To understand this shift, two groups
{control and exposed) of male Swiss mice were housed concwrently in $20 Paulo and received either
ambient air exposure or filtered air (chemical and particutlate filtering} from PND10 for 4 mo
(Lichtenfels et al., 2007, 097041). Filtration efficiency for PM. s, CB, and N0, inside the chamber
was found to be 55%, 100%, and 35%, respectively. After this exposure, nen-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
numbet of germ cells, and deereased elongated spermatids, but no significant chanpe in litter size.
Females were housed in the chambers apd sacrificed on GD'9 when the number of pups born alive
and the sex ratio were obtained. There was a significant decrease in the 35K for pups born after
living in the ambient air-exposed chamber compared to the filiered ¢chamber. In this smdy, & shift in
53R has been shown for both humans and rodents expesed to air polhrtion, but other studies with DE
exposire (Yoshida et al., 2006, 156170% or ambient air in Sao Paulo (Mohallem et al., 2005, 038657)
showed no changes in rodent sex ratio. Possible exposure to PM and other components of ambient
air via ingestion during grooming cannot be ruled out in this rodent model.

Immunslogical Effects: Placenta

Diesel Exhaust

Placental insufficiency can Jead to the loss of a prégnancy or to adverse fetal outcornes. DE-
exposure has bean shown to induce inflammation in varmous models. Fujimoto et al. {2005, 0965563
assessed cytokine/immunological changes of DE-dependent inhalatior exposure on the placenta
during pregnancy. Pregnant Sle:CR mice were exposed to DE (0.3, 1.0, or 3.0 mga"mE; PM MMAD
of 0.4 pm) or clean air from 2 to 13 Jdpe and dams, placenta, and pups were collected at 14 dpe.
Thers was a significant increase in the nmumber of absorbed placentas in DE-exposed animals (0.3
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and 3.0 mg/m*) with a significant decrease in the number of abserbed placentas in DE-exposed
animals at the middle concentration (1.0 mg/m?). Absorbed placentss from DE exposed mice had
undetectable levels of CYPIAL and twofold increases in TNF-u; CYPIAL placental mRNA from
healthy placentas of DE-exposed mice was unchanged versus control. IL-2, IL-5, IL-12e, IL-12B and
GM-CSF mRNA significantly increased in placentas of DE-exposed animals (0.3 and 3.0 mg/m®).
Fujimoto et al. (2005, 096556} reported DE-induced significant increases in multiple inflammatory
markers in the placenta with significant increases in the number of absorbed placentzs.

Immunological Effects: Asthma

Maodel Particies

In utero exposure may confer susceptibility to PM-induced asthmatic responses in offspring.
Exposure of pregnant BALB/¢ mice to aerosolized ROFA leachate by inhalation or to DE particles
intranasally incréases asthma susceptibility to their offspring (Fedulov st al., 2008, 097482: Hamada
et al., 2007, 091235}, The offspring from dams exposed for 30 min to 50 mg/ml ROFA L, 3, or
§ days prior to delivery respondad to OVA immunization and aerese] challenge with airway
hyperreactivity and increased antigen-specific IgE and 1gG ! antibodies (Flamada et al., 2007,
091235} Airway hyperreactivity wag also observed in the offspring of dams intranasally instilled
with 50 pug of D% particles or Tidy, or 250 pg CB, indicating that the same effect could be
demonstrated nsing relatively “Inert” pariicles (Fadulow et al., 2008, 097482). Preonant mice were
particularly sensitive to expostre to DE or TiD; particles, and genetic analysis indicated differeatia]
expression of 30 genes in response to Ti0 in pregnant dams. Thies pregrancy and in utero exposure
may enhance responses to PM, and exposure to even relatively inert particles may result in offspring
predisposed o asthma.

Placental Morphology

Urban Air

Exposure to ambient air pollution during pregnancy is associated with redueed fetal weight in
both human apd animal models. The effect of particulate urban air pollution on the functional
maorphology of the mouse placentz was explored by exposing second generation mice in one of four
groups to urban 3ao Paulo air (PM was 67% PM. s, mamly of vehicular origin) or filtered afr {Veras
et al., 2008, 190493). Experimentzl design was: group F-F comprised of mice that were raised in
filtered air chambers and completed pregnancy in filtered air ¢chambers; group F-oF raised in filtered
air and pregnant in ambient air; group oF-nF raised and completed pregnancy in pon-filtered air
¢hambers; and proup nf-F mice raised in ambient air and reegived filtered air during pregnancy.
Mean PM: s concentrations in the F and nF chambers were 6.5 and 27.5 pg/m’, respectively.
Exposure was from PND2Q-PND&0. After this exposure, the animals were mated and then
maintained in their respective chambers doring pregmancy. Pregnancy was terminated at GDR (near
term) with placentas and fetuses collected for analysis,

Exposure to ambient PM pre-gestationally or gestationally led to significantly smaller fetal
welght (total litter weight). Pregestational exposure to ambient air induced significant increases in
fetal capillary surface area and total mass-specific conductance, bat this may be explained by
reduced maternal/dam blood space and diameters. Gestational exposure to non-filtered afr was
associated with reduced volume, dizmeter {valiber) and svrface area of maternal bload space with
compensatory preater fetal capillary surface and oxygen diffusion eonduction rates. [nfravaseular
barrier thickness, & quaniitative relationship between trophoblast volume and the combined surfaces
of maternal blood spaces and fetal capillaries, was net reduced with ambient air exposure. This study
provides evidence that fetal/placental cireulatory adaptation to maternal blead deficits after ambiant
FM exposure may aot be suffivient to overcome PhM-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 air (Sao Pzuio) or filtered air over
various portions of gestation to determine If there was an associatfon between fetal or placental
weight or birth outcomes with exposure to air gn]luﬁnru (Rocha et al., 2008, 096685). The reported
ambient concentrations of PMip (42 + 17 pg/m™), NO2 (97 £39 pe/m™), and S0, (9 £ 4 wers
meagnred 100 m away from the rodent exposure chambers. By using $ix {ime 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 induced 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 wl of gestation. This study points to possible windows of exposute that may be impottant in
evaluating epidemiologic study results.

Neurodevelopmental Effects

Diesef Exhausi

The diagnosis of autism is on the rige in the Western world with its eticlogy mostly unlmown.
Autism-agsociated cell loss is brain region-specific and hypothesized to be developmental in omigin.
Sugamata et al. {2006, 097166) exposed pregnant ICR mice to DE (0.3 mg/m®) continuously from
2 dpe to 16 dpe. Pups with in utero exposure t¢ DE were nursed in ¢lean air chambers, but may have
received pastro-intestingl exposure via lactetional transfer of various components of DE. At 17 wk of
age, cerebellar brain tissue was collected. Earliet work has shown that DE particles (0.1 pm) have
been detected in the braing {cersbral cortex and hippocammpus) of newborn pops who wers born to
dams exposed to DE during pregvancy (Sugamata et al., 2006, 097166). Histological analysis of DE-
exposed pup cerebella revealed significant increases in caspase-3 {c-3) positive cells compared to
control and significant deersases in cerebella Purkinje cell numbers in DE-exposed animals versus
conirel. The mtio of eells positive for apoptasis (¢-3 positive) showed a nearly significant sex
difference with males displaying increagsed apoptosis versus females (p = (.0%). In humans with
autisin, the cerebellum has a decreased aumber of Purkinje cells, which is thought to be fietal and
developmental in origin; further, these anthors speculate that humans may be more sensitive to DE-
dependent neuronal brain changes, as the human plagenta is two-layers thick compared o the mouse
placenta that 1s four layers thick.

Behavioral Effects

Diesal Exhaust Particles

Body weight decrements ar birth have recemtly been associated through the Batker hypothesis
with adverse adult outcomes. Thug, many publications have begun to focus on decreased birth
welght for gestational age and associated adult changes. Hougaard et al. (2008, 156570) exposed 40
timed-pregnant C57BL/S dams to DE particles reference materials (SRM 2975} via inhalation over
GD7-GD19 of pregnaney. They found significantly deereased pup weight at weaning, ajbeit not at
birth. PM -dependent liver changes were monitored by following various inflammatory and
genotoxicity-related mRNA transcripts and there were no significant differences in pups at PND2,
The comet assay from PND2 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-exposed 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 learping task in the Morris water maze. Thus, DE particle exposure during in utere
development led to behavioral changes without body weight at weaning or changes in inflammatory
markers ar thytold hormone levels.
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Diesel Exhaust

The effect of in utero DE exposure on CNS motor function was evaluated in male pups (ICR

mxce} after dams received DE exposure (Bh/dx3d/wk) from GD2-GD17 (Yokota et 2., 2003,

1904 18). The exposure atmosphere contained concentrations of 1.0 mg/m” for pa:rtlcle mass,
2.67 ppm CO, 0.23 ppm NO;, and <0.01 ppm 50,. Spontansous motor activity was sigmificantly
decreased in pops (PNID35), as was the dopantine metabolite homowvanillic acid measured in the
striaturn and nucleus accumbens, indicating decreased dopamine {DA) turnover. However, DA levels
were unchanged in the same areas of the brain. The avthors conclude that these data demonstrate that
maternal exposure to DE Indueed hypolocomotion, similar to earlier studies with adult and neopaial
DE particle exposure (Peters ef al., 2000, 001756), with decreaged extracellular DA release.

Lactation

Diase! Exfiaust

Tozulka et al. (2004, 090864) monitored the transfer of PAHS to fetuses aod breast milk of
F344 rats exposed to DE (6kh/day) for 2 wk from GD7-GD 20 B{mmus 4 days for the weekend when
no exposure gocurred) with PMyg concentration of 1.73 mp/m”. At PND 14, breast milk was
collected. Fifteen PAHS were mornitorzd in the DE exposure chamber and seven were quagtified in
daim bleod with levels of phenanthrene (Phe}, anthracene (Ant) and benz[a)anthracene (BaA) in the
DE group being significamly higher than the control group. In breast milk, Ant, flueranthene (Flu),
pyrene (Pyt}, and chrysene (Chr) showed significant increases in the DE group compared to the
control group. BaA tended to be about fourfold higher than the coatrol group 1n 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 PAHs derived from DE are transferred 2cross 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 mille, but this shouid be confirmed in future studies that
cross foster control and exposed dams and pups. The lipophilicity of the PAH based on its structure
likely affected its nptake in the dam, as PAHs with 3 or 4 rings were found in maternai bleod and
FAHs with 5 or § rings were not detected.

Heritable DNA Changes and Epigenefic Changes

Ambient Air

To address the role of ambient air exposure on heritable changes, Somers et al. {2004 D78G98)
exposed moice 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 t0 ambient air in urban regions inherited paternal-origin
expanded simple tandern repeat (ESTR) mutations 1.9-2 1 times more - frequently than offspring of
mice expased to HEPA filtered air or those exposed to rural ambient ajr. Mouse expanded simple
tandem repeat (ESTR) DNA 15 composed of short base pair repeats which are unstable in the
germline and tend to mutate by insertion or deletion of repeat units, In vive and in sttu studies have
shown that muring ESTR loei are susceptible to ionizing radiation, and other environmental
mutatgen-dependent germline mutations, and are thus pood markers of exposure to environmental
gontaminants.

Expanding upon the above work and te determine if PM or the gaseous phase of the urban air
was responsible for heritable mutations, Yauk et al. (2008, 157164) exposed mature male
C57B1=CBA Fl hybrd mice to either HEPA-filtered air or to ambient air in Hamilion, Catane,
Canada for 5 or 10 wk, or 10 wk ples 6 wk of clean air exposure (16 wk), Sperm DNA wag
monitored for expanded simple tandem repeat (ESTR) mutations. [n addition, male-germ line
(spermatogonial stem cell} DNA methylation was monitored post-exposure. This area in Hamilton is
near two steel mills and a major highway. Ajr quality data pravided by the Ontario Ministry of the
Environment shﬂwed the highest concentrations of TSP and me'tals atweek 4 (938 =17 and
3.6 + 0.7 pg/m®, respectively) and PAH at week 3 (8.3 = .7 ng/m™). Mutation frequency at ESTR
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Ms6-hm locus in sperm DMNA from mice exposed 3 or 10 wk did not show elevated ESTR motation
frequencies, bt there was a significant increase in ESTR mutation frequency at 16 wk in ambient
air-exposed meles versus HEPA filter-exposed animals, pointing to a PM-dependent mechanism of
aotion. Whern comparaed to HEPA filter air-exposed males, ambient gir-exposed males manifested
with hypermethylation of germ-line DNA at 10 and 16 wk. These PM-dependent epigenetic
modifications {hypermethylation) were not seen in the halploid stage {3 wk) of spermatogenesis, but
were nonetheless seen in early stages of spermatogenesis (10 wk) and remained significantly
elevated in mature sperm even after removal of the mouss from the envirotmental exposure (16 wk).
Thus, these studigs indicate that the ambient PM phase and not the gaseous phase is responsible for
the increased frequency of heritable DN A mutations and epigenetic medifications.

7.4.3. Summary and Causal Determinations

1431 PM:s

The 1996 PM AQCD concluded that while few studies had been conducted on the link
between PM and infant mortality, the research “suggested an association,” particularly for post-
neomates (U.5. EPA, 19596, 079380). In the 2004 PM AQCD, additional evidence was available on
PMs effeet on fetal and early postnatal development and mortality and while some studies indicated
a relationship between PM and pregnancy outcomes, others did not (1.5, EPA_ 2004, 056905).
Studies identifying sssociations found that expasurs to PMqpearly during pregnancy (first month of
pregnancy) or late in the pregnancy (6 wk prior to birth} were linked with higher nisk of preterm
birth, including models adjusted for other pollutants, and that PM; s during the first month of
preégnancy was associated with IUGR. However, other work did not identify relationships between
PM 1 exposure and Iow birth weight. The state of the scignce at that time, as indieated in the 2004
PM AGCD, was that the research provided mixed results based on studies from multiple countries.

Building on the evidence characterized in the previous AQCDs, recent epidemiol 0gic studies
conducted in the U.S. and Etrope were able to examine the sffects of PM; 5, and all found an
increased risk of low birth weight (Section 7.4.1). Exposure to PM; s was usually associated with
greater reductions in birth weight than exposure to PM g All of the studies that examined the
relationship between PM; s and preterm birth report positive associations, and most were statistically
significant, The studies evaluating the association between PMa < and growth restriction all found
positive associztions, with the strongest evidenee coming when exposure was assessed during the
first or second trimester {Section 7.4.1). For infant mortality (<1 y7), severa] studies examined PMas
and found positive assoeiations (Section 7.4.10.

Animal toxicological studies reported effeets including deersased utetine weight, limited
evidence of male reproductive effects, and conflicting reports of reproductive outcomes in male
offspring, parheularly in studies of DE (Section 7.4.2}. Toxicelogical studies also reported effects for
several development outcomes, including immunolopical effects (placental and related to asthmal,
neurodevelopmental and behavioral effects {Section 7.4.2).

In snmmary evidence Is accumulating from epidemiologic studies for effects on low birth
weight and infant mortality, especially due o respiratory causes during the post—neonatal peried. The
mean PM, s concentrations during the study penﬂds ranged from 5.3-27.4 pg/m’. Exposure to PMas
was usually associated with greater reductions in birth weight than exposure to PM . Several U5,
studies of PMp investigating fetal growth reported 11-g decrements in birth weight associated with
PM 1, exposere. Most of these studies were conducted i California, where PMas and P pa s
contribute almost equafly to the P, mass concentration. 5o while these results can not be
attributed to one size fraction or the other, the consistency of the results strengthens the imterpretation
that particle exposure may be causally related to reductions in birth weight. Similarly, animal
evidence supported an association between PMy s and PM;p exposure and adverse reproductive and
developmental outcomes, but provided little mechanistic iInformation or biclogcal plawsibility for an
association between long-term PM exposure and adverse birth outcomes, including low birth weight,
or infant mortality, Epidemiologic studies do not consistently report associations between 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 texicological evidence is Suggestive of a
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causal relationship befween long-term exposures to PM:s and reproductive and
developmental outcomes.

7432, PMigss

Evideace is inadequate to determing if a causal relationship exists between long-

term exposure to PMusas and developmental and reproducfive outcomes becanse studies
have mot been conducted in sufficient quantity or quaiity to draw any conclusion. A single study
found an association between PM g 5 and birthweight (~13 g [35% CI: -18.3 to -7.6] per 10 pa/m’
increasel, but no suech association for PM; 5 {Parker ot 3], 2008, 136013,

74.33. UFPs

The 2004 PM AQCD did not report long-term exposure studies for UFPs. No epidemielogic or
animal toxicology studies have been condeeted to evaluate the effects of long-term UFP axposurs
and reproductive and developmental effects. Ambient air exposures, which likely inelude UFPsz, are
teported in this ISA but there is no delireation of the separate contribution from UFPs, The evidence
is inadequate to determine if a causal relationship exists between iong-term UFP

exposures and reproductive and developmental effects.

71.5. Cancer, Mutagenicity, and Genotoxicity

Evidence from epidemiologic and anirms] toxicological studies has been accurmulating for
more than three decades regarding the mutagenicity and carcinogenicity of PM in the ambient air.
LE 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 om Cancer (TARC) found that
there was sufficient evidence that extracty of DE particles were carcinegenic ip experimental animals
and that thers was limited evidence for the carcinogenic effect of DE in humans (IARC, 1489,
002958). This eonclusion was based on studies in which organic extracts of DE particles were used
to evaluate the effects of concentrates of the organic compounds associated with carbonaceous soom
particles. These exiracts were applied to the skin or administered by IT instiilation or intrapulmonary
implantation to mice, rats, ot Syrian hamsters and an excess of tumors on the skin, lung or at the site
of mjection were observed.

In 2002, the U.5. EPA reviewed over 30 spidemiologic studies that investigated the potential
carcinogenicity of DE. These studies, ou average, found that lonp-termn occupational exposures to
DE were associated with a 40% inerease in the relatve risk of lung cancer (U5, EPA, 2062,
(428651, In the same report the 1.5, EPA concluded that extenzive studies with salmonella had
unequivocally demonstrated mutagenic activity in both particulate and gaseous fractions of DE.
They further concluded that DE may present 2 lung cancer hazard to humans (U8, EPA 2002,
042866). The particulate phase appearsd to have the greatest contribution to the carcinogemc effect.
Both the particle core and the associated crganic componnds demonstrated carcinogenic propertics,
glthough a role for the gas-phase compenents of DE could not be ruled out. Almost the entire diese]
particle mass iz < 10 pm in diameter {PM,g), with approximately 94% of the mass of these particles
<2.5 um in diameter (PMa 5y, including 2 subgroup with a large oumber of UFPs (U5, EPA, 2002,
D42866). U5, EPA considered the weight of evidence for potential buman carcinogenieity for DE to
be strong, even though inferences were involved in the overall 2ssessment, and conclnded that DE is
“likely to be careinogenic to humans by inhalation” and that this hazard applies to environmental
exposures (1.5 EPA, 2002, 042856},

Two recent reviews of the mutagenicity (Claxton et al., 2004, 039008) and carcinogenicity
(Claxton and Woodall, 2007, 130391} of ambient air have characterized the animal toxico]ogical
literature on ambient air pollution and cancer. The majority of these taxicological smdies have been
conducted asing IT instillation or dermal routes of exposure. Generally, the toxicological evidence
reviewed in this ISA bas been limited to inhalation studies conducted with lower concentrations of
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PM (<2 mg/m™), relevant to current 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 impartant evidence for the role of PM in mutagenicity, tumorigenicity,
and/or carcinogenicity may be missed. In order to accurately characterize the relationship between
P and cancer and be consistent with the EPA Guidelines for Careinggen Risk Assessment

{U.S. EP4, 2005, 086237), these reviews (that include stmdies that employ IT instillation and dermal
routes of exposure) are summarized briefly.

Claxton et al. (2004, 089003) reviewed the mutagenicity of air n the Salmenella (Ames)
asgay. znd showed that hundreds of compeunds identified in ambient air from varying chemnical
classes are mutagenic and that the commonly monitored PAHS could not aceount for the majority of
muitagenicity associated with most airborne particles. They concluded that the smallest particles have
the highaest toxicity per particulate mass, with the PM. ; size fraction having greater mutagenic and
cytotoxic potential the PMy, size fraciion, which had a higher mutagenic potential than the TSP
size fraction. One study reviewad by Claxton et al, (2004, 089008) found that the cytotoxic potential
of PM; ; was higher in wintertime samples than in summertime samples. A series of studfes on
source apportionment for ambient particle mutagenic activity reviewed by Claxton et al. (2004,
085003} indicate that mohile sourees (cars and diesel trucks) account for most of the mutagenic
activity, _

Claxton and Woodall (2007, 180391) reviewed many strdies that examined the rodent
carcinogenicity of extragts of ambient PM samples; the PM was of vatious size clasges, often from
TSP samples. Among 2 variety of mouse and rat sirains, application methods, and samples
employed, the apthors found no pattern that would suggest the reutine use of a particular strain or
protocol would be mote informative than another. The primary conclusion that comes from the
analysis of rodent esrcinogenicity studies is that the most polluted urban air samples tested to date
are carcinogenic; 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 individeal can influence tumorigenic response.
Stdies examining different components of ambient PM (e.g., PAHs) confinm that ambient air
comtains multiple carcinogens, and that the careinogenic potential of padicles from different airsheds
can be quite different. Therefore, one would expect the incldence of cancers related to ambient air
exposure in different metropolitan areas to differ.

Numergys epiderniologic and apimal toxicological smdies of ambient FM and their
coniributing sources have been conducted to assess the relative mutagenic or genotoxic potential.
Studies previously reviewed in the 2004 PM AQCD (U.5. EPA, 2004, 056805} provide evidence that
ambient PM as well as PM from specific combustion sources {e.g., fossil fuels) is muotagenic in vive
and in vitro. Building on these results, data from recent epidemiologic and animal toxicological
studies that evaluated the carcinogenic, mutagenic and/or genotoxic effects of PM, PM-constituents,
and epmbustion emission source particles are reviewed in this sectjon.

7.5.1. Epidemiologic Studies

The 2004 PM ACQCD reported on orginal and follow-up analyses for three prospective cohort
studies that examined the ralationship 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 conecinded that long-term PM exposure may increase the risk of lung cancer incidence and
mortality. The largest of the three prospective cohort studies included in the 2004 PM AQCD was the
ACSE srudy (Pope et a1, 2002, §24689). This study was the follow-up to the otiginal ACS study
(Pope et al., 1995, 043159), and included a longer follow-up petiod and reported a statistically
significant asgociation between PM- s exposure and lung cancer mortaiity.

A 14- to 16-yr prospective study conducted using the Six Cities Stndy cohott reported 2
slightly elevated risk of lung cancer mortality for individuals living in the most polluted city (mean
PM, o 46.5 pg/m’; mean PM; s 29.6 pg/m’) 23 compared to the least polluted city (msan PM;,:

182 j.l.gfmz; mean FMs 5 11,0 p,g,-’ma]l but the association was not statistically significamt (Dockery et
al., 1993, 044457).

Re-znalysis of the AHSMOG ¢ohort, a study of non-smeking whites living in California,
concluded that elevated long-term exposure to PM iy was associated with leng cancer incidence
among both men and women (Beeson et al., 1993, 048890). The original study had reported an
excess of Incident lung eancers only among women (Abbey et al., 1991, 042668). Further reanalyzis
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of this cohort revealed an association between PMyp and lung cancer mortality among men but o
association among women (Abbey et al., 1999, 047350%. Fo addition, McDonnell et al. {2000,
010319) reported Increases in lung cancer mortality with long-term exposure to Pis in the
AHSMOG cohort; 1o agsociation was seen for PMgoas.

7.5.1.1. Lung Cancer Mortalify and Incidence

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

Section7.6.
Table 7.6,  Characterization of ambient PM concentrations from recent studies of cancer and long-
term exposures fo PM.
i Mean Annual Upper Percantile d_
Sty Lacation Follutant Cancentration Concentrations fjagfm”
Brunakresf etal (2008, 131890 The Nethertands 20 283 Wae IEE
Bonner &t al_ {2005, 082503} Wiestern N St TP H
Jemet g al (2008, OETH00) Lot Arggeles, Calfamia Pl Mo 1
Range of means aToss siles: 10,2-20,0
Laden et al, B LS, cifies
oo, 7609 Pt By of means across sites; 16.4 .
L 15 Maic 22
Haass et al, (2007, Gslo, N
fecor. DEAT ooy PM,y 19 Mar 50
Pafl et al_ {2008, 158577) Flarenice, Haly Pl NR
Fedsen o o {206, 1 . Pz Nk 46120
== A @ Crect R'EFLNIF
Pl M 120238 B
Fange of means ares sites: 126207
Sarensen et al, {2005, B30 Copenhages, Denmark 7 o PLATT T
netdl 2 hages Mo g of mesrs across sies: 167
Srams el o, (2007, 188457y Czech Repubi Pldo Mo =5
- ' IC
PU Phlys e 33
B Fange of means amss sites: 36.4-55.5
S N “ g of rEans 30ress sites: 46.0
al \ j
B, Fange of Means acoss sies: 24.8-44.4
! Awg af means actoss sfes: 34.6
- Range of Means acmss ses: 19,9734 -
Wirleis et al, (205, 1 Mut-city, Eu P
1a20P%, Moty Eurape " Aoy of s acrnss sites: 35.4
Ra acrnes sites: 18,
Virzents et & (2005, (87482 Copeahagen, Denmak  Pho Pge ar e e

Powg of MEENS A0S SeS 70T

A subset of the ACS cobort study from 1982 to 2000 that included only residents of Los

. Angelss, Califormia was used to examine the association between PMz s and lung cancer mortality

while adjusting for both individual and neighborhood covariates (Jerrett et al , 2005, 076007, There
was @ positive association between PM; 5 and lung cancer mortality when adjusting for 44 individual
covariates (BT 1.44 [95% CI: 0.98-2.11] per 10 pg/m? increase in PM; ¢). However, including all
potential individuza] and neighborhood covariates associated with mortality reduced the association
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(RE 1.20 [95% CI: 0.75-1.82] per 10 ].Lg.l"]]]3 increase in Pz 5). A recent re-analysis of the full ACS
cohort also demenstrated a positive association between PMa s and lung cancer mortality (RR: 1.11
[95% CI 1.04-1.18]) (Krewski et al., 2009, [91193). The authors observed modification of this risk
by educational attainment, with those completmg a high sthool 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 PMz s and lung cancer mortality in the analysis of the region
ingluded in the New York City analvsis. A posifive associstion was observed in the Los Angeles-area
analysis wsing an unadjusted model, but this association did not persist after contre] for individual,
ecologie, and copollutant covariates.

The Six Cities Study was extended to include data from 1990-1998, a pericd incloding 1,368
deaths and 54,735 person-yzars (Lader et al,, 2006, 087603). An elevated risk ratio for lung cancer
mortality was reported when the entire foHnw—up period (1974-1998) was ncluded inthe analysis
(RR. 1.27 [95% EI (1.96-1.69] per 10 pg/m® increase In average ammual PM; s5). However, estimated
decreases in PM; s wete nat assucmted with reduced lung cancer mortality (RR 1.06 (5% CIL:
0.43-2 62] for every 10 ng/m’ reduction in PMa s).

Naess et al, (2007, 0807367 studied individuals aged S1-90 vr living in Oslo, Norway in 1992,
Death certificate data were obtained for 1992-1998 and information on PM was collecied from
1992-1993, Women had a larger association of lung cancer mortality with FM, < compared to men.
Simmlar results were reported for PM;;.

Most recently, Brunekreef et al. (2009, 191947} psed the Netherlands eohort study (NLCS) on
diet and cancer to conduct a re-analysis of the research performed by Beelen et al. (2008, 156263)
examining the asgociation between PM and both lung cancer mortality and incidence. After 10 4 of
follow-up, there was no agsociation between PM; s and lung cancer murtahp' for either the anglysis
of the full eohort (n = 105.296) (RR .06 [95% CI: 0.82-1.38] per 10 pg/m increase in PM; ;) or the
case-cohort (n =4 .075) (AR 0.37 [95% CI: 0.52-1.47]). Thers was als¢ no association with black
smoke or traffic density varables, although living near a major roadway was associated with an
elevated relative risk for lung cancer in the fill cohort analysis (RR 1.20 [95% CI: 0.98-1.47]). The
ASS0CIAtlon was not present m the case-cohott analysis (RR 1.07 [95% CI: 0.70-1.64]).

In addition to lung cancer mortality, Brunekreef et al. (2009, 121947) also examined the
association with lung cancer incidence using 11.3 yr of follow-up data In both the ful]l cohort and
the case-cohort analyses no assotiation was reported betweesn PM, s and lung cancer mmderme {full
cohort: RR 0.81 [95% CI- 0.63-1.04]; case-cohort: RR 0.67 [95% CI: 0.41-1.10] per 10 ug/m’
mcrease in PM; 5). The same was true for analyses of BS and traffic density variables.

The association between PM and incident lung cancers was examined in the European
Prospective Investigation into Cancer and Nutrition study (EPIC) (vineis et al., 2006, 192089).
Within this cohort, & nested case—control study, the Genalir study, included cases of u:tmdent cancer
and controls matched on age, pender, smoking status, country of recruitment, and time between
recruitment and diagnnsis. Onl}f non_smokers and former smokers who had quit smoking st least
10 yr prier were included. The study included 113 cases and 312 controls. No association was seen
between PM,q and Jung cancer (OR 0.51 [85% CI: 0.70-1.18] per 10 1g/m ). The OR was elevated
when cotimine, a marker for ciparette exposute, was included in the model but the anthors state that
this is pmbabl}f due to small study size (OR 2.85 [95% CI: 0.97-8.33] comparing > 11 pg/m* to
<11 pg/m } Control for sher potential confornders, such as BMI, education level, and intake of
fruit and vegetables, did not have a large impact on the estimate.
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Tahble7-7.  Associations* between ambient PM concentrafions from select shidies of lung cancer
mortality and incidence.
Study Cohort Location Years Analysis subgroup  Effiect Eslimate {85% C1}
MORTALITY - Pb s
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7.5.1.2. Other Cancers

Bonner et al. (2003, 088993) conducted a popalation-based, ease-control smdy of the
association between ambient exposure to PAHS in early Life ard breast cancer incidence among
women living in Erfe and Niagara counties in the state of New York. Cases (n = 1,166 of which 541
wera pist-menopausal} wers 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 exposure. Annual averagze TSP concentrations
{1959-1997) were obtained from the New Yorl State Depariment of Environments] Conservation for
Etie and Niajga.ra Counties. Among postmenopausal women, exposure to high concentrations of TSP
=140 pg/m”) at birth was associated with an OR, of 2 42 for breast eancer (95% Cl: 0.97-5.09)
relative 10 low 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 postmenvpausal women. Among premenopausal women, exposurs to high concentrations of
TSP at birth was associated with an QR for breast cancer ineidence 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 0 .66
(95%1(321(:] )11.33-1 .16}, and expostre at age of first birth was associated with an OR of (.52 (95% I
0.22-1.20).

7.5.1.3. Markers of Exposure or Susceptibility

Several studies looked at markers of exposure or susceptibility as the outcome associated with
short-termn exposure. These studies are included here because they may be relevant to the mechanism
that leads to cancer associated with lopg-term exposures. For example, inflammation can contribute
to carcinogenesis by inducing genomic instability, which can then lead to 2ltered gene expression,
enhanced proliferation, and resistance to apoptotic signals. Reactive oxygen and nitrogen species,
provided by PM compenents or inflammation pathways, can cause molecular damage leading to
cellular transformation. Elevated inflammatory eviokines, chemokines, and prostaglanding promote
tumer growth and angiogenesis, which in turn promotes metastasis and maligrant invasion. In
particwlar, IL-6, IL-8_1L-1f, COX-2, and TNF-o have been implicated in these processes (Kundu
and Surh, 2003, 198840). Several lines of evidence support the involvement of COX-2 in the
pathogenesis of Jung cancer (Lee et al., 2008, 198811). Both short- and long-term exposure studies
demenstrate relationships between vanious forms of PM and increased production of these
inflarmmatery mediators, both in the [ungs and circulation. Additionally, limited evidence suggests
that exposure to PM (Chen and Schwartz, 2008, 190106}, or traffic {Williams et al., 2009, 191945},
or residence in a poilated airshed (Calderon-Garciduenas et al., 2007, 091232; Calderdn-
Garciduefias et al., 2009, 192107) are associated with decreases in the numbet or function of natiral
killer cells or other white blood eells, indicating suppression of anti-tumor defenses.

A study performed in the Czech Bepublic compared 33 male policemen working at least
8 hours per day outdoors in urban air with age- and sex-maiched controls who spent at Ieast 90% of
their day indoors (1 = 52} (Sram et al., 2007, 188457). During the sampling penod, two monitors
from downtown and suburban areas detected levels of air pollutants in the following ranges: PMy,
32-55 pgim®, PM,s 27-38 ug/m’, ¢-PAHs 18-22 ng/m®, and B[2]P 2.5-3.1 ng/m” using a VAPS
moniter (measuremments taken with a HiVol monitor, which has & lower flow rate, had a mean for
PMy, of 62.6 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 contrels. No difference in percent of
chromosomal aberrations was observed between the policemen and control group using conventional
cytopenetic analysis. However, using fluorescent in situ hybridization (FISH), 2 difference in
chromesomal aberrations between the policemen and control group was reported. For example, the
percentage of aberrant cells, as well as the genomic fraquency of translocations per 100 cells, was
about 1.4-fald greater in the policemen. This was largely driven by a difference in chromaosomal
abesrrations between nonsmoking policemen and nonsmoking coatrols. A similar study that incleded
only the policemen (n = 60, reported that the mean exposure to ¢-PAHs and B[a]P for 40-50 days
before sampling was associated with chromosomal gberrations when analyzed with FISH (Sram et
al., 2007, 1920847, However, when included in a model with other covariates, the association with
these variables was null. No association was present with use of conventional cyvtogenetic analysis.

Falli ot al. {2008, 136837) investigated the correlation between ambient PMy,; concentrations
and individual levels of DN A bulky adducts. Study participants were 214 healthy adukts aged
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35-64 vr at enrollment who resided in the city of Florence, Italy. This stady was conducted between
1993 and 1998. PM4 exposure levels were based on daily environmentsl measures provided by two
types of urban moaitoring stations (high-traffic and low-traffie). The researchers assessed comelation
between DNA balky adducts measursd in blood samples and Flvf,, concentrations pnior to blood
sample collection. Time windows of PMys exposure evaluated in this study were 0-5 days, 0-10 days,
0-15 days, 0-30 days, (60 days, and 0-90 days prior to blood sample collection. Overall, average
PMp concentrations decreased during the study perfod, with some fluctuations. Quanutanve values
were not reported, bt P, appeared to range berween appmxlmately 30 and 100 pg/m’ for high-
traffic stations, and between 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 fraffie
exposure were positively eorrelated with cumulative PMy, levels from high-traffie stations during
approsamately 2 wk preceding blood sample collection (0-5 days: r =0.55, p = 0.63; 0-10 days:
r=0.58 p=0.02; 0-15 days: r = 0.536, p = 0.02). DNA bulky adducts were not asgociated with PM;,
levels among Florence residents with no ocoupational exposure to vehicle emissions or among
smokers. DNA bolky adducts were 0ot associated with PM g levels assessed by low-traffic urban
monitoring stations.

The association betwesn personal exposute to water-soluble ransition metals in PMa 5 and
oxidative stress-induced DNA damage was investigated among 49 students from Central
Copenhagen, Denmark (Sorensen et al., 20035, 083053). Researchers assessed PM s exposure by
petsonal sampling over two weskday periods twice in ong year (November 1999 and August 20007,
and determined the concentration of water-soluble iransition metals (¥, Cr, Fe, Mi, Cu and Pt) in
these samples. In addition, lymphocyte and 24-h urine samples were analyzed for DNA damage by
meagiring 7-hydro-8-oxo-2"-deoxyguanosine (§-ox0dG). Mean concentrations and corresponding
IQR of these metals differed between months of sample collection. This study found that 3-oxodG
concentration in lymphocytes was significantly asgoeiated with V and Cr concentrations, with a
1.9% increase in 3-oxodG per 1 pg/L Increase in ¥V concentration, and a 2.2% Increase in 8-oxodG
per 1 pg/L inerease in Cr concentration; these associations were independent of the Ph; 5 mass
concentration, The other transition metals were not significantly associated with the 8-oxodG
concentration in lymphoceytes, and none of the six measured transition metals was associated with
the 8-oxodG coneentration In urine.

Vinzents et al. {2005, 087482) investigaied the association between UFP and Phyg
concentrations with levels of purine oxidation and strand breaks in DNA using a crossover design in -
Copenhagen, Denmark. Study participants were 15 healthy nonsmoking individuals with & mean age
of 25 yr. UFP exposure was evaluated using number concentration obtained in the breathing zome by
portabile instruments in six 18-h weekday periods from March to June 2003, Amblent concentrations
for PMyp and UFP were also measured on all exposure days at curbside sireet stations and at one
urban background station. Oxidative DNA damage was assessed by evaluating strand breaks and
oxidized purines in menonuclear ¢ells isolated from venous blood the morming 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;, at a background monitoring station wis
16.2 ug/m” {(80: 1.53), and mean mass concentration ﬂf PMp at a street station was 23.5 pg/m’ (SD:
1.48). Mean persunal exposure to UFPs was 32.4x10° UFPs/ml (SD: 1.49) while bicyeling (5
uocasmns) 19.6x10° UFPs/mL (SD: 1.78) during other outdoor activities (6 occasions), and
13.4= 19" UFPsfmL (SD: 1.96) while indoors {6 oceasions). The regression coefficients of the mixed-
effects wodels looking at level of purine oxidation were estimaied as [.50x10™ (95% CL: (. 39%10 =
o 2.42x] 0‘3, p = 0.002) for cumulative outdoor exposure and 1.07x107 (95% CI: 0.37=107 to
1.772107% p = 0.003) for cumulative indoor expasure. Neither cumulative sutdoor nor cumulative
indoor exposeres to UFPs were associated with strand breaks. Neither ambient air concentrations of
Id’Mm nor number concentrations of UFPs at monitoring stations were significant predictors of DNA

amage,

Additionally, a number of studies employed ecologic smudy designs, comparing the prevalence
of blomarkers in populations from more polluted locations to those in less polluted locations. n a2
pilot stedy conducted in the Czeeh Republic (Pedersen et al., 2006, 136848), children age 5-11 vr
provided 5 mL blood samples and the frequency of micronuelei (MN) in peripheral bload
lymphoeytes was analyzed as a measure of cytogenetic effects. Significantly higher frequeneies of
MMN were found in younger chifdren hvmg in Teplice (PM; s concentration = 120 pgfm3} than in
Prachatice (PMas concentration = 46 pg/m’). Tha levels of e-PAHs were also much higher In Teplice
(nearly 30 pg/m” in Teplice and about 15 ng/m® in Prachatice). The difference in MN frequencies
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observed io the children from the two locations may be atribuabie to differences in exposure to air
poliution, buet eould also be due to differences in diet or other environmental exposures. This finding
ig poteworthy considering MN formation in peripheral blood lymphocytes is thought to be
biclegically relevant for carcinogenesis. _

Avogbe et al_ (2005, 087811) showed a comrelation between the Jevel of oxidative DNA
damage in individuals and exposure to ambient UFPs. Formamidopyrimidinge DNA glycosylase
sensitive sites and the presence of DNA strand breaks were assessed in blood and unne samples
obtained from healthy, non-smoking mtale volunteers that lived and worked in different areas of
Cotomow, Benin. Exposure to benzene was assessed by vnnary exeretion of §-phenylmercapiuric
acid. There was a high degree of correlation between exposure to benzene and UFPs and the
presence of DNA strand breaks and formamidopynmidine DNA glycosylase sensitive sites (rural
subjects < suburban subjects < residents living near high traffic roads < taxi drivers). Genotyping
stndies showed that the magnimde of the effects of benzene and UFPs may be modified by
pelymorphisms in GSTP1 and NQO!L genes.

Tovalin et al. {2006, 091322} evaluated the association between exposure to air pollutants and
the level of DINA damape using the single cell gel electrophoresis (comet} assay. Mononuclear
lymphocytes from outdoor and indoor werkers from two areas in Mexico, Mexico Clty (large city)
and Puebla (medium size city), were evaluated. The oateomes showed that the cutdoor workers in
Mexico City exhibited greater DN A damage than indoor workers in the same region. Similar levels
of DNA damage were observed between indoor and outdoor workers in Puebla The leval of
observed DNA damage was correlated with expasure to O and PM;s.

In summary, several recent studies have reported an association between lung cuncer mortality
and long-term PMa s exposure. Although many of the estimates include the null in the confidence
interval, overall the results have shown a positive relationship. The two reeent studies that looked at
Iung cancer incidence did not report an association with PMa s (Brunekreef et al., 2009, 191%47) or
Ph1o { Vingis ot al., 2006, 192089), Studiss of exposure/susceptibility markers have reported
inconsistent cutccmes, with some markers being associated with PM and others not.

1.5.2. Toxicological Studies

Owver the past 30 yr numerous mutagenicity and genotoxicity studies of ambient PM and their
contributing seurces have been sonducted to assess the relative mutagenic or genotoxic potential.
Studies previously reviewed in the 2004 PM AQCD (U.S. EPA, 2004, 056605} provide compelling
gvidence that ambient PM and PM from specific combustion sources (e.p., fossil fiels} are
mutagenic in vivo and in vitro. Ressarch cited in the 2004 AQCD demonstrated mutagenic activity
of ambient PM from urban centers in California, Germany and the Netherlands, These gtudies
suggested that ubiguitous emission sources, particularly motor vehicle amissions, mther than isolated
polnt sources were largely responsible for the mutsgenic effects. In addition, the mutagenicity was
dependent npon the chamical eamposition of the PM with ursubstituted polyaromatic compounds
and semi-polar eompeounds being highly mutagenic. Mutagenicity was also Jependent on size, with
the fine fraction of urban PM having greater effects than the coarse fraction. Genotoxic activity was
demonstrated for ambiett PM from two high traffic areas (one upwind and ope downwind) and a
rural site, In addition, the 2004 AQLD reported that exhausts from gaseline and diesel ergines were
mutagenic and that DE was more potent. More mutagenicity was observed 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 frow gasoline and DE implicated the polar fractions,
especially nitrated polynuclear gromatic componnds, as contributing greatly to mutagenicity. Among
some of the other mutagenically active compounds found In the gas phase of DE are ethyvlene,
benzene, 1,3-butadiene, acrolein and several PAHS, all of which are also present in gasoline exhaust.
Also cifed in the 2004 AQCD were studies damonstrating mutagenic effects of emissions from
wo0d biomass burning, which were primarily attributable to the organice fraction and not the
condensate. It was noted that wood smoke induced both frameshift mutations and base pair
substitution but not DNA adducts. Further, emissions from coal combustion in China were found to
be mutagenic, with both pelar and arematic fractions contributing to effects. Little data were
available on the mutagenicity of coal fly ash emissions from U.S. conventtonal combustion plants. In
conclusion, these studies provide evidence that ambient PM and combustion-denived PM are
mutagenic/genatoxic. The 2004 AQCD noted that there s net 2 simple relationship between
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mutagenic potential and carcinogenic potential in animals or humans. No studies evaluating
carcinogenie effects of PM were reported in the 2004 ADCD.

Buiiding on results of earlier studies in the 2004 PM AQCD, data from newly published
studies that evaluated the mutagenic, genotoxic and carcinogenic effeets of PM, PM-constitnents,
and combustion emission sowrce particles are reviewed. Pertinent studies are deseribed briefly in the
following paragraphs. A summary table is provided in Annex P, Tables D7 and D8).

7.5.21. Mutagenesis and Genofoxicity

In Vitro Studies

In general, studies have focused on PM and PM extracts for mutagenicity testing using
bacteria and mammalian cell lines. PM andfor PM extracts ffom ambient air samples, wood smoke,
and ecoal, diese], or gasoline combustion have 21l been reported to induce mutation in S, fvphimurium
and in cultured human cells (Abow et al., 2007, 198819 Gabelovd et al,, 2007, 136457, Gabelova et
al., 2007, 156438; Hannigan et al., 1997, 083598; Homberg et al., 1598, 095741). In addition, effects
aszociated with Ph and PM-associated constitnents include induction of MN formation, DNA
adduct formmation, SCE, DNA strand breaks, frameshifis and inhibition of gap-junction interceilular
communication (Alink et al., 1998, 087159; Artt et al,, 2007, 097257; Avoghe et al., 2005, DRTE11;
CGabelova et al., 2007, 156457, Gabelova et al., 2007, 156458; Healey et al., 2006, 156552; Homberg
et al., 1996, 087164, Hornberg et 1., 1088 095741: Sevastyanova et al., 2007, 156968),

Constitnents adsorbed cnto individual particles play 2 large role in the genotoxic potential of
PM. Poma et al. (2006, 026903) showed that fine CB particles were consistently less genoioxic than
similar concentrations of PM; 5 extracts, suggesting that the adsorbed 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., 2005, 0886836; Sevastyanova et al., 2007, 156969). _
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, 13687 5) reported that mutagenic activity of extracted PM samples
collected in and around a waste mmcineration plant was atiributed to the moderately polar and polar
fractions. The polar and crude fractions were mutagenic without metabolic activation, sugpesting a
direet rmrtagenic effect. No mutagenic activity was observed from any of the nonpolar samples
evaluated. Arlt and colleagues (2007, 097237) have shown that the PIM constituents
Z-nitrobenzanthrone (2-NB) and 3-nittobenzanthrone were penotoxic in a varfety of bacterial and
mammalian cel] systems.

Conflicting datz have been reported ot the role of metabolic enzymes in the genotoxicity of
FM and their adsorbed constiments. Arlt et al. (2007, 097257 reported that the PM constituent 2-NB
was penotoxic in baeterial and mamrmalian cells. However, metabelic activation with the human N-
acetyltransferase 2 or sulfotransferase (SULT1A L) enzyme was needed for the effect to be observed
in hnman cells. Erdinger et al. {2005, 136423} demonsirated that mutagenic activity was not affected
when metabolism was indoced. de Kok et al. {2005, 088656} evaluated the relationship between the
physical, chemical, and genotoxic effects of ambient PM. TSP, Py, and PM, 5 were sampled at
different locations and the exivacts were aszessed for mutagenicity and induction of DNA addects in
cells. Overall, induction of rat liver 59 metabolism generally reduced the mutagenic potential via the
Ames assay of the particle frastions and DNA reactivity (induction of DNA adducts) was generaily
higher after metabolic activation. Binkavi et al. (2003, 1362743 found thet the z2ddition of 59
Increased Pivys-dependent DN A adduet formation.

Ambient Afr

A limited nember of studies evaluated the impact of the teason on the genotoxic effects of
ambient PM. A few studies bave Wndicated that greater genotoxic effects were associated with
sarnples collected during the winter months compared to those coileeted in the summer (Abon et al.,
2007, 098819, Gabelovd et al., 2007, 156457, Gabelovd et al., 2007, 156458). In contrast, Hannigan
et al. (1997, 083598} indicated that no seasonal variation was observed. Studies have alse shown that
gxeater genotoxic effects were agsociated with smaller particle size extracts (eg., Pl =P o) and
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from samples eollected in urban areas or closer to higher trafficked areas (Abouw et al., 2007, 098819;
Hormberg et al., 1998, 09574 1).

de Kok et al. (2005, DB8656) found the direet 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 size fractions (TSP, PMg) at most locations.

DNA damage was assessed by the Comet assay in A54%9 cells exposed to PM collected from a
high traffic ares in Copenhagen, Denmark (TSP approximately 30 pg'm’) and compared to the
results from exposure of AS49 cells to standard reference materials (SEMI 650 or SRMZQ?S} at the
same concentrations (2.5-250 ug/ml) (Danielsen et al., 2008, 192092). All three particles induced
strand breaks and oxidized purings ina dose—dependem mannet and there wers no obvicus
differences in potency. In contrast, only the ambient PM formed 8-oxodG when incubated with ¢alf
thymus DNA . which may be due to the conceniration of transition metals.

Diegol and Gaspline Exhausit

Automobils DE particles (A-DE particles) was tested in S typhimurium straing TADS, TA100,
and its derivatives (e.g., TAYSNR and YG1021) and found te be more mutagenic than forklift DE
pariicles (f-DE particles, derivative SRM2975), based on PM mass. A-DE particles had 227 times
more PAH-type mutagenic activity and 8§45 times more nitroarene-type mutagenie activity
(DeMarini et af., 2004, (86329, Using a diesel engine without an oxidation catalytic converter
{OCC), the diesel engine exhaust particle extract produgced the highest number of revertant colonies
in strains TADE 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 (RMEY}, and sovbean 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 89 at partial loads but increased the
number of revertant colonies without 39 at rated power. At idling, DE particles extracts increased the
number of revertant colonies with and without 89 (Bunger et al., 2006, 156303). In a separate study,
engzine emissions (particle extracts and condensates) from rapeseed {canola) oil were found to
produce greater mutagenic effects in S fyphinuriign strains TASS and TA 100 than DE particles
{Bunger et al, 2007, 156304). Additionaily, DE extract (DEE) from diegel fuel containing various
percentages of ethanal was also observed to wpduese mutational response in two Salmonella strains.
Base diesel fuel DEE and DEE from fuel with 20%% ethanol caused more significant DN A damage in
rat fibrocytes L-929 cells than extracts containing 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 fyphimurivm strains YG1024 and YGI1029 in the
absenee and presence of 59; 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
harmnster lung V79 ¢ells (Lin et al,, 2005, 097019, Another study demonstrated that gasoline engine
exhaust significantly inereased colony formation in TA %S with and withowt $9 (Zhang et al,, 2007,
157186).

Tacobsen et al. (2008, 156597) used the FE1-Muta™ Mouse lung epithelial cell line to
investigate mrtative mechanisms of DE partiele-induced mutagenicity. Mutation ion frequeneies and
RS were determined after cells were incubated with 37.5 or 75 pg/ml DE particlss (SRM1650} for
72-h {n = 8). The mutatior frequency at the 75 pup/ml dose was significantly increased (1.55-fold;
p=0.001} in contrast to cells treated with 37 5 pgfml DE particles. DE particles-induced ROS
genetation 1.6- to 1.9-fold in the epithelial ¢ell cultures after 3 h of expogure compared with the 3- to
10-fold increase in ROS produciion previously reported for CB. The authors concluded that the
mutagenic activity of DE particles i [ikely attributable to activity frem the organic fraetion that both
contains reactive species and can generate ROS.

In hurnan A 349 and CHO-K1 cells, the organic fraction of DE particles significantly inereased
the amount of Comet and MN formation, respectively, in the presence and absence of SKF-5254A (3
CYP450 inhibitor} and 89, respectively (Oh and Chung, 2006, 088294). The orzanic base and
neutral fractivng of DE particles also significantly induced DNA damage but only without SKF-
5254, and all fractions but the moderately polar fraction (phthalates and PAH oxyderivatives)
induced MN formation with and without 39 (Bao et al., 2007, 097253). Gasoline engine exhanst
significantly induced DNA damage as measured in the Coroet assay and increased the frequency of
MN in human 4549 cells (Zhang et al., 2007, 157186). In human-hamster bybrid (A7) cells, DE
particles (SRM 2975) dose-dependently increased the mutation yield at the CD5% locus; this was
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significantly reduced by simultaneous treatment with phagocytosis inhibitors (Bao et al., 2007,
D97258Y.

Wood Smoke

The mutagemcity of wood smoke and cigaretie smoke (C5) extracts was assayed in
5. typhimuriym straing TA98 and TA 100 (Ames agsay) 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 fess
mutagenit than the CS extracts in strain TA 100 ({ba et al., 2006, 156582).

In Vivo studies

Ambiart Air

The contribation of ambient wehan roadside air expesure (4, 12, 24, 48 or 60 wk} to DNA
damage Was examined in the lungs, nasal mucoss, and Iivers of adult mate Wistar rats in Kawasaki,
Japan (Sato et al., 2003, 09661 5). Messenger RNA levels of CYP430 enzymes that catalyze the
‘transformation of PAHS to reactive metabolites were also evaluated. Concentrations of £ASes WeTE
reported to be 12-182 ppb NO and 0-2 ppb NOs in the filtered afr chamber and 33-280 ppb NO and
42-81 ppb NQ; in the experimental group c:hamber Suspended PM cencentrations were 11-192 pg/m’
in the filtered air chamber and 42-100 pg/m’ (average 63 pg/m”) in the experimental group chamber.
Body weight zignificantly deeveased in exposed animals at 24, 48 and 60 wl. A 4wl exposure to
urban roadside air resulted in significant ipcreases in multiple DN A adducts (lung, nasal, and liver
DNA addugts}. Witk longer exposures, there were significant increases in lnng (48 wk), nasal
(60 wi}, and liver DNA adducts (60 wk). Changes ware seep in CYPIAZ mBNA ar 4 wk with a
2 3-fold increase in exposed animals compared to the sontrol group with no change observed at
80 wk: CYVPial mRENA was unchanged. These resulis indicate that exposure to ambient air in this
roadside area could induce DINA adduct formation, which may be important for carcmugemmt}r
Eatlier studies (Ichinose et al_, [997, $53264) have shown that 8-oxod G, a DNA adduct, is elevated
along with twmor formation in a duse-dependent rnanner in tnice adminisiered DE particles. The
finding of adducts In the liver indicated that deposition of PM and its associated PAHS in the lung
car, have indirect effects on extrapulmonary organs. It should be noted that PM deposition oo the fur
and ingestion during prooming cannat be ruled out as a possible exposure route,

Another animal toxicological study empioyved “non-carcinogenic” particles obtained from
pooled neon-cancertus lung tissve collected during surgical lung resection from three non-smoking
male patients diagnosed with fung adenocareinomas (Tokiwa et al., 2005, 191932}, Paritcles were
partially purified to remove organic com nunds Morpholog;cally the parhcles were similar o DE or
ambient air PM and the organic extracts particles were directly mutagenic in 8.
typhimurium tester strains TA9E, YG102] and YGI{}Erl BALRB/c and ICE. mice were intratracheally
instilled with particles at doses of (.25, 0.5, 1.0, 0r 2.0 mga"mousfe After 24§, BoxedG was
meagured in long DNA and ﬁ:-und to be increased in ICR mice ina dosa—depend&nt manner, Baching
a madmum of ~2.75 8-ox0dG/10° dG at the 2.0 mg dose. The responss was statistically mgmﬁcant
at dozes of 0.3, 1.0, and 2.0 mp. The increased §-oxodG levels observed in vivo was reported to be
likely due to h}rdmx}rl radicals presumed to be involved In phagooytosis of non-mutagenic particles
by inflammatory eells that could induce hydroxylation of guamne residne on DNA.

Diesel Exhaust

An in vive study employed gip delta transgenic mice carrving the lambda EGH) on sach
Chremosome 17 from a C57BL/AT background to investigate the effects of DE particles on mutation
frequency (Hashimoto et al,, 2007, 097261} Mice were exposed via inhalation ro DE particles or via
IT instillation to DE particies or DE particle extract and lambda EGI0 phages were rescued; E. coli
FG6(120 was infected with the phage and screened for 6-thioguanine resistance, The mutagenic
potency (mutation frequency per mg) caused 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 Emvidad by the extract. There was oo difference in
mutation frequency between the | and 3 mg/m” DE particle gronps afier 12 wk of exposire.

Weod Smoke

Cre recent study measured the effect of freshly zenerated hardwood smoke on CYPLAL
activity based on ethoxyresorufin O-deethylase in pulmonsary microsomes recovered from male
Sprague-Dawley rats exposed t¢ hardwood smoke by nose-only inhalation exposure (Tba et 21, 2006,
156582). CYP1AD activity in rat lung explants treated with extracts of the total PM (TPM) from
hardwood smoke samples and from freshly generated cigarette smoke {CS) was also evaluated,
Unlike C8, hardwood smoke did not indie pulmanary CYP1A1 activity or mRNA. {asseszed by
northern blot analysts) nor did extracts of hardwood smoke TPM induce CYP1A] protein (aszessed
by western blot analysis) n cultured rat lnng explants, The results snggest that unigque constiments
that ars activated by CYP1A1 may be prasent in CS but not hardwood smaoke.

75.2.2. Carcinogenesis

Studies published prior to the 2004 AQCT that evaluated the carcinogenicity of ambient air
wers reviewed by Clevton and Woodall {2007, 1803917, Five smdigs invelved chronic inhalation
exposures in rodents. Mo statistically significant Increase In tnmorigenesis was observed following
chronic exposute to urban air poliution in Los Angeles {Gardner, 1966, 015129; Gardner et al., 1969,
015130; Wayne and Chambers, 1968, 038537). However in a stedy conducted in Brazil, urban air
polluetion was found to enhance the formation of urethane-induced long tumers in mice (Cury et al.,
2000, 19210¢; Reymao et al., 1997, 024653,

Twa recent studies evaluated the carcinogenic potential of chronic inhalation exposures to DE
(Reed et al., 2004, 053623) and hardwood smoke (Reed et al., 2606, 156043). Two indicators of
carclnogeme potential, formatiom of MN 2and turnorigenesis were measured 1o strain AST mice, which
is a mouse model that spontaneously develops lung tumaors. Exposure to DE or hardwood smoke at
congentrations of 1,000 pg/m® and below did not cause increased formation of MN or an increased
tate of lung tumors in this ¢ancer-prone rodent modsl. These studies are described below.

Diesel Exhaust

A/T mice were exposed to 30, 100, 300 and 1000 pg/m’® DE for 6 héday and 7 days/wk for
6 mo (Reed et al., 2004, 055625). The coneentration of gases in this including NOy, N0, CO, S0,
NH;, methane, non-methane VOC, and FID total hydrocarben ranged from control to high dose
group values of 0o 504 £ 0.6 ppm, 02 = 0.210 6.9+ 3.3 ppm, 0.3 £ 0.] to 30.9 £ 4.5 ppm, not
detectable to 9552 + 58.4 ppb, 176.5 £ 8.810 9.1 % 0.2 pgim’, 1406.5 = 253.2 t0 2642.] =
455.9 pefm’, 134.0 £ 52.1 to 1578.6 + 256.2 pgim®, 0.1 + 0.1 1o 2.2 & 0.2 ppm, 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 2 &-mo recovery perfod, mice were collested
and MN formation in blood and tumor multiplicity and tamor incidence were measured in Jungs. No

increages in fermation of MN or numbers of lung adenomas were observed in DE-exposed mice
compared with controls.

Wood Smoke

AdT mice were exposed to 30, 100, 300 and 1,000 r.-'.gfm3 hardwood smole or to 30, 100, 300
and 1,000 pg/m” DE for 6 hiday and 7 days/wk for 6 mo (Reed et al., 2006, 156043 :; Gasgous
egmponents of the hardwood smoke included CO, NH;, and nop-methane VOC with concentrations
from controi leveis to high dose bardwood smoke exposure ranging from 229 + 31 to 4887 6 +
832.3 ppm, 139.3 £ 23 to 54.9 % 1.2 pg/m’ and 177.6 + 10.4 to 3455.0 + 557.2 pg/m’, respectively.
Concentrations of Ny, NO; and 8O, were reported to be qull. Particle sizes in the four exposure
groups ranged from 0.25-0.36 um MMAD with geometric standard deviations of 2.0-3.3. Fellowing
the #-mo exposure and & 6-mo recovery period, mice were collected and MN formation in bleod and
tumaor multiplicity and tumor incidence were measured in lungs, No increases in formation of MN or

Desmmber 2009 773



000214 VTA

numbers of lung adenomas were observed m hardwood smoke-exposzed mice compared with
cortrols. However, hardwood smoke fihom this study was mutagenic In the Ames reverse mutation
aszay.

7.5.23. Summary of Toxicological Studies

In summary, numerous new in vitre stndies confirm and extepd findings reported in the 2004
AQCD that ambient PM from urban sites and combustion-derived PM are mutagenic and genotoxie.
A small number of new studies were conducted in vive, One of these studies demonstrated increaged
mutagenic potency in miee exposed to DE particles and DE particle extract. Another study found
mcreased formation of B-oxodG, 2 DNA adduct, following IT instillation of PM m mice. A chronic
inhalation study of rats exposed to urban roadside air reported increased formnation of DNA adducts
in mose, lung, and liver and induection of CYP1A2. Inhalation exposure of rats to hardwood smoke
failed to induce CYP1A1 ir another study. Finally, two chronic inhalation studies found no evidence
of earcinegenic potential for DE and kardwood smoks in a cancer-prone mouse model. Collectively,
these results provide some evidence, mainly from in vitro smdies, 40 support the hiclogical
plausibility of ambient PM-lung caneer relationships observed in epidemiology studies.

7.5.3. Epigenetic Studies and Other Heritable DNA mutations

Twoa epidemiclogic epigenetic studies examined the effeet of PM on DNA methylation. Bath
studies examined methylation of Al and long interspersed nuclear element-1 (LINE-1} sequences,
which are located in repetitive elements. In previous studfes, methylation of these sequences has
been Iinked to global genomic DNA methylation comtent (Weisenberger ef al., 2005, 192 101; Yanp et
al., 2004, 1921024,

The first study ingluded men age 55 and older whe were part of the Normative Aging Stedy in
the Boston area (Baccarelli et al., 2009, 192155). A stationary monitoring site located 1 kan from the
exatnination site was nsed 1o estimate ambient PMa s exposure for the duration of the study
(1999-2007). During the gtudy period, the median level of PM; ¢ averaged over 7-day periods, was
9.8 pgfm® (interquartile range 8.0-12.0 pg/m®). There was no association between PMy; and Alu
methylation. LINE-I mathylation was aszociated with PM; s measured over the 7 days before the
EXATinAtIons.

The second study included 63 healthy men aged 27-55 yr working at an electric furmace steel
plant {Tatantind et al., 2009, 132010}, Blood sam ples were tiken twice, onee in the morming after
2 days of not working and once in the morning after 3 full days of work. PMjg was measured in
11 work areas and individuals completed daily logs about the amownt of time spent in each areg. On
average, individusls had an estimated exposure of 233.4 pg/m’ PM)q (range 73.4-1220.2 pg/m’).
Short-term exposure did not alter the methylation of Alu and LINE-1. To examine effects of long-
term exposure, both blond samples were considered independent of time, and Alu and LINE-] wers
examined with respect to overall estimated PM;p exposure using mived effects models. There was a
negative association hetween incteasing 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 long term exposure to PM g 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-epigenetis heritable DNA changes have only recently been conducted. After earlier
work showed increased germline mutation rates in herring gulls nesting near steel mills on Lake
Ontario (Yauk and Quinn, 1996, 089093} further work was conducted to address air-dependent
contribntion to germline mutations by housing male and female Swiss Webster mice in the same area
snd comparing mutation rates in those animals with mutation rates of animals housed n a rural
setting with less air pollution (Somers et al., 2002, Q78100%. To determine if PM or the gaseous
phase of the urban air was tespensible for heritable mutations, Yauk et 2l (2008, 157164} exposed
mature male C57B1=CBA FI hybrid mice to either HEPA-filtered air or to ambient air In Hamilton,
Cmtario, Canada for 3 or [0 wk, or 10 wk plus 6 wk of clean air exposore (16 wk) (alse discussed i
Section 7.4.2.5). Sperm DNA was monitored for ESTR mutations, testicular sample bully DNA
adduety, and DNA single or double strand breaks. In addifion, male-germn line (spermatogonial stem
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7.54.2. PMys

The 2004 PM AQCD did not report long-term exposure studies for PhMigzs No epideiniolagic
studies have been conducted to evaluate the effects of long-term PMgs s exposure and cancer. The
evidence is inadequate to assess the association between PMy, s and UFP exposures and
Cancer. .

7543. UFPs

The 2004 PM AQCD did not report long-term expogure studies for UFPs. Mo epidemiologic
studies have been conducted to evaluate the effects of long-termn UFP and cancer. The evidence is
inadequate to defermine if a causal relationship exists between long-term UFP
exposures and cancer.

1.6. Mortality

In the 1996 PM AQCD, results were presented for three prospective cohort studies of adult
populations: the $ix Cities Study {Dockery et al., 1993, 044457); the ACS Smdy (Pope et al_ 1995,
045159); and the AHSMOG Study (Abbey et al., 1995, 000669). The 1596 AQCD concluded that
the chronic exposure studies, taken together, suggested associations between increases in mortality
and long-term exposure 10 PMz s, though there was no evidencs to support an association with PMj,
zs (U5, EPA, 19496, 079330).

Discussions of mortality and long-term exposure to PM in the 2004 PM AQCD emphasized
the results of four 1.5, prospeetive cohort studies, but the greatest weight was placed on the findings
of the ACS and the Harvard Six Cities studies, which had gach undergone extensive independent
reanalysis, 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: - and mortalrty. Cellectively, the 2004 PM AQCD found that these studies provided strong
evidence that long-term exposure to PM; ; was associated with increased risk of human mnrrtahtj.r
Effect estimates for all-cause mortality ranged from 6 to 13% increaged risk per 10 pgﬁn FM: 5,
while effect estimates for cardiopulmoenary mortality ranged from 6 to 19% per 10 pg/m” PMas. For
lung cancer mortality, the effect estimate Was & 13%6 increase per 10 po/m® PMz s, based upon the
results of the extended analysis from the ACS eohort (Pope et al., 2002, 024689). With regard to
PMigz 5. the 2004 PM AQCD reported that no association was observed batween mottality and long-
term exposure to PhM o 5 In the ACS study (Pope et al_, 2002, 0246893, while a positive but
statistically non-significant association was reported in males in the AHSMOG cohort (McDonnell et
al., 2000, 010319). Thus, the 2004 PM AQCD concluded that there was insufficient evidence for
asgociations between long-term exposure to PMya; s and mortality. Qverall, the 2004 PM AQCD
conclnded that there was strong epidemiologic evidence for associations between Jong-term
exposures to PMz s and excess all-cause and cardiopulmronaty mortality.

At the time of the 2004 PM AQCD, only a limited number of the chronic-sxposure cohort
studies had eonsidered direct measurements of constituents of PM, other than sulfates. With regard
to source-oriented 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 concluded that
long-term exposure to traffic-related air pollution may shotten life expectancy. However, Hoek et al.
(2002, 042364} also noted that living near 2 major road might include other factors that contnibute to
mortality associations. There was not sufficient evidence at the time of the 2004 PM AQCD to draw
conelusions on effeets associated with specific components or sources of PM.

New epidemislogic evidence reports a consistent association hetween long-term exposure to
PMs s and inereased risk of mortality. There is little evidence for the long-term effects of P g2 s on
mortality. Although this section 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 mortljty.
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The 2004 PM AQCD did not report long-term exposure studies for PMpes. No epidemiologic
studies have been conducted to evalnate the effects of long-term PMiq.» - exposure and cancet. The
evidence is inadequate to assess the association between PMyc.sand UFP exposures and
cancer.

7.94.3. UFPs

The 2004 PM AQCD did not repott long-term exposure studies for UFPs. No epidemiclogic
studies have been conducted to evaluare the effects of long-term UUFP and cancer. The evidence s

inadequate to determing if a causal refationship exists between long-term UFP
exposures and cancer.

7.6. Mortality

Ino the 1996 PM AQCD, resufts were presented for thres prospective cohort studies of adult

populations: the Six Cities Study (Deckery et al., 1993, M4457): the ACS Study (Pope et al., 1995,

5159}, and the AHSMOG Study (Abbey et al., 1995, 000669}, The 1996 AQCD conciuded that
the chronic exposure shrdies, taken together, suggested associations between increases in mortality
and long-term exposure to PM; 5, though there was no evidence to support ap association with Pide
25 (U8, EPA, 1996, 079380).

Discugsions of mortality and long-term exposure to PM in the 2004 PM AQCD em phasized
the results of four 118, prospective cohort studies, but the greatest weight wags placed on the findings
of the ACS and the Harvard 81 Cities studies, which had each undergone extensive independent
reanalysis, and which were based on cohorts that were broadly representative of the U.S. population.
The 2004 PM AQCD concluded that the resplts from the Seventh-Day Adventist (AHSMOG) echort
provided some suggestive (but less conclesive) evidence for associations, while resuits from the
Veterans Cohort provided inconsistent evidence for associations between long-term exposires to
PM; s and mortality. Collectively, the 2004 PM AQCD found that these studies provided sirong
evidence that long-term exposure to PM; s was associated with increased tisk of human mortalny
Effect estimates for all-causes mortality ranged from & to 13% increased risk per 10 pg/ *PMa s,
while eifect estimates for cardiopulmonary meortality ranged from & to 19% per 10 pesm” FM, 5. For
hung cancer mortality, the effect estimate was a 13% increase 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
PM 1025, the 2004 PM AQCD reported that no asseciation was observed hetween mortality and long-
term exposure 10 PM 1055 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 (MeDonnell et
al, 2000, D10319). Thus, the 2004 PM AQCD concluded that there was insufficient evidence for
asgociations berween Jong-term exposUre to PBg2 4 and mortality, Overall, the 2004 PM AGCD
concluded that there was strong epldemiologic evidence for associations between longterm
exposures to P s and excess afl-cause and cardiopulmonary mortality.

At the time of the 2004 PM AQCD, only a limited member of the chronic-exposure culmrt
studies had considered direct meagurements of constitnents of PM, other than sulfates. With regard
to source-grigited evalyations of mortality associations with long-term exposure, the 2004 PAL
AQCD noted only the study by Heek et al. (2002, 042364, it which the anthors concluded that
long-term exposure to traffic-related air pollution may shorten life expectancy. However, Hoek et al.
f2002, 042364 also noted that living near & major road might inclnde other factors that contribute o
mortality mssociations. There was not sufficient evidence at the time of the 2004 PM AQCD to draw
conelusions on effects associated with 3pecific components or sources of PM.

New epidemiologit evidence reports a consistent asscclation between long-term exposure to
Phias and ingreased sk of mortality. There is [ittle evidence for the long-term effects of FM o< on
mortality. Although this section focuses on mortality outcoines in response to IONZ-1Erm eXposuUre to
P, it does not evaluate studies that examine the association betweee PM and Infant mortahity.
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These studies are evalusted in Section 7.5 because it is possible that ln utere exposures contribute to
infant mortality. A summary of the mean PM concentrations reported for the studies characterized in
this section is presented in Table 7-8.

Table 7T8.  Characterization of ambient PM concentrafions from studies of mortality and long-term
exposures to PM.
Shady Logasion Mean %ﬂm‘%’m”” Upper Perentile Conoanirations {ug/m®
FMys
95th; 32
Brneiaeef etal. {2059, 191547) The Nethertands % otk 33
M 37
Chen etal. (2005, 027342) Mutticy, A 29,0
Eftim et al. {2008, 156104 us. 136141 Mg 191251 B
Ertstrom (205, 087355 TA 734 Mae 36.7
Goss ot ol (2004, 06524} Us. 12.7 Teih: 15.9
lanes et al, {2007, 0a0aoT) v, 140
Jematt 2t o, (2005, DAPRO) Lg Angeles, 4 Wax 271
' 7ot 16,00
Krewssd ¢4 o, (2008, 191193 us. 1412 Bt 2675
S5 27,85
Max, 3001
Loden &t &l (0106, SET505; Muttcity, LLS, 10.2:09.0
Ligfert et al, (2006, gB8318) Us. 143
MBeretal, (2007, D903 us 135 i 183
Max 203
Pope etal, (2004, 055300) us. 171
Schwart; et al, (2008, 154063) Mulbcity, U8, 175 Max 40
“Zager et al (2057, 157178} US. 74
Zeger etal. {2008, 101951) Us. 132 Tstn; 148
P o5
Chen etal, {2005, 0875942) Mutiity, CA 754 -
Lipfeet et a1, {2006, DBA218) 153 160
2 )
Chen et 2. (2005, 7547} Muficity, CA 526
Gehring et a1, (2006, 0&3767) North Riine, Gammany 457460 Mac 625561
Gass & al. (7004, 055604y UE. 243 T5th: 28,8
" Fustt & &. (2008, 156891} NE LS. 216
Zantibetti o al. (2009, 156277) Us. 294
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7.6.1. Recent Studies of Long-Term Exposure to PM and Mortality

Studies since the last PM AQCD include resulis of new anglyses and insights for the ACS and
Harvard Six Cities studies, further analyses from the AHSMOG and Veterans study eohorts, as well
ag apalyses af a Cystic Fibrogis cohort and subsets of the ACS from Los Angeles and New York City.
In the onginal analyses of the Six Cites and ACS ecohort studies, no associations were fonnd
between long-term exposure t0 PMygg ; and mortaiity, and the extended and follow-up analyses did
nut evaluate associations with PM g2 5. The historfcal and more recemt results for PM; 5 of both the
ACS and the Harvard Six Cities studies are compiled in Figuee 7-6. Moreover, since the [agt FM
AQCD, there s a major new cohart that investigates the effects of PM; s om cardiovascular moertality
in the literature; the WHI study (Miller =t al., 2007, 090138). Most recently, an ecologic gohort study
of the nation’s Medicare population has heen completed (Eftim et al., 2008, (99104). Thesge new
findings further strengthen the evidence linking long-term exposure to PM 7 and mortslity, while

. providing indications that the magaitede of the PMa s-mortality 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 10 PM g5 and
mortality. The griginal analyses of the AHSMOG cohort stody found positive associztions between
long-tern concentrations of PM g and 15-yr mortality due to natural canses and ung eancer (Abbey
etal. 1999, 047559} McDonnell et al. (2000, 0103 [9) reanalyzed these data and concluded that
previcusly observed assoeiation of long-term ambient FIM; concentrations with mortality for mailes
were best explained by a relationship of montality with the fine fraction of FMo rather than the
theracic coarse fraction of PM;. Receat reports from the AHSMOG 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 ameng women.

Harvard Six Cifies: A follow-up study has used updated air pollution apd mortality data; an
additional 1,368 deaths oceurred during the follow-up period (1290-1998) versus 1,364 deaths in the
original smdy period (1974-1989) (Laden et al., 2006, D87605). Statistically significant associations
are reported beiween long-termt eXposure to PMz = and mortality for data for the two periods
R =116 [95% CL: 1.07-1.26] par 1() r.Lg.-’m PM, ). Of special note Is a statistically significant
reduction in mortality tisk reported with reduced long-term PM; s concentrations (BR. = (.73 [95%
CI: 0.57-0.95] per 10 pg/m?® PM,s). This is equivalent to an RR of 1.27 for reduced mortality risks
with reduced long-term PM; s concentrations. This reduced mostality risk was observed for deaths
due to cardiovascular and respiratory causes, but not for lung cancer deaths. The PM, ¢
concentrations 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
atalysis (Dockery et al, 1993, 044457, this study sirengly sugpests that a reduction in PM; 5
pollution yields positive health benefits. )

ACS Extended AnalysesiReanalysis Il Two new analyses further evaluated the
associarions of long-term PMa s exposures with risk of mortality in 50 U8, cities reported by Pope
and colleagues (2002, (24689), adding new details about deaths from specific cardiovascular and
raspiratory calises {Krewski, 2009, 190075, Pope et al, 2004, 055880}, Pope et al. {2004, 3533803
reported positive associations with deaths from specific cardiovascular diseases, particularly
ischemic heart discase (YHD), and a group of cardiac conditions inciuding dysrhythmia, heart failure
and cardiac arrest (RR for cardiovaseular mortality = 1.12, 85% CI 1.08-1.15 per 10 wefm® PMa s,
but no PM associatiens were found with respiratory murtahty

In an additional reanalysis that exended the follow-up period for the ACS cohortto 18 yr
(1582-2000) (Erewskl et 2l., 2009, 191193}, investigators found effect estimates that were similar,
though generally higher, than those reported in previous ACS analyses. This reapalysis also included
data for seven ecologie {neighborhood-level) contextual (1.e., not individual-level} covariates, each
of which Tepresents local factors known or suspected to Influence mortality, such as poverty level,
educational aktainment, and unemplovment. The effect estimate for all cause mortality, based on
P, ; concentrations measured in 1999-2000 was 1.03 (95% CI: 1.01-1.05). The ¢orresponding
effect estimates for deaths due to THD and lung caneer were 1,15 (95% CI: 1.04-1.18) and 1.11
(95% CF: 1.04-1.18), respectively. In earlier anaiyses of this cohort, Investigators found that
increasing education levels appeared to reduce the effect of PM; ; exposure on mortality. Results
from this reanalysis show a gimilar pattern, althoegh with somewhat less certainty, for ail causes of
death except IHD, for which the pattern was reversed. Owerall, although the additien of randotn
effects modeling 2nd contextual covariates to the ACS model made most effect estimates higher (but
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some [ower), they were not statistically different from the earlier ACS effect estimates. Thus, these
new analyses, with their more extensive consideration of petentially confounding factors, confirm
the pubiished ACS PMss-mortality reselts 1o be robust.

California Cancer Prevention Study: In a cohort of elderly people in 11 California
counfies {mean age 73 yrin 1983), an association was reported for Jong-term PMls exposure with
all-cause deaths from 1975-1982 (RR = 1.04 [55% CI: 1.01-1.07] per 10 pg/m’ PM..) (Enstrom,
2003, 087336}, However, no sigmficant associations were reported with deaths in Iater time periods
when PM; 5 levels had decrea.sed in the most polluted counties {1983-2002} (RR = 1.00 [35% CI:
0.98-1.02] per 10 uz/m® PMas). The PM. ; data were obtained from the EPA’s Inhalation Particle
Network feollected 1979-1983), and the locations represetited a subset of data used in the 50-eity
ACS study (Pope et al., 1993, 645159}, However, the use of average values for California counties
as €xposure surrogates IIkEl}’ leads to significant exposure error, as many California counties are
large and quite topographically variahle,
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Figure 7-6.  Moriality risk estimates associated with long-ferm exposure to PM; 5 from the
Harvard Six Cities Study (SCS) and the American Cancer Society Study (ACS)-
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Figure 7-7.  Mortality risk estimates, long-term exposure to PMzs in recent cohort studies.
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AHSMOG: It this analysis for the $eventh-Day Adventist echort in Californiz, a positive,
statistically significant, association with coronary heart disease mortaht}f was reported among
fernales (92 deaths; RR = 1.42 [95% CI: 1.06-1.90] per lﬂ pg/m’ PM; s}, but not among males
{53 deaths; RR = 0.90 [95% CI: 0.76-1.05] per 10 pg/m® PM; ) (Chen et al., 2005, 087942).
Associations were strongest in the subset of postmenopausal women (80 deaths FER =145 [35% CI:
1.17-1.89] per 10 pg/m” PM; ). The awthors speculated that females may be more sensitive to air
pollution-related effects, based on differences between males and females in dosimetry and
exposure. As was found with PMa s, a positive association with coronary heart disease mnrrtahty Wwas
reported for PM g 05 and PMq among fe:nales (RR = 1.38 [95% CI: 0.97-1.95) per 10 pg/m’ PMygos;
RR = 1.22 [95% CL: 1.01-1.47] per 10 pg/ta’ Pa), but pot for males (RR = 0. ) [95% CI: 0.66-
1.29] per 10 up/m® PMias 5; RR = 0.94 [95% CI: 0.82-1.08] per 10 pg/m’ PM,;); associations were
strongest in the subset of postmenopausal women (80 deaths) (Chen et al_, 2005, 087943,

U.S. Cystic Fibrosis cohort. A posifive, but not stafistically mg,mﬂca_nt, association was
reported for PMa s in this study (RR = 1.32 [95% CI: 0.91-1.83] per 10 ug/m® PM2 ) that primarily
focused on evidenge of exacerbation of regpiratory symptoms (Goss et al., 2004, 053624). No clear
agsociation was reported for PM,p. However, only 200 deaths had occurred in the cohort of over
11,000 people (average age in cohort was 18.4 y1), so the power of this study to detect associations
was relatively low.

Women'’s Health [nitiative (WHI} Study: This nationwide cohort study considered 65,893
post-mmenopansal women with no history of cardiovaseular disease who lived in 36 U.S. metropelitn
areas from 1994 to 1998 (Miller et af,, 2007, 090130). The study had 2 median subject follow-up
time of € years. Miller and colleagues assegsed each woman’s exposure to air pollutants using the
monitor located nearest to their residence. Hazard ratios were estimated for the first cardiovazeular
event, adjuesting for age, race or ethnic group, smoking statys, educational level, household intome,
body-mass index, and presence or absence of diabeies, hypertension, or hypercholesterolemia.
Overall, this study concludes that “long-term exposure to fine particulate air pollution is assoclated
with the incidence of cardiovaseular disease and death among postmenopausal women.” In terms of
effect size, the study found that each increase of 10 pg/m’” of PM, ; was associated with a 24%;
increase in the rigk of a cardiovascular event (hazsrd ratio, 1.24 [95% CI: 1.09-1.41]) and a 76%
increase in the risk of death from cardiovascular disease (hazard ratio, 1.76 [95% CI: 1.25-2.47]).
Whils this study found results conﬁrmatnﬁ_f to the ACS and Six Cities Study, it reports much larger
relative risk estimates per pg/m® PMa ;. In addition, since the study included only women without
pre-existing cardiovascular dissase, it epuld potentially be a healthier cohort populafion than that
considered by the ACS and Six Citizs Study. Indeed, the WHI Study reported omly 216
cardiovascular deaths in 349,643 women-yr of follow-up, or a rate of 0.075% deaths per year (Miller
et al., 2007, 090130}, while the ACS Study reported that 10% of subjects died of cardiovascular
disease over a 16-vr follow-up period, ¥ielding a rate of 0.625% per year, or approximaiely § times
the cardiovascular mortality rate of the WH] population (Pope etal., 2004, 055880). Thus, PMa: s
impaects may vield higher relative risk estimates in the WHI population because the PMo ; risk is
being compared to a much lower prevailing risk of cardiovascular death in this select study
population.

The WHI stedy not only confinns the ACS and Six City Study associztions with mortality In
yet another well characterized cohort with detailed individual-level information, #t also has been able
to consider 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 (cardiovascuiar events) experienced by the subjects during the stdy. As
teported in this paper, this examination confirmed that there is an increased risk of eardiovascular
morbidity, as well (Sestion 7.2.9). These morbidity co-associations with PMs 5 in the same
population Jend even greater support to the biclogical plausibility of the air pollution-mortality
associations found in this smdy.

Medicare Cohort Studies: Using Medicare data, Eftim snd co-authors (2008, 099104)
assessed the association of PMos with mortaiity for the same locations included in the ACS and Six
City Study. For these locations, they estimated the chronic effects of PMa ¢ on merntality for the
peried 2000-2002 using mortality dara for cohorts of Medicare participants and average PM; 5 levels
irom monitors in the same counties included in the two studies. Using aggregate counts of mortality
by county for thres age groups, they estimated mortality risk associated with air pollution adjusting
for age and sex and area-level covariates (education, income level, poverty, and employment), and
¢ontrolled for potential confounding by cigarette smoking by 1nc1ud1ng standardized mortality ratios

Decamber 2004 A7



000218 VTA

for lung cancer and COPD ., This study 1s, therefore, an ecological analysis, similar to past published
cross-seciional analyses, In that area-ievel envariates feducation, income level, poverty, and
employment) are employed as controlling variables, since individual leve] mformation s not
available from the Medicare database (other than age and sex}, which includes virtualy all
Ameticans aged 65 or greater. Exposures are alse ecological in nature, as ceniral site dara are used as
indices of exposure. These results indicated that a 10 pg/m® increase in the yearly average PMo s
concentration is associated with 10.9% (95% CI: 9.0-12.2) and with 20.8% (5% CI: 14.8-27.1)
Increases In all-cause mortality for the ACS and Six Cities Study covnties, respectively. The
gstimates are somewhat higher than those reported by the originai investipators, and there may be
several possible explanations forthis apparent Increase, especially that this is an older population
than the ACS cobort. Pethaps the moest likely explanation is that the lack of persenal confounder
information (e.g., past personal gmoking information) led to an insufficient control for the effects of
these other variables® effects on mortality, inflating the pollution effect estimates somewhat, similar
to what has been found in the ACS apalyses when only ecological-level control variables were
included. The sbility of the Eftimm et al. (2008, 099104} study results to qualitatively replicate the
¢nginal individual-level cohort study (e.g., ACS and Six Ciffes Study) results suggests that past
ecological cross-sectional mortatity study results may also provide useful insights into the natare of
the association, especially when vsed for consideration of time trends, or for comparisons of the
telative (rather than absolute) sizes of risks between different pollutints or PM components in health
effects associations.

Janes et al. (2007, 090927 used the same nationwide Medicare mortality data to examine the
agsociation between monthly averages of PM: - over the preceding 12 mo and monthfy mortality
rates in 113 TLS. counties from 2000 to 2002 They decomposead the associstion between PM; 5 and
mortality inte two components: {1) the association, between “national trends™ in PM; ; and mortality;
and (2) the association between “local trends,” defined a3 county-specific deviations from nationa]
trends. This second component iz posited to provide evidence as to whether counties having steeper
declines in PM: s also have steeper declines in mortality relative to the national trend. They report
that the sxposure effect estimates are different at these two spatiotetnporal scales, ralsint concems
about confounding hiag in these analyses. The authors assert that the association betwsen trends in
PM; 5 and mortality at the aational scale is more Hkely to be confounded than is the associztion
between trends in PM; ; and mortaiity at the local scale and, if the association at the national scale is
set aside, that there is little evidence of an aszociation between 12-month exposure to PM; 5 and
mertality in this analysis. However, in response, Pope and Burnett (2007, 090928) point ot that
such use of long-term time trends as the primary source of exposure variability has been avoided in
most ¢ther air pollution epidemiology studies because of such comeerns about potential confounding
of such iime-trend associations.

By linking memitoring data to the 1.5, Medicare system by county of residence, Zeger et al.
{2007, 157176) analyzed Medicare mortality records, comprising over 20 million enrollees in the
250 largest counties during 2000-2002. The aothors estimated log-linear regression models having
ape-specific county level mortality rates as the outeome and, as the main predictor, the average Pz s
pollution level in each county durlng 2000, Area-level covariates were used to adjust for socio-
ecOnomic stats and smoking. The anthors reported results under several degrees of adjustment for
spatial confounding and with stratification into eastern, central and western 1.5, counties. &

10 pp/m’ increase in PMz s was associated with a 7.6% increase in, mortality (95% €): 4.4-10.8).
When adjusted for spatial confounding, the estimated log-relative risks dropped by 50%. Zeger et al.
{2007, 157176} found a stronger assoctation i the castern counties than nationally, with ne evidence
of an assocration in westemn counties.

In a subsequent report, Zeger &t al, (2008, 191931) created a pew retrospective cohort, the
Medicars Cokort Air Pollution Study (MCAPS), consisting of 13.2 million persons tesiding in 4,568
ZIP codes in trban areas having peographic centroids within 6 miles of 2 PM ;s monitor, Usling this
cohort, they ipvestigated the relationship between G-yr avg exposore to PM, ; and mortality fsk over
the period 2000-2005, When divided by region, the associations between long-termn exposure to
PM: s and mortality for the eastern and central ZIP 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)
mereases per 10 pg/m® increase in PMasin the eastern and central regioas, tespectively, The MCAPS
resalts included evidence of differing PM; s relattve risks by age and geographic location, where risk
declines with increasing age category until there is no evidence of an associatron among persons

Desesmber 2009 Foi



000219

= 83 yr of age, and there is no evidence of a positive association for the 640 urban ZIF codes in the
western reglon ofthe U8,

Using hospital discharge data, Zanobetti et al. (2008, 1561 77) construted a eghort of persons
discharged with COPD using Medicare data between 1985 and 1999. Positive associations in the
survival analyses were reported for single year and multiple-year lag exposures, with a hazard ratio
for total mortality of 1.22 (95% CI: 1.17-1.27) per 10 pgfm® increase in PMy over the previous
4 vears.

Veterans Cohort: A recent reanalysis of the Vaterans cohort data focused on exposure to
traffic-related air pollution (traffic density bused on traffic flow rate data and road segment ]eug;
reported a stronger relationship between mortality with long-term exposure t¢ traffic than with PMas
mass (Lipfert et al., 2006, 088218). A, significant association was reported between tot] mortality
and PMj s in Smgle pnllutant models (RR = 1.12 [95% CI: 1.04-1.20] per 10 ugfm* PMa s). This risk
estimate is larger than results reported in 2 previons study of this cohort. [n multipellutant models
including raffic density, the associztion with PMy s was reduced and iost statistical significance.
Traffic emissions contribute to PM; ; 50 it would be expected that the two would be highly
correlated, and, thus, these multpollutant model results should be interpreted with cavtion. Ina
companion study, Lipfert et al. (2006, DBE218) nsed data from EPA's fine particle speciation
network, and reported findings for PM s which were similar to those reported by Lipfert et al. (2006,
08E218). In this study (Lipfert et al., 2006, 0882 18). a significant association was reported between
long-tarm exposure to PM,M s and fotal mortahty wn a single-pollutant model (RR = 1.07, 5% CI:
1.0i-1.12 per 10 ngfm® PM g 2 5). However, the association became negative and not stanstmally
significant in & model that included traffic density. As it would be expected that traffic would
contritate to the PMig s« concentrations, it is difficult to inter pret the results of these multipolfutant
analyges,

Nurses’ Health Study Cohort: The Nurses® Health Study (Puett et al., 2008, 1568913 is an
ongoing prospeciive cohort study examining the relation of chronic PMp exposures with all-cause
mortality 2nd incident and fatal CHD consisting of 66,250 female nurses in MSAs in the
northeagtern region of the U5, All cause mortahity was statistically significantly assoclated with
average PMy; exposures in the time period 3-48 mo preceding death. The association Wwas strongest
with average PM,p exposure in the 24 mo prioe to death (hazard ratio 1.16 [95% CI: 1.05-1.287) and
weakest with exposure in the month priorte death (hazard rafico 1.04 [95% CL: 0.98-1.11]). The
association with fatal CHD occurred with the greatest magnitude with mean exposure in the 24 mo
prior to death (hazard ratio 1.42 [959 C1- 1.11-1.817).

Netherlands Cohort Study {NLCS): The Netherlands Cohort Study (Brunekreef et al.,
2009, 191947 ) estitnates the effects of traffic-related air pollution on cause specific mor rtality ina
cohort of approximately 120,000 subjects aged 53-69 yr at enrodlment. For a 10 pg/m” increase in
PM.; - concentration, the relanve risk for natural-canse mortality in the full cohort was 1.06 {95% CI:
0.97.-1.16), similar in magnitude to the resultz teportad by the ACS. In a case-cohort analysis
admusted for addifional potential confounders, there were no associations between air pollotion and
meottality,

Germian Cohort; The North Rhine-Westphalia State Environment Agency (LUA NRW)
mitiated a cohort of approximately 4,800 women, and assessed whether lonz-term exposure to air
pellution cniginatieg from moterized traffic and industrial sources was assoclated with total and
cause-specific mortality {Gehring et al., 2006, 089797). They found that cardiopulmonsary mortality
was associated with PM, (RR. = 1.52 [95% CI 1.09-2.15] per 10 pg/m’ PMig).

7.6.2. Composition and Suurce-Oriented Analyses of PM

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

Veterans Cohort: Using data from EPA’s fine particle speciation network, Lipfert et al,
(2006, 0887356} reported a posifive association for mortality with sulfates. Using 2:}02 data from the
fine particle speciation network, positive associations were found between moriality and long-term
exposures to nitrates, EC, Ni and V, as well ag traffie density and peak O; concentrations. In
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multipeilutant models, associations with traffic density remained significant, as did nitrates, Ni and
Y in some models.

Netherlands Cohort Study: Beelen et al. (2008, 156263) stedied the association between
long-term exposure to fraffic-related air pollution and mortality in a Dutch cohort. They used data
from an cogoing cohort study on diet and cancer with 120,852 snbjects who were followed from
1987 to 1996, Exposure to BS, NOq, 50,3, and PMg ., as well as various exposure variables related to
traffic, were estimated at the home address. Traffie intensity on the nesrest road was independently
assoclated with mortality. Relative rigks (CI) for a [0 pg/y” increase in BS concentrations
{difference between 5th and 95th percentile)} were 1.03 (95% CI: 1.00-1.11} for natura) ¢cause, 1.04
(95% CI: (1.95-1.13} for cardiovascular, 122 (95% CI: 0.99-1.50} for respiratory, .03 {95% CI:
(0.83-1.20) for lung cancer, and 1.04 {95% CI: 0.97-1.12) for mortality other than cardiovagcular,
respiratory, or lung cancer. Results were similar for NOs and PM; ;. but no assgciations were found
for §0,. Traffic-related atr pollution and several traffic exposure varialles wers associated with
mortality in the full eohort, although the relative risks were generally small. Associations betwaen
naturai-cause and respiratory maortality were statisticaily significant for NOo and BS. These resnlts
add o the evidence that long-term expogure to traffie-related particulate air pollution is associated
with inereagsed mortality.

Given the general dearth of published source-oriented studies of the mortality impacts of long-
terty PM exposure components, and given that the recent Medicare Cohort study now indicates that
such ecelogical cross-sectional studies can be nseful for evalusting ime trends andfor comparisons
across polivtion componeats, it may well be that examining past cross-sectional studies comparing
source-oriented components of PM may be informative. In particelar, Ozkaynak and Thurston {1937,
072960}, utilized the chemical speciation conducted In the Inhalable Particle {IP} Network to
condnet & chemieal constituent and source-oriented evaluation on long-term PM exposure and
mertality in the 1.5, They analyzed the 1980 ULS. vital statisties and available ambient ajr pelivtion,
data bases for sulfates and fine, inhalable, and TSP mass. Using multiple regression analyses, they
conducted a cross-sectional agalysis of the association between vanous particle measures and total
mortality. Regolts from the varicus analyses indieated the importance of considering particle size,
composition, and source information in modeling of particle peliution heaith effects. Of the
independent mortality predictors considered, particle exposure measuares most related to the
respirable fraction of the aerosols, such as fine particles and sulfates, were most consistently and
significantly associated with the reported SM5A-specific total annual mortality rates. On the other
hand, particle mzss measures that included PM a5 (2.8, total suspended particles and inhalable
pariicles) were often found to be non-significant predictors of total mortality. Furthermors, based on
the application of PM: s source apportionment, particles from industrial seurces and from coal
combustion were indicated to be more significant contributors to human mortality than fine soil-
derived particles.

7.6.3. Within-City Effects of PM Exposure

Much of the exposure gradient in the national-scale cohort studies was due to city-te-city
differences in regional air pollution, raising the possibility that some or all of the originzl PM-
survival associafions may have heen driven instead by cify-to-city 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-ta-neighborhood differences in ueban air pollutanty, vsing data from 23 PM; =
monitoring stations in the Los Angeles area, and applying interpolation methods (Jerrett ef al., 2003,
02376007 or land use regression methods (Kiewsk et al., 2009, 181183} to assipn exposure levels to
study mdividoals. This resulted in both improved exposure assessment apd an mereased focus on
local sources of PM3 ¢ Sipnificant associations between PMs ; and mortality from all causes and
cerdioplmonary diseases weate reported with the magniude of the relative risks being preater than
those reported in previous asseéssments. In general, the associations for PM; s and mortaitty using
these two methods for exposure assessment were similar, though the use of land use regression -
resulted in somewhat smaller hazard ratios and tighrer Cls (see Table 7-9). This indicates that city-to-
¢ity confyunding was not the cause of the associations found in the earlier ACS Cohort studies. This
provides evidence that reducing exposure error can result in stronger associations between PMa s and
mottality than generally observed in broader studies having less exposure detail.
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Table79.  Comparisor of results from ACS intra-urban analysis of Los Angeles and New York City
using kriging or land use regression to estimate exposure.

Log Angedes: Lers Anmeles: New ark City:
Causeof  Hazard Ratio' and 85% Confidence  Hazard Ratio’ and 85% Confidencs,  Hazard Rafio® and 95% Confidence,
Dty Inierval Lsing Krigin Interval Lsing Land Lise Regression Interval Using Land Use Regression
{erret et al., 2005, 087600 {Krewski ef al., 2009, 1911593} {Krewski etal,, 2004, 151195
All Causa 117 [G58-1.25) 113 [1.041.25) 065 .63-1.18]
HD 1251056159 1.26{1,02-1.56} 1.56 {11 E7-2.58)
BRD 1.7 (0511 28 10840841, 26) f56 {0411 09)
lungfancer 120 (0.79-1.82) 1.31 (0.80-1.97) (.90 [0.202 73)

"z Fatiod precared por 10 WGATT et 0 Piy

Fionl I rdsd Pl e eorleshe] covarmdas

SWiexiat incluchd parEmaricLs incieil vl (23 el ecologin 4 Bemizs
“ucesel Incluced ad 4 irg WouBl Havel rd 7 eoriogic ST

ACS, New York: Krewski et al. (2009, 121193} applied the same techniques used in the land
use regression analysis of Los Angeles to an investigation conducted In New York City. Annual
avetage concettrations were calculated for each of 62 momitors from 3 y1 of daily menitoring data
for 1999-2001. Those data were combined with land-use data collected from traffic ¢counting
svstems, roadway network maps, satellite photos of the study area, and local government planning
and tax-assesstnent maps to assign estimated exposures 1o the ACS participants. The investigators
did not observe elevated effect estimates for all cause, CPDr or lung cancer deaths, byt THD did show
a positive association with PM; sconcentration. The difference between the 50th and 10th percentiles

of the 3-yr avg PMa s conceniration was 1.5 pg/m’ and the d;lﬂ’erenca between the minimum and
maximum values of the 3-yr avg PM; s coneentration was 7.8 pgfm’. This narrow tange in PM ;
exposure contrasts across the New Yotk Cify metropolitan area and may well account for the
inconclusive results in this eity-specific analysis. Relatively vniform exposures would reduce the
power of the statistical models to detect patterns of mortality relative to exposure and estimate the
association with precision.

WHI Study: This study also investigated the within- versus between-city effects in its cities.
As shown in Figure 7-8, similar effects for both the within and berween-city analyses demonstrate
that this association 1s not due to some other (non-pollution) confounder differing between the
various cities, strengthening confidence in the overall pollution-effect estimates.
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Saune, Mlar &t o, (2007, 390130
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Plots of the relative risk of death from cardigvascular disease from the Women's

Health Initiztive study dispfaying the between-city and within-city centributions
to the overalf association between PM: 5 and cardiovascular mortality windows of

exposure-effects.

7.6.4. Effects of Different Long-term Exposure Windows

The delay between chang

es in exposure and ¢hanges in health has important pedicy

implications. Schwartz ¢t al. (2008, 156963) investigated this issue using an extended follow-up of
the Harvard Six Cities Study. Cox proporiienal hazards models were fit to contro] for siroking, body
mass index, and other covariates. Penalized splines were £t in a flexible functional form to the
concentration response t0 examine its shape, and the degress of freedom for the curve were selected
based on Akailke's information eriterion (AIC). The researchers also vsed mode] averaging as an
alternative approach, where muitiple models are fit explicitly and averaged, weighted by theit
probahility of being cotrect given the data, The lag relationship by model was averaged across a
range of uncongtrained distributed lag models {ie, same year, | 31 pricr, 2 yr prior, etg.). Results of
the lag comparison are shown in Figure 7-9 indicating that the effects of changes in exposure on
mortality are seen within 2 vr. The authors 2lso noted that the conceatration-response curve was
hnear, clearly continuing below the level of the current U.S. air quality standard of 15 pgim’.
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Relative risk of death

Year hefore death

Source: Scvan ¢f . (2008, 156563}

Figure7-9.  The model-averaged estimated effect of a 10-ug/m® increase in PM,s on all-cause
mortality at different lags {in years) between exposure and death, Each lag is
estimated independently of the others, Also shown are the pointwise 95% Cls for
each lag, based on jackknife estimates.

Similatly, the effeet of long-term exposure to PM pon the tisk of death n a larpe multicity
study of elder]y subfects discharged alive following an admission for COFD found the effeet was not
limited to the exposure in each year of follow-ugp, and had larger cumulative effects spread over the
follgw-up year and three preceding years (Zanobetti et al., 2008, 156177).

Riasli et al. (2005, 156923) took an alternative approach to determining the window over
which the mortality eifects of long-term pollution ¢xposures occurred. They it the model 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 o Takle 7-10. These results are consisient with the findings of
Schwartz et al_ {2008, 156963Y. Puett et al. (2008, 1568%1) also eompared different long-term
exposure lags with exposure periods ranping from 1 month to 4§ mo prior to death. They foupd
statistically significant associations with average PM;, exposures in the time petiod 53-48 mo prior to

death, with the strongest associations in the 24 mo prior to death and the wealkest with exposure in
the 1 mo priot to death.
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Figure 7-10.  Time course of relative risk of death after a sudden decrease in air pollution
exposure duting 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. '

Table7-i0. Distribution of the effect of a hypothetical reducion of 40 pgim® PMyg in 2000 on afl-
cause mortality 2000-2009 in Switzerland.

Year 1980 2000 200 0 2003 A4 X0s 208 2007 200 200D
Propoean of tobal effect (%) . |I ME M5 88 052 32 20 12 07 04
Redative gk [per 10 pgim fasursan in Py 10 0TS G863 04917 DS9S0 CO%R (9% 09860 D9S3 (9SS gamr

. Riiathvl risl o' propordon of kobal effr in cach ywear ara A'tee, oaming 3 e cstanlkof 05
’ Seurers Footich of al, [2HIE, 156025)

In the reanalysis of the ACE cohort, the investigators calenlated time windows of sxposure as
average concentrations during successive 5-yr periods preceding the date of death (Krewsld et al |
2009, 191193}, The invastigators considered the time window with the best-fitting medel (judged by
the ATC statistic) to be the period during which pollution had the strongest influenee on mortality,
Orerall, the differences between the thne periods were small and demonstrated no definitive
patterns. High correlations between exposure levels in the three periods may have reduced the ability
of this analysis to detect any differences 1n the relative importance of the time windows, The
investigators did not analyze any time petiods smaller than 5 37, 50 the results are not directly
comparzble to those reported by Schwartz et al, (2008, 1556963, Rotsh et al. (2005, 156923), and
Puett et al (2008, 136891).
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Generally, these resnlts indicate a developing coherence of the air pellution mortality
lfterature, suggesting that the health benefits from reducing aft polfution do not require a long
latercy period and would be expected within a few years of intervention,

7.6.5. Summary and Causal Determinations

7651, PMy;

Iy the 1996 PM AQCD (U.5. EPA, 1995, 079380) results were presented for three progpective
cohort studies of adult populations: the Six Cities Study (Dockery et al., 1993, 044457, the ACS
Study (Pope et al., 1995, 043159); and the AHSMOG Study (Abbey et al., 1995, 000669). The 1996
AQCD concluded that the chronic exposurs studies, taken together, suggested associstions between
increages in mortality and long-tenm exposure 1o PM; 5, though there was no evidence to support an
association with PMag s (ULS. EPA, 1996, 079380, Discussions of mortality and long-term
exposure to PM i the 2004 PM AQCD emphasized the results of four 115, prospective cohort
studies, but the greatest weight was placed on the findings of the ACS and the Harvard Six Cihes
studies, which had undergone extensive independent reanalysis, and which were based on cohorts
that were broadly representative of the 1.8, population. Collectively, the 2004 PM AQCD found that
these studies provided strong evidence that long-term exposure to PM: 5 was associated with
inereased risk of human mortality.

The recent evidence 13 largely consistent with past studies, further supporting the evidence of
assocjations between long-term PM, ; exposure and increased risk of human mortality (Section 7.6)
in areas with mean concentrations from 13.2 to 29 ugme' {Figure 7-7). New evidence from the Six
Cities cohort study shows a relatively large risk estimate for reduced mortality risk with deereases in
PMo s (Laden et 1., 2006, DEYE0S5), The resuits of new analyses from the Six Cities cobort and the
ACS study in Los Anpgeles suggest that previous and current studies may have underestimated the
magnitnde of the association {Jerrett et al., 20035, 087600). With regard to mortality by cange-of-
death, recent ACS analyses indicate that eardiovascular mortality primarily accownts for the total
mortality association with PM; < among adulte, and not respiratory mortality. The recent WHI cohort
study shows even higher cardiovascular risks per pg/m® than found in the ACS study, but this is
likely due to the fact that the study included only post-menopausal women without pre-existing
cardiovascular disease (Miller et al., 2007, 090130). There i3 additional evidence for an association
between PM; 5 exposure and leng cancer mortality {Section 75.1.1}. The WHI study also considersd
within versus batween city mortality, as well ag morbidity co-agsoeciationg with PM; ; in the same
population. The first showed that the resalts are not due to between city confounding, and the
morbidity anaiyses show the coherence of the mortality association across health endpoints,
suppaorting the biological plansibility of the air pollution-mortality associations found In these
studies.

Resulls from a new study examining the relationship between life expectancy and PM, ; and
the findings from & multivear expert judgment study that comprehensively characterizes the size and
uncertainty in estimates of mortality reductions associated with decreases in PMa ¢ in the ULS draw
comclusions that are consistent with an association between long-term exposurs to P s and
mortality (Pope et al., 2009, 190107; Roman et al., 2008, 1569217, Pope et al. {2000, 193107) report
that a decrease of 10 pg/m® in the concentration of PM, sis associated with an estimated inerease in
mean {+ SE) life expectancy of 0.6 £ 0.20 year. For the approximate period of 1950-2000, the
average Increase in 1ife expectancy was 2.72 yr among the 211 counties in the analysis. The authers
note that ieduced air pellution was only oue factor contributing to increased hife expectancies, with
its effects overlapping with those of other faciors.

Roman et al. (2008, 1 56921 applied state-of-the-art expert jud gment elicktation techniques to
develpp probabilistic uncertainty distributions that refiect the broader armay of uncertainties in 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. ¢ effect estimate distributions, elicited from 12 of the world's leading experts on this issue, are
shown in Figure 7-11. They indicate both larger central £3timates of mortality reductions for
decreases in long-term PM, s exposure in the U.S. (averaging almost 1% per pg/m® PM: 5} than
reported {for example) by the ACS Study {i.e., 0.6% per pg/m° PM; s in Pope et al. (2002, 024689,
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and a4 wider distribution of unceriainty by each expert than provided by any one of the PMz5
epidemiclogic 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 namrower,
and closer to that derved from the ACS study than indicated for any one expert shown in Figure
7-11.
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Figure 7-11.  Experfs’ mean effect estimates and uncertainty distributrons for the PMz 5
moHality concentration-response coefficient for a 1 pg/m® change in annual
average PM; s '

Overall, recent evidence supports the strong evidence reported in the 2004 PM AQCD
{U.5. EPA, 2004, D56%05) that long-term exposire to PM; s is associated with an inereased tisk of
human maortality. When looking at the cause of death, the strongest evidence comes from mortality
due to cardigvaceular disease, with additional evidence sepporting an agsociation between PM; ; and
lung cancer mortality (Figurs 7-7). Fewer studies evalvate the respiratory component of
cardiopulmonary mortality, and the evidence to support an association with long-term exposure to
PM; s and respiratory mortality is weak (Figure 7-7}. Together these findingy are consigtent and
coherent with the evidence from epidemiologic, controlled hurnan exposure, and anirnal
toxicological stodies for the effects of short- and long-term exposure to PM on cardigvascular effects
presented in Sections 5.2 and 7.2, respectively. Evidence of short- and long-term exposurs 1o PAM 4
and respiratory effects {Sections £.3 and 7.3, respectively) and infant worntality (Section 7.4} ars
coherent with the weak respiratory mertality effects. Additionaily, the evidense for short- and long-
term cardiovascular and respiratory morbidity provides biological plausibility for mortality due to
cardiovageular or respiratory disease, The most recent evidence for the association between long-
term exposurs to PMy s and mortality iz particularly strong for women. Collectvely, the svidence 1s
sufficient to conclude that the relationship befween long-termt PM.; exposures and

mortality is causal.
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