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Nota Aclaratoria 

El siguiente documento se adjunta con el fin de respaldar los fundamentos de obtuvo la Agencia 

de Protección Amb;ental (EPA] de Estados Unidos, en cuyo caso ha revocodo la norma anual de 

MP10, manteniendo la norma diaria p¡ira MP10. 

Debido a la cantidad de páginas que contiene el documento (1.071 páginas) se ha incorporado la 

información completa en formato dlgitol (CD adjunto) y se incorpora al expediente el indice del 

documento para visualizar su contenido y el capftulo 7 sobre los efectos a largo plazo del material 

particulado, en el cual se puede constatar que la evidencia sobre los efectos perjudiciales a la 

.>0lud es más reciente, y no sugiere una asociación entre la exposición de largo plazo del material 

particulado grueso y los efectos sobre la salud de las personas. 
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Chapter 7. lntegrated Health Effects of 
Long-Term PM Exposure 

7.1. lntroduclion 
This chapter reviews, summarizes, and integrales the evidence on relationships between hea\th 

effects and long-term exposures to various size fractions and sources ofPM. Cardiopulmonary 
health effects of\ong-term exposure to PM have been examined in an extensive l>ody of 
epidemiologic and toxicological studies. Both epidemiologic and toxicological studies provide a 
basis for examining reproductive and developmental and cancer health outcomes with regard to 
long-term exposure to PM. In addition, thei-e is a large body of epidemiologic literature evalua:ting 
the relationship between mortality and long-term exposure to PM. 

Conclusions from the 2004 PM AQCO are summarized briefly atthe beginning ofeach 
section, and the evaluation of evldence from recent studies builds upon what was available during 
the previous review. For each health outcome ( e.g., respiratory infections, lung function), results are 
summarized for studies from the specific scierrtific discipline, i.e., epidemiologic and toxicological 
studies. The major sections (i.e., cardiovascular, respiratory, reproductive/developmental, cancei-) 
conclude with summaries ofthe evidence for the various health outcomes within that category and 
integration of the findings that lead to conclusions regarding causality based upon !he frarnework 
described in Chapter l. Detennination of causality is made for the overa!] health effect category, 
such as cardiovascular effects, with coherence and plausibility being based upon fue evidence from 
a.cross disciplines and also across the suite of relate<! health outcomes including cause-specific 
mortality. Section 7.6 provides detailed discussions on the epidemiologic literature for long-term 
exposure to PM and mortality. In each summary section (7 .2.11, 7.3.9, 7 .4.3, 7 .5.4, and 7.6.5), the 
evidence is briefly reviewed and independent conclusions drawn for relationships with PM," 
PM1._,~, and UF particles (UFPs). . 

7.2. Cardiovascular and Systemic Effects 
Studies examining associations between long-term exposure to ambient PM (over months to 

years) and CVD morbidity had not been conducted and thus were not included in the 1996 or2004 
PMAir Quality Criteria Documents (U.S. EPA, 1996, 079380; U.S. EPA, 2004, 056905). A numb-er 
ofstudies were included in !he 2004 PMAQCD that evalwrted the effect oflong-term PM,, 
exposure on cardiovascular mortality and found conslstent associations. No toxicological studies 
•><amined chronic athei-osclerotic effects ofPM expo.sure in animal mode!s. However, a subchronic 
study that evaluated atherosclerosis progression in hyperlipidemlc rabbits was discussed and this 
study provided the foundation for the subsequent work that has been conducted in this area (Suwa et 
al., 2002, 028588)_ No previous toxicological studies evaluated effects of subchronic or chronic l'M 
exposure on diabetes mea.sures, or HR or HRV changos, nor were there animal toxicological studies 
included 1n the 2004 l'M AQCD that evaluared systemic lnflammatory or blood coagulation markers 
following subchronic or chronic PM exposure. 

Severa! new epidemiologic studies have examined the long-term PM-CVD association among 
U.S. and European populations. The studies investigate the association of both PM;, and PM10 
•><posares with a varie!]' of clinical and subclinical CVD outcomes. Epidemiologic and toxicological 
studies have provided evidence ofthe adverso effects of long-term exposure to PM25 on 

No«; lfyperhnk< .,, "" rmrenc. citarioos throughout ttns ,¡"""""""' mu takc yoo to tho XCEA BERO datab"'' (Hoolth md 
En~ R<s°"""' Onl,nc) a< h<tp>f1'""-@V"""" HERO ha "'-<al>= of><Hmnfic l- uscd by U.S. El'A;n tho """'"" of 
<1ev<.10pmg "'°""" asse=- "'°" as tho lnto~d Se~ As«=mont> (!SA) and tho rntcgratcd Risk Jnfbnru<Oon System (IRIS). 
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cardiovascnlar outcomes, including atherosclerosis, clinical and subclinical markers of 
cardlovascular morbidity, and cardiovascular mortality. The evidence oftbese effects from long-term 
exposure to PM10-2.5 is weaker. 

7.2.1. Atherosclerosis 
Atherosclerosis is a progress!ve disease that contributes to severa! adverse outcomes, 

inc]ucling acute coronary syndromes such as myocardia! infarction, sudden cardiac death, stroke and 
vascular aneurysms. lt is multifaceted, beginnlng with an ea;:-ly ínjury or inflammation that promotes 
the extravasation ofinflammatory cells. Under condltions of oxidative or nitrosative stress and high 
lipid or cholesterol roncentrations, the vessel wall undergoes a chronic remodeling that is 
characterized by !he presence of foam cells, mlgrated and differentiated smooth muse le cells, and 
ultirnately a fibrous cap. The advanced lesion that develops from this process can occlude perfusion 
to distal tissue, causing ischemia, and erode, degrade, or ev">I rupture, revealíng coagularrt initiators 
{tis.sue factor) that promote thrombosis, stenosis, and infarction or srroke. Several detailed reviews of 
atheroS<::lerosis pathology ha ve been published elsewhere (Ross, l 999, l 56926; Stocker and Keaney, 
2004, 157013). 

7.2.1.1. Epidemiologic Studies 

Measures of Atherosclerosis 

Although no study has examine<! the association between long-term PM exposure and 
longitudinal change in snbclin!cal markers of atherosclerosis, severa! cross sectional studies ha ve 
been condncted. Markers of atherosclerosis nsed in these stndies inc!nde coronary ai:tery calcium 
(CAC), carotid intima-media tbick:ness (CIMT), ankle-brachial inde;i; (ABI), and alxlominal aortic 
calcium {AAC). Tbese mea.sures are descried briefly below. 

CAC represents the accnmnlation of ca!cium in coronazy artery macrophages and repre.sents 
an advanced stage of atherosclerosis. As such CAC is a measure of atherosclerosis assessed by non­
contrast, cardiac-gated electron beam compute<! tomography (EBCT) or multidetector computed 
tomography (M:DC1) ofthe cororuuy arteries in the heart (Greenlond and Kizilbash, 2005, 156496; 
Hoffinanu et al., 2005, 156556; Molle! et al., 2005, I 55988). The prevalence of CAC is strongly 
related to age. Few people have detectable CAC in their second decade of life but the prevalence of 
CAC rises to approximately 1 00% by age 80 {Ardehali et al., 2007, 155662). Previous studies 
suggest that while the absence of CAC does no! rule ont atherosclerosis, it does imply a very low 
likelihood of significan! arterial obstruction ( Achenba.ch and Daniel, 2001, 156189· Arad et al., 
1996, l 55661: Shaw eta!., 2003, 156033· Shemesh et al., 1996, 156035). Conversely, !he presence 
of CAC confll"ll!S the e;i;istence of atherosclerotic plaque ond the amount of calcifioation varíes 
dITectly with the likelihood of obsh:uctive disease (Ardehali et al., 2007, 1 55662). CAC is a 
qnantified using the Agatston method {Agatston et al., 1990, l 56197). Its repeatability depends on 
!he lahoratory and the method of calculation (O'Rowke et al., 2000, J 92 1591. Agatston seores are 
frequently used to c[assify individuals into one of five groups (zero; mild; moderate; severe; 
extensive) or acc01:díng to age- and se;i;-specific percentiles of the CAC dlstribution (Erbel et al., 
2007,155768). 

CIMT is a measure of atherosclcrosis assessed by high-resolution, B-mode ultrasonography of 
the carotid arteries in the neck, the walls ofwhich ha ve inner (intimal), mlddle (medial) and outer 
(adventitial) layers {Craven et aL, 1990, 155740· O'Leazy et al., 1999, 156826; Wendelhag et aL, 
1993, 157136). CIMT estimates the distance in mm or µm between the innermost (blood-in!ima) and 
outermost {media-adventitia) interfaces, often by averaging over three arterial segments in the 
common carotid, carotid bulb, and interna! carotid artery (Amato et al., 2007, 155656). C!MT has 
b<>en assoc1ated with atheroscler0sis risk factors (Heiss et al., 1991, 156535; O'Leazy et al., 1992. 
156825; Salonen and Salonen, I 991, 1569;8), prevalen! coronary heart disease (Chambless et al., 
1997, 1563?9; Geroulakos et al., 1994, 155788), and inciden! coronary and cerebral events (O'Leary 
et al., 1999, 156826; van dor Meer et al., 2004, 156129). SeveraJ stud1es ha ve iudicated that CIMT 
measurements are accurate (Girerd et al., 1994, 156474; Pignoli et al., 1986, 156026· Wendelhag et 
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al., 1991, 157135) and reproducible (Montauban et al., 1999, 156777; Smilde et al., 1997, 156988· 
Wlllekes et al., 1999, 15714 7), especially for the common carotid artery (Montauban et al., I 999, 
156777). : - - ' 

ABI, which i.s also k:nown as the ankle-arm or resting (blood) pressure index, i.s a me.,;ure of 
Jower extremity arterial occlusive disease commonly caused by advanced atherosclerosis (WeilZ et 
al., 1996, 1561 50). lt is assessed by continuous wave Doppler and manual or autornated 
osclllometric sphygmomanometry, the latter having been shown to have higher repeatability and 
validity (Weitz et al., 1996, J 561501. ABI i.s defined as the unitless ratio ofankle to brachial systolic 
blood pressu= measured in mmHg. As ankle pressure is normally equal to or slightly higherthan 
arm pressure (resultíng in an ABI e:; 1.0), epidemiologic studies typically define the normal ABI 
range as 0.90 to 1.50 (R:esnlck et al., 2004, 156048). Low ABI has been associated with ali-cause and 
CVD mortality (Newman et al., 1993, 156805; Vogt et al., 1993, J 571 00), as well as myocardial 
infarction and stroke (Karthikeyan and Lip, 2007, 156626). 

AAC is a measure of atherosclerosis assessed by non-contrast, EBCT or MDCT ofthe 
abdominal aorta. It is scored much like CAC (Agatston et al., 1990, 156197), but !he age-specific 
prevalence and extent ofAAC is greater, particularly among women and atages >50 yr. 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, l 5621 O; 
Allison et al., 2006, 155653; Hollander et al., 2003, 156562; Khoury et al., 1997, 156636; Oei et al., 
2002, 156820; WaJsh et aL, 2002, 1571 03; Wilson et al., 200 1, 1 561 59; Witteman et aL, 1986, 
15616 1 l and measurements are sufficiently reproducible to allow serial investigations over time 
(Budo:lfetal.,2005, 192105). 

study Findings 

Diez Roux et al. (2008, 156401) conducted cross-sectional analyses ofthe association ofthree 
ofthese subclinical markers of atherosclerosis (CAC, CJMT and ABI), collected fi-om 2000 to 2003 
during baseline examinations of participants e!JI{)lled iu fue Multi-Ethnic Study of Atherosclerosis 
(MESA), with long-term exposure to PM2_,- and PM 10. The study popnlation included 5,ln 
ethnically diverse people (53% female) residing in Baltimore, MD; Chicago, IL; Forsyth County, 
NC; Los Angeles, CA; New York, NY; and St. Paul, MN ranging in age from 45 to 84 yr old. 
Authors used spatio-temporal mode!ing ofpollutant concenh:ations, weather and demographic data 
to impute 20-yr avg exposures to PML.s and PM 10_ They reported small increases in CIMT of \% 
(95% CI: 0-1.4) and 0.5% (95o/o CI: 0-1), which correspond to absoluto changes of8 (95% CI: 0-12) 
and 7 (95% CI: 0-14) µm, per 10 µg/m3 increase in 20-yr avg PM10 and PM2s concentration, 
respectively. Evidence of age-, gender-, lipid- and smoking-related susceptibility was lacking. They 
also reporled weak, non-significant increases in the relative prevalence of CAC of J % (95o/o CJ: -2 to 
4) and 0.5% (95% CJ: -2 to 3) per 10 µg/m3 increase in PM10 and PM2 ,,, respectively.Among the 
subset of2,586 participants with EBCT-identified calcification, similar!y weak associations were 
observed. There was little evidence ofmodification ofthe CAC associatioru; by demographic, 
socioeconomic or clínica! characteristics. Finally, the authors report no differences in mean ABl with 
PM10 or PM2, concenh:ations. The null :findings for ABI exhibited little heterogeneity among 
participant subgroups and were similar] y null whenABT was modeled as a dichotomous outcome 
using a cutpoint of 0.9 units. 

MESA investigators also examined the chronic PM; 5-AAC association in a residentially stable 
subset of 1,147 participants (mean age - 66 yr; 50'1o female) randomly selected from al! MESA 
centers, except Baltimore, MD for enrollment in its Aortic Caicium Ancillary Study(Allen et al-, 
2009, J 56209). The authors used kriging and in verse resldence-to-monitOT distance-weighted 
averaging of EPA AQS data to estirnate 2-yr mean exposures to PM2 ,. In cross-scctional analyses, 
the authors fouud a 6% (95% CI: -4 to 16) excess risk ofa non-zeroAgatston score andan 8% (95% 
CI: -30 to 46) increase in AAC, i.e., appro>:imately 50 (95% CI: -25 ! to 385) Agatston units, per 
1 O µglm' increase in PM2, concentration. These associations were sh:onger among users than uon­
users of lipid Iowering drugs-

Kunzli et al. (2005, 087387) used baseline data collected between 1998-2003 from two 
randomized placebo-conh:olled clin!cal trials, the Vitamin E Atherosclorosis Progression Study 
(VEAPS) and the B-Vitamin Atherosclerosis lntervention Trial (BVAJT), for their ancillary cross" 
sectional analyses of the efThct oflong-term PM2 .s exposure on CIMT. The study popnlation lncluded 
798 residents ofthe greater Los Angeles, CA area who were more !han 40 yr old at baseline and 44o/o 
were fema!e. Tho authors used universal kriging ofPM15 data from 23 state and local monitors 
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operating in 2000 to estimate 1 -yr avg exposnTe to PM2, al each participant's geocoded U .S. Postal 
Service ZIP code. They fonnd a42o/o \95o/o CI: -02 to 89) or approximat:ely 32 (95º!. CI: -2 to 
68) µm increase in ClMT per 1 O µglm increase in PM25 concentration. In contras! to findings from 
the relatively Jorge, e!hnically diverse, yet ge-0graphically overlapping MESA ancillary study 
described abo-ve, PM-re!ated increases in CIMT were two- to three-fold larger among older and 
female participants taking lipid lowering drugs in this study. PM-re!ated !ncreases in CIMT were 
al so higher in never smokers when compare<! with current or former smokers. 

Hoffmann et al. (2007, 0911631 conducted a cross-sectlonal analysis of data collected al 
baseline (2000-2003) for 4,494 residents of Essen, Miilheim aJJd Bochum, Germany enrolled in !he 
Heinz NixdorfRecall Study from 2000 to 2003. The age ofparticipants ranged from 45-74 yr and 
51 % were fema!e. In this cross-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 ofthe baseline exam.) They reported an imprecise 43% (95% CI: -IS to 115) or 102 
(95% CI: -77 to 273) Agatston unit increase in CAC per 10 µg/m3 increase in PM,,. Differences in 
strength of association between subgroups defined by demographic and clinical characteristics were 
small. The authors repor!ed a more consisten! association of CAC with traffic exposure (distance 
from a major roadway) than with PM2, in thls smdy. 

In a snbseqnent analysis ofthese data, Hoffinann et al. (2009, 190376) examined the PM-ABI 
association in this popnlation. In this cr-0ss-sectional study, no changes in ABI were observed in 
association with PM2, concentration nor was evidence of effect modification by demographic and 
clinical characteristics apparent. As in the previous study (Hoffmann et al., 2007, 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 m ofamajor roarlway 
compared to living more than200 m away. 

Each of the studies describ..d al>ove relied on cross-sectiona! analyses examining diffi:rences 
in long-term average PM,,, concentmtions across space (as well as time to the extent baseline 
examínations were conducted over time). Such associations may reflect the effect of compositional 
differences in PM2,5 as wel\ as the effect ofhigher PM2 5 concentrations. Most associations of PM,,, 
wlth CAC (Diez et al., 2008, 156401; Hoffmann et al., 2007, 091163), CIMT (Diez et al., 2008, 
1 5640 1 · Kunzli et al., 2005, 087387), ABI (Diez et al., 2008, 156401 ; Hoffinann et al., 2009, 
1903 76) and AAC (Allen et al., 2009, J 56209) reviewed in this section were weak and/or Impreciso. 
However, severa! factors including exposure measurement error, variation in baseline measures 
atherosclerosis, as well as limited power may contribute to the insensitivity of these c:ross-sectional 
srndies to detect small differeoces in CAC, C!MT, ABI and AAC. The study by Hoffinann et al. 
(2007, 091 l 63), which reported large, imprecise and non-significan! increases in CAC in association 
wlth PM,,,, is not distingulshed from the other studies reviewed by a superior study design or larger 
sample size. The severa! fold difference in the magnitude ofCMT associations reported by Knnzli 
et al. (2005, 087387) and Diez Roux et al. (2008, 156401) may be related to dlfferences between the 
study populations. The ambient PM concentrations from these studies are chai:acterized in Table 7- I. 

7.2.1.2. Toxicological Studies 
In the only study ofthis kind desc:ribed in the 2004 PM AQCD, Suwa et al. (2002, 028588) 

dcmonstrated more advanced atherosclerotic lesions based on phenotype and volume fra.ction in !he 
lefl main and right coronary arteries ofrabbits exposed to PM,0 (S mgtkg, 2 times/wkx4 wk). 
Although this study was conducted using IT eKposure methodology at a relatively high dose, it 
provided the first eKperimental evidence thal PM eKposure may result in progression of 
atherosc1erosis. Recent toxicological studies conducted using inhaiation exposures have replicated 
these findings at relevan! concentrations and are discnssed bel o". 

CAPs 

New smdies have demonstrated increased atherosclerotic plaque area in aortas of ApoE"· mice 
exposed to PM4, CAPs for4-6 mo (6 hldayx5 days/wk). Average CAPs concentrarions ranged from 
85 to 138 µglmº and all ofthe studies were conducted in Tuxedo or Manhartan, NY. Chen and 
Nadziejko (2005, 087219) reportcd that the percentage of aortio intima! surface covered by 
atherosclerotic lesions in ApoE~- mice was increased. In male ApoE"'"ILDLR-'- mice. botb lesion area 
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and cellu!arity in the aortic root were enhanced by Tuxedo, NY CAPs exposure, although there was 
no change in Iipid content. Genetic pro files within plaques recovered from ApoE""- mice included 
many ofthe moleS"lla,r pathways known to corrtribute to atherosclerosis, includlng inflammation 
(Floyd et aL, 2009, ! 9!!150). 'Sun (2005, 087952) similarly demonstrated an enh.ancement of 
atherosclerosis inApoE"' mice exposed Tuxedo, NY CAPs. Plaque area in the aortic arch :md 
abdominal aorta was significantly increased in the PM-expos<>d, high fat-chow group compare<! to 
air-exposed, high fat-chow group. Macrophage infiltration in the abdominal aorta was also observed 
in the groups exposed to CAPs. A study conducted in Manhattan for4 mo (May- SeJ!".mbei- 2007) 
showed that PM2, CAPs exposure increased atherosclerotic plaque area and led to h1ghei- levels of 
macrophage infiltration, collagen deposition, and lipid oomposition in thoracic aortas of ApoE..c mi ce 
(Ying et al., 2009, 190111 ), which is consisten! with the previous two studies describe<! that were 
conducted in Tuxedo, NY. 

Alteration ofvasomotor function has been observed in aortic rings ofApoE-1-mice on a high 
fat diet with long-term exposure to CAPs (Sun et al., 2005, 087952· Ying et al., 2009, 190111), Sun 
(2005, 087952) reported that. PM,,,-exposed auimals exhibited increased vasoconstrictor 
responsiveness to serotonin and PE. Increased ROS and elevated iNOS protein expTession in aortic 
section:s ofCAPs-exposed mice may have resulted alterations in the NO pathway and genei-ation of 
peroxynitrite that could have affected vascular reactivity. In contras!, Yíng, et al. (2009, 1 90 1 11 l 
demonstrated decreased maximum constriction induced by PE following Manhattan CAPs exposure. 
Pretreatment with the soluble guanylate cyclase (sGC) inhibitor ODQ attenuated the response, 
indicating that CAPs exposure resulted in ahnormal NO/sGC signaling. Expression ofiNOS mRNA 
and protein was increased in aortas of CAPs-exposed mice, further supporting a role for NO 
production. In coujunction with increased NO, aortic superox.ide p-roduction was demonstrated that 
appeared to be partially driven by increased NADPH oxidase activity. The difference in 
vasoconstrictor responses between these two studies may be attributable to varying durations 
(6 versus 4 mo, respectively) or CAPs compositions. 

Sun (2005, 087952) and Yíng et al. (2009, 190! !1) reported similar relaxation responses to 
A Ch for air- and CAPs-exposed mice. However, Manhattan CAPs-exposed mi ce hada markedly 
decreased response to A23 J 87, lndicating that NO relea.se occurred via Ci'"-dependent mechanisms 
(Ying et aL, 2009, 190111 ). Abnormal eNOS function is Iikely responsible for the decreased 
relaxation response, as activation of eNOS (but not iNOS) is Ca,._-dependent. 

A recent study (Sun et al., 2008, 157033~ that was part ofthe research described alx>ve (Sun et 
al,, 2005, 087952) invesligated tissue factor (f ) expression in aortas, which is a majOT regulator of 
hemostasis and thrombosisfollowing vasculaT injury or plaque erosion. In PM,~-exposed ApoF'­
mice on a high-fat diet, TF was significantly elevated in the plaques ofaortic sections compared to 
air-exposed mice on the hi.gh-fat di et. TF expression was gene;rally detected in (1) the extracellular 
matrix snrrounding macrophages and foam cell-rich areas; and (2) around smooth musc!e cells. 

One new study of CAPs PM2, or UFPs derived from traffic was conducted_ Araujo et al. 
(2008, 156222) compared the relative lmpact ofUF (0.01-0.18 µm) and fine (0.01-2.5 µm) PM 
inhalation on aortic lesion development in ApoE_,_ mice following a 40-day exposure (5 
h/dayx3 days/wk for 75 total h).Animals were on anormal chow die! and exposed to CAPs in a 
mobile inha!ation laboratory parked 300 m from a freewa:.; in downtown Los Angeles. Exposure 
concentrntlons were -440 µg/m 3 for PM2, and -11 O µg/m for UFPs, and the number concentrations 
were roughly equivalen\ (4.56x !O' and 5 59x 1 O' partic!es!cm' for PM:u and UFPs, respectively). 
Significan! increases in plaque siz.e (estimated by lesions at the aortic roo!) were reported for mi ce 
exposed to UFPs only. The lesions were largely comprised of macrophages with intracellular lipid 
accumulation. Increased total cholesterol measured at !he erul of the exposure protocol was observed 
only in the PM2, group. HDL isolated from !he UF PM-exposed mice den:tonstrated decreased anti­
iuflammatory protective capacity against LOL-induced monocyte chemotactic activíty in an in vitro 
assay. The livers from the UFP-exposed mice demonstrated significant increases in lipid 
peroxidation and severa! stress-related gene prodncts ( catalase, glutathione S-transferase Y., 
NADPH-quinone oxidoTeductase 1, superoxide dismutase 2). Thus, UFPs in these exposures had a 
substantially greater impact on the systemic response !han did PM2~. 

December 2ooe 



000177 VTA 

AmbientAir 

A study employing young BALBlc mice examined the effects ofa 4-month exposure (24 
h/dayx7 (!ays/wk) to ambient airon arterial histopathology (Lernos et al., 2006, 088594). Outdoor 
exp<>sure chambers were located in downtown Sao Paulo,Brazil nextto streets ofhigh traffic 
density. In the control chamhITT, PM10 arul N02 were íiltered wíth 50% and 75o/o efficiency, 
respectively. The average pollutant concentrations were 2.06 ppm for CO (8-h mean), 104.75 µg/m 3 

for NO, (24-h mean), 11.07 µglm' for so, (24-h mean), and 35.52 µglrn' for PM 10 (24-h mean) al a 
monitoring site within 100 m ofthe inhalarion chambers. The pulmonary and coronary arteries 
demonstrated significant decre.,;es in L/W ratio for aoimals exposed to the entire ambient mixture 
compared to controls, indíca.ting thicker walls in these vessels. There was no difference reported for 
tbe L/W ratio in renal arteries. Morphologic examination suggested tbat the increases in L!W ratio 
were due to muscular hypertrophy rather than fibrosis. The results of this study indicate vascular 
remodeling ofthe pulmouary and coronary arteries, as opposed to changes in tone. 

To examiue the role of systemic inflammation and recru.itmeut of monocytes into plaque tissue 
as a possible pathway for accelerated atherosclerosis, Yat.era et al. (2008, 1571621 exposed female 
Watanabe herí table hyperlipid"1I!ic rabbits (42 week old) to Ottawa PM 10 (EHC-93) vja JT 
instillation (5 mg/rabbit; approximately 1.56 mgikg) twice a week fbT 4 wk. Transfusiou ofwhole 
blood harvested to from exposed and non-exposed animals to donor rabbits supplied Iabeled 
monocytes for assessm.ent of mouocyte recruitmeut from the blood to the aortic waJL The fraction of 
aortic surface and volume of aortic waJI takeu np by atherosclerotic plaque was increased and the 
number oflabeled monocytes in the atherosclerotic plaques was elevated in rabbits exposed to PM,0. 
In additíon, labeled monoeytes were arta.ched onto the endothelium overlyiug athetosclerotic plaques 
and the number that migrated into the smooth mw;cle nnderneath plaques in aortic vessel walJs was 
greater with PM 10 exposure compared to control. These responses were not observed in normal 
vesse! wal!s. ICAM-1 and VCAM- l expression was elevated in atherosclerotic lesions, likely 
indicating enhanced monocyte adhesion to endothelium and migration into plaques. Monocytes in 
plaque ti.ssue stained with immnnogold demonstrated foam cell characieristics, which were more 
numerow; in the rabbits exposed to PM10. 

Gasoline Exhaust 

Lund and colleagues (2007, 125741) used whole emissious from gasoline exhaust to 
investigate changes in the transcriptional regulation of several gene pmducts wilh known roles i.n 
both the chronic promotlon and acule degradation!destabilization of atheromatous plaques. These 
50-day exposures (6 h/dayx7 days/wk) employedApoE~- mice on high-fat chow and the 
conceutr:tt:ions ofthe high exposure group were 61 µgira' for PM, 19 ppm forNOx, SO ppm for CO, 
and 12.0 ppm fur total hydrocarbons. The average particle number median diameter was 
approximately 15 nm (McDonald et aL, 2007, 156746). Dilutions ofgasoline engine emissions 
induced a concentration-dependent increase in transcription of matrix metalloproteinasc (MMP) 
isoform 9, ET-!, and H0-1 in aortas; MMP-3 and -9 mRNAlevels were only increased in animals in 
the hlghest exposure group. Strong increases in oxidative stress markers (nitrotyrosine and TBARS) 
in the aortas were also observed. However, using a high-efficiency particle trap, they established that 
most of the effccts were caused by the gaseow; portian of the emissions and not the particles. This 
study did not directly address lesion area. 

7.2.2. Venous Thromboembolism 
One epidem1ologic study examined !he relationship between long tenn PM 10 concentration. 

venous thromboembolism. and laboratory measures ofhemostasis (prothrombin and activated partial 
thomboplastin times [PT; PTT]). PT and PIT measure the extrinsic and intrinsic blood coagulation 
pathways, the fonner activated in response to btood vessel injury, the latter. key to subsequent 
amplification of the coagulation cascade and propagation of thrombus (Mackman et aL, 2007, 
156713). Decreases in PT and PTT are consisten! with a hypercoagulable, prothrombotic state_ 
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7.2.2.1. Epidemiologic Studies 
Baccarelli et al. (2008, Í 57984) -studied 2,081 residents (56% female) ofthe Lombardy region 

oflta.ly whose a.ges ranged from 18 to 84 yr old. In this case-control study of871 patients with 
ultrasonographically or venographically diagnosed lower extremity deep vein thrombosis (DVT) and 
\ ;:! 10 oftheir healthy fiiends or relati.ves (1995-2005), the authors used arithmetic averaglng of PM1a 
data available at 53 monitors in nine geographic areas to estimate 1-yr avg residence-specific 
exposures. They found -0.06 (95% CI: -0.11 to O) and-0.12 (95% CI: --0.23 to O) decreases in 
standardized coJTelation coefficients for PT as well as 0.01 (95o/o CI: -0.03 to 0.04) and -0.09 (95% 
CJ: --0.19 to 0.01) decreas.,,; in standardized correlation coefficients for PTT among cases and 
controls, respective\y, per 1 O µg/m' increase in PM 10• Patients with D VT who were taking heparin or 
conmarin anticoagulants were not asked to stop taking them before measurement of PT and aPTT. Of 
additional note, PT was neither adjusted for differences in reagents nsed to determine it nor 
conventionally reporte<! as the lnternational Normalized Ratio {INR). The ambientPM 
concentrations from this study are characterized in Table 7-1. 

7.2.3. Metabolic Syndromes 

7.2.3.1. Epidemiologic Studies 
Chen and Schwam (2008, 1901 06) stndied 2,978 residentially stsble participants in 33 U.S. 

communities (age range ~ 20-89 yr; 49o/o female) who were examined durlng phase 1 ofthe National 
Hea.ith and Nntrition Examination Survey 111 (!989- I 991). In this cross-sectional study, the authors 
used iuverse-distance weighted averaging ofU.S. EPAAQS monltored data from participan! and 
adjacent counties of residence to estimate 1-yr avg exposmes to PM 1o. They found that after 
adjustment, residents of communities with lower PM 10 concentrationshod fewer white blood cells 
than residents of communilies with higher PM10 concentrations. This difference increased wlth 
increasing number of metabolic abnormalitles (insulin resistance; hypertension; 
hypertriglyceridemia; low hlgh-density Hpoprotein cholesterol; abdominal obesity) reported by the 
participan!. This observed difference across individuals with different degrees of metab-Olic 
abnormalities supports !he concept that the presence of a metaholic syndrome may impart greater 
susceptibi!ity lo PM-associated long-term CVD effects. 

7.2.3.2. Toxicological studies 
Diabetics as a poten!ially susceptible subpopulation have only recently been evaluated. A 

toxicological study of a diet-induced oheslty mouse model (C57BL/6 fed high-fut chow fbr 1 O, wk) 
examlned the effects ofa 128,day PM,~ CAPs exposure (mean mass concentration 72.7 µglmº; 
Tuxedo, NY) on insulin resistance, adipose inflammation, and visceial adiposity (Sun et al., 2009, 
190487). Elevated fasting glucose and insulin [evels were observed in CAPs-exposed mice compared 
to air-exposed during the g\ucose tolerance tes!. Aortic rings of mice exposed to CAPs demonstrated 
decreased peak relaxation to A Ch or insulin, which was associated with rednced NO bioavailabillty. 
Additionally, insulin sigualing was impaired in aortic ti.ssue via Iowered endothelia! Akt 
phosphorylati.on. lncreases in adipokines and systemic inflamma!ory markers (i.e., TNF-a, IL-6, 
E-selectin, ICAM-1, PAI-1, resistin, leptiu) were reported for CAPs-exposed mice. CAPs resulted in 
increased visceral and mesenteric ful mass, as wel] as greater adipose tissue macrophages in 
epididymal fat pads and !arger adipocyte siz.e compared 10 mice in the filtered air group. The result:s 
of this study demonstrate that PM20 exposme can exaggerate insulin resistance, visceral adiposity, 
and inflammation in mice fed high-fat chow. 
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7.2.4. Systemic lnflammation, lmmune Function, and Blood Coagulation 

7.2.4.1. Epidemiologic Studies 
As discussed In Section 7.2.3.l, Chen and Schwartz (2008, 190106) condncted a cross­

sectional study in 33 U.S. communlties and used inverse-distance weighted aveniging ofU.S. EPA 
AQS monitored d3la from participan! and adjacent counties ofresideoce to estimate 1-yr avg 
exposnres to PM ,, (median conceniration within quartiles ~ 23.1, 31-2, 38.8 and 53.7 µg/m3

). They 
found that after adjwtment, residen Is of communities in quartile J bad 138 (95o/, Cl: 2-273) fewer 
whlte blood cells (x 1 O'IL) than residents of communities in quartiles 2-4. This difference increased 
with increasing nnmber of me1Itbolic abnormalities. 

Forbes et al. (2009, I 90351) studied approxirnately 25,000 adults {age ~ 16 yr; 53% fernale) 
who were representatively sampled from 720 English postcode sectors and participated in the Health 
Survey for England (i 994, 1998 and 2003). In this fu:ed·effects meta-analysis ofyear-specific cross­
sectional findings, !he authors used dispersion modeling of emissions and weather data to estimate 
2-yr avg exposures to PM1')a! participan! pootcode sector centroids (median in 1994, 1998 and 2003 
~ 19.5, 17.9 and 16.2 µglm , respectively). They found Iittle evidence ofa PM10-inflammatory 
marker association, i.e., only a -0.08% (95o/o CI: -0.25 to O. !O) decrease in fibrinogen ooncentration 
anda 0.14% (95% Cl: -1.00 to 1.30) increase in CR.P concentration per J µglm3 increase in PM 10• 

Calderon-Garciduenas et al. {2007, 09 l 252) compared residentiaily stable, non-smoking 
healthy children (age raoge: 6-13 yr) living and att.ending school between 2003-2004 in Mexico City 
(historically high PM; altitude 2,250 m) and Polotitlán (hlstorical!y low PM; a\titude 2,380 m). ln 
this ecologic study, residents ofMexico City (n ~ 59; 93% female) had fewer white blood cells and 
neutrophils {xlO'IL) than residents ofPolotitlán (n ~ 22; 69% female): unadjusted mean 6.2 (95% 
Cl: 5.7-6.6) versus 6.9 (95% CI: 6.3-7.5) and 2.9 (95% CI: 2.3-3.5) versus 3.8 (95o/o CI: 3.2-4.4), 
respectively. 

Calderon-Garciduenas et al. (2009, 192107) subsequently compared 37 unadjusted mean 
measures of hmnune function and inflammation among an expanded number ofthese participants. 
They found that under a two-sided type 1 error rate (u)- 0.05, 16 (43%) ofthe measures were 
significantly different in residents of southwest Mexico City (n ~ 66; 48% female) Iban those in 
Po\otitlán (n - 93; 57% female). However, only S mea.sures were significantly different after Bon 
Ferroni-correction (u ~ 0.05 I 37 ~ 0.00 1) and even fewer would be after adjustment for reported 
correlation between the measures ofimmune function and inflammation, e.g., CRP and 
lipopolysaccbaride binding protein (Fearson's r - 0.71). 

Two cross-sectional analyses ofPM10concentration and markers ofimmune function or 
inflammation have been conducted with significan! changes observed in the NHANES population 
(stronger effects among those with metabolic disorders) (Chen and Schwartz, 2008, 190 J 06) but not 
in a relative large survey of adults, which was conducted in England {Forbes et al., 2009, 1 90351 l. 
Ecological analyses comparing children in bigb versus Jow pollution regions in Mexico show 
differences in unadjusted blood markers that may be related to PM concentrlltion or otber 
unmeasured risk factors th>rt differs across the communities studied (Caldemn-Garciduenas et al., 
2007, 091252 · Ca!derón-Garcidueñas et al., 2009, 1921 07). 

7.2.4.2. Toxicological Sludies 
In addition to !he PM2~ study mentioned previ,ously that showed increased TF expression (an 

important initialor oftbrombosis) in aortas of ApoE'- mice following subcbronic CAPs exposure 
(Sun et al_, 2008, 157033), three recent studies examined hematology and clotting parametets in rats 
and mice exposed to DE, gasoline exhaust, or hardwood smoke for 1 week or 6 mo (Reed et al., 
2004, 055625; Reed et al., 2006, 156043· Reed et a!., 2008, 156903). lo all studies,male and female 
f344 rats were exposed to the mixtures by whole-body inhalation for 6 hlday, 7 day/wk. Respiraiory 
effects for these studies are presented in Section 7 .3 .3. 
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Diesel Exhaust 

The"tiuget PM concentrations in the DE study was 30, 100, 300, and \,000 µglm' and the 
MMAD was 0.10-0.15 µm (Reed et al., 2004, 055625). Mate and female rats exposed to DE at the 
highest concentration (NO concentratioo 45.3 ppm; N02 concentration 4.0 ppm; CO concentration 
29.8 ppm; SO, concentration 365 ppb) for 6 mo demonstrated decreased serum Factor Vil, but no 
change in plasma fibrinogen or thrombin anti-thrombln complex (TAT) (Reed et al., 2004, 055625). 
White blood cells were decreased only in female :rals in the highest exposure group. Another DE 
study ofshorter duration (4 wk, 4 h/day, 5day/wk; PM mass concentration 507 or 2201 µglm', CO 
1.3 and 4.8 ppm, NO <2.5 and 5.9 ppm, N02 <0.25 and 1.2 ppm, SO, 0.2 and 0.3 ppm for low and 
high PM exposures, respectively) did not dernonstrate changes in hematologic parameters or those 
related to coagulation (i.e., PT, PPT, plasma fibrinogen, D-dimer) or inflammation (i.e., CRP) in SH 
or WKY rats (Gottipolu et al., 2009, 190360). Together, these fiodings do not support a DE-related 
stimulation ofblood coagulation following 1 or 6 mo of exposure. 

Hardwood Smoke 

The target PM concentrations in the hardwood smokc >tudy was 30, 100, 300, and 1,000 µglm' 
and the MMAD was 0.25·0.36 µm (Reed et al., 2006, 156043). In male rats exposed to hardwood 
smoke, the mid·low group (PM concentration 113 µg/m3; NO, NO,, SO,concentrations O ppm; CO 
concentration 1,832.3 ppm) had the greatest responses in hematology parameters, including 
increased hematocrit, hemoglobin, Jymphocytes, and decreased segmented neutrophils (Reed et al., 
2006, 156043). Platelets were elevated in male and female rats after 1 week of exposure, but this 
response returned to control values fol\owing the 6·month exposure. No changos were observed for 
any coagulation ma.rkers at 6 mo. 

Gasoline Exhaust 

PM mass in the gasoline exhanst study ranged from 6.6 to 59.1 µglm', with the corresponding 
number concentration between 2.6x 1 o• and 5.0x 1 o' particleslcm'; the dilutions for the gasoline 
exhaust were 1: I O, 1: 15 or 1 :90 and filtered PM al the I :1 O dilution (Reed et al., 2008, 1 56903). 
Similar to the responses observed with hardwood smoke, mal e and female rats in the mid- and high­
gasoline exhaust exposure groups (NO concentratioru 11.9 and 18.4 ppm; NO, concentrations 0.5 
and 0.9 ppm; CO concentration 73.2 and 107.3 ppm; SO, concentration 0.38 and 0.62 ppm, 
re.spectively) demonstrated elevated hematocrit and hemoglobin; RBC countwas also elevated in 
these groups (Reed et al., 2008, J 56903). The only resporue that appeared somewhat dependen! on 
the presence of particles was lncreased RBC in fumale rats at 6 mo, although the authors attributed 
the observed increases to the high concentration of CO. 

Collectively, these studies do not indicate robust systemic iuflammation or coagulation 
responses in F344 rats following 6-month exposures to diesel, hardwood smoke, or gasoline exbauot. 
The límited effects that were observed could possibly be dueto the varying gas concentrations in the 
exp0sure mixtures. 

7.2.5. Renal and Vascular Function 
Two recent epidemiologic >tudies have tested associations between PM exposure and 

indicators of renal and vascular function (urinary albumin to creatinine ratio (UACR] and blood 
pressure). UACR is a measure ofurinary albumin excretion (National Kidney Foundation, 2008, 
l 56796). When calculated as the ratio of albumin to creatiniue concentrations in untimed (~spot") 
urine samples, UACR approximates 24-h urinary albumin excretion and can be used to identify 
albuminuria, a marker of generaliz.ed vascular endothelial damage (Xu el al., 2008, I 571 57). Values 
2: 30 mglg (3-5 mglmmol) and 2: 300 mglg (34 mglmmol) usually define micro· and 
macroalbuminuria, both ofwhich are associated with increases in CVD incidence and mortality 
(Biga:;¡ri et al., 1998, 156272; Deckert et al., 1996, 156389· Dinneen and Gerstein, !997, 156403; 
Gerstein et al., 200 1, l 56466; Ylogensen, 1984, 156769)_ Severa! researchers have called the 
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dichotomization of albuminuria into question, observ:ing that there is no threshold below which risk 
of cardiovascular and end-.stage kidney disease disappears (Forman and Brenner, 2006, 1 56439; 
Knight and Curhan, 2003, l 79900· Ruggenenti and Remuzzi, 2006, 156933). 

Systolic, diastolic, pulse, and mean arterial blood pressure.< (SBP; DBP; PP; MAP) in mmHg 
have also been used as mea.sures of cardiovascular disease. Franklin et al. (1997, 156446) suggested 
that SBP and PP were the only two measures predictive of carotid stenosis in a multivariable ana)ysis 
consideríng all 4 mea.sures, whereas Khattar et al. (2001, 155896) suggested that their prognostic 
significance in hypertenslve populations may differ by~·· with SBP and PP being most predictive 
among !hose 2: 60 yr and DBP among tho.se <60 yr old (K.hattaret al., 2001, 1558961. 

7.2.5.1. Epidemiologic Studies 
O'Neill et al. (2007, 156006) examined the association ofUACR with PM,,, and PM, 0 among 

members of the MESA population described prev!ously (Diez et al., 2008, 15640 l ). For this study of 
UACR, which included cros.s-sectional and longitudinal analyses, the study population was restricted 
to a subset of3,901 participants (mean age = 63 yr; 52'/o female) with complete covariate, outcome 
and exposure data at their first through thlrd e=s {2000-2004 ). In cross-sectional analyses, the 
authors found that after adjustment for demographic and clinical charrtcterlstics, 1 O µg/m' increases 
in20-yr irnputed exposures !o PM,, and PM10 were associated withnegligil:>le 0.002 {95% CI: 
-0.048 to 0.052) and -0.002 (95% CI: -0.038 to 0.035) mean differences io baseline log UACR, 
respectively. Similarly, small statistically non-significan! decreases in !he prevaleoce of 
microalbuminuria ( defined in thil; setting as 2: 25 mg/g) provided little evideoce of an effect on renal 
function. These largely null cross-sectiona! findings mirrored !hose basal on the study's shorter-tenu 
(30- and 60-day) PM2., and PM,0 exposures. Moreover, Jongltudinal ana\yses revealed only a weak 
assoclation betweeo 3-yr change in log UACR and 20-yr PM10 exposure. Evidence ofeffect 
modlfication l:>y d"1I!ographic and geographic characteristics was not apparent in either the cross­
sectional or longitudinal analyses. 

Auchinclos.s et al. (2008, 156234) focused on automatcd, oscillometric, sphygmomanometric 
measures ofblood pressures ln mmHg (SBP; DBP; PP; MAP). Llke O'Neill (2007, 156006), Diez et 
al. {2008, 15640 1) and Allen et al. (2007, 156006), Auchincloss et al. (2008, 1 56234 l based their 
examination on !he previously described MESA population. The authors included 5,112 srudy 
participants (age range ~ 45-84 yr; 52% female) who were free ofclioically manifested CVD al thelr 
baseline exam in one of six primarily url:>an U.S. locations (2000-2002). In this cross-sectional stndy, 
they used arithmetic averaging ofEPAAQS PM2,5 data available atthe monitor nearest to each 
participant's geocoded U.S. Postal Service ZIP code centro id to estimate 30- and 60-day avg 
exposures to PM25. They found small nonsignificant increases of 1.5 {95o/o CI: -0.2 to 3.2), 0.2 
(95% Cl: -0. 7 to 1.0), 1.3 (95% CI: 0.1 to 2.6), and 0.6 (95% Cl: -0.4 to 1. 7) mmHg increases in 
SBP, DBP, PP and MAP, respectively, per 10 µglm' increase in 30-day avg PM25 exposure, 
Assoclations were slight!y weaker for 60-day avg PM2, exposure and among participants without 
bypertension, during coolerweather, in the presence oflow N02, residing >300 m from a highway, 
or surrounded by Iower road density. 

Finally, the Calderon-Garciduenas et al. (2007, 091252) ecologic srudy introduced in 
Section 7.2.3. J also found that children residing in Mexioo City had higher mean pulmonary arter}' 
pressure as assessed by Doppler echocardiography and fasting plasma endothelin-1 (ET- I) than 
residents in Polotitlán: unadjusted mean 17 .5 (95% CI: 15.7-19.4) versus I 4.6 (95% Cl: 13.8-15.4) 
mmHg and 223 (95% CI: 1.93-2.53) versus 1.23 (95% Cl: 1.11-1.35) pg/mL, respectively. Within 
Mexico City, ET-! was higher in residents ofthe N ortheast {historically higher PM2,,) than !hose of 
the Southwest (historically lower PM2 5). 

The MESAanalyses ofGACR (O'Neill et al., 2007, 1 '<6006) and !he eco!ogic study of 
children living in a highly polluted area ofMexico (Calderon-Garciduenas et al., 2007, 091252) 
provide little evidence that long-term exposure to P::vf2 ,, hadan effect on renal and vascular function. 
respectively. Auchincloss et al. (2008, 156~ 34) reports small nonsignificant associmions ofblood 
pressure with 30- and 60·day avg P:\12, concentrations. PM concentrations from !he analyses are 
characterized in Table 7 -1. 
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Table 7-1. Characterization of arnbient PM concentrations from studies of sutx:linical measures of 
cardiovascular diseases ard long-term exposure. 
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7.2.5.2. Toxicological Studies 
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In a PM2, CAPs study of 10 wk (6 h/dayx5 days!wk) in Tuxedo, NY (mean mass 
concentration 79.1 µgtm'), thcre was no difference in mean arterial pressure (MAP) in SD rats 
between gronps (Snn et aL, 2008, 157037). Wben angiotensin 11(Ang11) was infused during the Iast 
week of exposure to induce systemlc hypertension, the )1AP slope was consistently greater in the 
CAPs-exposed rats compared to the filtered air group. Furthennore, thoracic aortic rings were more 
responsive to phenylephrine-induced constriction and less responsive to ACh-indnced relaxation in 
the PM+Ang 11 vessels. In contrast to the latter findings, !he relaxation res¡wnse was exaggerated in 
!he PM+Ang 11 aortic segmcnts wlth a Rho-kinase (ROCK) inhibitor. Superoxide production in 
aortic rings increased in the PM+Ang 11 group compared to the filtered a\r group and !he addltion of 
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NAD{P)H oxidase inhibitor(apocynin) ora NOS inhlbitor (L-NAME) attenuated the superoxide 
generation. The levels of tetrahydrobiopterin (BH.,) wei:e decreased in mesenteric vascularure and the 
heartby 46% and 41% in the PM+An.g JI group compared to controls, respectively; furthermore, 
levels of BH., in the liver were similarly reduced, which is consisten! with a systemic effect of CAPs. 
Together, these findings indicate fuat CAPs p<>tentiate Ang Il-induced hypertension and alter 
vascular reactivity, perhaps through activated NADPH oxlda.>e and eNOS uncoupling that result in 
oxidative stress generation and triggering of!he Rho/ROCK signa.ling pathway. 

7.2.6. Autonomic Function 

7.2.6.1. Toxicological Studies 
Hwang et aL (2005, 087957) and Chen and Hwang (2005, 087218) used radiotelemetryto 

examine the chronic changes in HR and HRV resulting from the same CAPs exposures described 
previously (Cl,!en and Nadziejko, 2005, 087219). The overal! average CAP• exposure concentration 
was 133 µg/m' and results indlcate differing responses to CAPs between ApoE_,_ mico and their 
genetic background strain, C57BL/6J mlce (Hwang et aL, 2005, 087957). Using !he time period of 
1:30-4:30 a.m., C57BLl6J mice showed a HR increase only over the last month ofexposure. In 
corrtrast, ApoE_,. mico had chronic decreases of33.8 beat/min for HR. Cbanges in HRV (SDNN and 
rMSSD) were somewhat more complicated, with biphasic responses in ApoE-'· mice over the 
5-month period (initial increase over first 6 wk, decrease over next 12 wk, and slight upward turn fur 
remainder ofthe study)(Chen and Hwang, 2005, 087218). Increasing lineartrends were observed in 
C57BU61 mico fur SDNN and rMSSD. The ave~e CAPs coucentratiou furthe HRV study was 
l 10 µglm'. However, only three C57BU6J mi ce in the exposure group were inclnded in the analysil; 
compared 10 tenApoE_,_ animals, thus maldng it difficult to interpret the C57BL/6J mice responses 
(Chen andHwang, 2005, 087218; Hwang et al., 2005, 087957). 

7.2.7. Cardiac changes 

7.2.7.1. Toxicological studies 
Two recent toxicological studies have evalua!ed the effects of PM on cardiac effccts including 

p:<thology and gene eXptession. Cardiac mitochondrial function has also l>een eva!uated fol!owing 
PM exposure in rats. 

Diesel Exhaust 

A recent study ofDE exposure (PM m= concentration 507 or 2,201 µglm', CO 1.3 or 
4.8 ppm, NO <2.5 or 5.9 ppm, NO, <0.25 or 1.2 ppm, SO, 0.2 or 0.3 ppm fOr low and high PM 
exposure.s, respectively, gcometric median nurnber diameter 85 nm) indica!ed a hypertensive-like 
cardiac gene expre.sslon in WKY rats that mimicked baseline patterru; in air-exposed SH mis 
(Gottipolu et al., 2009, 1 00360). EXpo.sure to the higb concentration of DE for 4 wk (4 h/day, 
5 day/wk) Ied to downregulation of gene.s involved m stress, antioxidant compensatory response, 
growtb and extracellular matrix regulation, membrane transport of molecules, mitochondrial 
function, thrombosis regulation, and immnne function. Ko genes were affected by DE in SH rats. A 
dose-dcpendent inhihition of mitochondrial aconitase activíty in both rat strains was observed, 
indicating a DE effect on oxidative stress. lt should be noted !hat while DE-relate! cardiovascular 
effects were found in WKY rats only, pulmonary inflammation and injury were observed in both 
strains (Sections 7 .3.3.2 and 7 _3_5_ I ). 
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Wallenborn et al_ (2008, 1 91 1 71 ) examined the subchronic (5 h/day, 3 day/wk, 16 wk) 
pulmo~, cardiac, and systemic effects ofnose-only exposure to particulate ZnS04 (9, 35, or 
!20 µg/m ) in WKY ra:ts. Particle size was :,"tf~:U.d.to be 31-44 nm measured as number median 
diameter. Although changes in pulmonary in tion or injury and cardiac pathology were not 
observed, effects on cardiac mitochondrial protein and enzyme Jevels were noted (i.e., increa.<ed 
ferritin levels, decrease In succinate dehydrogenase activity), possib!y indicating a small degree of 
mitochondrial dysfunction. Glutathione peroxidase, an antioxidant enzyme, was also decreased in 
the cardiac cytosol. Gene expression analysis identified alterations in cardiac genes involved in cell 
signiling events, ion channels regularion, and coagulation in anlmals exposed to the highest ZnS0 4 

concentration only. This study demoru;trates a possible direct effect of ZnSO, on extrapulmouary 
systems, as suggested by the lack of pulmonary effects (Section 7 .3.3.2), 

7.2.8. Left Ventricular Mass and Function 
Van Hee et al. (2009, 192110) studied 3,827 participants (age range = 45-84 yr; 53% fema!e) 

who underwentmagnetic resonance imaging (MRl) ofthe heart atthe baseline examinatiou ofthe 
MESA cohon (2000-2002). This cross-sectional srudy focnsed on two .MRI-based outcome 
measures: left ventricular mass index (LVJ'11I, glm2

) and ejection fraction (Ef, % ), the former 
estirn.ated using the OuBois formula for body surfuce area, the latter as the ratio of stroke volume to 
end diastolic volume. The study also estimated annual mean e:<po.snres to PM2 ,, at participarrts' 
geocoded residential addresses in 2000 using ordinary kriging ofU.S. EPAAQS concentration data. 
In fully adjusted models, it found 3.8 (95% Cl: -6.1 to !3.7) glm' and -3.0% (-8.0 to 2.0) diffurences 
In LVMJ and Ef per 10 µglm' increment in PM;,,. The fmdings were small and imprecise, albeit 
suggestive of a siight, PM-associated increase in the mass and decrease in the function ofthe )eft 
ventricle. The effect ofliving within 50 mofa major roadway on LVMI was greaterthan the effect 
of PM25 (i.e., 1.4 g/m' [95% CI: 0.3-2.5] per 1 O µglm' .) 

7.2.9. Clinical Outcomes in Epidemiologic Studies 
Severa! epidemiologic studies ofU.S. and European populations ha ve examined association.s 

between long-term PM exposures and c!inical CVD events {BaC<":arelli et al., 2008, 157984; 
Hoffinann et al., 2006, 091 162; Hoffi:nann et al., 2009, 190376; Maheswaran et al., 2005, 088683· 
Maheswaran et al., 2005, 090769; Miller et al., 2007, 090130; Rosenlund et al., 2006, 089796-
Solomon et al., 2003, 156994· Zanobetti and Schwa.rt:z, 2007, 09124 7l. Results from these studies 
are summarized in figure 7-1. The ambient PM concentrations from these studies are characterized 
inTable7-2. 

Coronary Heart Disease 

Epidemiologic studies examining the association of coronary heart disease (CHO) with long­
term PM exposure are discussed below (Hoffinann et al., 2006, 09 l l 62; Maheswaran et aL, 2005, 
090769· Miller et al., 2007, 090 130; Puett et al., 2008, 156891; Rosenlund et al,, 2006, 089796; 
Rosenlund et al.,2009, 190309· Zanobetti and Schwartz,2007, 091247). Cases ofCHO were 
variably defined in these srudies to include history of angina pectoris, MI, coronary artery 
revascularization (bypass graft; angioplasty; stent; atherectomy), and congestive heart fuilure (CHF)_ 
Results pertaining to death from CHD are described in Section 7.6. 

Miller et al. (2007, 090 130) studied inciden t, va!idated MI, revascu!arizatlon, and CHO death, 
both separately and collectively, among 58,6 I O post-menopausal female residents of 36 U.S. 
metropolitan a.reas (age range ~ 50-79 yr) enrol1ed in the Women 's Health lnitiative Observational 
Study (WHI OS, 1994-1998). In this prospective cohon study ofparticipants free ofCVD at baseline 
(median duration offollow-up = 6 yr), the authors =d arithrnetic averaging ofyear 2000 EPAAQS 
PM,,, data available at the monitor nearest to each participan!'! geocoded U .S. Postal Service five" 
digit ZIP code centro id to estimate 1-yr avg exposures. They found 6% (95% C!: -15 to 34), 20% 
(95% C[: 0-43) and 21% (95% CI: 4-42) increases in the overa!! risk ofMI, revascularization, and 
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their combination wi!h CHO death per 1 O µglm' illcrease in PM25, Tespectively. Hazards were higher 
within than betw""n clties and in the obese. For the combined CVD outcome (Ml, revascularization, 
stroke, CHD death, cerebrovascular di.sea.se), authors reported a 24% (95% CI; 9-41) increase in risk 
that was higher among participants at higher than Iower quintiles ofbody mass index, waist-to-hip 
ratio, and waist circurnference. The P!;h,-CVD association was stronger among non-diabetic than 
diabetic participants. 

Table 7-2. Cllaracterization of ambient PM concentrations from studies of clinical canf10V11scu!ar 
diseases and Jong-term exposure. 
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Hoflmao et •l. (2009. 1Stn7Bl 

Puett et al. (2008, 156891 l srudied incident, validated CHD, CHD death, and non-fatal MJ 
ru:nong 66,250 fomale residents (mean age ~ 62 )T) ofmetropolitan statistical areas in thirteen 
uortheast.em U .S. stat.es who were enrolled in the Nnrses' Health Study (NHS, 1992-2002}. In this 
prospective cohort study ofwomen without a history ofnon-fataJ MI at baseline (maximum duration 
of follow-up ~ 4 yr), !he authors used tw<>-stage, spatially smoothed, !and use regression to estimate 
residence-specific, 1-yr maPM 10 exposmes from U.S. EPAAQS and emissions, IMPROVE, and 
Harvard University monitor data. They found a lOo/o (95% CI: -6 to 29) increase in risk offirst CHO 
event per 10 µim' increase ln 1-yr avg PM 10 exposure, while the association with MI was el ose to !he 
null value. The association with fatal CHO event of 30% (95% C!: O-71) was stronger. Furthemiore, 
associations with CHD death were higher in !he o bese and in the never smokers. 

Rosenlund et al. (2006, 089796) studied 2,938 residents of Stockhohn County, Sweden (age 
range ~ 45-70 yr; 34% female). In this cas.,..control srudy ofl,085 patients with their first, validated 
non-fatal MI and an age-, gender- and catchment-stratified randorn sample of 1,853 controls without 
MI ( 1992-1994), the authors u.sed street canyon-adjusted dispersion modeHng of emissions data to 
estimate 30-;rr avg exposure to PM 10 (median~ 2.4 µglm'J. They found that the OR for prevalen! MI 
per l O µglm increase in PM LO was 0.85 (95% CI: 0.50- J .42). The OR for fatal .'v!l was elevated, but 
not statistically significan!. 

In a more rece.nt study, Rosenlund et al. (2009, 190309) evaluated 554,340 residents (age 
range ~ 15-79 yr; 49% female) of Stockho1m County, Sweden (1984-1996)- In this population-hased, 
case-control study of 43,275 cases of incident, validated MI, the autbors used dispersion modcling of 
traffic emissions and Jand use data to estímate 5-yr avg exposure to PM 10. They fuund that after 
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adjustmeni fo~ .demographic, temporal, and socioeconomic characteristics, the OR for MI per 
5 µglm1 inciease in PM10 was 1.04 (95% CI: \.00-1.09). ORs were higher afterrestriction to fatal 
cases, in- or out-of-hospital deatiu;, and participants who did not move between population censuses. 
Authors state that oontrol fur confuundjng was superior in their previous study (Rosenlund et aL, 
2006, 089796) although the size ofthe popu!ation was Iarger in this recent study (Rosenlund et al., 
2009, 190309). 

Zanobetti and Schwartz {2007, 09124 7) studied ICD-coded recurren! MI (ICD 9 41 O) a.nd 
post-in:furction CHF (!CD 9 428) among 196,131 Medicare recipients (a ge "'.:65 yr, 50o/o female) 
discharged alive followiug MI hospitalization in 21 cities from 12 U .S. states (1985-1999)_ In this 
ecologic, open cohort study ofre-hospitalizxt:ion among MI survivors (mean duration offollow-
up = 3.6 and 3.7 yr fur MI and CHF, respectively), the authoi-s used arithraetic averaging ofEPA 
AQS PM10 data available in !he county ofhospitalízation to estimate l-yr avg exposure.s. They found 
l 7% (95% CI: 5-31) and 11 o/o (95% CI: 3-21) increases in the risk ofrecurrent MI and post­
infarction CHF, respectively, per 10 µgira' in crease in PM 10 exposure. Hazards were somewhat 
higher among persons aged >75 Y'-

Hoffi:nann et al. (2006, 091162) studied self-reported CHD (MI or revascularization) among 
3,399 residents of Essen and Mülheim, Germany (age range = 45-75 yr; 51 o/o female) at the baseline 
exam ofthe Heinz NlxdorfRecaII Study (2000-2003) introduced previously. In this cross-sectional 
ancillary study, the authors used dispersion modeling of emissions, climate and topogra:µhy data to 
estimate l-yr avg ex¡iosure to PM2~ (mean= 23.3 µglm'). They found little evidence ofan 
association between PM~,- and CHD in these data. After adjustment fbr geographic, demographic 
and clínica) characteristics, !he OR for prevalent CHO per 10 µgira' increase in exposure was 0.55 
(95% Cl: 0.14-2.11). 

Stu<ty Avg Time En~point Eflect Es~mate (95% CI! 
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In the study of 1,030 census enumeration districts in Sheffield, U.K. described previou.sly, 
Maheswaran et al. (2005, 090769) studied 11,407 ICD-1 O-coded emergency hospitalizations for 
CHD (ICDIO 120-25) among 199,682 residents (age ~ 45 yr; 45% female). In this ecologic study, !he 
authors used dispersion modeling ofemissions and climate data to estímate 5-yr avg exposure to 
PM10 . They found tlrat after adjusting for smoking prevalence, controlling for socioeconomic :fu.otors, 
and smoothing, the age- and gender-standardized rate ratioo for CHD admission were 1.0 1 (95% CJ: 
0.92-1.11), 1.04 (95% Cl: 0.93-1.15), 0.97 (95'/o CI: 0.87-1.08), and J .07 (95% CI: 0.95-1.20) across 
PM 10 quintiles. The linear trend was somewhat stronger for CHO mortality {Section 7.3). 

The study ofpost-menopausa! women enrolled in the WHI OS by Miller et al. (2007, 090130) 
was the only U.S. srudy to examine the effect of PM2, ratherthan PM10. This study, which provides 
strong evidence of an associa:tion, was distinguished by its prospective cohort design, validation of 
inciden! cases and large population. Puett et al. (2008, 156891 ), the o!her U.S. study with 
comparable design features, provides evidence of an association ofincident CHD with long- tenn 
PM10 exposure. Findings from Swedish case control studies of inciden! validated cases ofMI were 
not consisten!. A eross-sectional study of self-reported CHD dld not provide evidence of an 
association wl!h PM,,,_ while findlngs from two ecologic studies ofPM10 indlcated positive 
associations ofCHD hospitalizations with PM10 (Maheswaran eta!., 2005, 088683· Zanobetti and 
Schwartz, 2007, 09124 7). 

Strolre 

Miller et al. (2007, 0901301 fuund 28% (95% CI: 2-61) and 35% (95% Cl: 8-68) increases in 
!he overa!! risk of validated stroke and cerebrovascular dC;ease, respectively, per 1 O µglm' increase 
in 1-yr avg PM;,,, exposure. Risks were higher within !han between cities. In the study of 1030 
Census of enumeration distr:icts in Sheffield, U .K. described previously, Maheswaran et al. (2005, 
088683) studied 5, 122 ICD-1 0-coded emergency hospital admissions for stroke (160-69) among 
199,682 residents (age ~ 45 yr; 45o/o female) of 1,030 census euumeration dístricts in Sheffield, U.K. 
(1994-1999). In this ecologic study, the au!hors used dispersioo modeling of emissions and climate 
data to estimate 5-yr avg exposure to PM10. They found that the age- and gender-standardized rate 
ratios for stroke admil;sion were 1_05 (95% CI: 0.94-1.17), 1.07 (95% CI: 0.95-1.20), 1.06 (95% Cl: 
0.94-1.20), and 1. I 5 (95% CI: 1.0 1 -1.31) across PM10 quiutiles. Lioear trend was somewhat stronger 
for stroke morta!ity (Section 7.6). 

These •tudies examinlng the loug-term PM-stroke relatioruship provide evidence of 
associailon_ Maheswaran et al. (2005, 088683) examined emergency room hospital admissions iu 
Sheffield, U .K. using an ecologic design while results reported by Miller et al. (2007, 090 130) are 
based on the prospective cohort 5tudy ofthe WHI OS population (both introduced previously). 

Peripheral Arterial Disease 

The Gennan Heinz NixdorfRecall cros.s-sectional stndy described in Section 7.2.1.1 
(Hoffinann et al., 2009, 190376) also evaluat:ed the association between 1-yr avg exposure to PM,., 
and peripheral arterial disease (self-reported history of a surgical or procedural intervention or an 
ABI <0.9 in one or both Iegs). The authors found no evidence ofan increase in risk. The OR for 
peripheral arterial disease was 0.87 (95% CI: 0-57-1.34) per 3.9 µglm' increase in PM25. However, 
evidence of an association with traffic exposure was present in !hese data. ORs of 1.77 (95% CI: 
1.0 1-3.1 O), 1.02 (95% CI: 0.58-1.80), and 1.07 (95% CI: 0.68-1.68) for residing '.> 50, 50-1 00, and 
100-200 mofa major road (reference co:tegory: >200 m), re5pectively were observed. ORs were 
higher among participants with CAC seores '.> 75!h percentile, women, and smokers. 

Deep Vein Thrombosis 

The ltalian case-control study (introduced in Section 7 .2.1 .2) also examined the chronic PM 10-
DVT association (Baccarelli et al., 2008, 157984). The an!hors found a 70o/o (95% Cl: 30-223) 
increase in the odds ofDVT per 10 µglm, increase in 1-yr avg PM, 0 exposure. This finding was 
coosil;tent wi!h !he decreases in PT and PTT also observed among controls in this context as well as 
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the 47% (95% CI: li'9Ó) inc.-ease in the odds ofDVT per inter-decile range {242 m) increase in the 
residence-to-majoT-rOadway distance observed among a subset of cases and controls (Ba.ccarelli et 
al., 2009, 188183). The PM1.,.-DVT and distance-DVT associations were both weaker among women 
and among usei:s of oral contraceptives or hormone therapy. 

7.2.10.Cardiovascular Mortality 
New epidemlologic evidence reports a consisten! association between long-term exposure to 

PM,,, a.nd increased risk of cardiovascular mortality. There is little evidence for the long-tenn effecrs 
ofPM1"2.> on cardiovascular mortality. This section focuses on cardiovascular mortality outcomes in 
response to long-term exposure to PM. The studies that investigate lo~-tenn exposure and mortality 
dueto any specific or all (nonaccidental) causes are evaluated in Section 7.6. A summary ofthe 
mean PM concentrations rcported for the studies characterized in this scc:t:ion is presented in Table 
7-8, and the effect estimates are presented in Figure 7-7 and Figure 7-8, 

Annmber oflarge, U.S. cohon studies have found consistent associations between long-tenn 
excposure to PM,_, and cardiovascular mortallty. The American Cancer Society (ACS) (Pope et al 
(2004, 055880) reponed positive associations with deaths from specific cardiovascular diseases, 
particularly lschemic heart disease, and a group of cardiac condltions lncluding dysrhythmia, heart 
failure and cardiac arrest (RR for cardiovascular mortality ~ 1 .12 {95o/o CI: 1.08-1.15] per 1 O µglrn' 
PM,~l- In an additíonal reanalysis tlrat extended the follow-up period for the ACS cohort to 18 yr 
(1982-2000) (Krewski et al., 2009, 1 911 93), investigators found effect estimates that were similar, 
though generally higher, !han !hose reported in previous ACS analyses. 

A fullow-up to the Barvard Six Cities study (Laden et al., 2006, 087605) used updated air 
pollution and mortality data and found positive associations between long-term exposure to PM2, 
and mortality. Of special note is a statistically significant reduction in mortality risk reported with 
reduced ]ong-tenn fine particle concentrations. This reduced mortality risk was observed for deaths 
dne to cardiovascular and resplratory causes, bnt not for lung cancer deaths. 

The WHI cohort study (Mlller et al., 2007, 090 l 30) ( described previonsly) found that each 
10 µglm' increase ofPM,_, was associated with a 76% Jncrease in the risk of dea.th fi-om 
cardiovascular disease (hazard ratio, 1. 76 (95% CJ: 1.25-2.47]). The WHJ study not only confirms 
the ACS and Six City Srudy associations wilh cardiovascular mortality in yet another well 
characteri~ed cohort with detailed individual-leve! informarion, it also has beeu able to consider the 
individual medica] records ofthe thousands ofWHI subjects overthe period ofthe study. This has 
allowed the researchers to examine not only mortality, but also related morbidity in the form ofheart 
problems ( cardiovascular events) experienced by the subjects durlng the study. These morbidity co­
associations with PM,_, in the sam.e population lend even greater support to the biological 
plausibility of the air pollution-mortality associations found in this study. 

In an analysis forthe Seventh-Day Adventist cohort in California (AHSMOG), a positivo 
association with coronary heart disease mortality was reported among females (92 deaths; RR ~ 1.42 
[95% CJ: 1.06-1.90] per 10 µglm' PM,,), but not among males (53 dea.ths; RR ~ 0.90 [95% Cl: 
0.76-1.05] per 1 O µgira' PM,,,) (Chen et al., 2005, 087942). Associations were strongest in the subset 
ofpostmenopausal women (80 deaths; RR = I.49 [95% CI: 1.17-1.89] per 10 µg/m3 PM,,). The 
authors speculated that females may be more sensitive to air pollution-related effects, based on 
differences between males aud females in dosimetry and exposure. As was found with PM, ,, a 
positive association with coronary heart disease mortaltty was reponed for PM10-25 and PM10 among 
female.s ÍRR = 1.38 [95% CI: 0.97-1.95] per 1 O µg/m' PM 10--2 5; RR = 1.22 [95% Cl: 1.0 I -1.4 7] per 
10 µg/m PM10), but not formales (RR = 0.92 [95o/o CI: 0.66-129] per 10 µgira' PM 10-25; RR ~ 0.94 
(95% CI: 0.82-1.08] per 10 µglm' PM10); associations were strongest in the subset of 
postmenopausal women (80 deaths) (Chen et al., 2005, 087942)_ 

Two additional studies explored the effects of PM 10 on cardiovascular mortality. The Nnrses' 
Health Stndy (Puett et al., 2008, 1 56891) is an ongoing prospective cohon study examining the 
relation of chronic PM 10 exposures with all-cause mortality and incident and fatal coronary heart 
disease consisting of 66,250 female nurses in MSAs in the northeastern region ofthe U.S. The 
association with :futal CHD occurred with the greatestmagnitude when compared wlth other 
specified causes of death (hazard ratio I .42 [95% CI: I. 11-1.81]). The North Rhine-Westpha!ia Strtte 
EnvironmentAgency (LUANRW) initiated acohort ofapproximately 4,800 women, and assessed 
whether long-term exposure to air pollution or:iginMing from motorized ti:affic and industrial sources 
was associated with total and cause-specific mortality (Gehring et aL, 2006, 089797). They fuund 
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that cardiopulmonary mortality was associated with PM 10 (RR ~ 1.52 [95% Cl: l.09-2.15] per 
JOµglm3 PM11J· 

In summary, the 2004 PMAQCD concluded that there was strong evidence that long-term 
exposure to PM2,, was associated with increased cardiopulmonary mortality. Recent studies 
investigating cardiovascular mortality provide sorne ofthe strongest evidence for a cardiovascular 
cffect ofPM.A nnmbei; oflarge cohort stndios have been conducted tlu-oughoutthe U.S. and 
reported consisten! increases in cardiovascular mortality related to PM,., concentratioru. The results 
oftwo ofthese studies have bcen rep!icated in indepeudent reanalyses. These effects are coherent 
with short-term epidemiologic stndies ofCVD morbidity and mortality and with long-term 
epidemiologic studies of CVD morbidity. In addition, biological plausibility and coherence are 
provided by toxicological studies demonstrating short-teIB1 cardiovascular effects as we!l as 
PM2.S-related plaque progression in chronie&lly exposed mice. 

7.2.11.Summary and Causal Determinations 

7.2.11.1. p~.5 
Epidemlologic srudies examining associations between long-term exposure to ambient PM 

( over months to years) and CVD morbidity had not been conducted and thus were not included in the 
1996 oc2004 PMAQCDs (U.S. EPA. 1996, 079380· U.S. EPA, 2006, 157071).Anumber ofstudies 
were included in the 2004 AQCD that evaluated the effect oflong-terrn PM25 exposure on 
cardiovascular mortality and found strong and consistent associat::ions. No toxicological studies had 
evaluated the effects ofsnbchronic or chronic PM exposure on CVD effects in !he 2004 PM AQCD. 
Recently, epidemiologic and toxicological studies ha ve provided evidence ofthe ad verse effects of 
long-t.erm exposure to PM,~ on cardiovascular outcomes and endpoims, inclnding at:herosclerosis 
and clinical and subcllnical markers of cardiovascnlar morbidity. 

The strongestevidence for a CVO health effectrelated to Iong-term PM,, exposure comes 
from epidemiologic studies of oardiovascnlar mortality. A number of large, multicity U.S. studies 
(!he ACS, Six Cities Study, WHI, aru!AHSMOO) provide consisten! evidence ofan effect between 
long-terrn exposure to P:M;,,, and cardiovascular mortality (Seotion 7 2 .1 O). These studies were 
conducted in urban areas acros.s !he U.S. where mean concentrat:ions ranged from 10.2-29.0 µglm' 
(Table 7-8). An epidemiologic study investigating !he relationship bctween PM2, and clinical CVD 
morbidity among post-menopausal women (Mi!ler et al., 2007, 090 1 30) provides evidence of an 
effect that is coherent with the cardiovascular mortality studics. Thi.s Iarge, prospective cohort srudy 
of incident, va!idated cases found large increases in !he adjusted risk of MI, revascularizaíion, "1!d 
stroke using a 1-yr avg PM,,, concen!ration (mean = I 3.5 µglm'). A CTOSs-sectional analyses of self­
reported prevalence of CHO "1!d peripheral arterial di.sease found no such increase in !he odds of 
CVD morbldity (Hoffmann et al, 2006, 0911621; the inconsistency ofthese findings with Miller et 
al. (2007, 090130) may be explained by differences in study design or location. 

The effect oflong-terrn PM,_s exposure on pre-clinical measnres of atherosclerosis (CIMT, 
CAC,AAC or ABI) has been studied ln severa! populations using a cross-sectional study design. The 
magnitude ofthe PM,_, effects and their consistency across different measures of atherosclcrosis in 
these studie.s varies widely, and they may be limited in their ability to discem small changes in these 
measures. Kun;Ji et al. (2005, 0873 87) cbserved a non-significant 42% increase in CIMT associated 
with long-temi PM2.s exposure among participants of a clinical tria! in greateT Los Angeles, which 
was sevei-al fo!d higher !han !he 0.5% increase observed by Diez-Roux et al. (2008, 156401) in their 
ana]yses ofMESA baseline data. The associations in MESA ofCAC andABI with long-terrn PM2,, 
exposure were !argel y nuU (Diez et al., 2008, 156401), while an increase inAAC with long-term 
P:'vl,, exposure was reported (Chang et al.. 2008, 180393). By contrast, a 43% increase in CAC was 
associated with long-term PM, 5 exposure in a German study, but no similar association with ABI 
was observed (Hoffmann et al, 2009, 190376). Although !he number ofstudies examining these 
relationships is limitcd, effect modification by use of lipid lowering drugs and smoking staru.s was 
reported in more tlian one study of long-terrn PM,_, and PM,o c~posure. 

Evidence of enhanced atherosclerosis developmen! was demonstrated in new toxicological 
studies that report increased plaque and lesion areas, lipíd deposition, and TF in aorras of ApoE~­
mice exposed to CAPs (Section7 .2.1.2). In addirion, alterations in vasoreactivity were observed, 
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suggesting an impaired NO pathway .Additional toxlcologícal studies of PM 10 are consistent with 
these results. Further support is provided by a study that reported decreased LIW ratio in the 
pulmonary and coronary arterí.,,; ofmice exposed to ambient air. However, PM2 .s CAPs dei-ived from 
traffic in Los Angeles did not affect plaque siz.e (Araujo et al., 2008, 156222). Collectively, these 
toxicological studies provide biological plausibility for the associations reported in epidemiologic 
studies. 

There is Jimited evidence for the effects of PM,~ on renal or vascular function. Cross-sectional 
and longitudinal epidemiologic analyses ofPM2.s and UACR revealed no evidence ofan effect 
(O'Neill et al., 2007, l 56006), while small non-statistically significan! increases in BP with 30- and 
60-day avg PM,~ concentrat¡ons were reported (Auchincloss et al., 2008, l 56234)_ A toxicological 
srudy did not show changes in MAP with CAPs, but indicated a CAPs-relat.ed potentiation of 
experlmentally-induced J¡yperr.ension (Sun et al., 2008, l 570321. ln addition, CAPs has induced 
changes in Insu!in resistance, visceral adip-0sity, 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. 

In summary, anumber oflarge U.S. cohort stwiies reportassociations oflong-term PMi.¡ 
concentration with cardlovascular mortality. These studies provide the strongest evidence fur an 
effect of Iong-term PM;,,, exposure on CVD effects. Additional evidence comes from a 
methodologically rigorous epidemiology study that demonstrates coherent associations hetween 
long-term PM25 e"posure and CVD morbidity among post-menopausal women. Toxicological 
studies demonstrate that this effect is biologically plausible and the effect is coherent with studles of 
short-term PM2, exposure and CVD morbidity and mortality, aud ;vith long-term exposure to PM2~ 
and CVD mortality. Assoclations between PM15 and subc!iuical measures ofatherosclerosis are 
inconsistent, but cross-sectional stodies may be limited in their abi!ity to discern small changes in 
these measures. In addition, potential modificatlon ofthe PM2 ,,-CVD association by smoking status 
and the use of lipid loweting drugs has been demonstrated in epidemiologic studies that used 
individual-leve! data. To~icological studies pro vide evidence for accelerated development of 
atherosclerosis in A poE.J. mice e"posed to CAPs and show effects on coagulafion factors, 
expetimentally-induced hypertension, and vascular reactivity. Available studies of clínica! 
car-diovascular disease ou~omes report inconsist:ent results. Based on the above findings, tbe 
epidemiologic and toxicological evldence is sufficient to infer a causal relalionship between 
long-terrn PM.., e.xposures and cardiovascular effects. 

7.2.11.2. PM10--2.5 
One epidemiologic study eva!uated the relationship between long-term e"posure to PM10-2, 

and cardiovascnlar morta]ity and found a positivo associatíon ;vith coronary heart disease mortality 
arnong females, but not for males; associations were strongest in the subset of post-menopausal 
women (Chen et al., 2005, 087942). No to"icological studies oflong-term exposure to ambient 
PM 1o,,,5 and cardiovascular effects ha ve been conducted to date. Evidence is inadequate to infer 
the presence or absence of a causal relationship. 

7.2.11.3. UFPs 
A few toxicological studies of long-term e"posnre to UFPs have been conducted_ Jncreased 

plaque size was reported in micc exposed to UF CAPs derived fi-om traffic (Araujo et al., 2008, 
l 56222). Studies of diese! and gasoline exhaust reported relatively few changes in hematologic or 
coagnlation parameters (Section 7.2.4.2) and one DE study demonstrated altered cardiac gene 
expression in normotensive rats tbat rcflected the development ofhypertension (Gottipolu et al., 
2009, 190360)_ Whole and filtered gasoline exhaust induced increases in gene products involved in 
atheromatous plaque formation and/or degradation, but these effects were largely dueto the gaseous 
emissions (Lund et al., 2007, 125741). Evidence fi-om tbese studies alone is inadequate to infer 
the presence or absence of a causal re]ationship_ 
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7.3. Respiratory Effects 
Severa! cohort studies reviewed in tite 2004 PM A QCD provided evidence for relationships 

between long-term PM exposure and effects on !he resplratory syst.em, though it did not rule out the 
possibility that the observed respiratory effects may have been confounded by other pollutants. In 12 
southem California communíties in the Children's Health Study {CHS), Gauderman et al. (2000, 
O 12531 · 2002, 0260 13) found that deereases in lung function growth among schoolchildren were 
associated with long-term eXposure to PM. Declines in pulmonary function were reported with ali 
three major PM size classes - PM 10, PM10-,, and PM2,5 -though the three PM measures were highly 
oorrelated. In another analysis ofdata from tbe CHS cohort, McConnell et al. {1999, 007028), 
reported an increased rlsk ofbronchitis symptoms in children living in communities with higher 
PM10 and PM2, concentrations. These results were found to be consisten! with results of cross­
sectional ana!yses of the 24-city study by Dockery et al. (1996, 04621 9) and Ralzenne et al. (1996, 
077268), that were assessed in the 1996 PMAQCD. These studies reported associatioru; between 
increased bronchitís rateo and decreased peak flow with fine particle sulfate and fine particle acidity. 
However, the high corre!ation of PM10, acid vapor and N02 precluded clear attribution ofthe 
bronchitis efilcts reported by McConnell et al. (1999, 007028) to PM alone. In a prospective cohort 
study among asubset of children in the CHS (n ~ 110) who moved to other locations during the 
smdy period,Avol et al. (2001, 020552) reported that !hose subjects who moved to areas oflower 
PM 10 showed lncreased growth in lung function compared with subjects who moved to communities 
with higher PM 10 concentrations. Finally, !he 2004 PM AQCD concluded !ha! there was strong 
epidemiologic evidence for associations between long-term exposures to PM2, and cardiopulmouozy 
mortality, though the respiratory effects were not separated from the cardiovascular effects in this 
conclusion. 

The 2004 PMAQCD (U.S. EPA, 2004, 056905) concluded thal the evidence for an association 
between long-term exposure to PM and respiratory effects may be confuunded by other pollutants. 
Ganderman et al. (2002, 026013) reported declines for FEV1 and McConnell et al. (1999, 007028) 
reeorted increased OR.s for bi-onchitic syrnptoms in asthmatics fOT PM,0 and PM25. Recent 
ep1demiologic literature iucludes results from severa] prospective cohort studies, which fotmd 
consisten!, positive associations between long-term exposure to PM and respiratory morbidity. 
Associations were reported with PM2,, and PM 10, and the studies showing associations only wlth 
PM 10 were conducted in Iocations where the PM consisted predominantly of fine particles, providing 
support fot associations with long-term exposure to fine particles. These results are summarized 
below; further detalls ofthese studies are sumrnarized in Annex E. 

Very few subcbrouic and chronic toxicologlcal srudies investigatíng respiratory effects were 
available in the 2004 PMAQCD. However, the 2002 EPA HealthAssessmentDocumenl forDE 
reported that chronic exposure to DE was associated with histopathology includíng alveolar 
histlocytosis, aggregation of alveolar macrophages, tissue inflammatiou, increased 
polyrnorphonuclear leukocytes, hyperplasia ofbronchiolar and Type 2 epithelial cells, thickened 
alveolar sept:i, edema, fibrosis, empbyse!llll. and lesions of the trachea and bronchi. Since then a 
number of animal toxicological studies bave been conducted involving inhalation exposure to CAPs, 
urban air, DE, gasoline exhaust, and wood smoke. These subchronic and chronic studies provlde 
evidence of a\tered pulmonary ftmction, inflammation, histopathological changes and oxidative and 
al!ergic responses fu!lowing PM2~ exposures. These results are summarized below; further detai!s of 
these studies are summarized inAnnex D. 

7 .3.1. Respiratory Symptoms and Disease lncidence 

7.3.1.1. Epidemiologic Studies 
New Jongitudin.al cohort studies provide !he best evideuce !O evaluate !he relationshlp berween 

long-lerm exposure to ambient PM and increased inciden ce of respiratory symptoms or disease. A 
summary ofthe mean PM concentratious reponed fer the long-term exposure srudies characreri40d 
in this section is presented in Table 7-3. 
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Bayer-Oglesby et aJ_ (2005, 086245) exarnined the decline of amblen! pollution levels and 
improved respirat:ory health demonstrated by a reduction in respiratory symptoms and diseases in 
school children (n ~ 9,591) in Switzerland. R.educed air pol!ution exposure resulted in improved 
respiratory health ofchildren. Further, !he average reduction ofsymptom prevalence was more 
pronounced in areas with stronger reduction of air pollution levels. fhe average decline of PM10 

between 1993 and 2000 across the nine study regions was 9.8 µg/mº (29o/o). Decliillng Ievels ofPM 1o 
were associated with declining prevalence ofchronic cough, bronchitis, common cold, nocturnal dry 
cough, and conjunctivitls symptoms, but no significan! associations were reported for wheezing, 
sneezing, asthma, and ba_y fever, as shown in Figure 7-2. In Figure 7-2, Panel {B) illustrates that on 
an aggregate leve! across regions, the mean change in adjusted preval ence of chronic cough is 
associated with the mean chauge in PM 10 levels (r ~ 0.78; p ~ 0.02). Similar associations were seen 
foT nocturnal dry cough and conjunctivitis symptoms and PM10 levels. RóOsli et al. (2000, O 1 0296· 
200 !, 1 08738; 2005, 1 56923) have demonstrri.t<>d that PM 10 Ievels are homogeneously distributed 
within regions ofBasel, Switzerland and are uot substantially a:ffected by local traffic, justifying the 
single-monitor a¡iproach foT assignment of PM10 exposures. Bas<><i on paralle! measin:ement.s of 
PM,, and PM 10 at seven sites in Switzerland, PM,_, and PM10 at a!l sitos are genei-ally highly 
correlated (r'- ranging from 0.85 to 0.98) (Gehrig and Buchmann, 2003, 139678), indicating that 
PM10 consi.sts predominantly of fine particles in these locations. 

Schindler et al. (2009, 191950) reporte<:! that sust:ained reduction in amblen! PM10 
concentrations can lead to decreases in respUatory symptoms among Swi.ss adnlts in the SAPALD!A 
study. They comparOO baseline data in 1991 to a follow-up interview in 2002 after a substantial 
decline in PM10 concentrations served as a natural experiment. Each subject was assigned model­
bru;ed estimates ofPM10 concentrations ave~ed overthe 12 mo preceding each health assessment 
with mean decline in PM 10 leve!s of6-2 µg/m (SO~ 3.9 µglm'). When the authors tested thejoint 
hypothesis ofno association between the PM,0 difference and symptom incidence or persistence, 
positive results were obtained for regulaT cough, chTonic cough or phlegm and wheezing but not 
regular phlegm OT wheezing without a col d. 

Pierse et al. (2006, 088757) studied the assoclalion between primary PM10 (particles directly 
emitted from local sources/traffic) and the prevalence and incidence of respiratory symptoms in a 
randomly sampled cohort of 4,400 children (aged 1-5 yr) in Leicestershire, England surveyed in 
1998 and again in 2001. Annual exposure to primary PM1a was calculated forthe home address 
using the Airviro statistical dispersion mode\, After adjusting for coufounders, mean annual exposure 
to Jocally generated PM10 was associated with an increased prevalence of cough without a cold in 
both the 1998 (OR 1.21 [95% CI: 1.07-l .38], 11 ~ 2,164) and 200 1 surveys (OR 1.56 [95o/o CI: 
1.32-1.84],n~ 1,756). 

Nordling et al_ (2008, 097998) examined the relationship between estimated PM exposure 
leve Is and respiratory health effects in a S wedish birth cohort of preschool chiidren (n ~ 4,089). The 
spatial distributions ofPM from traffic in the study area were estimated with emission databases and 
statistical dispersion modeling. Children were examined at2 mo and !, 2, and 4 yr ofage. Using GIS 
methods, the average contribution oftraffic-generated PM,0 above regional background to the 
children's residential outdoor air pollution Ievels was determinOO. To evaluate the cxposure 
assessment, the authors compared the estimated levels oftraffic--genei-ated PM10 with PM, s 
mcasuremenls from 42 Iocations (Hoek et al., 2002, 042364) and reported modeled traffic-geoerated 
PM io correlated reasonably well with measured PM2, (T 0.61 ). Persistent whee:cing ( cumulative 
incidence up to age 4 yr) wa.< associated with exposure to traffic-gcnerated PM1o (OR 2.28 (95o/o Cl: 
0.84-6-24) per 10 µglm3 incrcase) while transient and late onset wheezlng was not associated. This 
study demonstrates that respiratory effects may be present in preschool children. 
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Table 7-3. Characterization of ambient PM concentrations from studies of respiratory 
symptoms/dlsease and long-tenn exposures. 
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Adjusted ORs and 95% Cls of symptorns and respiratoiy diseases associated 
with a decline of10 pg/m3 

PM10 levels in Swiss Surveillance Program of 
Childhood Allergy and Respiratory Symptorns1. lnset: Mean cllilnge in adjusled 
prevalenee¡f998-20Cl1 to 1992-1993) versus mean change in regional annual 
averages o PM1a {1997-2000to1993) forchronic cough, across nine SCARPOL 
regions (An: Aniéres. Be: Bern. Bi: Biel. Ge: Geneva. La:, Langnau. lu: Lugano. 
Mo: Montana. Pa: Payeme. Zh: Zürich). 

McConnell et al. (2003, 049490) conducted a prospective study examining the association 
between air pollution and bronchitic symptoms in 475 school children with asthma in 12 Southero 
California communities as part ofthe CHS from 1996 to 1999. They inve.stigated both the 
differences between- communities with 4-yr avg and within-communities yearly variation in PM 
(i.e., PM10, PMo.s. PM1oci.5, EC, and OC). Based on a JO µglm'change in PM2,, within-communities 
effects were larger (OR 1.90 [95% CI: 1.10-2.70]) than those for between-communities (OR I.30 
[95"/o Cl: 1.10-I.50]). The OR fbrthe 10 µglm'range in 4-yr avg PM2~ concentrations across the 12 
communities was 1.29 (95% CI: 1.06-1.58). Similar results were reponed for PM,0 and PM,..,_, but 
the effect estimates were smallor in magnitude and genei:ally not statistically significan!. Within­
community associatioru; wei:e not confounded by any time-fixed personal covariates. In two-

'Adj"""d ¡¡,,agc. ,.., ruoionallty. p"""""1 cdu<otion, numl= of"hlO>gs: furming """-IS. low bh-th m>[S!lt. broa>tfbcdíng. cillld who 
Sll"<li«s. !lnnily h;,mzy of >Stimm, bronchitis. and/<rr oto!I)". """""" who """"""· mdooc humi<hty. modo ofheoting ""d ooclcins. 
""'P<riTig. pdS ano-..d in b<droom. """""" of carpe! - oots for health """°"'• pcroon who oomplct<d questionnarr<. month whon 
qoesti-..i"' wos =npkt<d, numbcr of da" ,.;th tbo '""""'1mn ~ <O"c. and bd,of <>f molbet Oral th= " "' aisociation 
b<twt<.o envirorunontal <X¡>O!<ae< and chilór<n "s resim-y bealth 
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pollutant models, the within-community effect estimate.s for PM,, and OC were significant in the 
presence of severa! other p0Jlutants. While the within -oommunity single-pollutant effect of PM,, 
(B - 0.085/µg!m3) was only modestly attenuated after adjusting for sorne pollutants, it was markedly 
reduced after adjusting for NO, or OC. The between-community effect estimates genera\ly were not 
signlficant in tlte presence of other pollntants in copollutant models. 

In the CHS, Islam et al. (2007, 090697) examined tbe hypothesis that ambient air pollution 
attenuates the reduced l'Íl;k for childhood asthma that is associated with higher lung function 
(n - 2,057). At each age a distribution of pulmonary functions exists. Haland et al. (2006, 156511 l 
found evidence that children with high lung function have a reduced risk for asthma. Islam et aL 
(2007, 090697) used the CHS data to study how the association ofa.<;thma incidence with Jung 
function is modified by long-term PM exposuTe_ The incidence rate (lR) ofnewly diagnosed asthma 
increased from 9.5/1,000 person-years fo, children with percent-predicted FEF,,.7, values;,,, 120% to 
20.4/1,000 person-years fur children with FEF,,.,, value S IOOo/o. Over th• 1 Oth-90th percentile 
range for FEF,,.7, (57 .1 % ), the hazard ratio of new onset asthma was 0.50 (95% CI: 0-35-0.71 ). The 
IR of asthma for FEF,,.,,;,,, 120",(, in the "high" PM2 5 (13.7-29.5 µglm') communíti.,,; was 15.9/1,000 
person-years compared to 6.4/1,000 person-years in "Jo,,,-~ PM25 (5.7-8.5 µglm') communiti.,,;.Loss 
of protection by hlgh lung function against new onset asthma in the "high" PM,__, communities was 
observed for ali the lung function measures. Figure 7-3 shows the effect ofPM:.,,, on the association 
oflung function with asthma. Of all the pollutants exarnined {NO,, PM1o, PM, 5, acid vapor, 0 3, EC, 
and OC), PM,,5 appeared to have the strongest modifying effect on the associat:ion between lllilg 
function wlth asthma as it had the highest R2 value {Ó.42)- Over the I Oth-90th percentile range of 
FEF,,.,,. the hazard ratio ofnew onset asthma was 0.34 (95% CI: 0.21-0.56) in a community with 
low PM,~ (<13.7 µglm'l and 0.76 (95% CI: 0.45-1.26) in a community with high PM25 
(;:::: 13.7 µg/m3). The data do not indicare that PM exposure increased rates of incidem asthma among 
children with poor lung function at stlldy entry because rates among those with poor lung function 
were similar in both low and hlgh pollution communities-

Figure 7-3. 
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Effect of PMu; on the association of lung functionwith asthma. Community­
specffic hazard ratio of new1y diagnosed asthma over 10-90th percentile range 
{57.1%) o! FEF,..1,3 by level ol ambient PM,_, (µg'm~). The12 CHS communifies 
areshown. 

In a prospective birth cohort study (n ~ 4,000) in The Netherlands, Brauer et aL (2007, 
090691 ) assessed !he development of asthmo, allergic symptoms., and resp1ratory infection during 
the first 4 yr oflife in relation to long-tenn PM2,, concentration a! the home address with a validated 
model using GIS. PM1,, was associated with doctor-diagnosed as!hma (OR ~ 1.32 [95o/o CJ: 
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J.04-J.69]) for a cumulative lif~ indicator. Tuese findings extend observation• made at2 yr of 
age in the same oohort (Brauer ey aj..,2-002, 035192) províding greater confidence in the association. 
No associalions were observe<! for lnonchitis. 

Kunzli et al. (2009, 191949) used !he SAPALDIA cohort study discussed previously in this 
section to evaluate the relationsbip between the 11-yr change ( 1991-2002) in traffic-related PM 10 and 
a.sthrna incidence-adult onsel asthma. In a cohort of2, 725 never-smokers without asthm.a at baseline 
(age: ¡ 8-60 yr in 1991 ), subjects reporting doctor-diagnosed asthma at follow-up were consldered 
inciden! cases. Modeled trafflc-related PM10 levels were used. Cox proportional hazard models for 
time to asthma onset were used with adjustments fur cofounders. The study findings suggestthat PM 
contributes to astfilna development and that reductions in PM decrease asthm.a ñsk. A strong feature 
ofSAPALOIA is the ability to assign space, time, and source-specific pollution to each subject. 
Further, Kunzli et aL (2008, 129258) discusses !he impact of attributable health risk models fur 
exposures that are assurned to cause both chronic disease and its exacerbations. The added Impact of 
causing disease increases !he ri.sk compared to only exacerbations. 

A matched case-control study of infan! bronchiolitis (ICD 9 code 466. l) hospitalization and 
two measures oflong-term exposure -the month prior to hospitalization (subchronic) and the 
lifetime average (chronic) - to PMo., and gaseous air pollutants in the South Coas! Air Basin of 
southem California was conducted by Karr eta!. (2007, 090719) among 18,595 infu.nm bom between 
1995-2000. For ea.ch case, \O controls matched on date were random!y sel ected from birth records. 
Exposure was based on PM25 measurements col!ected every third day. The mean distance between 
the subje<:!S' residential ZIP code and the assigned monitor was generally4-6 mi with a mnimum 
distance of30 mi. For 10 µglm' increases in both sub-chronic and chronic PM:i., exposure, an 
adjusted OR of ¡ .09 (95% CI: 1.04-1 _J 4) was observed. In multipollutant model analyses, the 
association with PM,,, was robust to the inclusion of gaseous pollutants. Also, in a cohort of children 
in Germany, Morgenstem et al. (2008, 156782) modeled PM,,, dataat birth addresses fuund 
statistically significan! effe<:!S for asthmatic brouchitis, hay fever, and allergic sensitizatlon to polleo. 

Goss et al. (2004, 055624) conducted a national study exrunining the relationship between air 
pollutants and health effe<:!S in acohort of cystic fibrosis (CF) patíents (n = JJ,484) overthe age of 
6 )'T (mean age ~ 18.4, SO~ 10) emolled in !he Cystic Fibr0sis Foundation National Patient Registry 
in 1999 and 2000. Exposure was assessed by linking air pollution values from the closest population 
monitor from the Air Quality System (AQS) with the centroid ofthe patient's home ZIP code that 
was within 30 mi. The mean di.stance from !he patierrt's Z!Pcode to monitors for PM20 and PM10 
was [0.8 mi (SD 7.8) and 11.5 mi (SD 7.9), respectively_ PM"-" and PM 10 24-h avg were col!ected 
every 1 to 12 days. CF diagnosis in vol ves genetic screening panels anda common severe mutation 
used is the loss of phenylalanine at the 508th position. Genotyping was available in 74% ofthe 
population and of !hose ¡;enotyped, 66o/o carried one or more delta F508 deletions. After adjusting for 
confounders, a 1 O µg/m in crease in PM,~ or PMio was associated with a 21º/o (95"/o CI: 7-33) or 8% 
(95% CI: 2-15) increase in !he odds oftwo or more exacerbatious, respectively. The exacerbations 
were defined as a CF-related pulmonary condition requiring admi.ssion to the hospital or use ofhome 
intravenous antibiotics. The estimate for the associations between pulmonary exacerbations and 
PM:u and PM10 were attenuated when the models were adjusted fur lung function. Brown et al. 
(2001, O 12307) found that particle deposition was increased in CF and that particle distribution in 
!he lungs was enhanced in poorly ventilated tracheobronchial regions in CF patients. Such focal 
deposition may partially explain the association of PM and CF exacerbation. 

Annesi-Maesano (2007, 0931 ~relate individual data on asthma and allergy from 5,338 
school children (10.4 ± 0.7 yr) atten g 108 r:mdomly ch osen schools in 6 French cities to the 
concentration of'PM,, monitored in school yards. Atopic asthma was relat:ed to PM2.s (OR 1.43 
[95% CI: 1.07-1.91]) when high PM2 , concentrations (20.7 µglm'J were compar-ed to low PM2s 
concentrations (8.7 µglm"J. The report is consisten! with the resu1T.< in an earlier paper (Penard­
:'vlorand et al., 2005, 087951) in the same samp\e ofchi!dren that related !he findings to PM 10• 

Kim et al. (2004, 087383) conducted a school-based cross-sectional study in the San Francisco 
metropolitan area in 200 1 comprised of 1 O neighborhoods to examine the relationship between 
tra:ffic-related polh:rtanl.< and curren! bronchitic symptoms and asthma obtained by parental 
questionnaire (n ~ 1,1 09)_ They related traffic--related pollutant.<; (PM) and bronchitic and asthma 
symptoms in the past I 2 mo. No mu!tipollutant models were evaluated because ofthe high 
interpollutant correlations. PM25 levels ranged across the schoo\ sites from 11 to 15 µg/m'. 

Schikowski et al. (2005, 088637~ examined the relationship between both long-term air 
polhrtion exposure and living e lose to usy roads and COPO in the Rhine-Ruhr Basin ofGermany 
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frorn ¡985 to 1994 nsing consecutive cross-sectional studies. Seven monitoring stations that were 
<8 km to a woman's home address provided TSP data thatPM 10 was estimated from using a 
conversion factor {obtained fmrn parallel rneasurement ofTSP and PM10 conducted at 7 sites in the 
Ruhr area)_ Oistance to a major road was detcrmined using GIS. The resu\ts ofthe study suggest thru: 
long-tenn exposure to air pollution :from PM10 and living near a majar road might in crease the risk of 
dcveloping COPO and can have a detrimental effect on lung function. All ORs fur 5-yrexposures 
were stronger than those for 1-yr exposures. 

In summary, the 2004 PMAQCD evaluatetl the available studies which prirnarily reiated 
effects to bronchltic syrnptoms in school-age children. New studies are using severa! dlfferent 
methods to include individual estimates ofexposure to ambient PM that may reduce the impact of 
exposure error. The strength and consisteocy of the outcomes is eManced by resu\ts being reported 
by severa! differeut researchers in dlfferent conntries using different designs. Most recen! studles 
have fOcused on children, but a few studies have also reporte<! associations in adults_ 

The CHS (McConnell et al., 2003, 049490) provides evidence in a prospective longitudinal 
cohort study that relates PM2, and bronchitic symptoms and reports larger associations for wlthin­
comrnunity effects that are less subject to confounding than between-community effects. Severa! 
new studies report similru: findings with long-term exposure to PM 10 in areas where fine particles are 
the predominant fraction of PM10_ In Eng!and, in a cohort of 4,400 children (aged 1-5 yr), an 
association is seen with an lncreased prevalence of cough withom a cold. FUrther evidence includes a 
reduction of respiratory symptoms corresponding to decreasing PM levels in "natura! experiments" 
in both a cohort of Swiss school children (Bayer-Oglesby et al., 2005, 086245) and adults (Schindler 
etal.,2009, 191950). 

In a separate anaiysls ofthe CHS, Islam et al. (2007, 090697) showed that PM2.:1 had the 
strongest modifying effect on the association between lung functlon with asthma such that Ios.s of 
protection by high Iung function against new onset asthma in highPM:u communlties was observed 
for all the lung :function mea.sures from 1 O to 18 yr of age. This relates new onset astbma to long­
term PM exposure. In the Netherlands, Brauer et al. (2007, 090691) augments the literature wlth data 
examining the first 4 yr of life in a birth cohort showing an association with doctor-diagnosed 
asthma. Further, in an adult cohort in the SALPALDIA study, Kunzli et al. (2009, 191 949) relate PM 
to asthma incidence. 

7 .3.2. Pulmonary Function 
Severa! cohort studies reviewed in the 2004 PMAQCD p-<Ovided evidence for relationshlps 

between long·term PM exposure and effects on the respiratory system. In 12 southem California 
communities in the Children's Health Study (CHS), Gauderman et al. (2000, 012531; 2002, 026013) 
found that decreases in lung function growtb among school children were associated with long-term 
exposure to PM. Declines in pulmonary function were reported with ali three major PM size classes 
- PM1o, PM10-2~ and PM2,, -though the three PM measuTes were highly correlated. These results 
were found to be consisten! with results of cros.s-sectlonal analyses ofRaizenne et al. (1996, 
077268), that was assessed in the 1996 PM AQCD. That study reported associations between 
decreased peak flow with fine partic]e sulfate and fine particle acidity. Fina!ly, in a prospective 
cohort study among a subset ofchildren in !he CHS (n ~ 110) who moved to other Jocations during 
the study period, A vol et al. (200 !, 020552) reported that those subjects wbo moved to areas of Iower 
PM10 sbowed increased growth in lung function compared with subjects who moved to communities 
with higher PM10 concentrations who showed decrease growth in !nng function. 

7.3.2.1. EpidemiologicStudies 
:'-!ew longitudinal cohort studies ha ve evalua1ed the relationship between long-terrn exposure 

to PM and changos in measuTes ofpulmonary function (FVC,FEV ¡, and measures of expiratory 
flow). Cross-sectional studies also offer supportive information (Annex E) and may provide insigbts 
derived from within communicy analysis. Lung function increases cootinue through ear!y adu1thood 
with growth and development, then declines with aging (Stanojevic et al., 2008, 1 57007 · Tuurlbeck. 
1982, 093360; Zeman and Bennett, 2006. J 571781. A summary ofthe mean PM concentrations 
reported for the long-terrn exposure studies characterized in this section is presented in Table 7 -4. 
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Table 7-4. Characrerization of ambient PM concentrations from studies o! FEV, and long-tenn 
exposures. 
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The CHS prospectively examined the relationship betwcen air pollutants and lung function 
(FVC, FEV,, MMEF) in a cohort (n ~ 1,759) ofchildren between the ages of 10 and 18 yr, a period 
of rapid lung development (Gauderman et al., 2004, 056569). Air po!lution monitoring stations 
provided dam in each ofthe 12 study communities from 1994-2000. The results for o,,PM10.NO,, 
f'M2,, a cid vapor, and EC are depicted in Figure 7-4. In geneial, copollutant models for any pair of 
pollutants did not pi:ovide a substantially better fit to the data than the corresponding single-pollutant 
models dueto the str-Ong correlation between most polllitants. The pollution-related deficits in the 
average growth in Jung functlon over the 8-yr period resulted in clin\cally importan! deficits in 
attained lung function at the age of 18. 

Downs et al. (2007, 092853) pi:ospectively examined 9,65 l randomly selected adults (J 8-60 yr 
of age) in eight cities in Switzerland (see alsoAckermann-Liebrich et al., 1 997, 07753 7) to ascertain 
the relationship between reduced exposurc to PM10 and age-related decline in lung function (FVC, 
FEV 1, and FEf 25..,,) .An evaluated statisticai dispersion model (Liu et al., 2007, 093093) provlded 
spatially resolved concentrations of PM,0 that enabled assigrunent to residcntial addresses for the 
participan! examinations in 1991 and 2002 that yielded a median decline of 5.3 µg/m1 (IQR 4.1-7.5)_ 
Decreasing PM10 concentrmions attenuated the declini: in lung function. Effects were greater in tests 
reflecting small airway function. No other pollutant relationships wei-e evaluated, though a related 
study indicated that levels ofN02 also declined over the same period (Ackermann-Liebrich et al., 
2005, 087826). Generalized cross-validation essentially chose a linear fil for the concentration­
response cm-ve for age-related decline in lung function. 

These data show that impi:ovement in air quality may slow the annual rate of decline in lung 
function In adulthood indicating positive consequences for public health_ Further evidence on 
improvement in respiratory health with reduction in air pollution Ievels is provided from studies 
conduc1ed in East Germany related to dramatic emissions reductions after the reunification in 1990 
(Fryer and Collins, 2003, 156454 - Heinrich et al., 2002, 034825 - Sugiri et al., 2006, 088760). _This 
type of"natural experimenl" pro vides additional support for epidemio\ogic findings that rehrtively 
low levels of airhorne particles have respiratory effects. 
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Proportion of 18-yr olds wilh an FEV1 below 80% o! the predicted value plotted 
againstthe average levels ofpollutants from 1994 through 2tl00in !he 12 
soulhem California eommunities ofthe Chitdren's Health Study. AL =Alpine; 
AT =Atascadero; LA= LakeArrowhead; LB= Long Beach; LE= Lake Elsinore; 
LM = Lompoc; LN = Lancaster; ML =Mira Loma; RV = Riverside; SO= San Dimas; 
SM = Santa Maria; UP = Upland. 

In a prospective cohort study coru;isting of school-age children (n ~ 3, 1 70) who were 8 yr of 
age at the beginning ofthe study, had not been diagnosed with asthma, and were located in Mexico 
City, Roja<;-Martinez et al. (2007, 09 l 064) evaluated the agsociation between long-tenn exposure to 
PM10, 0 3 and N02 and lung function growth every 6 mo fromApril 1996 through May 1999. 
Exposure data were pro> ided by l O air quality monitor stations located within 2 km of each child's 
schooL The multipollutant model effect of PM 10 o ver the age of 3-10 yr oflife in this cohort on FVC. 
FEV,, and FEF2,c15 showed an association. Single pollutant models sbowed an agsociatiou between 
ambient pollutants (0,, PM 10 and N02) and deficits in lung function growth. The association 
between PM10 and FEF25_,, was not statistically significan!. \Vhile the estimates from copollutant 
models were not substantially differcnt than single ]Xlllutant models, independent effects for 
pollutants could not be e>timated accurately because tbe traffic-related pollutants were correlated. 
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Although·no PMos data were presented in this study, in a separare study Chow et al. (2002) repon 
thatduring the winter of1997 approximately 50% ofPM10 was in the PM,_; fraction in Mexico City. 

Gotschi et al. (2008, 156485) examine<! the relationship between air poli ution and lung 
function in adults in the European Communlty Respiratory Bealth Survey (ECRHS). FEV1 and FVC 
were assessed at baseline a.nd after 9 yr of follow-up from 21 European centers (followed-up sample 
n ~ 5,61 O). No ststistically significa.ni assoc!ations were found between city-specific annual mean 
PM2, and average Iung function levels which is in contras! to the resolis seen by Ackemiann­
Liebrich (1997, 077537) (SAPALDIA) and Sclrikowskl et al.(2005, 088637) (SALIA) which 
compared across far more homogenous populations !han fur !he population assessed in the ECRHS. 
Misclassification and confounding may partially explain the discrepanC}' in findings. 

In a birth cohort (n ~ 2,170) in Oslo, Norway, Oftedal et al. (2008, 093202) examined effects 
ofexposure to PM,,, and PM 10 on lung function (FVC, FEV1, FEF;o,J. Spirometry was performed in 
2,307 children aged 9-1 O yr in 200 1-2002. Residential air pollution levels over the time period 
19'92-2002 were calculated u:sing EP!SODE dispersion models to provide three time scales of 
exposure: (!) first year of llfe; (2) lifetime exposure; and (3) just before the lung functlon test. Only 
single pollutant models were evaluated becau:se air pollutanls were high!y correlated (r ~ 0.83-0.95). 
PM exposure vtas associated with changes in adjusted peak respiratory flow, especlally in girls. No 
effect was found for fi:>rced volumes. Adjusting for contextual socioeconomic factors diminished 
associations. Results for PM 10 were similar to !hose for PM25. 

In an exploratory study, Monirner el al. (2008, 187280) examined !he association of prenatal 
and llfetime exposure to air pollirtants using geocoded monthly average PM 10 !evels with pulmonary 
function in a San Joaquín Val ley, California cohorl of232 children (ages 6-11 yr) with asthma. Flrst 
and seoond trimester PM10 exposures (based on monthly average concentrations) hada negative 
effect on pulmonary function and may relate to prenatal exposures affecting the lungs as they begin 
to develop at 6-wk gestation. 

Dales et al. (2008, 156378) in a cross-sectional prevalence study examined the relationship of 
pulmonary function and PM measures, other pollutam:s, and indicators of motor vehicle emissions in 
Windsor, Ontario, in a oohon of2,402 school children. PM,, 5 and PM10 ooncenti:ations were 
estimated for each child' s residence at the postal code leve\. Each 1 O µglm3 increase in PM:c, was 
associated with a 7 .0% decrease in FVC expressed in a percentage of predicted. 

In Leicester, England, investigators examined the carlx>n content of airway macrophages in 
induced sputum in 64 ofl 14 healthy 8-15 year-old children (Grigg et al., 2008, 156499; Kulkarni et 
al., 2006, 089257). The carbon content ofairway macrophages (Finch et al., 2002, 054603; Strom el 
al., 1990, 157020) was used as amarker ofindivldnal exposure to PM 10. Near each child's home, 
exposure to PM 10 was estimated using a statistical dispersion model (Pierse et al., 2006, 088757). 
The authors reponed a dose-dependent inverse association between the carbon content ofairway 
macrophages and lung function in children and found no evidence thatreduced lung function itself 
causes an increase in carbon contenl Consistent results were obtained for both FVC and FEF25 . .,,. 
Caution should be used when interpreting fuese results as the accuracy of the estimates on individual 
PM10 exposures were not validated; there is potential for confounding by ethnic origin; and there is 
concem that the magnitude ofthe changes in pulmonary function associated with increased particle 
area a:ppear large (Boushey et al., 2008, 192162). 

Nordllng et al. (2008, 097998) discussed above in the respiratory symptoms section, also 
reported that lower PEF at age 4 was associated with exposure to t:raffic-related PM,0 (-8.93 Llmin 
[95% CI: -17.78 to -0.088]). Goss et al. (2004, 0556~4), discussed in Sectíon 7.3.1.1, found strong 
inverse relationships between FEV1 and PM,, concentrations in both cross-sectional and 
longitudinal analyses. 

In summary, recen! studies have greatly expanded the evidence available forthe 2004 PM 
AQCD. The earlier CHS studies followed young children for 2-4 yr. New analyses ha ve be en 
conducted that include longer follow-up periods ofthis cohort through 18 yr of age ( oonsidered early 
adulthood for lung development (Stanojevic et al., 2008, 157007) and provide evidence that effects 
from exposure to PMi.5 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 cohorl studies iu the 2004 PMAQCD provided data for 
children in one locat:ion in one study and new longitudinal studies ha ve been conducted in other 
locations. 

Gauderman el al. (2004, 056569) reporled that PM,, exposure was associated with c\inically 
and sratistically significan! deficits in FEV 1 attained al the age of 18 yr. Clinica) significance was 
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defmed as a FEV 1 below 80% of the predicted value, a criterion commonly used ia clinical settings 
to identify persons at increased risk for adverso respirat<.>ry couditions. This clinical aspect is an 
importan! enhancement o ver the earlierresults reported in !he 2004 PMAQCD. Further, the 
association reported in this study that evalua.ted the 8-yr time period into early adulthood not only 
provided evidence for the persistence ofthe effect, but in addition the strength and robustne¡;s ofthe 
outcomes were more posi1ive, largei-, and more certain than prevlous CHS studies ofshorter follow-

"'· Supporting this result are new longitudinal cohort studies conducted by other msearchers in 
other locations with different methods. Though these studies report results for PM,0, available dala 
discussed abo ve indicate that !he majority of PM 10 is composed of PM,~ in these areas. New studies 
provide positive results from Mexico City, Sweden, anda nationa! cystic fibrosis cohort in the U.S. 
One study reported null re3uJts in a European cohort described as having potential misclassification 
and confounding concems as well as lacking ahomogenous population potentia!ly rendering the 
outcome as non-informative. A natural experiment in Switzerland, where PM le veis had decreased, 
reported that improvement ln air quality may slow the ru:mual rate of decline in lung function in 
adulthood, indicating positive consequences for public health. These natural experiments are 
considered especially supportive. 

The relationship between loug-term PM exposure and decreased lung function is thus s<>en 
during lung growth and hmg development in school-age children into adulthood. At adult ages 
studies continue to show arelationship between decreased lung function and long-term PM 
exposure. Sorne newer studies attempting to study thc rehrt:ionship of long-term PM exposure from 
birth through preschool are reporting a relationship. Thus, the impact of long-tenn PM exposure is 
seen over the time period oflung function growth and development and tbe decline oflung function 
with aging. 

Oveiall, effect estimates from these studies are negative {i.e., indicating decreasing lung 
function) and the pattem ofeffects are similarbetw<>en the studies for FVC and FEV1. Thus, the data 
a:re consisten! and coherent across severa! designs, locations, and researchers. With cantious noted, 
the results relating carbon content of airway macrophages to decreased measures of pulmonary 
ftmction add plausibility to the epidemiologic findiogs. Sorne new studies are using individual 
estimat.es of e"posure to ambient PM to reduce the impact of e"posore eITOr (Downs et al., 2007, 
092853; Jerrett et a!., 2005, 08738 l \. 

A;; was fbund in the 2004 PMAQCD, the studies rcport associations with PM,,and PM1o, 
while most did not evaluate PM1"""~· füsoclations ha ve b<>en reported with fine particle components, 
particula:rly EC and OC. Source apportionment methods generally have not been used in fuese Iong­
tenn exposure studies. However, numerous studies have evaluat<>d exposures to PM related to traffic 
or motor vehicle sources: For example, Meng et al. {2007, 093275) investigated the associations 
betw<>en traffio and outdoorpollution levels and poorly controlled asthmaamong adults who were 
respondents to the California Health lnt.ervlew Survey and found associatious for traffic density and 
PM 10, but notPM,~. 

7.3.2.2. Toxicological Studies 

Urban Air 

One new study evaluated the effects of chronic exposure to ambient levels of urban particles 
on lung development in the mouse (Mauad et al., 2008, !56743). Both functional and anmornical 
indices oflung development were measured. Male and fernale BALB/c mice were continuous\y 
•>qX>sed to ambient or filtered Sao Paolo air for 8 mo. C oncentrations in tbe ~polluted chambeI'' 
versus "olean chamber" were 16.8 versus 2.9 µglm' PM2~. Thus PM levels were reduced by 
filtration but not entirely eliminated. 1\.mbienl concentrations of CO, N02 and SO, were 1.7 ppm, 
89.4 µglm' and 8.1 µglm', respectively. Concentrations of gaseous pollutants were assumed to be 
similar to ambient levels in both chambers. After 4 mo. the animals were rnated and the ofl'spring 
were divided in to 4 groups to provide for a prenatal exposure group, a postnatal exposure group, a 
pre and posmatal exposure group anda control group. Animals were sacrificed al 15 and 90 days of 
age for histological analysis oflungs. Pulmonary pressure-volume rneasurements were also 
conducted in the 90-day-old offspring. Statistically significan! reductions in inspiratory and 
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expiratory volumes were fbnnd in the groupreceivingboth prenatal and postnatal exposure, but not 
in the groups receiving only prenatal eXposure or only postnatal exposure, compared with controls. 
These changes in pulmonary function correlated with anaromical changes which are discussed in 
Section 7.3.5.1. -

Diesel Exhaust 

Li et al. (2007, 155929~ exposed BALB/c and C56BU6 mi ce to clean air orto \ow-dose DE 
{ata PM concentration of ií) µglm') for 7 Wdayand 5 days/week for l, 4 and 8 wk. Average gas 
concentratioru; were reported to be 3.5 ppm CO, 2.2 ppm N02, and less than 0.01 ppm S02. Airway 
hyperresp0nsiveness (AHR) was evaluated by whole-body plethysmography at Day O and after 1, 4 
and 8 wk of exposure. Short-term exposure re.sponses are discussed in Section 6.3 .2.3, 6.3 .3.3 and 
6.3.4.2. The increased sensitivity ofairways to methacholine (measured as Penh) seen in C57BL/6 
but not BALB/c mice at 1 week was also seen at4 wk but not at 8 wk. This study suggests that 
adaptation occurs during prolonged DE exposure. lnflux ofinflammatozy cells, markers ofoxidative 
stress and effects of antioxidant intervention were also eva!uated (Sections 7.3.3.2 and 7 .3.4. 1). 
Although rro attempt was mru:le irr this studyto determine the effects ofgaseous components ofDE 
on the measured responses, concentratioru; of gases were very low suggesting that PM may have 
been responsible for the observed ef{ects. 

In many animal studies changes in verrtilatory patterns are assessed using whole-body 
plethysmography, for which measurements are reported as enhanced pause (Penh). Sorne 
investigators report increased Penh asan indicator of AHR, but these are inconsistently correlated 
and many investigators corrsider Penh solely an indicator of altered ventilatory timing in the absence 
of other measuremerrts to oonfirm AHR. Thereft>Te use ofthe terms AHR or airway responsiveness 
has been limited to instances in which the terrninology has been similarly applied by the study 
investlgatOTs. 

Gottipolu et al. {2009, 190360) exposod WKY and SH rats to filtei-ed air or DE (particulate 
concentration 500 and 2,000 µg/m3) for 4 h/day and 5 days/wk ovei- a 4-wk period. Concerrtrations 
of gas"' wei-e J.3 and 4.8 ppm CO, NO <2.5 and 5.9 ppm NO, <0.25 and 1.2 ppm NO,, 0.2 and 
0.3 ppm S02 for low and high PM exposures, respectively. Particle size, measui-ed as geometric 
median number and volume diameters, was 85 and 220 nm, respectively. No DE-related effecis were 
found for bi-eathing parameters measured by whole-body plethysmography. Other pulmonary effects 
are described in Sections 7.3.3.2 and 7.3.5.1. 

Woodsmoke 

One study evaluated the effect; ofsubchronlc woodsmoke exposure on pulmonary functlon in 
Brown Norway rats. Rats were exposed 3 h/day and 5 days/week for 4 and 12 wk to air orto 
concentrated wood smoke from the pinyon pine which is native to the U.S. Southwest i;resfaigzi et 
al., 2002, 025575). PM ooncentrations in the woodsmoke were 1,000 and I0,000 µgim. The 
particles in thls wood,moke had a bimodal size distribution with the smal!er size fraction (74o/o) 
characterized by a MMAD of0.405 µm and the larger size fraction (26o/o) characterized by a 
MMAD of6.7-11.7 µm. Many ofthese !arger particles would not be inhalable by the rat since 8 µm 
MMAD particles are about 50%inhalable (Ménache et al., 1995, 006533). Corrcentrations ofgases 
were reported to be 15-106.4 ppm CO, 2.2-18.9 ppm NO, 2.4-19.7 ppm NOx and 3.5-13.8 ppm total 
hydrocarbon in thesc exposnres. Respiratory function measured by whole-body plethysmograpby 
demonstrated a statistically significant increase in total pulmorrary resistance in mts exposed to 
1000 µgim' woodsmoke.Additlonal effects were found at 10,000 µglm'. lrrflammatory and 
histopathologica! responses were also evaluated (Sections 7 .3 .3.2 and 7 .3.5.1 ). 
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7.3.3. Pulmonary lnflammation 

7.3.3.1. Epidemiologic Studies 
One epidemiologic study examined the relationship ofairway inflammation (eNO) and PM 

measures, other pollutant:s, and indicators of motor vehicle ernissions in Windsor, Ontario (Dales el 
al., 2008, 1563 78). This cohort of 2,402 school children estimated PMi., and PM10-L.> for each child's 
residence at the postal corle leve! with an evaluated statistica.I model (Wheeler et al., 2006, l 03905). 
Each 10 µglm' increase in 1-yr PM,_. was assoclated with a39o/o increase in eNO (p ~ 0.058). 
Associations between eNO and PM1._,_,, were positive but not statistically significant 

7.3.3.2. Toxicofogical Studies 

CAPs Studies 

A set of subchronic srudieJ in volved exposure of normal (C57BLJ/6) mice, ApoE-1. and the 
double-knockoutApoE-1-ILDLR - mice to Tuxedo, NY CAPs for 5-6 month {March, April or May 
throngh Septerober 2003 (Lippmann et al., 2005, 087452)_ The average PM;s exposnre 
concentratíon was 110 µg/m . Animals were fed a normal chow diet during the CAPs exposnre 
period. No pnlmonary inflammation was observed in response to CAPs exposnre as measured by 
BALF cell counts and histology. The lack of a persisten! pulmonary response may ha ve been dne to 
adaptation of !he lung following repeated exposnres. In :fuct, a parallcl study examined CAPs-related 
gene expresslon in the donble-knockout animals and found upregulation of numerons genes in long 
tíssne (Gunnison and Chen, 2005, 087956). An iu vitro study condncted simultane<1usly found daily 
variations in CAPs-mediated NF-dl activation in culture<! human bronchlal epithelial ce\ls, 
suggesting that transcription factor-mediaíed gene upregu)ation could occnr in response to CAPs 
(l\!laciejc:eyk and Chen, 2005, 087456). It should be noted that significan! cru-diovascular effects were 
observed in these subchronlc studies which are discussed In Semion 7 .2.1.2. 

Araujo et al. (2008, 1 562~2) compared !he relative impael ofUF (0.01-0.18 µ.m) versw; fine 
(0.01-2.5 µ.m) PM inhalation inApoE-1- mice following a40 day exposnre (S hldayx3 dayslwk for 75 
total honrs).Animals were fed anormal chow diet and exposed to PM from November 3 -December 
12, 2005 in a mobile inhalation laboratory that was parked 300 m from the 110 Freeway in 
downtown Los Angeles. Partí eles were concentrated to -440 µglm' for PM2; exposnres and 
-11 O µg/m3 for the UF exposnres, representing a ronghly 15-fold increase in concentration from 
ambient levels; the nnmber concentration ofPM in !he fine and L'F chambers were ronghlv 
equivalen! ( 4.56X 1 O' and 5.59x 1 O' particleslcm', respectively). Over 50% of !he UFPs were 
compri>ed ofOC compared to only 25% for PM2 ,_ No major increase in BALF inflarnmatory celli 
was found in response to PM. However UFP exp0sure resnlted in significan! cardiovascular and 
systemic effects (Section 7-2.J.2). 

Diesel Exhaust 

Gottipoln et al. {2009, 190360) exp0sed WKY and SH rats to filtered air or DE for 4 wk as 
describcd in Section 7.3.2.2. Previous studies fi-om th.is Iaboratory have shown enhanced effects of 
PM in SH compared with WKY rats. Althongh !he main focus ofthis recent stndy was on DE­
induced mitochondrial oxidative stress and hypertensive gene expression in !he heart 
(Section 7.2.7.1). sorne pulmonary effects were also found. Subchronic exposure to DE resulted in a 
dose-dcpendent increase in BALF neutrophils in botb rat strains although levels of me"-'ured 
cytokines were not altered. Histological analysis oflung tissue from rats exposed to !he higher 
concentration of DE demonstr-ated accnmulation ofparticle-laden macrophages as well as focal 
alveolar hyp01plasia and inflammation. Effect on indices of injury are discussed in Section 7 .3.5. ¡ _ 

lsbiliara and Kagawa (2003, 096404) exposed Wistar rats to filtered alr and DE containing 
200, 1,000 and 3,000 µglm3 PM for 16 h/day and 6 days/wk for 6, 12, 18 or 24 mo. The mass median 
particle diameter W"-' reported to be between 0.3 and 0.5 µm. Concentrations of g"-'es ranged from 
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2.93-35.67 ppm NOx, 0.23-4.57 ppm S02, 1.8-21.9 ppm CO in the OE exposures. Statisrically 
significan! increases in total numbers ofinflammatory cells and neutrophils in BALF were observed 
beginning at 6-12 mo ofexposure to DE containing 1,000 and 3,000 _uglm' PM. When rats were 
exposed to DE containing 1,000 µglm' PM, which was filtered to remove PM, the inflarnmatory cell 
Tesponse was sígnificantly diminished. These Tesulm implicate the PM fraction ofDE as a key 
determinan! ofthe inflammation. The PM fraction was also found to mediate !he increase in protcin 
levels, the decrease in PGE, levels and alterations in mue ns and surfactant components observed in 
BALF (Section 7 .3.5. I l-

Li et al. (2007, 155929) exposed BALB/c and C56BU6 mice to low dose DE as described in 
Section 7.3.2.2. for 1,4 and 8 wk. Jncreases in numbers ofBALF macrophages and total 
infl:unmatory cells were observed in BALE/e mice at 8 wk but not4 wk ofDE exposure. Persistent 
increases in numbers ofBALF nei.itrophils and lymphocytes were observed in both strains at4 and 
8 wk of DE exposure. Corresponding increases in BALF cytokines differed between the two strains. 
These resul"!s should be interpreted with caution since comparisons were made with Day O controls 
rather than age-matched control s. No histopathological changes in the illllgs were seen at any time 
po!nt after DE exposure. This study demonstrated differences in pulmonary responses to Iow dose 
DE between two mouse strains. AHR, pulmonary inflammation, markers of oxidative stress and 
effects of antioxidant intervention were also evaluated (Sections 7 .3.2.2 and 7.3.4.1 ). Although no 
attempt was made in thls study to determine the effects of gaseous components ofDE on the 
measured responses, concentrations ofgases were very Iow suggesting that PM may have been 
responsible for the observed effects. 

In astudy by Hiramatsu et al. {2003, 1;>5846), BALE/e and C57BUó mlce were exposed to 
DE (PM concentrations 100 and 3,000 µg/m) for 1 or 3 mo. Concentrations of gases were reported 
to be 3.5-9.5 ppm CO, 2.2-14.8 ppm NOx, and less than 0.01 ppm SO,. Modest lncreases in BALF 
neutrophils and lymphocyt.es were observed in response to DE in both mouse strains at 1 and 3 mo. 
HlITTological analysis demoru;trat.ed diese! exposure particle-laden alveolar macrophages in alveoli 
and peribronchiai tis.sues at both time points. Bronchus-assoclated lymphoid tissue developed aftcr 
3-month cxposure to the higher concentration ofDE in both mouse strains. Mac-1 positive ce1ls (a 
marker ofphagocytic activation ofalveolar macrophages) were also increased in BALF ofBALB/c 
mi ce exposed to the higher concentration of DE for 1 an.d 3 mo. lncreased expression of severa! 
cytokines and decreased expres.sion ofiNOS mRNA was obscrved in DE-exposed mice at l and 
3 mo. NF-icB actlvation was also noted following 1-month exposure to the lowerconcentration of 
DE. No attempt was made in this studyto determine the responses to gaseous components ofthe DE. 

In a study by Reed et al. (2004, 055615), health:1;_ Fi>her 344 rats andA/J mice were exposed to 
DE (PM concentration ~ 30, 100, 300 and J,000 µgira-) by whole body inhalation for 6 hlday, 
7 days/wk for either 1 week or 6 mo. Concentrations ofgases were reported to be 2.0-45.3 ppm NO, 
0.1-4.0 ppm NO,, 1 S-29.8 ppm CO and 8-365 ppb S02. Short-term responses are discus.sed in 
Section 6.3.3.3 and 6.3. 7..2, and sub-chronic syst.emic effects are presented in Section 7 2.4.1 _ Six 
months of exposure resulted in no measurable effects on pulmonary inflammation. Howcver 
numerous black particles were observed wlthln alveolar macrophages after 6 mo ofexposure. 

Seagrave et al. (2005, 088000) evalllll.ted pulmonary responses in mal e an.d female CDF 
(F-344)/CrlBR rats exposed 6 hlda,.v for 6 mo to filtered air or DE at concentrations ranglng from 
30-1000 µglm' PM. Concentrations ofgases were reported for the highest cxposure as 45.3 ppm NO, 
4.0 ppm NO,, 19.3 ppm CO and 2..2 ppm total vaporhydrocarbon. No changes in BALF cells were 
noted. A small decrease in TNF-n was seen in BALF offemale rats exposed to the highest 
concentration ofDE for 6 mo.Pulmonary injury also was evaluated (Section 7.3.5.1). Thus chan.ges 
in BALF markers were modest and gender-specific. 

Woodsmoke 

Seagrave et al. (2005, 088000) also evaluated pulmonary responses in mate and female CDF 
(F344)/CrlBR rats exposed 6 h/day tor 6 moto filtered air or hardwood smoke concentrations 
ranging from 30-1,000 µglm' PM. Concentrations of gases were reponed fur the highest exposure as 
3.0 ppm CO and 3.1 ppm total va par hydrocarbon.A small increase in BALF neutrophils was 
observed in mal e rats exposed to the lowest concentration ofhardwood smoke. Female rats exhibited 
a decrease in BALF macrophage inflammatory protein-2 (MIP-2) at the lllghest concentration of 
hardwood smoke. Pnlmonary injury also was evaluated (Section 7.3.5.1 ). In general, responses to 
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hardwood smoke were more remarkable !han responses to DE seeo in aparalle! rtudy. However 
these gender-specific resporu;es were modest and difficult to interpret 

In a study by Reed et al. (2006, 1560431, Fisher 344 mis, SHR rat:s,AJJ mice and 
C57BL/6 mice were exposed to clean air or hardwood smoke (PM concentrru:ions 30, 100, 300 and 
1,000 µg/m3) by whole body inha!ation for 6 h/day, 7 days/wk fur either 1 week or 6 mo. 
Concentrations ofgases ranged from 229.0-14887.6 mgtm' for CO, 54.9-139.3 µglm' for ammonia, 
and 177.6- 3455.0 µgfm3 nonmethane VOC in these exposures. Short-term responses are discussed 
in Section 6.3.7.2 and sub-chronic effect:s are presented in Section 7 2.4.1. Histological analysis of 
Iung tissue showed minima! increases in alveolar macrophages. The effects ofhardwood smoke orr 
bacteria) clearance are discussed below (Section 7.3. 7 .2). 

Another srudy evaluated the effects ofsubchronic woodsmoke exposuTe in Brown Norway rats 
ami is described in detail in Section 7.3_2_2 {Tesfuigzi et al., 2002, 025575). Numbers of alveolar 
macrophag:es in BALF were significantly increased ln rats •Xposed to 1,000 µg!m3 woodsmoke for 
12 wk, but no changes wei-e seen in numbers of other inflammatory cells. A large percerrt ofBALF 
macrophages coo:tained carbonaceous material. Histological analysis of !ung tlssue sbowed minimal 
to mild inflammation in the epiglottis of the larynx in rats exposed to both conoontrations of 
woodsmoke. 

Ramos et al. (2009, 1 90 116) examined the effects of sul>cbronic woodsmoke exposure on the 
development of emphysema in guinea pigs. Inflammation is thoughtto be involved in the 
pathogenesis ofthis form of COPD. Statistically significant increases in total numbers ofBALF cells 
were observed in guinea pigs exposed to smoke for 1-7 mo, with·numbers of macrophages increased 
at 1-4 mo and numbers ofneutrophils increased at 4-7 mo. At 4 mo, alveolar mononuclear 
phagocytic and lymphocytic peribronchiolar inflammation were observed by histological analysis of 
Iung tlssue_ This study is discussed in depth in Section 7.2.5.l. 

Model Particles 

Wallenbom et al. (2008, 19117 1) examined the pulmonary, cru:diac and systemic effects of 
subchronic exposure to particulate ZnS04, WKY rats were exposed nose--only to l O, 30, or 
100 µglm'UFP ofZnS04 for 5 h/day and 3 day/wk overa 16-wk period. Particle size was teported 
to be 31-44 nm measured as number median diameter. No changes in pulmonary lnflammation or 
lnjury were observed a!though cru:diac effects were noted (Section 7 .2.7.1). This study possibly 
demonstrates a direct effect of ZnS04 on extrapulmonary systems, as suggested by the lack of 
pulmonary effects. 

7.3.4. Pulmonaiy Oxidative Response 

7 .3.4.1. T oxicologicaf Studies 

Urban Air 

One new study evaluated the effects of subchronic eXposure to ambient levels ofurban 
partí eles on the development of emphysema iu papain-treated mice (Lopes et al., 2009, 190430)_ 
Since oxidative stress is thought to contribute to the developmeu! of emphysema, 8-isopTOStane 
levels were measured in lung tissue from !he four groups ofmice used in thls srudy. A statistically 
significan! increase in 8-isoprOStane, a marker of oxidative stress, was observed in lungs from mlce 
treated with papain and exposed to ambient air compared with the otheT groups of mi ce. This study 
is described in greater depth In Section 7.3 _5 _ ¡ _ 
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Diesel Exhaust 

Li et al_ (2007, 155929) exposed mice to low dose DE for !, 4 and 8 wk as described in 
Section 7 -3.2.2. Markers of oxidative stress and effects of antioxidant intervention were evaluated in 
this model. While H0-1 mRNA and protein were increased in lung tissues ofboth mouse strains 
after J week ofDE exposure (Section 6.3.4.2), at 8 wk ofDE exposurc, H0-1 protein levels 
remained high in C57BU6 mice but retumed to control value.s in BALB/c mi ce. This study 
demonstrate.s differences inpulmonary re&poru;es to low dose DE between two mouse :>trains. 
Furtherrnore, this study suggests that adaptation occurs in BALB/c mice during pi-olonged DE 
exp«;ure since the increase in H0-1 protein seen in both strains at l week ofexposure was only seco 
in C57BL/6 mi ce at 8 wk.AHR (Section 7.3.2.2) and pulmonary inflammation {Section 7.3.3.2) 
were also evaluated. Although no attempt was made in this study to detern!lne the effects of gaseous 
componen!< ofDE on the measured responses, concentrations ofgases were very low. This suggests 
that PM may have been responsible for the observed effects. 

7.3.5. Pulmonary lnjury 

7.3.5.1. Toxicological Studies 

UrbanAir 

One new study evalnated the effeets of chronic exposrrre to ambient levels of urban particles 
on Iung development in the mouse (Mauad et al., 2008, !56743). Both functional and anatomical 
indices of lung development were measured in mice exposed prenatally andlor postnatally as 
described in Section 7 .3.2.2. Animals were sacrificed at 15 and 90 days of age for histological 
analysis oflungs. Histological analysis demonstrated the pi-esence of mild foci of macrophages 
containing black dots of carbon pigment in the prenatal and postnatal exposure group at 90 days. In 
addition, the alveolar spaces of J 5-day old mice in the prenatal and postnatal exposure group were 
enlarged compare<! with controls. Morphometric analysis demonstrated statistically significant 
decreases in snrface to volume ratio at 15 and 90 days in the prenatal and postnatal exposure group 
compared with controls. Since alveolarization is nonnally complete by 15 days of age, these results 
suggest incomplete alveolarization in the I 5-day-old gronp and an enlargement of air spaces in the 
90-day-old gronp. These anatomical changes correlated with decrements in pulmonary function 
which are discussed in Section 7 .3.2.2. 

Prolonged exposure to low le veis of ambient air pollution beg_inning in early life has been 
linked to secretor}' changes in the nasal cavity of mice, specifically 1ncreased production of acidic 
mucosubstances (Pires-Neto et al., 2006, 096734 ). Six-day-old Swiss mice were continuously 
chamber exposed to ambient or :filtered Silo Paulo air for 5 mo. ConcentratiooS in the ~polh.rted 
chamber'' versus "clean chamber" were (in µglm') 59.52 versus 37.08 for NO,, 12.52 versus O for 
BC, and 46.49 versus 18.62 for PM2,,. Thus, pollutant Jevels were reduced by filtration bnt not 
entirely eliminated. Compared to filtered air, exposure to amblen! air resulted in increased total 
mucus and a,;idic mucus In the epithelium lining the nasal septum, but no statistically significant 
differences in other parameters (amount of neutral mucus, volume proportion.s of neutral mucus, 
total mucus, or nonsecretory epithelium, epithelial thickness, or ratio l>etween neutral and acidic 
mucns). The physicochemical properties of mucus glyc0proteins are critical to the protective 
function ofthe airway mucus !ayer .Acidified mucus is more viscous, and is associated with a 
decrease in mucociliary transport. Thus acidic mucosubstances maY represen! impaired defense 
mechanisms in the respiratory tract. 

One new study evaluated !he effects of subchronic "'<posare to ambient levels of urban 
particles on !he development of emphysema in papain-treated mice (Lopes et al., 2009, J 90430). 
Emphysema is a fonn ofCOPD caused by the destruction ofextracellular matrix in the alveolar 
region of the lung which results in airspace enlargement, airtlow limitation and a reduction ofthe 
gas-exchange area of the lung. Jn:tlammation, oxidative stress, protease imbalance and apoptosis are 
thonghtto con tribute to the development of emphysema. In thls study, male BALE/e mi ce were 
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continuously exposed to ambient or filtered Sao Paulo air for 2 mo_ Concentrations ofPM,~ in !he 
"polluted chamber" versus "clean chambd' were 33.86 ± 2.09 versus 2.68 ± 0.38 µg/m'. Thus 
filtration reduced PM Jevels considerably.Ambient concentrations ofCO and SO, were 1.7 ppm and 
16.2 µg/m 3 respectively. No significan! differeoce was observed in !he concentrations ofN02 in the 
"pol!uted chamber'' versus "clean chamber" (60-80 µglm'). Ha!f of the mlce were pre-treated wíth 
papain by intranasal instillation in arder to induce emphysema. MoIJ>hometric analysis of Jung tissue 
demonstrated a statistically significant increase in mean linear intercept, a measure of aITspace 
enlargement, in papain-treated mice compared with saline-treated controls exposed to filtered ai,_ 
While exposure to ambicnt air fa.iled to increase mean linear intercept values in saline-treat«l mice, 
mean linear intercept values were significantly increased in papain-treated mice exposed to ambienl 
air compared with papain-treated mice exposed to filtered alr. A similar pattem of responses was 
observed for !he volume proportion of collagen and elastin fibers in alveolar tissue. which are 
markers ofalveolar wall remodeling. Lung immunohistochemical anaJysis demonstrated an effect of 
papaln, bu! not ambient air, on macrophage cell density and matrix meta!Joproteinase 12-positive 
cell density. No differences in caspase-3 positive cells, a marker of apoptosis, were observed 
between the four groups of mi ce. Oxidative stress was evaluated in thjs model as described in 
Sect::ion 7.3.4.1. Taken together, results ofthis study demonstrate tha! urban levels of PM, mainly 
from traffic sources, wO<Sen protease-induced emphysema in an animal model. 

Pulmonary vascular remodeling, measured by a decrease in !he lumen to wall ratio, was 
observed in mice exposed to ambient Sao Paulo air for 4 mo (Lemas eta!., 2006, 088594). This 
study is described in greater detall in Sec:tion 7.2.1.2. 

Kato and Kagawa (2003, 089563) exposed Wistar rats to roadside air contaminated maln!y 
with automobile emissions (55.7-65.2 ppb NO, and 63-65 µgfm' suspended PM (SPM]) and 
examined the effects on respiratory tissue after 24, 48, or 60 wk of eXposure. The surface of the 
hmgs was light gray in color after ali dur.ilions of exposure, and BC particle deposits accumulated 
wlth prolonged exposure. These characteristics were no! evident in filtered air-exposed control 
animals, although filtered air contained low levels of air po!lutants (:$ 62 ppb N02 and 15 µg/m3 

SPM). The most common change observed using transmission electro u microscopy was !he presence 
of particle laden (anthracotic) alveolar macrophages, or anthracosis, ln a wide range of pulmonary 
tissues, including the submucosa, tracheal- and hronchiole-associated lymph nodes, alveolar wall 
and space, pleura, and perivascular connective tissue. These changes were evident after 24 wk and 
increased with duration of exposure. Other changes included increases in !he number of mucus 
granules in goblet cells, mast cell infiltration (but no degranulation) after 24 wk, iocreased 
lysosomes in ciliated cells, some altered morphology ofClara cells, and hyperti:ophy ofthe alveolar 
walls after 48 wk. No goblet cell proliferalion was observed, but slight, variable acidification of 
mucus granules appeared after 24 and 48 wk and disappeared after 60 wk. Anthracotic macrophages 
were seen in contac! with plasma. cells and lymphocytes in the lymphoid tissue, suggesting immune 
cell inleraction in the immediate vicinlty of parti.cles. E ven after 60 wk, no lymph node anthracosis 
was observed in the filtercd air group. 

In a poot-mortem study oflung tissues ftom 20 female lifelong residents ofMexico City, a 
high PM locale, histology demonstrated significantly greater amounts ofíibrous tissue and muscle in 
the airway walls compared to subjects from Vancouver (Churg et al., 2003, 087899), acity with 
relatively low PM levels. Electron microscopy showed carbonaceous aggregates ofUFPs, which !he 
authors conclude pene trate into and are retained in the wa!ls of small alrways. The study shows an 
association between retained particles and airway remodeling in the forro of excess muscle and 
fibrotic walls. The subjects were deemed suitable for examination based on never-smoker status, no 
use of biomass fuels for cooking, no lrnown occupational particle!dust exposure, death by cause 
othcr !han respiralory disease, and extended residcnce in each locale (lifelong for Mexico City and 
>20 yr for Vancouver). However, subjects from !he two ]ocales were not matched with respect to 
ethniclty, sex (20 females from Mexico City versus 13 females and 7 males from Vancouver), or 
mean age at death (66 ± 9 versus 76 ± 11), and other possib!y influential factors such as exercise or 
dier were not considered. 

Diesel Exhaust 

Gottipolu et al. (2009, 190360) exposed WKY and SH rats to filtered air or DE as described in 
Section 7 .3.2.2. Previous studies from this laboratory have shown enhanced effects of PM in SH 
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compared wlth WKY rats. Although the main focus ofthis recen! study was on DE-induced 
mitochondrial oxldative stress and hypertensive gene express!on in the heart (Sectlon 7 2.7 .!),sorne 
pulmonary effects were fuund. Inflammarory effects are described in Section 7.3.3.2. GGT activity 
in BALF was increased in both strains in response to the higher concentration ofDE. No DE-related 
changes were observed in BALF protein or albumln. Histological analysis oflung tissue from rats 
exposed to the higher concentration ofDE demonstrated accumulation ofparticle-laden 
macrophages as well as focal alveolar hyperplasia and inflammation. No effects on indices of 
pulmonary function were observed (Section 7.3.2.2.) 

Jshiltaraand Kagawa (2003, 096404) exposed rats to DE forup to 24 moas described in 
Section 73.3.2. Astatistically significant increase in BALF protein was observed at 12 mo of 
exposure to DE containíng 1,000 µglm' PM. This response was attenuated when the DE was filtered 
to remove PM. Pulmonary inflammation was noted and is described in Section 7.3.3.2_ 

Sea.grave et al. (2005, 088000) evaluated pulmonary reSponses in rats exposed to DE for up to 
6 moas describe<! in Section 7.3.3.2.Asmall increase in LDH was seen in BALF offemale rats 
exposed to the highest concentration ofDE for 6 mo. Pulmonary infuunmation was also evaluated 
(Section 7.3.3.2). The changes in BALF markers in this study wei-e modest and gender-specific. 

Gasoline Exhaust 

Reed et al_ (2008, 156903) exan:rined a variety ofhealth effects fo!lowing subchronic 
inhalation exposure to gasoline engine exhanst. Male and female CDF (F344 )/CrlBR rats, SHR rats 
and mate C57BLl6 mio.e were exposed for 6 h/day and 1 dliys/wk for a period of3 days-6 mo. The 
dilution.s for the gasoline exhanst were 1: 10, 1: 15 and 1 :90: filtered PM was at the 1 : 1 O dilution. PM 
mass ranged from 6.6 to 59.1 µglm', with the correspond!ng number concentration between 2.6xJO' 
and 5.0x 1 O' particleslcm'. Conc.entrations of gase.s ranged from 12.8-107.3 ppm CO, 2.0-17 .9 ppm 
NO, O.l-0.9 ppm NO,, 0.09-0.62 ppm SO, and 0.38-3.37 ppm NH,. Other effects are described in 
Sections 7 2.4_ I and 7.3.6.1. No pulmonary inflanunation or histopathological change.s were noted in 
the F344 rats andAJJ mice, exceptfor a time-dependen! increase in the number ofmacrophages 
containing PM. However statistically signíficant increases of47% and 29% in BALF LDH were 
observed in female ami mal e F344 rats, respectively, after 6 mo of exposure to the highest 
concentration of engine exhaust. This response was absent when gasollne exhaust was filtered, 
implicating PM as a key determinant ofthis response. In addition, exposure to the highest 
concentration of gasoline exhaust resulted in statistically significan! decreases in hydrogen peroxide 
and superoxide production in unstimulated and stimnlated BALF macrophages. Hypermethylat:ion of 
lung DNA was obse.rved in male F344 ralS following 6 mo ofexposure to gasoline exhaust 
containing 30 µglmº PM. This response was PM-dependent siuce it was absent in mice exposed to 
filtered gasoline exhaust. The significance ofthis epigenetic change in terms of respiiatory health 
effects is uot known. However, altered patterns ofDNA methylation can afflct gene expression and 
are sometimes associated with altered immune responses andlor the development of cancer. 

Woodsmoke 

Seagrave et al. (2005, 088000) also evaluated pulmonary responses in rats exposed to 
hardwood smoke for 6 moas described in Section 7.3.3.2. Jncreases in BALl' LDH and protein were 
seen in male but not female rats. Female rats exhibited a decrease inBALF glutathione at tbe highes! 
concentration ofhardwood smoke. Decreases iu BALF alkaline phosphatase were found in both 
males and females exposed to 1,000 µglm3 hardwood smoke. :'vlale rats exposed to 1 00 and 
300 µglm' hardwood smoke exhibited a decrease in BALF ~-glucurouidase activity_ Pulmonary 
inflammatlon was also evaluated (Section 7.3.3.2). These changos in BALF markers in this study 
were modo.si and gender-specific. 

Another study evaluated the effects ofsubchronic woodsmoke exposure in Brown Norway rats 
as de.scribed in Section 7 .3.22. (Tes:faigzi et al., 2002, 025575)_ Exposure to 1,000 µglm' 
woodsmoke for12 wk resulted in a stalistical!y significan! increase in Alcian Blue- (AB) and 
Periodic Acid Schiff- (PAS) positive airway epithelial cells compared to controls, iudicating an 
increase in mucous secretory cells coutaining neutral and acld mucus, respectively. More significan! 
histopathological responses were found following exposure to 10,000 µglm' ofDE. Pulmonary 
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function and inflammation were evaluated also but are not dlscus.sed here dueto the extremely high 
exposure leve! {Sections 7 322. and 7 332). 

Ramos et al. (2009, 19-0 116) examined the effects of subchronic woodsmoke exposure on the 
developmentofemphysema in guinea pigs. In particular, the involvement ofmacrophages and 
macrophagerderived MMP in woodsmoke-related responses was investigated. Guinea pigs were 
exposed to am.bient air orto whole smoke frorn pine wood for 3 h/day aod 5 days/wk overa 7-month 
period. PM 10 and PM25 concentrations in the exposure chru:nbers were reponed to be 502 ± 34 and 
363 ± 23 µglm3, respectively, while the concentration ofCO was less than 80 ppm. COHb levels 
were reported to be 6o/o in controls and !5-20o/o in smoke-exposed guinea pigs. Statistically 
significan! decreases in body weight were observe<! in guinea pigs exposed to smoke fur 4 or more 
months compared with controls. St:ttistically significant in creases in total numbers of BALF cells 
were observed in guinea pigs exposed to smoke for 1-7 mo, with numbers ofmacrophages Jncreased 
at 1-4 month and numbers ofneutrophils increased at 4-7 mo.At 4 mo, alveolar mononuclear 
phagocytic and lymphocytic peribroncbiolar inflemmation, as well as bronchiolar epithelial and 
smooth muscle hyperplasia, were observe<! by histological analysís oflung tissue. Emphysem:UOns 
lesions, smooth muse le hyperplasia and pulmonary arterial hyperteruion were noted at 7 mo­
Morphometric analysis of Iung fusue demonstrated statistically significan! increases in mean linear 
intercept values, a measure of airspace enlargement, in guinea pigs at 6 and 7 rno of exposure. 
Statistically significan! increases in e!astolytic activity was observed in BALF macrophages and lung 
tissue homogenates at 1 -7 mo of exposure. Lung collagenolytic activity w¡¡¡; also increased at 4-7 mo 
ofexposure and corresponded in time with the presence ofactive forms ofMMP-2 and MMP-9 in 
lung tissue homogenates and BALP. Furthermore, MMP-1 and MMP-9 lmmunoreactivity was 
detecte<! in macrophages, epithelial and interstitial cells in smoke-exposed animals at 7 mo. 
Increased levels ofMMP-2 and MMP-9 mRNA were also found in smoke-exposed guinea pigs after 
3-7 mo. Apoptosis was found in BALF macrophag-es (TUNEL assay) from guineapigs exposed to 
smoke for 3-7 mo and in alveolar epithellal cells (caspase-3 inununoreactlvity) after 7 mo. Taken 
together, these results provide evldence that subchronic exposure to woodsmoke leads to the 
development of emphysematous lesions accompanied by the accnmulation of alveolar macrophages, 
increased levels and activation of MJ'v!Ps, connective tissue remodeling and apoptosis. However, the 
high Jevels ofCO and COHb reporte<! in this study make ir difficultto conclude that wocdsmoke PM 
alone is responsible for these dramatic effects. 

7.3.6. Allergic Responses 

7.3.6.1. Epidemiologic Studies 
A number of epldemiologic studies have fuund associations between PM and allergic ( or 

atopic) indicators. Allergy is a major driver of asthma, which has been associated with PM in studies 
dlscussed in previous sectioru. In a study by Annesi-Maesano (2007, 093180? ( described in 
Section 7 .3.1.1) atopic asthma was related to PM25 (OR ! .43 [95% CI: 1.07- .91 ]) and positive skin 
prick test to common allergens was also increased with higher PM levels. Tbis report is coru;istent 
with tbe results from an earlier study (Penard-Morand et al., 2005, 087951) in the same sample of 
childrec tbat aswciated allergic rhinitis and atopic dermatitis with PM10. AJso, Morgenstern et aj_ 
(2008, 15678~) found slatistically significan! effects for asthmatic bronchitis, hay fever, and allergic 
sensitization to pallen in a cohort of chi!dren in Germany "'<aminlng mode\ed PM25 data at birth 
addTesses. Distance to a main road hada dose-response relationship with sensitizatioc to outdoor 
allergens. Nordling_ et al. (2008. 097998) ( discussed above in Section 7 .3 2.1) reported a positive 
association of PM 10 exposure during the first year of life with allergenic sensitization (IgE 
antibodies) to inhaled allergens, especially pol1en. In a study by Brauer et al. {2007, 090691) 
(discussed abo ve in Section 7 .3.1.1) an interquartile range increase ic PM 2 swas associated witb an 
increased risk of sensitizatioc to food allergens {OR 1 _75 [95o/o Cl 1.23-2.4 7)). A significan! 
aswciation was fuund for sensitization to any allergen, b<rt none was found for sensitization to 
specific indoor or outdoor aeroallergons or atopic dermatitis (eczema). Je a study by Janssen et al. 
(2003, 1 33555), PM2, was associated with allergic indicators such as hay fever { ever), skin prick test 
reactivity to Ol!tdoor allergens, currerrt itchy rash, and coniunctivitis in Dutch childrec. These same 
outcomes were also associated with proximity of thc schoo1 to truck traffic but not car traffic, 
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suggesting a role for diesel-related pollution. Consiotent with the aforementioned Dutch study by 
Brauer et al. (2007, 090691 ), PM;, was not associated with eczema.. 

Mortimer et al. (2008, 1 87280) examined the assooiation between prenatal and early-life 
exposures to air pollutants with allergic sensitization in a cohort of l 70 childrcn with asthma, ages 
6-11 yr, living in central California. Sensitízation to at least one allergen was associa:ted with higher 
leveIB ofPM 10 and CO during the entire pregnancy and 2nd trimester and higher PM 10 during !he 
first 2 yr of life. Sensitization to at least one indoor allergen was associated with higher exposures to 
PM10 and CO in during the entire pregnancy and during the 2nd trimester. However, no s~nificant 
associations remained for PM10 after adjustment for copol!utants, effect modifiers, or potential 
cofounders in addition to year ofbirth. The authorn ad vise thatthe large number of comparisons may 
be of concem and this ITTudy should be viewed asan exp!oratory, hypothesis-generating undertaking_ 
In examining the National Health Interview Survey for the years 1997 -2006, Bhattacharyya et al. 
(2009, 1 80 154) found relationships between air quality and the prevalence of hay fuver and sinusitis. 
However, the air quality data were not clearly defined andas such caution is required ln 
interpretation ofthese results. In contrast, Bayer-Oglesby et al. (2005, 086245) found no significant 
association between declining levels ofPM 10 and hay fever in Switzerland. In a study by Oftedal et 
al. (2007, 1 91 948) conducted in Oslo, Norway, early-life exposure to PM 10 or PM::i, was generally 
not associated with sensitization to allergens in 9- to 1 0-yr-old children; lifutime exposures to PM 'º 
and PM'-S were associated with dustmite allergy, butthe association was diminished by adjustment 
for socioeconomic fuctors. In Norway, wood burning in the wintertime is thoughtto account for 
about half of the PM,5 levels. Although associations between PM and reactivity to specific allergeru; 
have been reported in long-term studies, there is a consisten! lack of correlation between PM and 
total IgE levels, indicat:ing a selective enhancement of allergic responses. 

7.3.6.2, Toxicological Studies 

Diesel Exhaust 

Exposure to relatively low doses ofDE has been shown to exacerbate asthmatic responses in 
ovalbumin (OVA) sensitized and challenged BALB/c mi ce (Matsumoto et al., 2006, 098017)_ Mice 
were lntraperitoneally sensitized and intranasally challenged 1 day prior to inhalation exposure to 
DE (PM concentration 100 µglm'; CO, 3.5 ppm; NO,, 2.2 ppm; SO, <0.01 ppm) for 1 day or 1, 4, or 
8 wk (7/h/day, 5 days!wk, endpoints 12 h post DE exposure). Results from the 1- and 4-wk 
exposures are described in Section 6.3.6.3. It should be noted that control mice were !eft in a e lean 
room as opposed to undergoing chamber exposure to filtered air. The significan! increases in ARR 
and alrway sensitivity observed following shorter exposure periods did not persist 31 8 wk. BALF 
cytok!nes were altered by DE exposure with only RANTES significantly elevated after 8 wk. DE 
had no effect on OVA challenge-induced peribronchial inflammatory or mucin positive cells. These 
results suggest that adaptive processes may ha ve occurred during prolonged exposure to DE. 

Gasoline Exhaust 

In a study by Reed et al. (2008, 1 56903 , BALB/c mi ce were exposed to whole gasoline 
exhaust diluted 1: 1 O (H), 1 :15 (M), or 1 :90 (L , filtered e~haust at !he 1 :1 O (HF), or clean air for 
6 h/day (atmospheric characteri~a!ion described in Section 6.3 .6.3)_ GEE exposure from conception 
through 4 wk of age induced slight but non-significant increases in OVA-specific lgG 1 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_ Significan! increases in 
total serum IgE were observed, but this effect persisted after filtration of particles and was thus 
attributed to gas phase components. 
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Woodsmoke 

In a study by Tesfaigzi et al. (2005, !56116), Brown Norway rms were sensitized and 
challenged with OVA. Rats were exposed for 70 days 10 filtered air orto 1,000 µglm' hardwood 
smoke. Particles were characterized by a MMAD of0.36 µm. Concentrations ofgases wei-e reportee! 
to be 13.0 ppm CO and 3.1 ppm total vapor hydrocru:bon with negligible NOx. Re.spinitory function 
was measured in anesthetized enimals by whole---body plethysmography and demonstrated a 
significant increase in functional residual capacity as well as a significan! increase in dynamic lung 
compliance in hardwood smoke-exposed animals compared to controls. No change in total 
pulmonary resistance or airway responsiveness to methacholine was observed. BALF inflammatory 
cells were not increased, although hlstological analysis demonstrated focal inflammation including 
granulomatous lesion and eosinophilic infiltrations in hardwood smoke-exposed rats. Alterations of 
severa! cytoklnes in BALF and plasma were noted. Changes in airway epithelial mucus cells and 
intraepi!helial stored mucosubstances were modes1 and did not achieve statistical s~nificance. 
Results ofthis study demonstrate that subchronic exposure to hardwood smoke had minimal effects 
on pulmonary responses in a rat model of allergen seru;itlzation and challenge. 

7.3.7. Host Defense 

7 .3.7 .1. Epidemiologic Studies 
Epidemiologlc studles of respiratory infections indicate an association with PM. This il; more 

evldent 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 cohort study of approximately 4,000 Dutch children, Brauer et al. (2007, 
090691 l( described in Section 7 .3.1.1) found significant positive associations for PM2, with 
ear/noseithroat infections and doc1or-diagnosed flulserious oold in the frrst 4 yr of llfe. These results 
are consistent with an ear\ier study by Brauer et al. (2006, 0907571, which found that an increase of 
1 O µg/m3 PNG; was associated with increased risk fur ear infections in the Netherlands [OR 1.50 
(95o/o CI, 1.00-222)]. A Swiss study by Bayer-Oglesby et al. (2005, OS6245), discussed in 
Section 7 .3 .1 .1 above, demonstrated that declining levels of PM,0 were associated with dec!ining 
prevalence of common cold and oonjunctivitis. Because traffic-related pollntants such as UFPs are 
high near major roadways and then decay ex¡xmentially o ver a short distance, Williams, et al. (2009, 
191945) assessed exposure aooording to residerrtial proximity to majar roads in a Seattle area study 
of postmenopausal women. P,.oximity to major roads was associated wlth a 21 % decrease in natural 
killer cell function, which is an important defense against viral infection and tumors. This finding 
was limited to women who reported exercising near traffic; other rnarkers of inflammation and 
lymphocyte proliferation dld not consisterrtly dlffer according to proximity to majOT roads. In the 
Puget Sound region oí Washington, Karr et al. (2009, 1919461 reported that there maybe a modest 
increased riBk of bronchiolitis related to PM,, exposure for infants bomjust befare the peak 
respiratory syncytiaJ virus (RSV) season. Risk estimates were stronger when restricted to cases 
specifically attributed to RSV and for infants residing closer to hlghways. Emerging evldence 
suggests that respiratory lnfections, particuJarly infection by virnscs such as RSV, can cause asthma 
or trigger astluna attacks. 

7.3.7.2. Toxicological Studies 

Diesel Exhaust 

DE may affect systemic immunity. The proliferative response of AJJ mouse spleen cells 
following srimulation with T cell mito gens was suppressed by limo of daily exposure to DE at 
concentrations at or above 300 µg/m3 PM (Burchiel et al., 2004, 055557). B cell o/,oliferation was 
increased al 300 µg/m3 bnt unaffected at higher concentrations (up to 1,000 µglm ). Concentrations 
of gases and were reported in the parallel study by Reed et al. (20()4, 055625), described in 
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Section 7 332. The Reed studyreported a decrease in spleen weightln male mlce (27% reduction in 
the 300 µglm' exposure group). The immunosuppressive effects ofDE were not dueto PAHs or 
benzo(a)pyrene (BaP}-quinones (BPQs) since there were little, if any, of these compounds present in 
the chamber atmosphere. lt should be noted that sentinel animals were negat:ive for mouse 
parvo virus at the start of the study, but seroconverted by the end ofthe study, indicating possib!e 
infection. Parvo virus can interfere with the modulation of Iymphocyte mitogenic responses (Baker, 
1998, 156245). A 6-month exposure (6hlday, 7d/wk) to 30, 100, 300 or 1,000 µglm' ofPM in DE did 
not significarrtly affect bacteria! clearance in C57BU6 mice infected with Pseudomonas aerugi:noso, 
although ali Ievels reduced bacteria! clearance when the exposure on!y !asted a week (Harrod et al., 
2005, 088144). Characteri2'll:ion ofthe exposure atmosphere was given by Reed et al. (2004, 
055625) (Section 7.33 .2.). 

Gasoline Exhaust 

ln a study by Reed et al. (2008, 156903) (described in Section 6.3.7.2) long-term exposure to 
fresh gasoline exhaust (6h/day, 7d/wk for 6 mo) did not affect clearance of P aeruginosa from the 
lungs ofC57BU6 mice. 

Hardwood Smoke 

One study demonstrated immunosuppressive effects ofhardwood smoke (Burchiel et al., 2005, 
088090). Exposure to hardwood smoke increased proliferation ofT cells fromAJJ mice exposed 
daily to I 00 µglm3 PM for 6 mo, but produced a concentration-dependent suppression of 
proliferation al PM concentrations >300 µglm'_ No effects on B cel) proliferation were observed. 
Concentrations ofNO and N02 were not detectable or <40 ppb for ali exposure levels. CO was 
reported to be 2, 4, and 13 ppm forthe 100, 300 and 1,000 µglm' PM concentrations, respectively. 
Exposure atmospheres contained significan! levels of naphthalene and methylated napthalenes, 
fluorene, phenanthrene, and anthracene, as well as low concentrations of severa! metals (K, Ca, and 
Fe) (Burchiel et al., 2005, 088090). Il should be noted that serologic analysil; ofstudy sentinel 
animals indlcated infectlon with parvovirus , which can interfere with the modulation of ]ymphocyte 
mitogenic responses (Baker, 1998, ] 56245)_ In another study by Reed et al. {2006, 156043) 
C57BLl6 mice were exposed to 30-1,000 µg!m' hardwood smoke by whole-body inhalation for 6 
mo prior to instillation of P_ aeruginosa. Exposure ch"aracteri1'Zlions are described in Section 7.3.3-2_ 
Although there was a trend toward increased c!earance with increasing exposure concentrations, 
there was no statistically significant effect ofhardwood smoke exposure on bacteria! clearance_ 

7.3.8. Respiratory Mortality 
Two large U.S. cohort studles examined !he effect oflong-term exposure to PM,, on 

resplratory mortality with mixed results. In the ACS study, Pope et al. (2004, 055880) reported 
positive associatlons with deaths from specific cardiovascular diseases, but no PM2 , associations 
were found with respiratory mortality. A follow-up to the Harvard Six Cities study (Laden et al., 
2006, 087605) used npdated air pollution and mortality data and found positive associations between 
long-term exposure to PM2s and mortality. Of special note is a statistica.lly significan! reduction in 
mortality risk reported with reduced Iong-tenn Í!Ile particle concentrations observed for deaths due 
to cardiovascu!ar and respiralozy causes, but not for lung cancer deaths. There is sorne evidence for 
an association between PM,,, and respiratory mortality among post-neonatal lnfants (ages 1 month-1 
year) {S ection 7.4.l ). In summary, when deaths due to respiratory causes are separated from all­
cause (nonaccidental) and cardiopu)monary deaths, there is limlted and inconsisterrt evidence for an 
effect of PM,,,- on respiratory mortality, with one large cohort study finding a reduction in deaths due 
to respiratory causes associated with reduced PM,_s concentrations, and another large cohort study 
flilding no PM,, associations with respiratory mortality. 
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7.3.9. Summary and Causal Determlnations 

7.3.9.1. p~ 
The eplderniologlc studies Teviewed in the 2004 PMAQCD suggested relationships l>etween 

long-term PM10 and PM,_s (or PM21 ) exposures and increased incidence ofrespiratory symptoms and 
disease. One ofthese studies indicated associations with bronchit:is in !he 24-city cohort (Dockery et 
aL, I 996, 04621 9). They also suggested relationships \>etween long-tenn exposure to PM..,- and 
pulmonary :function decrements in the CHS (Ganderman et al., 2000, O 12531; Gauderman et al., 
2002, 026013). These findings added to tbe database ofthe earlier 22-city study of PMo.1 (Raizenne 
et al., 1996, 077268) that found an association between exposure to ambient particle strong acidity 
and impairment of lung function in children. No long-term exposure toxicological studies were 
reported in the 2004 PM AQCD. 

Recent studie.s have greatly expanded the evidence available since the 2004 PM AQCD. New 
analyses have been conducted that include longer follow-up periods ofthe CHS cohort through 18 )T 

of age and provide evidence that e:ffects from exposure to PM2~ persist into early adulthood. 
Gauderman et al. (2004, 056569) reported thatPM,~exposure was associated with clinically and 
statistically sígnificant deficits in FEV 1 attained at the age of J 8 yr. In addition, the strength and 
robustness ofthe outcomes were larger in magnitude, and more precise !han previous CHS studies 
with shorter follow-up periods. Supporting this result are new longitudinal cohott studies conducted 
by other researchers in other locations with differerrt methods. These studle.s report results for PM10 
that isdominated by PM:u. New studies provide positive associations from Mexico City, Sweden, 
anda national cystic fibrosi'l cohort in !he U.S. A natural experimeut in Switzerland, where PM 
levels had decreased, reported that improvement in air quality may slow the annual rate of decline in 
hmg function in adulthood, indicating positive consequences for pub lle health. Thus, the data are 
consisten! and coherent across severa! study designs, Iocations and researchers. As was found in the 
2004 PM AQCD, the studies report associ.at:ions with PM,,, and PM10, while most did not evaluill:e 
PM1o.,,,. AJ;sociations have been reported with fine particle components, particularly EC and OC. 
Source apportiornnent methods generally ha ve not been used in rhese long-term exposure studies. 

Coherence and biological plausibility for !he observed associations with lung function 
decrements is provided by toxicological studies (Section7 .3.2.2). A recent study demonstrated that 
pre- and postnaial exp()l;ure to ambient levels ofurban particles affected mouse lung development, as 
measured by anatomical and functional indices {Manad et al., 2008, 156743). Auother study 
suggested that the developing lung may be susceptible to PM since acute exposure to UF iron"soot 
decreased cell proliferation in the proximal alveolar region of neonatal rats (Pinkerton et al., 2004, 
087465/ (Section 635.3). Imyaired Jungdevelo,ment is a viable mechanism by OOich PM may 
reduce ung function gr<iwth in chlldren. Other animal toxicological studies have demonstrated 
alterations in pulmonazy function following exposure to DE and wood smoke (Section 7.3.2.2). 

An expanded body of epidemiologic evidence for the e:ffect of PM,,, on respiratory symptoms 
and asthma incidence now includes prospective cohort studies conducted by different resear<:hers in 
different locations, both within and outside the U-S. with different methods. The CHS provides 
evidence in a prospective longitudinal cohort study that relates PM,,,, and bronchitic symptoms and 
reports !arger associations for within-community effects that are less subject to confounding !han 
between-community effects (McConneU et al., 2003, 049490). Several new studies report similar 
findings with long-term exposure to PM10 in areas where fine particles predominare. In England, an 
a,;sociat:ion was seen with an increa,;ed prevalence of cough without a cold. Further evidence 
includes a reduction of respiralory symptoms corresponding to decreasing PM Jcvels in natural 
experiments in cohorts of Swiss school children (Bayer-Oglesby et al., 2005, 086245) and adults 
(Schindler et al., 2009, l 91950). 

New studies examined the relationship between long-term PM,, expo.sure and asthma 
incidence. PM,, had the strongest modifying effect on the association between lung function with 
asthma in an analysis ofthe CHS (Islam et al., 2007, 090697). The loss ofprotectíon by high lung 
funotion agairu;t new onset asthma in high PM2 s communities was observed for all !he lung function 
measl!res. In !he Netherlands, an a,;sociation with dootor-diagnosed asthma was found in a birth 
cohort examining the first 4 yr of life (Brnner et al., 2007, 090691) Further, findings from an adul• 
cohort suggest that traffic-related PM10 corrtributes to asthma development and that reduction• in PM 
decrea,;e asthma rísk (Kunz\i et al., 2009, 191949). 
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A large proportion of asthma is driven by a!lergy, and the majorit¡' of recent epidemiologic 
studies examining allergic (or atopic) indicators found positive associat:tons wlth PM2.s or PM10 
(Section 7 .3.6. 1) . Limited evidence for PM-mediated allergic responses is pi:ovided by toxicological 
studles ofDE and woodsmoke, while effects of gasoline exhaust were attributed to gaseous 
components (Section 7.3.6.2). 

Long-term PM,,, exposure is associated with pulmonary infuunmation and oxidative 
responses. An epidemiologic srudy found a relationship between PM2 5 and increased inflammatory 
marker eNO ru:oong school children (Dales et al., 2008, 156378). Toxicological studies ofpulmonary 
inflammation have demonstrated mixed results, wlth subchronic DE exposures generatíng increases 
and CAPs and wood smoke Inducing little orno response (Section 7.3.3.2). The pulmonary 
inflammation observed with DE was <rttribulable lo the particle fraction. Toxicological studíes also 
reponed evidence of oxidative responses (Section 7.3.4.1). Adaptation to prolonged DE was 
observed for sorne oxidative responses in addition to sorne allergic and pulmonary function 
responses (Section 7.32.2 and 7.3.6.2). 

Additional support for the rela1ionship between long-term PM2, exposures and respiratory 
outcomes is provided by pulmonary injury responses observed in toxicological sludies (Section 
7.3.5.1). Markers ofpulmonary injury were increased in ra1s exposed to DE and gasoline exhaust; 
and these changes were attributable to PM. Further, lung DNA methylat:ion wa.s observed in the 
ga.soline exhaust study. Histopathological changes have also been reported following exposure to 
heavily-trafficked urban air and woodsmoke. Findings in elude nasal and airway mucous cell 
hyperplasia accompanied by allerations in mucus production which can lead to a loss ofmucus­
medimed proteclive functions; exacerbation of protease-induced emphysema; and mas! cell 
infiltration and hypertrophy of alveolar walls. These resul!S provide biological plausibility for 
adverse resp:iratory outcomes following long-lerm PM exposure. 

Limiled information is available on hosl defense responses (Section 7 .3 .7) and respiralory 
mortality (Section 7 3 .8) resulting from PM.2 5 exposure. Severa! recen! epidemiologic s1udies 
suggest a rela1ionship between long-term exposure to PM2.5 or PM 10 and infection in children and 
infan!S (Section 7.3.7 .1 ). A few toxicological studies suggest thal DE exposure affects systemic 
immuuity, and although impaired bacteria! clearance Is a.ssociated 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 PM2,5 
and respiratory morbidity is provided by epidemiologic studies demonstraling a.ssoclations with 
decrements in lung function growth in chiJdren and with respiratory symptoms and disea.se incidence 
in adul!S. Mean PM2, concentrations in these study locations ranged from 13.8 to 30 µglm1 during 
the study periods. These studies provide evidence for associations in area.s where PM is 
predominantly fine particles. A majar challenge to interpreting the results ofthese s1udies is that lhe 
PM síze fractions and concentrations of other air pollutan!S are often correlated; however, the 
conslstency of frndings across differenl locations supports an independent effect of PM2~. R.ecent 
toxicological studies provide support for the associations with PM"-' and decreases in lung function 
growth in children. Pre- and postnatal exposure to ambient levels of urban particles was found to 
affect mouse lung development, which pro vides biological plausibility for the epidemiologic 
findings. R.ecent subchronic and chrouic toxicological studies also demonstrate altered pulmonary 
function, mild inflammatioa, oxidative responses, histopathological changes including mncus cell 
hyperplasia and enhanced ailergic responses in response to CAPs, DE, urban air and woodsmoke and 
provide further coherence and biological plausibility. Exacerbation of emphysematous lesions wa.s 
noted in one study involving exposure to urban alr in a heavily-trafficked area. Collectively, the 
evidence is sufficientto conclude that the relationship between long-term PM,_, exposure 
and respiratory effeets is likely to be causal. 

7.3.9.2. PM1Q-2.5 
The 2004 PMAQCD did notreport long-term exposure studies fbr PM 10-2~. The only recent 

study to evaluate long-term exposure to PM 10.2, found positive, but not statistically significan! 
associations with eNO (Dales et aL, 2008, 15637$). The evidcnce is inadequate to determine if a 
causal relationship exists between long-term PM,._,_, exposures and respiratory effects. 
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7.3.9.3. UFPs 
The 2004 PMAQCD did not rcport long-term exposure studies for UFPs. The curren! 

evidence for Jong-term UFP effects is limited to toxioological studies. General!y, subchronic 
exposure to DE induced pulmonary inflammation, which was in contras! to UF CAPs exposwe 
(Section 7 .3 .3 .2) It appeared that the PM fraction was responsible for the Inflammatory response 
with DE exposnre. Long-term. exposur<: to DE also resulted in oxidative and al!ergic responses, 
although lung injury was not remarkable (Sections 7.3.4.1 and 7.3.6.2). The evidence is inadequate 
to determine if a causal relationship exists between long-term UFP exposures and 
respiratory effects. 

7.4. Reproductive, Developmental, Prenatal and Neonatal 
Outcomes 

7.4.1. Epidemiologic Studies 
This section evaluates and summarizes the scientific evidence on PM and developmental and 

pregnancy outcomes and infa.nt mortality. lnfants and fetal development processcs maybe 
particularly vuhierable to PM exposure, and althougb rhe physical mechanisms are not ful!y 
understood, severa! hypotheses have been proposed involving direct effects on fetal healrh, altered 
placenta functlon, or indirect effects on the mother's health (Bracken et aL, 2003, 156288; Cllfton et 
al,, 2001, 156360; Maisonet et al., 2004, 156725 · Schatz et al,, 1990, l 56073; Sram et al., 2005, 
087442)_ Study of these outcomes can be difficult given the need fur detailed data and potential 
residential movement of mothers during pregnancy. 1\vo recent articles have reviewed 
methodological issu.,,; relaíing to the study of outdoor air pollution and ad.verse birth outcomes (Ritz 
and Wilhelm, 2008, !56914; Slama et al., 2008, 156985). Sorne ofthe key cha!lenges to 
interpretation ofthese study results include the difficulty in assessing exposure as mo:rt studies use 
exi<;ting monitoring networks to estímate individual exposure to amhient PM; the inabllity to control 
fur potential confounders such as other risk factors that affect birth outcomes (e.g., smoking); 
evaluating the exposure window ( e.g., trimester) of importance; and limited evidence on the 
physiological mechanism ofthese effects (Ritz and Wilbelm, 2008, 156914; Slama et al., 2008, 
156985).Another uncertainty is whether PM effects differ by the chi!d's sex. A review ofpreterm 
birth and low birth weight studies found llmited indication that effects may differ by gender, 
however sample size was limited (Ghosh et al., 2007, 091233)_ 

Previous summaries ofthe association between PM concentrations and pregnancy outcomes 
and infantmortality were presented in previous PM AQCDs. The 1996 PMAQCD concluded that 
although few studies had heen conducted on !he link l>etween PM and infant mortality, !he •esearcb 
"suggested an association,,, particu\arly for post-neonates (U.S. EPA, I 996, 079380). In the 2004 PM 
AQCD, additional evidence was available on PM's effect on fetal and early postnatal development 
and mortality (U.S. EPA, 2004, 056905) and although sorne studies indicated a relaJ:ionship between 
PM and pregnancy outcomes, others did not. Studies identifying associations found that exposure te 
PM10 early duriug pregnancy (first month of pregnancy) or late in the pregnancy (6 wk prior te birth) 
were linked with higher risk of preterm birth, lncluding models adjusted for other pollutants, and that 
PMi., during the f!fst month of pregnancy was associaled with intrauterine growth restriction. 
However, other work did not identify relationships between PM 10 exposure and low birth weight. 
The state ofthe science atthat time, as indicated in the 2004 PM AQCD, was !hattlte research 
provided mixed results based on studies from multiple countries, and tbar additional research was 
required to better undcrstand the impact ofPM on pregnancy ouicomes and infant mortality_ 
Considering evidence from recent studies discussed below, along with p•evious .... QCD conclusions, 
epidemiologic studies consistently report associations betweeu PM:,0 and PM1 , exposure and low 
birtb weight and infant mortality, especially during the post-neonatal period. Animal toxicological 
evidence supports these associations with PM," but provides little mechanistic information or 
biological plausihility. Information on !he ambient concentrations ofPM1o and PM,,, in these study 
locations can be found in Table 7-5-
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7 A.1.1. Low Bi1h Weight 
A large number ofstudies ha ve investigated exposure to ambient PM and Iow birth weight al 

tenn, including a U.S. na.tional study, as well as two studies in the northeast U.S., and four in 
California. Parker and Woodruff (2008, 156846) linked U.S. birth records for singletons delivered al 
40-wk ge.station in2001-2003 duñng the months ofMarch, June, September aud Decemberto 
quarterly estimates ofPM exposure by county ofresidence and month ofbirth. They found an 
association between PM1o.2,, and birthweight (-13 g [95% Cl: -18.3 10 -7.6]) per 10 µgtm' increase), 
but no such association for PM"-'. 

Maisonet et aL (2001 , 01 6624) analyzed 89 ,557 births (I 994-96) in six northeastern cities 
(Boston and Springfield MA; Hartford CT; Phi!adelphiaand Pittsburgh PA; and Washington OC). 
Each city had three PM10 monitors measuring cvery sixth day. Results from mnltiple monitors were 
average<! in each city. E><posure was determined for each trimester ofpre!planCy and categorized by 
quartiles ( <25, 25-30, 31-35, 36-43 µglm') and 95th percentile (>43µg/m ). There was no increased 
risk for low birth weigbt at term associated with PM10 exposure during any trimester of pi-egnancy_ 
When birth weight was considei-ed as a continuous outcome, expooure to PM 10 was not associatod 
with a reduction in mean birth weight. 

In contras!, Bel! et al. (2007, 093256) reported positive associations for both PM25 and PM 10 
with birth weight in a study ofbirths (n - 358 ,504) in Connecticut and Massachusetts (1999-2002). 
Birth data indicated county, not street address or ZIP code, so women were assigned exposure based 
on county residence at delivery. The difference in birth weight per 10 µglm' associated with PM1, 
was -66.8 (95% CI: -77. 7 to -55.9) g. For PM 10 it was - I 1.1 (95o/o CI: -15.0 to -7.2) g_ The increased 
risk for low birth weight was OR ~ 1.054 (95% CI: 1.022-1.087) for PM, 5 and OR ~ 1.027 (95% CI: 
0.991-1.064) for PM1o, based on average exposure during pregnancy_ Reductions in birth weight 
were also associated with third trimester exposure to PM 10 and second and third trimester exposure 
to PM::i. ,_ Comparing this study to Maisonet et al. (200 I, 01 6624), a larger sa.mple size was able to 
detect a small increase in risk. In additíon, birth weight was reduced more by exposure to PM2, than 
by exposure to PM 10 . Measured PM,_, concentrations were not available in the earliec study. 

The Children's Health Study is a population based cohort of children living in 12 southem 
California communlties, selected on the basis of differing levels of air pollution (Salam et al., 2005, 
087885), as previously di<;cussed in Section 7.3. The chi!dren in grades 4, 7 and 10 were recruited 
through schools.A subset ofthio cohort (n ~ 6,259) were bom in California from 1975-1987. Of 
these, birth cerlificates were !ocated fbr 4,842, including 3,90 l infants born at term and 72 cases of 
low birth weight atterm_ Using the mother's ZIP code at the time ofbirth, exposure was determined 
by inverse distan ce weighting ofup to three PM10 monitors within 50 km ofthe ZIP code centro id. If 
there was aPM 10 monitor within 5 km ofthe ZIP code centroid (40% of data), cxposure fi-om that 
monitor was used. Exij?Sure was calculaled for the entire pregnancy, and for each trimeoter of 
prcgnancy. A 10 µglm increase in PM 10 during the third trimester rednced mean birth weight -10.9 g 
(95% CI: -21.1 to -0.ó) in single pollutant models, but became non-significan! in copollntant models 
controlling for !he effects of o,. Inc.-eased risks oflow birth weight (<2,500 g) were not statistica11y 
significan! (OR ~ 1.3 [95% CI: 0.9-1.9]). A strength ofthis study was the cohort data available 
included infonnation on SES and smoking during pregnancy.A limitation is !he assignment of 
exposure based on monitoring stations up to 50 km distant; this may have introduced substantial 
exposure misclassification obscuring sorne associations. 
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Table 7.S. Charaeterization of ambient PM concentrations from studies of reproductive, 
developmental, prenatal and neonatal outcomes and long-tenn exposure. 
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Parker et al. (2005, 087462) examined births in California within 5 miles of a monitoring 
station (n ~ 18,247). Only infunts bom at 40 wk gestation were inclnded. Thus ali infuuts were the 
sarne gestational age, and had been exposed in the same year. Exposure to PM2 ,, in quartiles ( <! 1.9, 
11.9-13.9, 14.0-18.4, > 18.4) was associated with decrements in birth weight_ lnfants exposed to 
> 13.9 µg/m1 experienced reductions in birth welght (third quartile -13.7 g {95o/o CI: -34.2 to 6.9), 
fourth quartile -36.1 g (95% CI: -55.8 to -16.5). These are larger reductions than have been seen in 
sorne other studies. However, this study reduced rnisclassification by including only women living 
within 5 miles of a monitoring station, and only included births at 40 wk gestation. Reducing 
misclassification should lead to a stronger association, ifthe association is causal. 

The effects of spatial variation in exposure were also investigated by Wilhelm and Ritz (2005, 
088668). Their study lncluded al! women living in ZIP codes where 60% ofthe ZIP code was within 
two mifes ofa monitoring station in the Southem California Basin, and women with known 
addresses in Los Angeles County within 4 miles ofa rnonitoring station. Exposure to average PM 10 
in the third trimester was analyzed for increased risk of low birth weight at term ~ 37-wk gestation). 
Analysis at the ZIP code leve! did not detect increased risk (per 10 µglrn' PM 10. OR ~ 1.03 [95% Cl: 
0.97 -1 .09]). However the analysis based on geoooded addresses indicated that increasing exposure to 
PM 10 was associated with increased risk oflow birth weight for women living within 1 rnile ofthe 
station where PM 10 was measured. Forthese women (n ~ 247 cases, 10,981 non-cases), each 
10 µgtm' increase in PM,, was associated with ~ 22% inc"'.ase in risk oftenn low bírth wei?ht 
(OR ~ l.22 [95% CI: 1.05-1.41]). In the categoncal analys1s, exposure to PM 10 >44.4 µg/m was 
associated with a43% increase in risk (OR ~ 1.48 [95% CI: 1.00-2.19]). Jncreased risk oflow birth 
weight also was associated with exposure to CO in single pollutant models. However, when 
multipollutant models were considered, the cffects ofCO wei:e attenuated but the effects of PMio 
increased. Controlling for CO, N02, and 0 3 , eacb 10 µ.glm' increase in exposure to PM 10 increased 
risk oflow birth weight 36% (OR ~ 1.36 [95% CI: 1.12-1.65]). 

Spatial variation in PM2,5 exposure was investigated by Basn et al. (2004, 087896). They 
included only mothers who lived within 5 miles ofa PM2~ monitor and within a California county 
with at leas! 1 monitor. To minimize potential confound!ng, they included only white (n ~ 8,597) or 
Hispanic (n ~ 8,114) women, who were married, between 20 and 30 yr ofage, completed at leas! 
high school and were having their first child. Consistently, PM2, exposure rneasured by the county 
monitor was more strongly associated with reductions in birth weight than exposure measured by the 
neighborhood monitor- The results were replicated in both the white and the Hispanic samples. 
Reductions in birth weight rangcd from 15.2 to 43.5 g per 10 µ.glm' increase in PM2 ,,. 

In thc remaining U .S. study, Chen et al. (2002, 024945) analyzed 33,859 birth certificates of 
residents ofWashoe County in northem Kevada (1991 1999). There were four siles monitoring PM10 
during the study period, it appears (not stated) that exposure was averaged over the county. A 
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l O µglmJ increase in exposure to PM,, during the third trimester of pregnancy was associated with 
an 11 g reduction in birth weight (95% CI: -2.3 to -19.8). Effects on risk oflow birth weight were not 
statistically significant:. F or exposure in the third tri.mester of 19. 77 to 44. 74 µglm' compared to 
<:19.74 µg/mº 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 l. l O (95% Cl: O. 71-1.71 ). 
Misclassification of exposure may have occurred when exposure was averaged o ver a laige 
goographic area (16,968 km2). 

Recent international studies investigatlng effects of particle.> on low birth weight inclnde one 
in Munich {Slama et at, 2007, 093216), two in Ganada (Srauer et aL, 2008, 1 56292; Dugandz:ic et 
al., 2006, 088631 ), two in Australia (Hansen et al., 2007, 090703· Mannes et al-, 2005, 087395), two 
in Taiwan (Lin et al., 2004, 089827; Yang et al., 2003, 087336) one in KoTea (Ha et aL, 2003, 
042552) and two in Sao Paulo, BTazil (Gouveia et al., 2004, 055613; Medeiros and Gouveia, 2005, 
089324). The majority ofthcse studies found that PM concentrations were associated with Iow birth 
weight, though two studies (Hansen et al., 2007, 090703; Lin et al., 2004, 089827} found no 
associations. The effect estimates were similar in magnitude to !hose reported in the U.S. studies. 

Considerations in lnterpreting Results of Low Birth Weight Studies 

Studies included subjects at distances from monitoring stations varying from as e lose as I mile 
or 2 km, to as far as 50 km or !he size ofthe county. Studies thaton!y included subjects living within 
a short distance (1 mile, 2 km) ofthe monitoring station (thus likely reducing exposure measurement 
en:or) were more likely to find that PM exposure was assO<":iated with increased risk of low birth 
weight. However, Basu et al. (2004, 037896) reported a stronger association l>etween PM2, e><posure 
and birth weight when exposure was estímated based on the courrty monitor, rat:herthan !he monitor 
within 5 miles ofthe residence. They suggest thatcounty leve! exposure may be more representativo 
ofwhere women spend theirtime, including not only borne, bnt also othertime spent away from 
home. Other pollntants also appeared to inflnence the risk associated with partic]e exposure. In one 
study, exposure to PM,0 in a single pollutant model rednced birth weíght by 11 g, but became non­
signlficant in copollutant models with O, (Salam et al., 2005, 087885). In another study the risk 
associated withPM:10 exposnre increased from 22'/o to 36% wben other pollntants were included in 
the model (Wilhelm and Ritz, 2005, 088668). Ali hui one stndy in the U.S. found sorne association 
between particle exposnre and reduced birtií welght (Maisonet et al., 200 I , O 16624). The resnlts of 
intemational studies werc inconsistent. This migh:t be related to !he chemical composition of 
particles in the U.S., OT to differences in tbe pollntant mixture. Stndies with null results must be 
inter¡ireted with Cll.ution when the comparison gronps bave significan! exposure. This was certainly 
the situation in stndies in Taiwan and Korea (Lee et al., 2003, 043202; Lin et al., 2004, 089827; Yang 
et al., 2003, 087886). Differences in geographlcal locations, stndy sarnples and Iinkage decisioru 
may contri.bnte to the diverse ftndi.ngs in the literature on the association between PM and 
birthweight, even within the U.S. (Parker and Woodruff, 2008, 156846). 

7.4.1.2. Preterm Birth 
A potential association of exposurc to airbome particles and preterm birth has been 

investigated in nllIIlerous epidemiologic studies, inclnding sorne conducted in the U .S. and othei-s in 
fureign countríes. Three U.S. stndies have been carried out by the same group of investigators in 
California. 

A natural expeTllrtent occtlrred when an Open-hearth steel mil! in Utah Valley was el o.sed ftom 
Augnst 1986 throngh Septembei- 1987. Parker et al. (2008, l 560 13) compared birth outcomes for 
L1tah mothers witl!in and outside ofthe Utah Valley, befo re, dnring, and afteT the mil! closure. They 
repcrt that mothers who were pregnant aTound tl!e time ofthe closure ofthe mil! were less likely to 
deliver prematurely than motl!ers who were pregnant befare or after. The strongest effect estimates 
were observed for exposure during the second trímester (! 4% decrease in risk of preterm birth 
dnring mil! closure J. Preterm birtb outside of the Urah Valley did nOt change during the time ofthe 
mili closure. 

In 2000, Rirz et al. {2000, O 1 2068) published the first study investigating the association of 
preterm binh with PM in the U.S. The study popnlation was women living in the sonthem California 
Basin. There were eight monitoring st:rtions measuring P:\1, 0 every 6th day during the stndy period. 
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Birth certificates (1989-1993) were analyzed for women living in ZIP codes within 2 miles of a 
monitoring stat:ion. Women with multip!e gestat:ions, chronic disease prior 10 pregnancy and women 
who delivered by cesarean section were excluded resulting in a study po_pulation of 48,904 women. 
The risk ofpreterm birth increased by 4% (RR ~ 1.04 [95o/o CI: l.02-l.6J) per 10 µgim' increase in 
PM,0 averaged in the 6 wk before birth. Exposure to PM 10 in the first month ofpregnancy resulte<! in 
a 3% increase in risk (RR ~ 1.03 [95% CI: 1.01-1.05)). These results were robust in multipollutant 
models. 

Wilhelm and Ritz (2005, 088668) reinvestlgated thls association amon~women in the same 
:uea In 2005, when a.ir pollution ha.d declined from a mean level near 50 µg/m to a mean leve! near 
40 µg/m3. Birth certificate data from 1994-2000 was analyzed forwomen living in ZIP codes within 
2 miles of a monitoring station, or with addresses within 5 miles of a monitoring station. No 
significan! effects ofexposuTe to PM10 were reported_ Exposure to PM,, 6 wk before birth resulted 
in an increase in preterm bírth (RR ~ l .19 [95% CI: 1.02-1 .40]) forthe highest quartile of exposUTe 
(PM2, >24.3 µg/m3). Using a continuous measure ofPM,,, there was a 10"/o increase in risk for each 
10 µglm' increase in pM,_, (RR = J. l O [95% CI: l .00-1.21 ]). 

There have been two major criticisms of aU pollution studies uslng birth certificate data. First, 
that birth certificates only indicate the address at birth and the exposure ofwomen who moved 
during pregnancy may be misc!assified; second, that information about sorne importan! confounders 
may not be available (e.g., smoking}. To obtain more precise informatiou aboutthese variables, Ritz 
et al. (2007, 096146) conducted a ca.< e-control study nested within a cohort of birth certificates (Jan 
2003-Dec 2003) in Los Angeles County. Births to women residing in ZIP codes (n = 24) close to 
monltoring stations or rnajor population centers or roadWll.)'S (n = 87) were eligible (n = 58,316 
birth.s). All cases of low hirth weight or preterm birth and an equal number of randomly sarnpled 
controls in the 24 ZIP codes close to rnouitors were selected. In the other 87 ZIP codes, 30% ofcaseo 
andan equal nurnber ofcontrols wei-e randomly sampled. Of6,374 worneu selected for the case 
control study, 2,543 (40o/o) wei-e interviewed. The association of preterm birth with exposure to 
PMLs differed betweeu wornen responding to the survey and women who did not respond. Among 
responders, exposure to ea,;h 10 µglm' increase in PM:'-5 concentration in the first trimester lncreased 
risk to preterm birth by 23% (RR = 1.23 [95% CI: 1.02-1.48)). There was no increa.<e in risk among 
uon-responders (RR = 0.95 [95% CI: 0.82- I .1 O]), or in the entire birth cohort (RR = l_QO [95% CI: 
0.94-1.07]). 

An additional case control study ofpreterm birth and PM,, exposure (Huyuh et al., 2006, 
091240) used California birth certificate data. Singleton pretenn iufunts (24-36·wk gestation) boro in 
California (1999-2000) whose mothers lived within 5 mile.s of a PM:u monitor were eligible. Each of 
these 1 0,673 preterm infants were matched to three term (39- to 44-wk gestation) controls (having a 
la.<t menstrual period within 2 wk ofthe case infant), TCSulting in a study populalion of 42,692. 
Controlling for maternal racelethnicity, education, marital status, parily and CO exposure, exposure 
to PM25 >17.7 µg/m' increased the risk ofpreterm blrth by 14% (OR = 1.14 [95% Cl: 1.07-1.23)). 
Averaging PM:i.5 exposure over the first month of pregnancy, the last 2 wk before blrth, or the entlre 
pregnancy did not substantially change !he risk estimate. 

Two addltional studies of pretenn birth and exposure to particulate air pollution have been 
conducted in the U.S. Each has u.sed a unique methodology. Sagiv et al. (2005, 087468) used time 
series to analy:ze births in four Pennsylvania counties between January 1997 and December 200 ¡. In 
this analysis, exposure to PM 10 is compared to !he rate ofprelerm births ea,;h day_ Both acute 
exposure ( on the day ofbirth) and longer tena exposure (average exposure for the preceding 6 wk) 
were considered in the analysis_ An advantage ofthis analysis is that days, rather than individuals are 
comp:rred, so confounding by individual risk factors is minimlzed_ For exposure averaged over the 
6 wk prior to birth, there was an increase in risk (RR = 1.07 [95% CI: 0.98-1.18]), which persisted 
for acule exposure with a 2-day lag (RR = 1.10 [95º/o CI: 1.00-1.21]) and 5-day lag (RR = 1.07 95% 
Ci: 0.98-1.18]). 

Rogers and Duulop (2006, 091232) exarnined exposure to paTticles and Tisk of delivery ofan 
infant weighing less than 1,500 g (all ofwhich were pretenn) from 24 countie, in Georgia_ The study 
included 69 pretenn, small for gestational age (SGA) infants, 59 preterm appropriate for gestational 
age {AGA) infunts and 197 term AGA control s. Ex¡>Jsure was estimated using an environmental 
transpon model that considered PM10 emissions from 32 geographically located industrial point 
sources, meteorological factors, and geographic Iocation ofthe birth home. Exposure was 
categorized by quartiles. Comp:rrlng women who delivered a pretenn AGA infant to !hose who 
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delivered a termAGA infant, exposure to PM1o>15.07 µglm3 tripled the risk (OR ~ 3.68 [95% CI: 
1.44-9.44]). 

Brauer et al. (2008, l 56292) evaluated the impacts of PM2~ on preterm birth using 
spatiotemporal exposure metrics in Vancouvei-, Canada. The authors found similar results when they 
nsed a land-use regres.sion mo<lel or in verse distance weighting as the exposure metric. For preterm 
births <37 wk, they reported an OR of 1.06 (95% CI: \.01-\.11), and fur preterm blrths <35 wk the 
OR increased to \.12 (95'A> CI: 1.02-1.24). There were no consisten! trends forearly or late 
gestational period to be more strongly associated with preterm births. 

Sub et al. (2008, 192077) conducted a study to determine if the effects of exposure to PM10 
during pregnancy O!! preterm delivery are modified by maternal polymorphi.sms in metabolic genes. 
They aualyzed the effects ofthe gene-enviromnent interaction between the GSTMI, GSTTI, 
CYP!al·T6235C and -l462V polymorphisms and exposure to PM 10 during pregnancy on preterrn 
birth in a case-control study in Seoul, Korea. PM10 concentration;:: 75th peroentile alone was 
significant in the third trimester of pregnancy (OR = 2.33 [95% CI: 1.33-4.80]), but not in the first or 
second trimester. Tbe risk ofpreterm delivery conferred by the GSTMI null genotype was increased, 
and the highestrisk was found during the third trimester ofpregnancy (OR = 2.58 [95% CI: 
1.34-4.97]). Tbere we•e no statistica! associations with the GSTT! or CYP!Al genotypes. When the 
gene-environment intera.ction was analyzed, the risk for preterm bírth was suhstantially higher for 
women who carried the GSTMl null genotype and were exposed to bigh Ievels ofPM 10 (;". 75th 
percentile) than for tbose who canied the GSTMI positive genotype but were only exposed to low 
levels of PM10 (<75th percentile) during the thiid trimester of pregnancy (OR = 6.22, 95% CI: 
2.14-18.08). 

In Incbeon, Korea, Leem et al. (2006, 089828) estimated PM10 exposure spatially as well as 
temporally. Exposure was based on 26 monitors and kriging was used to determine exposure for 120 
dongs (administrative districts, mean area 7.82 km', median area 1.42 km'). The silmple included 
52,113 births, from 2001-200~. PM10 was very weak!y conelated with other pollutants. Exposure 
was compared in quartiles fur the first and third trimester of pregnancy. In the fiTS! trimester, relativo 
risks forthe 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 RR = I .24 (95% CI: 1.09-1.41 ), respectively. Exposure to PM10 in quartile one 
(reference group) was 26.9-45.9 µglm'; fourth quartile exposure equaled 64.6-106.4 µglm'. The 
p-value furtrend was 0.02. Exposure in the third trimester was notrelated to preterm birth, however 
no information was provided to determine bow expo.surc in the third trimester was adjusted for 
women wbo de\ivered preterm. 

Two studies investigating risks of preterm birth related to partí ele exposure have been Teported 
from Australia. In Brisbane, Hansen et al. (2006, 0898 J 8) studied 28,200 births (2000-2003) in an 
area of low PM1a concentrations. Exposure to an interquartile range increase in PM10 exposure in the 
fust trimester resulted in a 1 5% increased risk of preterm hirth (OR = \ _ 15 [95o/o CI: 1 .06-1.25])­
This result was strongly influenced bythe effect ofPM 10 exposure in the firstmonth ofpreguancy 
(OR = 1.19 [95% Cl: 1.13-1.26]). PM10 was correlated with O, (r ~ 0.77) in this study ando, also 
increased risk in tbe fust trimester. No effects were associated with exposure to PM 10 in the tblrd 
trimester. 

In Sydney, associations between exposure to particles and preterrn birth varied by season. 
Jalaludin et al. (2007, 15660 1) obtained information on al! births in metropolitan Sydney 
(1998-2000). Exposure to PM,_, in the 3 mo preceding birth was associated with an increased risk of 
¡rreterm birth (OR = 1.11 [95% C(: 1.04-1.19]). Addltional effects were dependen! on season of 
conceptlon. Both PM1a (OR = 1.3 [95% CI: 1.2-1.5]) and PMo.., (OR = 1.4 [95% Cl: 1 .3- J .6]) were 
associated with incTeased risk for conceptions in the winter. Conceptions in summer were associated 
with reductions in Tisk (PM10 OR = 0.91 [95% Cl: 0.88-0.93)) (PM2, OR = 0.87 [95o/o CI: 
0.84-0.92]). Dueto botb positlve and ncgative findings, the authors recommend caution in 
inter¡rreting their results. 

Considerations in Analyzing Environmental Exposures and Preterm Birth 

A major issue in studying environmental exposures and preterm birth is selecting the relevan! 
exposure period, since the biological mechanisms leading to preterm hirth and the critica! periods of 
vulnerability are poorly understood (Boba!<, 2000, O l l 448). Exposures proximate to the birth may he 
most relevant if exposnTe causes an acute effect. However, exposure occurring in early gestation 
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birth weight for gesllrtional age. In this study there was a,st:ttistically significan! effect of exposure to 
both PM 10 (OR - 1.10 [95% CI: 1.00-1.48], pei- 10 µglm increa<e) and PM2, (OR - 1.34 [95% CI: 
1.1 0-1.63], per 1 O µg/m 3 increase) for exposure during the second trimester. When analysis was 
restricted to births within 5 km of the monitoring stariorr, the association fOT PM 10 became slightly 
stronger (OR - 1-22 (95% Cl: 1.10-1.34]). Exposure during other trimesters ofpregnancy was not 
associated with IUGR. 

In Brisbane, Haru;en et aL (2007, 090703) examined head circumference (HC), crownheel 
length (CHL) and risk ofSGA, defined as le.<s than the tenth percentile ofwe!ght for gestational age 
and gender based on an Australian national standard. Tuere was no consisten! relatioru;hip b<:tween 
PM 10 exposure and SGA,HC or CHL in any trimester ofpregnancy. PM10 exposure was determine<! 
by averaging values from the five monitoring stations_ Dueto the sample size and Iimited number of 
monitoring stations, it was not possible to analyze the data for women living within 5 km ofa 
monitoring station, as was done in Sydney. 

In Canada, Liu et al. (2007, 090429) investigated the effect of PM2~ exposure on fetal growth 
in three cities, Calgary, Edmonton and Montreal. lUGR was defined as birth weight l>elow the tenth 
pereentile, by sex and gestational week (37-42) for all singleton live births in Canada between I 986 
and 2000. Models were adjusted for materna\ age, parity, infant sex, season ofbirth, city of 
residence, and year ofbirth. A 1 O µglm' increase in PM1,, was associated with an increased risk for 
IUGR (OR ~ 1.07 (95o/o CI·. 1.03-1.10]) in the first trimester, and slmilar risks were associated with 
exposure in the second or third trimesters. The e:Efect of PM2~ was reduced in multipollutant models 
including CO and NOi. 

Brauer et al. (2008, 156292) observed consistent increased risks ofSGA for PM2'i PM,o, N02, 

NO and CO in Vancouver, Canada (20% increase in risk in PM2, and PM10 per 10 µg'm increase)_ 
The effects were similar for exposure estimares hased on nearcst monitor, inverse distan ce 
weighting, and land-use regression modeling. OR.s for early or late pregnancy exposure windows 
were remarkably similar to those for the ful! duration ofpregnancy-

7.4.f.4, Birth Defects 
Four recent studies examined PM and birth defects. The Seonl, Korea study discussed above 

also considered congenital anomalies, defined as a defect in the child's body structure (Kim et al., 
2007, 1 56642). PM ,0 levels were associated with higher risk of birth defects for the second trimester, 
with a 16% (95% Cl: 0-34) increase in risk per 10 µgtm' in PM 10. 

Two U.S. studies examined air pollution and risk of birth defects. Data were collected from the 
California Birth Defects Monitoring Prograrn for four counties in Southern California (Los Angeles, 
Riverside, San Bernardino, and Orange) for the period 1987-1993, although each county included a 
subset of this period (Ritz et al., 2002, 023227). Cases (Le., infarrts with birth defects) wete 
identified as live birth infants and fetal deaths from 20-wk gestation to 1 yr post-birth, with isolated, 
mnltiple, syndrome, or chromosomal cardiac or oro fu.cía! cleft defects. Cases were restricted to !hose 
with registry data for gestational age and residence ZIP code, and those with residences <10 miles 
from an air pGllution monitor. Six types of categories were included: aortic defects; atrinrn and 
atrium septum defects; endocrina! and mitral value defects; pubnonary artery and valve defects; 
conotruncal defects; and ventricular septal defects not par! of the conotruncal category. PM 10 

measurements were available every 6 days. While results indicated increased risk ofbirth defects fbr 
higher levels of CO or O,, the authors detennined that resnlts for PM 10 were inconclusive, flilding no 
consistent trend of effect after adjustment for CO and o,_ 

The other U.S. study exarnined birth defects through a case-control design in seven Texas 
counties for the period 1997-2000 (Gil boa et al.. 2005, 087892). Births were excluded for parents 
<J 8 yr and severa! non-air pollution risk factors known to be associated with birth defects ( e.g_, 
maternal diabetes, holoprosencephaly in addition to oral clef). Compari.son ofthe highest 
(2: 29.0 µglm') and Iowest (<19.521 µglm') quaniles ofPM10 for exposure defined as the th.ird to 
eighth week ofpregnancy generaied an OR of2.27 (95% CI: 1.43-3.60) for risk of isolated atrial 
septal defects and 1.26 (95% CJ: 1.03-1.55) fbr individual atrial septal defects. Including other 
pollutants (CO, N00, o,, SO,) in the mode] did not greatly alter results; numerical results for 
copollutant analysis were not provided. Strong evidence was not observed for a relationshlp between 
PM 10 and the other birth defect categories. Review articles have concluded that the scientific 
literature is not sufficient to conclude a relationship hetween air pollution and birth defects (Sram et 
al., 2005, 087442). 
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birth weight foT gestational age. In this study there was a statistically significant effect of exposure to 
both PM10 (OR ~ 1.10 [95% CI: 1.00-J.48], per 10 µgtm' increase) and PM,~ (OR ~ 1.34 [95% CI: 
I _¡ 0-1.63 ], per 1 O µglm' increase) for exposure during !he second trimester. When analysis was 
restricted to births within 5 km of !he monitoring station, the associat::ion fur PM10 became slightly 
stronger (OR ~ 1.22 [95% CJ: 1.1 0-1.34]). Exposure during other trimesters of pregnancy was not 
associated with IUGR. 

In Brisbane, Han.sen et al. (2007, 090703) examined head circumference (HC), crown heel 
Iength (CHL) and risk ofSGA, defined as Jess than the tenth percentile ofweight for gestational age 
and gender based on an Australian national standard. There was no consistent relation.ship between 
PM10 exposure and SGA, HC or CHL in any trimester ofpregnancy. PM 10 exposure was detennined 
by averaging va]ues from the five monitoring stations. Due tothe sample size and limited number of 
monitoriug statioru;, lt was not p<>ssible to analyze the data for women living wíthin 5 km ofa 
monitoring station, as was done in Sydney. 

In Canada, Liu et al. (2007, 090429) investigated the effect ofPM2.5 exposure on fetal growth 
In three cities, Calgary, Edmouton andMontreaL IUGR was defined as birth weight below the tenth 
percentile, by sex and gestational week (37 -42) for all sin¡;leton live birth.s in Canada between 1986 
and 2000. Models were adjusted for materna.1 age, parity, mfu.nt sex, sea.son ofbirtb, city of 
residence, and year ofbirth. A 1 O µglm' increase in PM,_,. was assCK:iated with an increased risk for 
JUGR (OR - 1.07 [95% CI: J .03-1.1 O]) in the first trimester, and similar risks were associated with 
exp<>sure in the second or third trimesters. The effect of PM, s was reduced in multipollumnt rnodels 
including CO and N02. 

Brauer et al. (2008, 1 56292) observed consisten! increased risks of SGA for PM2 '\¡ PM 10, NO,, 
NO and CO in Vancouver, Canada (20% increase in risk in PM, 5 and PM10 per 10 µglm increase). 
The effects were similar for exposure estimates based ou nearest monitor, inverso diotance 
weiglrting, and land-use regression modellng. ORs for early or late pregnancy exposure windows 
were remarkab!y similar to those fur the full duration of pregnancy. 

7.4.1.4. Birth Defects 
Four recen! studies examined PM and birth defects. The Seoul, Korea study discussed above 

also considered congenital anomalies, defined as a defect in the child's body structure (Kim et al., 
2007, 1 56642). PM10 levels were associated with higher risk of birth defects for the second trimester, 
with a 16% (95% CJ: 0-34) in crease in risk per 10 µg/m' in PM 10. 

Two U.S. studies examined air pollution and risk ofbirth defects. Data were 0-0llected from the 
California Birth Defects Monitoring Program for fon< counties in Southem California (Los Angeles, 
Riverside, San Berna.dino, and Orange) forthe period 1987-1993, altbough each county included a 
subset oftbis period (Ritz et al., 2002, 023227). Cases (i.e., infunts with birth defects) were 
identified as live birth infunts and fetal deatlli; from 20-wk gestation to 1 yr post-birth, with isolated, 
multiple, syndrome, or chromosomal cardiac or oro facial cleft defects. Cases were restricted to those 
with registry data fur gestational age and residence ZIP corle, and those with residences <10 miles 
from an air p<>llution monitor. Six types of categories were included: aortic defects; atrium and 
atrium septum defects; endocrina! and mitral value defects; pulmonary artery and val ve defects; 
conotruncal defects; and ventricular septal defects not part ofthe O-Onotruncal category. PM 10 

measurements were available every 6 days. While results indicated increased risk ofbirth defects for 
higher levels of CO or o,, the anthors determined that results for PM 10 were inconclusive, finding no 
consisten! trend of effect aftei- adjustmerrt fur CO and o,. 

The other U.S. study examined birth defects through a case-control design in seven Texas 
counties for !he period 1997-2000 (Gilboa et al., 2005, 087892). Births were excluded for parents 
<l 8 yr and severa! non-air pollntion risk factors known to be associated with birth defects ( e.g., 
maternal diaberes, holoprosencephaly in addition to oral clef). Comparison of the highest 
(2: 29.0 µglm') and 1owest ( <l 9 .521 µglm') quartiles of PM,, for exposnre defined as the third to 
eighth week ofpregnancy generated an OR of2.27 (95o/o CI: 1.43-3.60) for risk ofisolaled atrial 
septal defects and 1.26 (9 5% Cl: 1.03-1.55) for individual atrial septa! defects. lncluding other 
pollutants (CO, NO,, O,, SO,) in the model did not greatly alter rosults; numerical results for 
copollntanr analysis were not provided. Stroug evidence was not observed for a relationship between 
PM, 0 and the other birth defect categories_ Review articles ha ve conclnded that the scientific 
literature is not snfficienl to 0-0nclude a relationship between air polln1ion and birth defects (Sram et 
al., 2005, 087442). 
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A recent rtudy of oral clefts condncted in Taiwan found no association between this birth 
defecl and concentration.s ofPM 10 duringthefust or second gestational month (Hwang and Jaakkola, 
2008, J 93794). This population-based case-control study included 653 cases anda random sample of 
6,530 controls born in Taiwan between 2001 and 2003. 

7.4.1.5. lnfant Mortality 
Many studies have identified strong associations l>etween exposure to particles and increased 

risk ofmortality in adulm or the general population, including for short- and long-term exposure 
(Sections 6.5 and 7.6). Less evidence is available for the potential impact on infant mortality, 
although studies have been conducted in severa! countries. The results of these inf.mt mortality 
studies are presented here with the other reproductive and developmental outcomes l>ecause it is 
likely that in vitro exposures contribute to this outcome. Both long-term and short-term exposure 
studies ofinfant mortality are included in this section_ Results on PM and in:funt mortality includes a 
range of findings, with sorne studies finding associations and many statisticaily non-significan! or 
null effects. Y et, more consistency is observed when results are dívided into the type ofhealth 
outcome based on !he agc of infant and cause of death_ 

An importan! que.<tion regarding !he association l>erween PM and infanl mortality is the 
critica! window of exposure during developmerrt fur which infants are susceptible. Severa! age 
intervals ha ve been exp\ored: neonatal ( <l mo ); infants ( <! yr); and postneonatal (1 mo- 1 yr). 
Within these various age categories, multiple causes of deaths have been investigated, particularly 
total deaths and respiratory-related deaths- The studies reflecta variezy of study designs, particle size 
ranges, oxposure periods, reglons, and adjustment for confuunders. 

stillbirth 

Only one study ofstillbirths and PM was identified. A prospective cohort ofpregnant women 
in Seoul, Korea from 2001 to 2004 was examined with respectto exposure to PM10 (Kim et al., 
2007, 156642). Gestational age was estimated by the last menstrual period or by ultrasound_ 
Whereas many ofthe previously discussed studies ofPM and pregnancy outcomes werc based on 
national tegistries, lhis study examined medical records and gathered individual information through 
interviews on sociocconomic condition, medical history, pregnancy complications, smoking, second­
hand smoke exposure, and alcohol use. Mother's exposure to PM 10 was based on residence for each 
month ofpregnancy, each trimester defined as a !hree month period, and the 6 wk prior to death_ 
Exposure was assigned by the nearest monitor. A 1 O µglm' increase in PM10 in the third trimester 
was associated with an 8o/o (95% CI: 2-14) increase in risk ofstillbirtb. 

In Sao Paulo, Brazil, Poisson regression of stillbirth counts for the period 1991-1992 found 
that a 1 O µglm' increase in PM 10 was associated with a 0.8% increase in stillbirth rates (Pereira et al., 
1998, 007264 l. When other pollutants (NO,, SO,, CO, 0 3) were included simultaneously in the 
model, the association did not remain. Stillbirths were defined as fetal loss at >28 wk of pregnancy 
age, weight > 1 ,000 g, or length of fetus > 35 cm. 

Ne<.inatal Mortality and Neonatal Respiratory Mortality, <1 Month 

Studies on PM. and neonatal mortality ( <l month) inclnded a time-series analysis of PM 10 for 
4 yr of data (1998-2000) fur Sic> Paulo, Brazil (Lin et al., 2004, 095787). The analysis used dai!y 
counts of deaths from govem.ment registries and adjusted for temporal trend, day ofthe week, 
weather, and holidays. Findings indicated that a 1 O µglm' increase in PM 10 was associated with a 
1.71 % (95% CI: 0.31-3.32) increase in risk of neonatal dea!h. 

A case-crossover study of 11 yr (1989-2000) in Southem California did not find an association 
between PM 1o and neonatal dcaths (Ritz et al., 2006, 089819). Quantitative results were not 
provided. The authors considered adjustment for season, county, parity, gender, prenatal care, and 
maternal a.ge, education, and race/ethnicity. 

These results add lo previous work on PM and neonatal death, including studies identifying 
higher rlsk of neonatal monality with higher TSP in the Czech Republic in an ecologica! analysis 
(Bobak and Leon, 1992, 044415) and case-crossover study (Bobak and Leon, 1999, 007678), anda 
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Poisson model study in Kagoshima City, Japan (Shinkura et al., 1999, 090050). An ecologica! study 
evaluated U.S. PM10 data fo< the year 1990 using long-term pollution levels in 180 U.S. countios 
(Lipfert et al., 2000, 0041 03). Analysis considere<! birth weighl, sex, month of birth, location by state 
and county, prenatal care, and mother's race, age, educational leve!, marital starus, and smoking 
status. County-leve! variables were Included for socioeconomic status, altirude, and climate. Results 
indicate a 13.1% increase in neonatal mortality (95o/o CI: 4.4-22.ó) per 10 µgtm' PM10 fornon-Iow 
birth weight lnfants. Statistically significan! associations were also observed considering all infants 
or low birth weight infants. However, hlgher leve Is of 800 were associated with lower risk of infant 
mortality. \Vhen sulfate and an est:imate of non-sulfate particles were included in the regression 
simultaneously, associations "·ere observed with non-sulfute particles andan in verse relationship 
with sulfate part:icles. Respiratory neonatal mortality was not associated with bigher TSP in !he 
Czech Republic case-control study (Bobak and Leon, 1999, 007678). 

lnfant Mortality and lnfant Respiratory Mortanty, <1Year 

Alitei:ature search dld not reveal new studies on PM and infant mortality (<l year) since the 
previous PM AQCD. Previously conducted studies include a case-control study that reported 
associations between infant mortaljty and TSP levels ovei: the period between birth and death for 
infants in the Czech Republic (Bobak and Leon, 1999, 007678).An ecological study evaluated U.S. 
PM10 data for the year 1 990 using long-term pollution levels in 180 U.S. counties (Lipfert et al., 
2000, 00410:0). The authors found a 9.64% (95% CI: 4.60-14.9) increase in risk ofinfantmortality 
for non-low birth weight infants per 10 µglm1 increase in PM 10, a 13.4o/o (95º/o CI: -10.3 to 43.5) 
increase in non-low birth weight respiratory-disease related deaths (ICD 9 460-519) and a 19.5% 
(95o/o CI: 0.07-42.8) increase in ali non-low birth weight respiratory-related infant deaths (ICD 9 
460-519, 769, 770). 

Postneonatal Mortality and Postneonatal Respiratory Mortality, 1 Month-f Year 

Severa) studies ha ve been conducted on PM and postneonatal mortality since the previous PM 
AQCD, including three fi-om the U.S., one from Mexico,and threc fi-omAsia. Two case-control 
studies examined the risk ofPM to postneonatal death in California. Research focused on Southern 
California foT the period 1989-2000 linked birth and death certifícates and considered PM 10 2 mo 
prior to death with adjustment for prenatal care, gender, parity, county, season, and mother's age, 
raoo/etbnicity, and education (Ritz et al., 2005, 08981 9). As previously noted, this study did not find 
an association between PM10 and neonatal mortality Í <:J month), bowever an association was 
observed for post-neonatal mortality, with a 10 µglm increase in PM 10 associated with a4% (95% 
CI: 1-6) increase in risk. The exposure period of2 wk before death was also considcred, producing 
effe<:t estimates of 5% (95% CI: 1-1 O) f01; tbe same PM10 increment Even larger effect estímate< 
were observed fOT those who died ar ages 4-12 mo. When CO,N02, and O, were simultaneously 
inclnded with PM10 in the modcl, the central estimatc reduced to 2% fur !he 2-wk exposure period 
and 4% for the 2-mo exposure period, and both estimates lost statistical significance. The other case­
control srudy of California considcred PM2, from 1999 to 2000 for infunt:s boro to mother:¡ witbin 
five miles of a PM2, monitoring station (Woodtuff et al., 2006, 083758). Infunts who died during the 
postneonatal period were rnatched to infant:s with date ofbirth within 2 wk and birth weight 
category. Exposure was estimated from the time ofbirth to death. Models oonsidered parity and 
maternal race, education, age, and martial status. A 1 O µglm' increase in PM2~ was associated with a 
7% (95% CI: -7 to 24) increasc in postneonatal death 

County-level PM 10 and PM25 forthe first 2 mo oflife for births in urban U .S. counties 
(2: 250,000 residents) from 1999 lo 2002 were e'aluated ln relation to postneonatal mortality with 
GEE models (\l/oodruff et al., 2008, 09$386). Births were restrícted to singleton births with 
gestational age ::; 44 wk, same county of residence at birth and death, and non-missing data on birth 
ordei-, birth weighl, and maternal rae e, educalion, and martial stahIB. Higher levels of eithor PM 
metric were assooiated with higher risk ofpostneonatal mortality, with 4% (95% Cl: -1 to 10) 
increase in mortality risk per 10 µglm 3 in PM10 and 4% (95% Cl: -2 to 11) increase in mortality risk 
for the same increment of PM,~- This work bullds on a pTcvious study of86 U.S. urban areas from 
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1989 to 1991, findlng a 4o/, (95o/o CI: 2-7) increase in postneonatal mortality per 10 µglm3 county­
leve! PM 10 over the first 2 mo oflife (Woodmff et al., 1997, 084271 ). 

In Ciudad Juarez, Mexico, a case-crossover approach was applied to data from 1997 to 2001 
based on death certificates and the cumu!ative PM 10 forthe day ofdeath and previous two days 
(Romieu et al., 2004, 093074). A case-.crossover study ofKaohsiung, Taiwan from 1994 to 2000 
compared the avei:age ofPM10 on !he day ofdeath and two prevlous days to PM10 in control periods 
a week befare and week after death (Tsai et al., 2006, 0907091.Asimilar approach was also applied 
to 1994-2000 data from Taipei, Taiwan, also using case-.crossover methods for tbe lag 0-2 PM 10 with 
referent periods the week befure and after death (Yang et aL, 201){), 090760). In these case-crossover 
studies, seasoo was addressed through matching in the srudy design. A 10 µglm' increase in PM 10 
was associa.ted with a 2.0% (95% CI: -2.8 to 7.0) increase in the Mexico study, a 0.59 (95% CI: -15.0 
to 18.8) increase in postneonatal death in !he Kaohsiung study, anda 1.02% (95% CI: -13.2 to 17.6) 
increase in the Taipei otudy. A study in Seoul, South Korea from 1995 to 1999 used time-serles 
approaches adjustetl for temporal trend and weather, based on national death registrles excJuding 
accidental deaths (Ha et al., 2003, 042552). A 10 µglm' increase in PM10 was associated with a 
3.14o/o (95% CI: 2.16-4.14) lncrease in risk of death for postneonates. 

A subset of the studies examining postneonatal morta!ity also considered the subset of 
postneonatal deaths from respirill:ory causes. These lnclude !he time-series study in South Korea, 
finding a 17.8% (95% CI: 14.4-21.2) increase ln respiratory-morta\ity per 10 µg/m3 increase in PM,0 
(Ha et al., 2003, 042552j. and the case-crossov<:r study in Mexico, for which the sanie increment in 
PM 10 was associated wií a 1.5% (95o/o Cl: -14.I to 13.0) decrease ln risk (Romieu et al., 2004, 
093074). Both California case-oontrol studies identified assoclations, with a 5% (95% Cl: 1 -1 O) 
increase in risk in Southem California (Rltz et al., 2006, 089819) and 57.4% (95% Cl·. 7.0-132) 
increase in California per 10 µglm' PM 10 (Woodruffet al., 2006, 088758). The U.S. study found this 
increment in PM 10 to be linked with a 16% (95% CI: 6.0-28.0) increase in respiratory postneonatal 
mortality, although effect estirnates for PM,_,. were not statlsticaUy significan! (Woodruff et al., 2008, 
098386). Earlier studles on respiratory-related postneonaml morta!lty includc the study of 86 U .S. 
nrban a.reas, fmding statistically significant effects (Woodruff et al., 1997, 084271 l. 

Sudden lnfant Death Syndrome 

Three studies examining the relationship between PM and sudden infant death syndrome 
(SIDS) have heen pub!ished from 2002 onward. These studies examined infunt mortality and were 
thereby discussed in this section previously. A case-control study overa 12-year period (1989 to 
2000) matched 10 controls to deaths (cases) in Southern California (Ritz et al., 2006, 089819). A 
10 µglm' iucrease in PM10 the 2 rno prior to death was associated with a3% (95% CI: -1 to 8) 
increase in SIDS. Adjusted for other pollutants (CO, N02, and O,), the effect estimate reduced to 1% 
(95% CI: -5 to T). 

A case-control study, also based in California, fonnd an OR of 1.008 (95% CI: 1.006-1.012) 
per 10 µglm' increase in PM,,,, oonsidering a SIDS definition ofICD 10 R95 (Woodruffet al., 2006, 
088758). Dueto changes in SIDS diagnosis, anoth<:r SIDS definition was explored for !CD 10 R99 
in add1llon to !CD 10 R95. Underthis SIDS definition, !he effect estimare changed to 1.03 (95% CI: 
0.79-1.35). The authors also examined whether the relationship between PM;,,, and SIDS differed by 
season, frnding no siguificant diff<:rence. PM10 and PM,0.2,, were not associated with risk of SIDS; 
numerical results were not provided for these PM metrics. The third recen! study ofPM and S(DS 
examined U.S. urban connties from 1999 to 2002 (Woodruff et al., 2008, 098386). Statistically non­
significant relationships were observed between SIDS and PM 10 or PM,_,. in the first 2 mo of life. 

These studles add to earlier work, such as a U.S. study that fonnd higher rlsk of SIDS with 
higher annnal PM,,, le veis, including in a separate analysis of normal birth weight infunts (Lipfen et 
al., 2000, 004103), anda U.S. study identifying a 12% (95% CI: 7-17) lncrease in SIDS risk p<:r 
10 µg!mº in PM,0 forthe first2 mo oflife for normal weight births (Woodruff et al., 1997, 084271 l. 
A srudy based on Taiwan found higher SIDS risk with \ow<:r visibility (Knllbel et al., 1995, 155905), 
whereas a 12-city Canadian time-s<:ries study identificd no significan! associations (Dales et al., 
2004, 087342). 

Deaths by SIDS w<:re identified by diff<:rcnt methods in the studies, partly dueto transltion 
from ICD 9 to ICD 10 codes, but also dueto different choices within the research dcsign. Two 
studies examined multiple approaches (!CD 10 R95, !CD 10 R95 and R99) (Woodruffet al., 2006, 
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088758; Woodruff et al., 2008, 09!!386), and other studies investigated ICD 9 798.0 and ICD 10 R95 
(Ritz and Wilhelm, 2008, 156914), !CD 9 798.0 (Woodruffetal., 1997, 0&427)), !CD 9 798.0 and 
799 .0 (Kn6bel et al., 1995, 155905), as well as a sudden unexplained death of infunt <! year fur 
which an autopsy did not identify a specific caw;e of death (Dales et al., 2004, 087342). These 
variations in the defmition ofhealth oirtcomes add to djfferences in populations and study de.signs. 

Although sorne findings indicate a potential effect of PM on risk of SIDS, wlth the strongest 
evidence perhaps from the cas~ontrol study in California (Woodruff et al., 2006, 0887581, others 
do not find an effect or observe an uncertain association. For the relationship between PM and SIDS, 
a 2004 review article concluded corui>tent evidence exists compared to evidence for other lnfunt 
morta!ity effects (Glinianaia et al., 2004, 087898), whereas othei: reviews found weake, or 
insufficient evidence (Heinrich and Slama, 2007, 1 56534 ). Anothei: review concluded that the 
scientific literature on air pollution and SIDS suggests an effect, bnt tha1 fnrther research is needed to 
draw a conc!usion (Tong and Colditz, 2004, 087883). 

Considerations for Comparisons across Studies 

Comparison of resu!ts across studies can be cha!lenging dne to severa\ is.>ues, including 
differences in methodologies, populatious and stndy areas, pollution levels, and the exposure 
timeframes used. Given the large variation in stndy designs, !he methods to address potential 
confounders vary. For example, weather and season were addressed in !he case-control studies by 
matching, in !he time-series study through non-linear functions of tempei:ature and temporal trend, 
and in the ecological stndy tluougb county-level variables. Ali studies included considei:atiou of 
seasona!ity and weather. Researchers used di:fferent deflnitions of respiratory-related deaths, 
including ICD 9 460-519 (Bobak and Leon, 1999, 007678; Lipfert et al., 2000, 004103); !CD 9 
460-519, 769-770 (Lipfert et al., 2000, 0041 03); lCD 9 460-519, 769, 770.4, 770. 7, 770.8, 770.9, 
and !CD 10 J00-J98, P22.0, P22.9, P27.J, P27.9, P28.0, P28.4, P28.5, and P2&.9 (Rítz et al., 2006, 
0898191; and !CD 9 460-519 and !CD 1 O JOO-J99 for anY cause on death certificat:e (Romieu et al., 
2004, 093074~; !CD I O J00-99 and P27. I excluding J69.0 {Woodtuff et al., 2006, 088758· Woodruff 
et al., 2008, O 8386); and !CD 9 460-519 (Woodraff et al., 1997, 084271 ). 

Socioeconomic conditions were included at the individual level, typically maternal education, 
in many studies (e.g., Bobak and Leon, 1999, 007678;Ritz and Wilhelm,2008, 156914· Ritz et al., 
2006, 089819; Woodruff et al., 1997, 084271; Woodtuff et al., 2006, 088758) and at the community­
level in others (e.g., Bobak and Leon, 1992, 044415; Penri.a and Duchiade, J 991, 073325) or for both 
individual and community-level data (e.g., Lipfert et al., 2000, 0041 03). The time-series approach is 
unlikely to be confounded by socioeconomic and other variables that do not exhibit day-to-day 
variation. Similarly, case-cros.>over methods use each case as hislher own control, thereby negating 
the need for individual-leve! confounders such as socioeconomic status { e.g., Romieu et al., 2004, 
093074; Tsai et al., 2006, 090709; Yang et al., 2006, Q90760l. All studies published after 2001 
incoiporllted Individual-leve! socioeconornic data or were of case-cross o ver or time-sei:ies design. 
One study specifically examined whether socioeconomic status modified the PM and mortality 
relationship, dividing subjecis into three socioeconomic stnrta based on !he ZIP code of residence at 
death (Romieu et al., 2004, 093074). This work, based in Mexico, found that at lowei: socio--. 
economic levels the association between PM,0 and postneonatal mortality increased. Although the 
overall as.>ociation showed higber risk of death with higher PM,0 with statistical uncertaínty, for the 
lowest socio-economic grou;>, a I O µglm3 increment in cumulative PM 10 ovei: the 2 days before death 
was associated witb a 60% (95% CI: 3-149) increase in postneonatal death.A trend ofhigher effect 
for lower socio--.economic condition is observed in all 3 lag structures. 

Studies differ in tenru; ofthe time frame of pregnancy that was used to estimare exposnre. 
Exposure to PM for infant mortality (<1 yr) was estimated as the leve Is between birth and death 
(Bobak and Leon, 1999, 007678), annual community leve!s (Lipfert et al., 2000, 004103; Penna and 
Duchiade, I 991, 073325) and the 3-5 days prior to death (Loomis et al., 1999, 0872881. For neonatal 
deaths, exposure timeframes considered were the lime between birth and death (Bobak and Leon, 
I 992, 044415; Bobak and Leon, 1999, 007678), annnal levels (Bobak and Lean, 1999, 007678; 
Lipfert et al., 2000, 004103), monthly levels (Shinkura et al., 1999, 0900501, the same day 
concentrations (Lin et al., 2004, 025787), and the 2 mo or 2 wk prior to death (Ritz et al., 2006, 
089819). Postneonatal mortality was assoc!ated with PM concentrations based on annual levels 
(Bobak and Leon, 1992, 044415; Lipfert et al., 2000, 004103). between hirth and death (Bobak and 
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Leon, 1999, 007678; Woodruff et al., 2006, 088758), 2 mo before death (Ritz et al., 2006, 089819), 
the fiTst 2 mo oflife (Woo::ITuff et al., 1997, 084271 ; Woodru:ff et aL, 2006, 088758), the day of death 
(Ha et al., 2003, 042552), and the average ofthe same day as death and previous 2 days (Romieu et 
al., 2004, 093074; Tsai et al., 2006, 090709· Yang et al., 2006, 090760). Thns, no consistent window 
of exposure was identified across the studies. 

PM 10 concentrations were highest in Sou:th Korea (69.2 µg/m3) (Ha et al., 2003, 042552) and 
Taiwan (81.45 µg/m') (Tsai. eta!., 2006, 090709), and Iowest in the U.S. (29.1 .uglm') {Woodruffet 
al., 2008, 098386) and Japan (21.ó µglm') (Shinkura et al., 1999, 090050).All studies used 
community-level exposure information based on ambient monltors, as opposed to exposure 
measured at the individual leve! (e.g., subject's home) or personal monitoring. 

Given similar sources for multiple pollutants ( e.g., traffic), disentangling !he health responses 
of copollutants is a challenge in !he study of ambient air pollution. Severa! studies examined 
multiple pollutants, most by estimating the effect of different pollutants through severa! univariate 
models. Sorne studies noted the difficulty of separating PM effects from those of other pollutants, 
but noted stronger evidence for particles !han othet pollutants (Bobak and Leon, 1999, 007678). A 
few studies applied copollutant models by including multiple pollutants slmultaneously in !he same 
model. Effect estimates forthe relationship between PM 1o and neonatal deaths in Sio Paulo were 
reduced to a null effect when SO, was incorporated (Lin et al., 2004, 095787). Associations between 
PM10 and postneonatal mortality or respiratory postneonatal mortalit¡.< remained but lost statistical 
signiflcance in a multiple pollutant model with CO, NO,, and 0 1 (Ritz et aL, 2006, 089819). 

Severa] revlew anlcles in recen! years ha ve exan!lned whether exposure to PM affecis risk of 
infant mortality, generally concluding tha.! more consisten! evidence has been observed for 
postneonatal mortality, particularly fi-om respiratory causes (Bobak and Leon, 1999, 007678-
Heinrich and Slama, 2007, 156534; Laca.saña et al., 2005, 155914; Sram et al., 2005, 087442). In 
one review authors identified 14 rtudies on infant mortality and air pollution and determined that 
studies on PM and infant mortality do not provlde consistent results, although more evidence was 
present for an association for some subsets of infant mortality such as postneonatal respiratory­
re!ared mortality (Bobak and Leon, 1999, 007678). The relationship between PM and postneonatal 
respUatory mortality was concluded to be causal in one review (Sram et al., 2005, 087442), and 
strong and consistent In another (Heinrich and Slarna, 2097, 156534)_ Meta-analysis using inverse­
variance weighting ofPM10 rtud!es found that a 10 µglm increase in acure PM 10 exposure was 
associated with 3.3% (95% CI: 2.4-4.3) increase in risk of postneonatal mortality, whereas the same 
increment ofclrronic PM 10 exposure was linked with a 4.8% (95o/o CI: 2.2-7.2) increase in 
postneonatal mortality and a 21.6o/o (95% Cl: l 02·342) increase for resplratory postneonatal 
mortality (Lacasafla et al., 2005, 155914 )_ 

Studies that examine<! multiple outcomes and ages ofdeath allow a direct comparison based 
on the sarne study population and methodologies, thereby negating !he concem that inconsistent 
resnlts are dueto underlying variation in population, approaohes, etc. In this review, one study, based 
in Southem California identified no association for neonatal effects (numerical results not provided) 
but statistically significant results for postneonatal mortality (Ritz et al., 2006, 089819). Figure 
7-5compares risk for !he postneonatal period for respiratory and total mortality. In six of !he seven 
rtudies, higher effect estimates were observed for respiratory-related mortality_ Resu\ts from the 
neonatal period found higher effects fur total mortality compared to respiratory mortality (Bobak and 
Leon, 1999, 007678) and the reverse for a study examining iufarrt mortality (Lipfert et al., 2000, 
004 l 03). Thus, there e>1l5ts evidence for a stronger effect at !he postneonata1 perlod and for 
respiratory-related mortality, although this trend is not consistent across all studies. 
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Percent increase in postneonatal morbfity per10 µgtrn' in PM,G. compafing ñsk 
fortotal and respiralory mortality. Panel a (left) provides central estimates; panel 
b (rigtrt) also adds the 95% intervals. The poinfs reflectcentral estimates and the 
lines the 95% intervals. Solid lines represent statistically significan! effect 
estimates; dashed lines represen! non-statistically significan! estimates.1 

7.4.1.6. Decrements in Sperm Quallty 
Limited research conducted in the Czech Republic on the effect of ambient air pollution on 

sperm production has found associations between elevated air pollution and decrements in 
proportionately fewer motile spenn, proportionately fewer sperm with normal morphology or normal 
head shape, proportionately more spenn with abnonnal chromatin (Selevan et al., 2000, ~~~573~, 
andan increase in !he percenmge ofsperm with DNA:fragmentation {Rubes et al.,2005, 091 _ 
These results were not specific to PM, but for exposure to a high-, medium- or low-polluted air 
mixture. Similarly, in Salt Lake City, Utah, PM,_, was associated with decreased sperm motility and 
morphology (Hammoud et al., 2009, 19~156). Researoh in Los Angeles, California exrunined 5,134 
semen samples from 48 donors in relation to ambient air pollution measured 0-9, 1 0-14, 70-90 days 
before semen collection over a 2-yr period (1996-1998). Ambient O, duriog ali exposure periods bad 
a significan! negative correlation with average sperm concentration, and no other pollutant measures 
were significantly associated with sperm quality parameters, or presented quantitatively (Sokol et al., 
2006, 098539). 

7.4.2. Toxicological Studies 
Thls scction summarizes recent evidence on reproductive health effects reported with exposu:re 

to ambient PM; no evidence was presented in this area in ¡he 2004 PM AQCD. Studies from 
different toxicological rodent models allow for investigation of s r:t:cific mechanisms and modes of 

' Stud;e5 <ncJoded are Bobok arul leon (19'9, 0Ll7ó7S). Ha et al. (2003. l\.<12,5CI. Rn;. et al. (2006, OSOSIO), Ronueu et al (2004. 09'07~). 
Rmnieu ot al. (2~00. l <6'>'...21. _,,al. (1'97. 1}8.¡'7ll. V.OO<l:ru!f et al. (2006. OOR75SL Fllldmg; from -.X OJld Lwn (1990. 
!lQ1fila) w= b"'°" on TSP and '"''' ronvcrtod to PM~ e.sómate> 3'>mrung l'Mxll'SP - O & as "'' """"'"''1' dala m o.e onglDal uti<le 
(Bobo>; and l.eon, 1999. 00767R). fmólngs from Woodrufl'ot al. (1997. !il!!lli) fue "",,,_,._,cJ..,d m:ltt!il"Y w= bo=l on OOO•]O~ 
bO!h wcighí ,-.... Results fu< Waadruifet al, (:>006. l!&'lliID w= ""''""" PM,, and ""'"' eom=cd to PM,. =.Jming 
~,.¡>M,.~O~ 
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action for reproduclive cha~es. Emphasis is placed here on results from diffeTentwindows of 
developmerrt, Le., exposure in utei-o, neonatally oras an adult can affect repi:oductive outcomes asan 
adult. In addition, studies evaluating whether fertility is affected in female and/or male animals by a 
similar exposure, and how exposures are transmitted to the fertility ofthe F 1 offspring, are 
summerized. Hormonal chanJ,:es which can lead to decreased spemi count orchanges in the astrous 
cycle are also of interest. Srutiies of pregnancy losses and placenta! sufficiency are also reporte<!. 
Most recently, the role of environmental chemicals in shifting sex tatios (also seen in epidemiologic 
studies) and in affecting heritable DNAchanges have become outcomes ofinterest. 

7.4.2.1. Female Reproductive Effects 

Urban Air 

Wlndows ofexposure are importan! in determining reproductivo success asan adult. Exposure 
as a neonate may ha.ve a drastically different lmpact than does a similar adult exposure. To test this, 
female BALBIC mice were exposed to ambient air in Sao Paulo as neonates oras adults and then 
were bred to non-exposed males (Mohallem et al., 2005, 088657). Ambient concentrations oflhe 
pollutants CO, NO":! PM1o, and SO, were 2.2 ± 1.0 ppm, 107.8 ± 42.3 µglm', 35.5 ± 12.8 µg/m3, 
and 11.2 ± 5.3 µglm , respectively. They reportee! decreased fertility in anima!s e"posed as 
newboms, butnot in adult-exposed female BALB/c mice. There were asignificantly higher number 
ofliveborn pups from dam.s housed in filtered chambers (PM and gaseous components removed) 
versus anlma!s e"posed to ambient ai:r as newboms. There was al so a higher incidence of 
implanta.tion fuilures in dams reared as newboms in polluted chaml>ers. Sex ratio, number of 
pregnancies per group, resorptions, fetal deaths, and fetal placenta.! weights did not differ 
significantly by exposure group. Tbus, in these studies, exposure to ambient air pollution affect:ed 
future reproductive success of females iftbey were e"Posed as neonates and no! if exposed as adults. 

Diesel Exhaust 

Significant work has been done in male rodent mode!s to detennine the effect of PM exposure 
on reprodoctive outcomes, witb fewer studies conducted using female rodents. Tsukue et al. (2004, 
096643) exposed pregnarrt C57-BL mice to DE (0.1 mglm') orto clean ai:r (controls) for 8 h/day 
from 002-13. The concentration ofthe gaseous materials including NO, NOx, NO,, CO and SO, 
are 2.2 ± 0.34 ppm, 2.5 ± 0.34 ppm, O.O ppm, 9.8 ± 0.69 ppm, and <0.1 ppm (not detectable), 
respectively. At GD14 female feruses were collect:ed for analysis ofmRNA fortwo genes involved in 
se"ual differentiation (Ad4BP- llSF -1 and MlS), and fonnd no significan! changes. Work by Yoshida 
et al. (2006, 0970 1 5) showed changes in these two transcripts in mal e ICR feruses exposed to similar 
conc:errtrations of DE, albei.t wlth dlfferent daily dnrations of exposure. Further work by Yoshida et 
al. (2006, 0970 15) showed lhat ofthree mouse strains te•ted, ICR ma\e fetuses were the most 
sensitive to DE-dependent changes in these two genes. Nonetheless, strain sensitivity to DE particles 
may also di Her by sex. Thus, it appears that female mice e"posed in otero to DE show a lack of 
response at the mRNA leve! ofMIS or Ad4bP-llSF-l, Importan! genes in male sexual differentiation 
that showed DE-dependen! changes in male pups from dams exposed in otero. Female fetuses have 
showo a decrease inBMP-15, which is related to oocyte development (Tsukue et al., 2004, 096643). 

A sensitive measure of androgenic activity in male rodents is ano genital distance (AGD), i.e., 
decreased AGD is seen with exp<>sure to anti-androgenic environmenta.l chemicals, the phtha!ates 
(Foster et al., 1980, 094 70 1 ; Foster et al., 200\, 156442). To assess the role ofDE exposure on 
reprodoctive success and anti-androgenic effects on offsprin:¡;, Tsukue et al. (2002, 030593) e"posed 
6 week-old female C57-Bl mice to 4 mo ofDE (0.3, 1.0, or 3.0 mglm'; PM MM'.AD of0.4 µm) or 
filtered air_ OE-e"Posed estrous females had significantly decreased uterine weight (1.0 mg/m ). 
Sorne ofthe DE-exposed females were bred to unexposed males and DE--exposure ied to increased, 
albeit not significantly increased, rates of pregnancy loss in mated females ( up to 25%). Offspring 
were weighed after birth and decreases in body weight were observed at 6 and 8 wk (mates and 
females, 1.0 and 3.0 mglm') and 9 wk (females, 1.0 and 3.0 mg¡:m'). AnogenitaJ distance was 
decreased in 70-day old DE-exposed male offspring (ü.3 mglm ). In female offrpring at 70 days of 
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age, lower organ weights {adninals, liver,and thymus) were observed (1.0 mglm') compare<! to 
controls; thymus weightofthe 0.3 mg!m' females was a!so Iower at 70 days. Crown to rump Iength 
In females from dams exposed to DE (1.0 a.nd 3.0 mg/m') was less titan the control group. In 
conclusion, adu!t exposure to DE led to matemal-dependent reproductive changes that affected 
outcomes in offspríng that manifested as decreased pup body weight, anti-androgenic effects like 
decreasedAGD and decrease<l organ weíght (which may have been confounded by changes in body 
weight because weights were not reported as relative organ weights). 

7.4.2.2. Male Reproductive Effects 

Diesel Exhaust 

Studies were performed to determine PM-dependent strain sensitivity ofthe male reproductive 
tract using mal e steroidogenic enzymes as the model pathway. Tbree strains ofpregnant mice (ICR, 
C57BllóJ or ddY mice) were continuously exposed to DE at 0.1 mglm' via inhalation or clean alr 
o ver gestational days 2-13 (Yoshida et al., 2006, 1561 70). At GD 14, dams were euthanized and 
fetuses were collected. Mal e fetuses were col!ected from each dam for mRNA analysis ofgenes 
related to male gonad development including Mullerian !nhibiting substance (MIS; crucial fur sexual 
differentia.tion including Mullerian duct regression in males), steroid transgenic fuc101; (Ad4BP/SF- l, 
an enzyme in the testosterone synthesis pathWll.y), cytocbrome P450 chole.<terol side chain cleavage 
enzyme (P450scc), and other steroidogenic enzymes [17¡>-hydroxysteroid dehydrogenase (HSD), 
cytochrome P450 17-n-hydroxylase (P450cl 7), and 3-j>hydroxysteroid dehydrogenase (3/>HSD)J­
There were significant decreases in MIS (ICR and C57BU6 mice) andAd4BP/SF-l (!CR mice) 
compare<! to the control groups. The ddY strain demonstrated no changes in Ad4BP/SF-1 or MIS, 
which may be dueto marked changes in 3j>-hD expression compare<! to non-DE exposed controls. 
From these studies, it appears that mouse strains with in utero exposure to DE show dlfferential 
sensitivity in gonadal differentiation genes (mRNA) expression in male offilpring; ICR are the most 
sensitive, followed by C57BL/6, wlth ddY ro.ice bcing tbe leas! sensitive. 

Yoshida et al. (2006, 0970 15) also monitored cha.nges in the male reproductivo trae! after in 
utero exposure to DE. Timed-pregnant ICR dams were exposed during gestation (2 days post-coitus 
[dpc]-16 dpc) to continuow; DE (0.3, 1.0 or 3.0 mglm") or clean alr. The reproductive tracts ofmale 
offilpring were monitored at 4 wk postnatally. These pups received possible contlnned exposure 
thro~lactation as dams were exposed to DE during ge.<tmion andnursed pups. Exposure to 0.3 
mglm ofDE had no effect on male reproduntive organ weight or serum testosterone. The 
intermediate concentration of 1.0 mglm' induced increases In serum testosterone. Exposure to the 
higher coucentration (1.0 and 3.0 mg/m") ofDE Ied to significan! increases in reproductive g1and 
weight (testis, prostate, and coaguhrting gland). The organ weights are presented as absolute numbers 
and not adjw;ted for body weight, which is sometimes problematic for complete representation of 
hormonal ch.auges, as body weight may confound absolute organ weí.ght changes. Transcripts 
relating to male sexual differentiation {MIS and AD4BP/SF-l, 1.0 and 3.0 mglm') were also 
significantly decreased. Sexual differentiation Is a tightly regulated process and these changes in 
transcription may lead to changes that can rlfect genita!Ia development. 

The effects ofDE exposure on male spennatogenesis have also been demonstrated. Exposure 
of pregnant ICR mice to DE (2- I 6 dpc continuous inhalation exposure to 1.0 mglm' or filtered clean 
air) led to impaired spermatogenesis in offspring (Ono et al., 2007, 156007). Male offspring were 
followed at PND 8, 16, 21 (3 wk), 35 (5 wk) and 84 (12 wk). After 16 dpc, but before termination of 
the study, all of the animals were transferred to a regular animal care facility and received olean air 
exposure until the termination oftbe study. No cross fostering was performed in this experiment, so 
pups thatwere bom to DE-exposed dams were also nursed on these dams and may ha ve received 
Jactational exposure to DE. The gaseous components ofrhe diluted DE included NO, l\O,, S02, and 
C02 at concentrations of 11 .75 ± l .18, 4 .62 ± 0.36, 0.21 ± O.O l, and 4922 ± 244 ppm, respectively. 
Body weight was significantly depressed at 1'1\"Ds 8 and 35. Accessory gland relative weight was 
significantly increased at PND8 and PND 16 ortly. Serum testosterone was significantly decreased at 
3 wk and was significantly increased ar 12 wk. Al 5 and 12 wk, daily sperrn production (DSP) was 
significantly decreased. FSH receptor and StAR mRNA levels were significantly increased at 5 and 
12 wk, respectively. Relative testis weight and rela.ti~e epididymal weight were unchanged at all 
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time poin1s. Histological changos showed sertoli cells with partial vacuolization anda significant 
)ncrea:se in testicular multinucleated giarrt cells in the seminiferous tubules ofDE-exposed animals 
compared to control. This study indicateo that in utero exposure to DE had effects on 
spermatogenesis in offspring al !he hlstological, hormonal and functional levels. 

In utero exposure to DE and its effect on adult body welght, sex ratio, and male reproductivo 
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/m3) or clean air from 2 dpc to 16 dpc. Pups were allowed to 
nurse in clean air on exposed dams until wea.ning and atPND28, male pups were sacrificed. At thls 
time, serum testosterone and pup reproductive gland weight was determined. Significan! increases in 
relative reproductivo organ weights were reported at 1.0 and 3.0 mglm' for the seminal vesicle, 
te.sti.s, epididymis, coagulating glanci, prostate and liver. Male pup serum testosterone was 
sigrllficantly increased at 1.0 mg/m3

• Mean testosterone positively correlated with testis welght, DSP, 
aronratase and steroidogenic enzyme mess.age levels (P450cc, c!7 lyase, and P450 aromatase). Sex 
ratio did not differ in DE-exposed animals versus control. Male pup body weight ofDE-exposed 
anirnab; was significantly increased at PND28 (1.0 and 3.0 mglm'). The.<e studies show thll.t in utero 
DE-exposure led to increased serum testosterone and increased reproductive gland weight in male 
offspring early in life. 

The effects ofDE on murine adult male reproductive function were studied by exposing ICR 
male mlce (6 wk ofage) to DE (clean aircontrol, 0.3, 1.0 or 3.0 mg/m3) for 12 h/day for 6 mo wlth 
another group receiving a 1-mo recovery of e lean alr post-exposure (Yoshida and Takedab, 2004, 
097760).After 6 mo ofDE exposure, there was a concentration-dependent increase in degeneration 
of seminiferous tubuies and a decrease in DSP/g oftestis tissue. After 6 mo exposure 10 DE particles 
plus 1 mo of recovery in e lean air, significant decreases remalned in DSP at the two highest 
concentrations. The effect ofingestion of deposited PM on the fur with grooming cannot be ruled out 
as a possible exposure pathway in tllli; experiment. 

To expand on PM-dependent changes in spermatogenesis, an eloquent DE,exposure model 
was designed to determine ifPM orthe gaseous phase ofDE was responsible for changes in sperm 
production in rodents (Watanabe, 2005, 0&7985). Piegnant dams (F3441DuCrj rats) exposed to DE 
(6 bid.ay exposure to 0.17 or 1.71 mglm'; <90% ofPM Jess !han 0.5 µm; NO, concentrations O.JO 
and O. 79 ppm, respectively) or filtered alr (removing PM only, low concentration filtered alr and 
high concentration filtered alr) from GD7 to parturition produced adult male ofüpring with a 
decreased number ofsertoli cells and decreased DSP (PND 96) when compared to control mice 
exposed to clean air. The concentrations ofNO, forthe !ow and high filtered exposure groups were 
0.1 and 0.8 ppm, respectively. Because both PM-filtered and DE-exposure groups showed the same 
outcomes, the effects are likely dueto gaseous components ofDE. 

Motorcycle Exhaust 

Adult male (8-wk old) Wistar rats were exposed to motorcycle exhaust (ME) for 1 hin the 
moming and 1 hin the aftemoon (5 day/wk) at 1:50 dilution for 4 wk (groupA), 1 :10 dilution for 
2 wk (group B) or 4 wk (group C), orto cJean air (Huang et al., 2008, 1 56574). After4 wk of 
exposure, both exposed groups had significantly decreased body weight compared to the control 
group. Ali three ME exposure groups showed a decreased number of spennatids in the testis. Both 
1:10 exposure groups also demonstrated decreased caudal epididymal sperm counT.<. Group Chad 
significan! decreased testicular weight, decreased mRNAexpres.sion for the cytochrome P450 
substrate 7-ehtoxycoumarin 0-de-ethylase, and increased IL-6, IL-ljl,and COX-2 mRNA Ievels. 
Decreased protein 1evels ofthe antioxldant_ superoxide dismutase, and incrcased IL-6 protein were 
reported for group C when oompared to control. In addition, serum testQSterone was significantly 
decreased in group C. Co-treatment with the antioxidant vitamin E result<>ci in partial attenuation of 
serum testosterone levels and caudal epididymal &perm counl.<, and returned IL-6, IL-ljl, and COX-2 
ME exposure-dependent message levels to baseline. The glutathione antioxidant system and lipid 
peroxidation were unchanged. In conclusion, male animals exposed to ME showed significant 
decrements in body weight, spennatid nurnber, and serum testosterone with an increase in 
inflammatory cytokines. Vitamin E co-treatment with ME-exposure led to an attenuatlon of 
inflammation anda partial. rescue oftestosterone levels and spenn n11rnbers. 
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Summary of Toxicological Study Findings fOr Mate Reproductive Effects 

In summary, laboratory animals exposed to DE in utero oras adults manifest with abnormal 
effects on the male reproductive system. ln utero exposure to DE induced increased reproductive 
gland we!ghtand increased serom testosterone in early life (PND28), which may lead to early 
puberty (albeit not measured in this study). Wlth similar in uteto DE exposures, later life outcomes 
include decreased DSP, aberran! sperm morphology, and hormonal change.s (testosterone and FSHr 
decrements). Chronic exposure ofadultmice to DE also induced decreased DSP and seminiferous 
tubule degenei:ation. DE-dependenteffecis on ma!e reproductive functionhave been reported in 
mu!tiple animal models, with only one model separating exposure based oo particulate versus 
gaseous comp<>nents. DE and filtered air {gaseous phase only) exposure in utero induced sertoli cell 
and DSP decrements in bothgroups, indicating that the gaseous phase ofDE was causative.Adult 
ma!e rats exposed to ME manifested with decreased spermatid number, serum testosterone, andan 
increase in inflammatory cytokines. Sigrrificant effects on the male reproductivo system ha ve been 
demonstrated after exposure to ambient PM sources (DE or ME)- Nonetheless, these models often 
include a complex mixture ofgaseous oomponent and PM exposure, whlcb malees interpreting the 
contribution from PM alone difficult. 

7.4.2.3. Multiple Generation Effects 

UrbanAir 

Veras et al. (2009, 190496) invest:igated prcgnancy and female reprodnctive outcomes in 
BALB/c female mlce exposed to ambient air or PM-filtered ambient air al one oftwo different time 
periods (before conception and duríng pre~cy) near an arca ofhigh traffic density in Sao Paulo, 
BraziL Exposures were 27.5 and 6.5 µg/m PM15 for ambient and PM-filtered air chambers, 
respectively, with 101 µglm' NO,, 1.81 µgiro' CO, and 7.66 ppm SO, in both chambers. Two groups 
of2nd generation (G2) nulliparous female mi ce were continuousiy exposed from birth. Estrous 
cycliclty and ovarian follicle classification were followed at PND60 (reproductive maturation) in one 
group.A further group was subdivide<! into four groups by exposures during pregnancy followlng 
reproductive capability and pregnancy outcomes ofthe G2 mice. Animals exposed to ambient air 
versus PM-fi!tered air hadan 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 !he ambient air 
versus the PM-filtered air animals. Other follicular quantification (number of small, growing or 
preovulatory follicles) showed no differences between !he two chambers. There was an increase in 
the time necessary fur mating, a decrease in the fertility index, andan increase in the pregnancy 
index in the ambierrt air group versus the PM-filtered group. Specifically, in the ambient air groups, 
there was a significant lncrease in rate ofthe post"iinplantation loss in Gl and G2 groups. However, 
there was no statistically sigr¡ificant change in number of pups in the Iitter. Fetal weight was 
decreased in all treatment groups (amblent air groups G 1 and G2, and PM-filtered G2) when 
compare<! to !he PM-filtered G 1 group or animals ralsed entirely in filtered air, showing that fetal 
weight was affected by l>oth pr<>-gestational and gestational PM e>:posure. 

PM exposure prior to conception is associated with increased time in estrous, which in other 
animal models can be related to ovarían hormone dysfunction and ovulatory problems. Tuese estrous 
alterations can contribute to fecurulity issues. There was no significan! diffurence in number of 
preovulatory follicles in the abo ve model, but there was a statistically significan! decrease in the 
number of antral follicles (Veras et al., 2009, 190496). Antral fullicles are the las• stage in follicle 
development p<ior to ovulation, anda decrease in anrral follicle number can be re!ated to premature 
reprod<tctive senescence, premature ovarian failure, or early meno pause, whicb were not followed in 
this study-. 

In this study (Veras et al., 2009, !90496), the males that were used to generate the GI and G2 
groups were also exposed to ambient air or PM-filtered ambient air, and thus the reproductive 
contribution ofthese males to thc overall fertility and mating changes in the fernales cannot be 
totally eliminated as a possible confounder to the observed effects_ Thus, tbese effects are hard to 
differentiate as male- or femal1>-dependerrt and likely indicate a general loss of reproductive fitne•s­
Interestingly, both pre- and gestational exposure to amblen! air induced a significan! loss in post-
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ímplantation of fetuses and this may be related to placenta! insufficiency as has been described in 
other woTk by this Jab (Veras et aL, 2008, 190493). 

7.4.2.4. Receptor Mediated Effects 

Arylhydrocarbon Receptor (AhR) 

Diesel Exlrausl. Parlkles 

Tue AhR is often activated by chemicals classified as endocrlne disrnpting oompounds 
(EDCs), exogenous chemlcal.s that behave as hormonally active agents, disrupting the physiological 
function ofendogenous hormones. DE particles are known to actívate the AhR.Arecent study by 
lzawa et al. (2007, 190387) showed that certaln polyphenols (quercetin fi-om the onion) and food 
extmcts (Ginkgo biloba extract) are able to attenuate DE particle-<lependerrt AhR activation when 
measured with theAh-Immnnoassay, thus p<>ssibly attenuatingthe EDC activity ofDE parficles. 

7.4.2.5. Developmental Effects 

Sex Ratio 

UrbanAit 

A correlation between PM 10 exposure anda decrease in standardized sex ratios (SSRs) has 
been reporled in humans exposed to air po!lutiou (Lichtenfels et al., 2007, 09704 l ; Wilson et al., 
2000, O 1 0288), with fewer numbers of male births reported. To understand this shift, two groups 
(control and exposed) of male Swis.s mice were housed concurrently in Sao Paulo and received either 
ambient air exposure or filtered air ( chemical and particulate filtering) from PND 1 O for 4 mo 
(Lichtenfels et al., 2007, 097041 ). Filtration efficiency for PM, ,, CB, arul NO, inside the chamber 
was found to be 55%, 100%, and 35%, respectively.Afterthis exposure, non-exposed females were 
placed in either cbamlx:r to mate. After mating, the males were sacrificed and testes collected; males 
exposed to ambient air showed decreased testicular and epldidymal sperm counts, decreas<>d total 
number of germ cells, and decreased elongated spenuatids, but no significant change in litter size. 
Females were boused in tbe chambers and sacrificed on GDJ9 when tbe number ofpups bom alive 
and the sex ratio were obtain<>d. There was a significant d"<'rease in !he SSR for pups bom after 
living in !he ambient air-exposed chamber compared to tbe filtered chamber. In this srudy, a shlft in 
SSR has been shown for both humans and rodents exposed to air pollution, but other studies witb DE 
exposure (Yoshida et al., 2006, 1 56 170) or ambient air in Sao Paulo (Mohallem et al., 2005, 088657) 
showed no changes in rodent sex ratio. Possible exposure to PM and other components of ambierrt 
air via ingestion during grooming cannot be ruled out in thls rodent model. 

rmmunological Effects: Placenta 

Diesel Exhaust 
Placenta! insufficiency can lead to !he loss of a pregnancy or to ad verse fetal outcomes. DE­

exposure has been shown to induce inflammation in vari.ous models. Fujimoto et al. (2005, 096556) 
assessed cytokine/immunological changes of DE-dependent inhalation exposure on the placenta 
during pregnancy. Pregnant Slc:CR mice were exposed to DE (0.3, 1.0, or 3.0 mgfm'; PM MMAD 
of0.4 µm) or clean air from 2 to 13 dpc and dams, placenta, and pups were collected at 14 dpc. 
There was a significant increase in the number of absorbed placentas in DE-exposed animals (0.3 
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and 3.0 mg!m'J wlth a significant decrease in the number ofabsorbed placentas inDE-exposed 
animals at the middle conoentration (1.0 mglm'). Absorbed placentas from DE exposed mice had 
undetecmblc levels ofCYPJAI and twofold increases in TNF--!l; CYPIAI placenta! mRNA from 
hea\thy placentas ofDE-exposed ralee was unchanged versus control. IL-2, IL-5, IL-12n, IL-12~ and 
GM-CSF mRNA significantly increased in placentas ofDE-exposed animals (0.3 and 3.0 mg!m ). 
Fujimoto et aL (2005, 096556) reported DE-induced significan! increases in multiple inflammatory 
markers in the placenta with significant inc,eases in the number of absorbed placentas. 

lmmunological Effects: Asthma 

Model Parüdes 

In utero exposure may confer sw;ceptibility to PM-induced asthmatic responses in offspring. 
Exposure ofpregnant BALB/c mice to aerosolized ROFAJeachate by inhalation orto DE particles 
intran.,;ally increases asthma susceptibllity to their offspring (Fedulov et al., 2008, 097482; Hamada 
et al., 2007, 091235). The offspring from dams exposed for 30 min to 50 mg/mL ROFA !, 3, or 
5 days prior to delivery responded to OVA ímmunization and aerosol challenge withairway 
hyperreactivity and increased antigen-specific IgE and lgG l antihodies {Ramada et al., 2007, 
091235). Airway hyperreactivity was also observed in the offspring of dams intranasally imtilled 
with 50 µg ofDE particles orTiO,, or 250 µg CB, indicating that the same effect could be 
demonstrated using relatively ~inert'' particles (Fedulov et al., 2008, 097482). Pregn31)1 mice were 
particular!y sensitive to exposure 10 DE or Ti02 particles, arul genetic analysis indicated differential 
expression of80 genes in response to Ti02 in pregnant dams. Thus pregnancy and in utero exposure 
may enhance responses to PM, and exposure to even relatively inert particles may result in offspring 
predisposed to astbma. 

Placental Morphology 

UrbanA;r 

Exposure to ambierrt air pollution during pregnancy is associated witb reduced fetal weight in 
botb human and animal models. The effect of particulate urban air pollution on tbe functional 
morphology ofthe mouse placenta was explored by exposing second generation mice in one offour 
groups to urban Sao Paulo air {PM was 67% PM25, mainly ofvehicular origin) or filtered air (Veras 
et al., 2008, 190493). Experimental design wa.s: gi:oup F-F comprised of mice that were raised in 
filtered ait chambers and completed pregnancy in filtered air chambers; group F-nF raised in filtered 
air and pregnant in ambient air; group nF -nF raised and completed pregnancy in non-filtered air 
chambers; arul group nf-F mice raised in amblen! air and received filtered air during pregnancy. 
Mean PM2,5 concentrations in the F and nF chambers were 6.5 and 27.5 µglm', respectively_ 
Exposure was from PND20-PND60. After this exposure, tbe animals were ma!ed arui tben 
maintained in their respective chambers during pregnancy. Pregnancy wa.s tenoinated at GD8 (near 
term) witb placentas and fetu.ses collected for analysis. 

Exposure to ambient PM pre-gestationally or gestationally led 10 significantly smaller fetal 
weight (total litter weight). Pregestational exposure to ambient air induced significan! increases in 
fetal capillary surface area and total mass-specific conductance, but this may be explained by 
reduced maternalldam blood space and diameters. Oestational exposure to non-filtered air was 
a.ssociated with reduced vo!ume, diarneter ( caliber) and surface area of maternal blood space with 
compensatory greater fetal capillary surface and oxygen diffusion conduction rates. Irrh"ava.scular 
barrier thickness, a quantitative relationship between ttophoblasr volume and the combined surfaces 
of maternal blood spaces and fetal capillaries, wa.s nor reduced with ambiem air exposure_ This study 
pmvides evidence tbat fetal/placental circulatory adaptation to maternal blood deficits after ambient 
PM exposure may not be sufficient to overcome PM --dependen! birth weight deficits in mice exposcd 
to ambient air, with the magnitude ofthis effect greater in the gestationally-exposed groups_ 
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Placental Weights and Birth OutCQmes 

UrbanAir 

Pregnant female Swlss mice were exposed to ambient air (Sao Paulo) or filtered air over 
various ponions of gestation to determine lfthere was an association hetween fetal or placental 
weight or birth outcomes with exposure to air ~ollution (Rocha et al-,¿?008, 0%685). The re¡¡_oned 
ambient concentrations ofPM10 (42 ± 11 µg/m ), NO, (97 ± 39 µg!m·¡, and S02 (9 ± 4 l.IJ(ftn') were 
measured 100 m away from the rodent exposure chambers. By w;ing six time windows ·o1exposure 
that covered 1-3 wk of gestation (the errtire gestation period in a mouse), a significan! decrease in 
near-term fetal welght (GD19) was induced by ambient air-exposure during the first week of 
gestrttion. Decreased placental weight could be induced by ambient air exposure during any of the 
3 wk of gestation. This study points to possible windows ofexposure that maybe importan! in 
evaluating epidemiologic study results. 

Neurodevelopmental Effects 

Diesel E:x:haust 

The diagnosis ofautism is on the rise in the Western world with its etiology mostly unknown. 
Autism-associated cell loss is brain region-specific and hypothesized to be developmental in origin. 
Sugamata et al. (2006. 097166) exposed pregnant ICR mice to DE (0.3 mg/m3) oontinooosly from 
2 dpc to 16 dpc. Pops with in otero exposure to DE were norsed in clean ait chambers, bot may have 
received gastro-intestinal exposure via lactational transfer ofvarioos components ofDE. At 11 wk of 
age, cerebellar brain tis¡;oe was colleeted. Earlier work has shown &.! DE particles (<0.1 µm) have 
been detected in the brains (cerebral cortex andhippocampus) ofnewbom pops who were bom to 
dams exposed to DE during preguancy (Sugamata et al., 2006, 09716~). Histological analysis ofDE­
exposed pup cerebella revealed significan! increases in caspase-3 (c-3 positive cells compared to 
control and significan! decreases in cerebella Purkinje cell numbers in DE-exposed animals versus 
control. The ratio of cells positive for apoptosis (e-3 positive) showed a nearly significant sex 
difference with males displaying increased apoptosis versus females (p ~ 0.09). ln hnmans with 
autism, the cerebe!lum has a decreased number ofPurkinje cells, which is thought to be fetal and 
developmentrtl in origin; further, these authors speculate that humaru may be more sensitive to DE­
dependent neuronal brain changas, asthe human placenta is two-Iayers thick compared to the mouse 
placenta that Is four layers thick. 

Behavioral Effects 

Diesel Exmwst Palticles 

Body weight decrements at birth have recently been associated throogh the Ba.rker hypothesis 
with ad verse adult outcomes. Thus, many pobllcations have begun to focus on decreased birth 
weight for gestational age and associated adult changes. Hougaard et aL (2008, 156570) exposed 40 
timed-pregnant C57BU6 dams to DE particles reference materials (SRM 2975) via inhalation ovei: 
GD7-GD19 ofpregnancy, They foond significantly decreased pup weight at weaning, a!be!t not at 
birth.PM..dependent liver changes were mouitored by following various inflammatory and 
genotoxicity-related mRNA transcripts and there were no significan! differences in pups at PND2. 
Tue oomet assay from P:'>ID2 pup livcrs showed no significan! ditferences in DNA damage between 
DE particle-exposed and control animals. The prohormone, thyroxine, was unchau;¡ed in oontrol and 
DE particle-exposed dams and offspring at weaning.At2 mo, female DE particle-exposed pups 
required less time than controls to locate the platform in its new location doring the first tria! ofthe 
spatial reversa! leaming task in the Morris water m"4e. Thus, DE particle exposure during in otero 
deve\opment led to behavioral changes withou! body weight at weaning or changos in inflammatory 
markers or thyroid hormone levels. 
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Diesel Exhaust 

The e:ffect ofin utero DE exposuN on CNS motor function was evaluated in malc pups (ICR 
mlce) after dams received DE exposure (8h/dx5d/wk) from GD2-GD1 7 (Yokota et al., 2009, 
1905 18)_ The expo.sure atmosphere contained concentrations of 1.0 mglm3 for particle mass, 
2.67 ppm CO, 0.23 ppm N02, and <0.01 ppm 502• Spontaneous motor activitywas-significantly 
decreased in pups (PND35), as was the dopamine metabolite homovanillic acid measured in !he 
str!atum and nucleus accumbens, indicating decreased dopamine {DA) turnover. However, DA levels 
were unchanged in the same areas ofthe brain. The authors conclude thatthese data demonstrate that 
maternal exposure to DE induced hypoJocomotion, similar to earlicr stiJdj.,,; with adult and neonatal 
DE particle exposure (Peters et al., 2000, 00 l 756), with decreased extracellular DA releilSe. 

Lactation 

Diesel Exhaust 

Tozuka et al. (2004, 090864) monitored the transfer of PAHs to fetuse¡; aod breast rnilk of 
F344 rats exposed to DE (6hlday) for 2 wk from GD7-GD 20/mious 4 days forthe weekend when 
no exposure occurred) with PM10 concentration of 1.73 mglm . At PND 14, breas! milk w:is 

collected. Fifteen PAHs were monltored in the DE exposure chamber and seven were quantified in 
dam blood with levels of phenan!hrene (Phe), anthracene (Ant) and benz[a]anthracene (BaA.) in !he 
DE gi<>np being sigrúficantly higher than the control group. In l:rreast milk, Ant, flnoranthene (Flu), 
pyrene (Pyr), and chrysene (Chr) showed significant increases in !he DE group cornpared to the 
control group. BaA tended to be about fourfold hlgher than the control group in breast milk, but the 
increase was not significant. PAHs in dam Iivers ofDE versus control were not signifi.cantly 
different. The results ofthis study demonstrate thatPAHs derived from DE are transferred across the 
placenta from the DE-exposed dam to the fetus. Lactational transfer tl!rough !he breas! milk is also 
likely as PAHs were detected in dam breas! rnilk, but thls should be coníirmed in future studies that 
ero"" frn;ter control and exposed dams and pups. The ¡¡ pophilicity ofthe PAH based on its structure 
likely affected its uptake in the dam, as PAHs with 3 or 4 rlngs were found in materna! blood 1Uld 
PAHs with 5 or 6 nngs were not detected. 

Heritable DNA Changes and Epigenetic Changes 

AmbientAir 

To address the role of amblen! air exposure on herita.ble changes, Somers et al. (2004, 078098) 
exposed mice to ambientair in ata rural Canadia.n si te or atan urban site near a steel mili. They 
showed that o!Tupring of mice exposed to ambient air in urban regions inherlted patema\-origin 
expanded simple ta.rulero repeat (ESTR) mutations 1.9-2.1 times more frequently !han offupring of 
mice exposed to HEPA filtered air or !hose exposed to rural ambient air. Mouse expanded simple 
tandem repeat (ESTR) DNA is composed of short base pair repeats which are unstable in the 
germllne and tend to mutate by insertion or deletion ofrepeat lll)ÍIS. In vivo and in situ studies ha ve 
shown that murine ESTR loci are susceptible to ionizing radiation, and other environmental 
mutatgen-dependent gennline mutat:ions, and are thus good markers of exposure to environmental 
conta.minants. 

Expanding upan !he ~bove work and to determine if PM or !he gaseous phase ofthe urban air 
was responsible fur heritable mutations, Yank et al. (2008, 1571 64) exposed mature mal e 
C57BlxCBA F 1 hybrid mi ce to either HEPA-filtered air or to ambient air in Hamilton, Onta<io, 
Canada for 3 or 10 wk, or 10 wk plus 6 wk of e lean air exposure (16 wk). Sperm DN.'\ was 
monitored for expanded simple tandem repeat (ESTR) mutations_ ln addition, male-germ line 
(spennatogonial stem cell) DNA methylation was monitored post-exposure. This area in Harnilton is 
near two steel milis and a major highway_ AIT quality data provided by the Ontario Ministcy of the 
Environment showed the highest concentrations ofTSP and metals at week 4 (93.8 oc 17 and 
3.6 ± 0.7 µg/m3

, respeetively) and PAH at week 3 (8.3 = 1.7 nglm'). Muta.rion frequency at ESTR 
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Ms6-hm locus in spenn DNA fi-om mice exposed 3 or 10 wk did not show elevated ESTR mutation 
frequencles, butthere was a significan! inerease in ESTR mutation frequenoy at 16 wk in ambient 
air-ex¡msed males versus HEPA filter-exposed animals, pointing to a PM-dependent mechanism of 
action. "When oompared to HEPA filter air-exposed males, ambient air-exposed males manifested 
with hypermethylation ofgenn-line DNA at 10 and 16 wk. These PM-dependent epigenetic 
modifications (hypermethylation) were not seen in the halploid stage {3 wk) of spennatogenesi.s, but 
were nonetheJe.ss seen in early stages of spennatogenesi.s (1 O wk) and remained significantly 
elevated in mature spenn even after removal ofthe mouse from the environmental exposure (16 wk). 
Thus, these srudies indicare that the amblen! PM phase and not the gaseous phase is responsible for 
the increased frequency ofheritab!e DNA mutations and epigenetic modifications. 

7.4.3. Summary and Causal Determinations 

7.4.3.1. PM2.~ 

The 1996 PMAQCD concluded that while few studies had been conducted on the link 
between PM arui infunt mortality, the research "suggested an association," particularly for post­
neonat"' (U.S. EPA, 1996, 079380). In the 2004 PMAQCD, additional evidence was available on 
PM's effect on fetal and early postnatal development arui mortality and while sorne studi"' indicated 
a relat:ionship between PM and pregnancy outoomes, others did not (U.S. EPA, 2004, 056905). 
Studies identifying associations found that exposure to PM 10 early during pregnancy (first monlh of 
pregnancy) or late in !he pregnancy (6 wk prior to birth) were linked with higher risk ofpretenn 
birth, including models adjusted for other pollutants, and that PM,_,- during the fust month of 
pregnancy was associated with IUOR. However, other work did not identify relationships between 
PM 10 exposure and Iow birth weight. The stat:e ofthe science at that time, as indicated in the 2004 
PM AQCD, was that the research provided mixed results based on studies :from multiple countries. 

Building on the evidence characterized in the previous AQCDs, recent epidemiologic studies 
conducted in !he U.S. and Europe were able to examine !he effects ofPM25, and ali found an 
increased risk oflow birth weight (Section 7 .4. I )- Exposure to PM,,, was usually associated with 
greater reductions in birth weight !han exposure to PM10. All of the studies that examined the 
relationshlp b•tween PM,~ and pretenn birth report positivo associations, and most were statistlcally 
significan!. The studies evaluatlng the associm:ion between PM2~ and growth restriction ali fuund 
positive assoclat:ions, with the strougest evidence coming when exposure was assesse:d d uríng the 
first or second trimester (Section 7 .4.1 ). For infant mortality ( <! yr), severa! studies examined PM,,, 
and found positive associat:ioru; (Section 7 .4.1 ). 

Animal toxicological studies reported effects lncluding decreased uterine weight, llmited 
evidence of male reproductive effects, and conflicting reports of reproductive outcomes in mal e 
offspríng, particularly in studies ofDE (Section 7 .4.2). Toxicological stwl.i"' also reported effects fur 
severa! development outcomes, including immunological effects (placenta\ and related to asthma), 
neurodevelopmental and behavioral effects (Section 7 .4.2). 

In snmmary evidence ls accumulating from epidemiologic studies fur effects on !ow birth 
weight and infant mortality, espooially dueto respiratory causes during the post-neonatal period. The 
mean PM2,, concentrations during the srudy periods ranged from 5.3-27.4 µg/m3

• Exposure to PM2~ 
was usually associated with greater reductions m birth weightthan exposure to PM10. Severa\ U.S. 
studies of PM1o investigating fetal growth reported 11-g decrements in birth weight assoclated with 
PM 10 exposure. Most ofthese studies were conducted in California, where PM,, and PM10-2, 
contribute almost equally to the PM.10 mass ooncentration. So while these results can not be 
attributed to one si~e fraction or the other, the consistency ofthe results strengthens the interpretation 
that particle exposure may be causally related to reductlons in birth weight_ Similarly, animal 
evidence supported an association between PM2.5and PM10 exposure andad verse reproductive and 
developmental outcomes, but provided little mechanlstic information or blological plausibllity for an 
association between long-term P~ exposure andad verse birth ou1comes, including low birth weight, 
or Uifunt 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 srudies O!! heritable mutations is of great UiteTest, and warrants 
further investigation_ Overall, the epiderniologlc and toxicological evidence is suggestive of a 
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causal relationship between long-tenn eXposures to PM~, and reproductive and 
developmental outcomes. 

7.4.3.2. PM1~1s 

Evidence ¡,; inadequate to determine lf a causal relationship exists between long. 
term exposure to PM,..,.. and developmental and reproductive outcomes beca.use studies 
have not been conducted in sufficient quantity or quaiity to draw any conclusion. A single study 
found an association between PM10-2 5 and birthweight (-13 g [95% CI: -18.3 to -7.6] per 1 O µglm' 
increa.se), but no such assoclation for pM,_, (Parker et al., 2008, 156013). 

7 A.3.3. UFPs 
The 2004 PMAQCD did not report long-lerm exposure studies for UFPs. No epidemiologic or 

animal toxicology studies ha ve been conducted to evaluate the effects of Iong-term UFP exposure 
and reproductive and developmental effects. Ambient air exposures, which likely inc!ude UFPs, are 
reported in this ISA but there is no delineati.on ofthe separate contribution from UFPs. The evidence 
is inadequate to determine if a causal relationship exists between long-term UFP 
exposures and reproductive and developmental effects. 

7.5. Cancer, Mutagenicity, and Genotoxicity 
Evidence from epidemiologic and animal tox!cological studies has b•en accwnulatins fur 

more than three decades regarding the mutagenicity and carcinogenicity ofPM in the ambient ai<­
DE has been identified as one source ofPM in ambient air, and has been extensively studied for its 
carcinogenic potential. In !989, the IntemationalAgency fur Research on Cancer (IARC) fuund that 
there was sufficient evidence that extracts of DE partic\es were carcinogenic in experimental animals 
and that there was limited evidence forthe careinogenic effect ofDE in human:; (IARC, 1989, 
002958). This conclusion was based on studies in which organic extracts of DE particles were used 
to evalua.te the effects of concentrates ofthe organic compounds associated with carbonaceous soot 
particles. These extracts were applied to the skin or administered by JT iru;tillation or intrapulmonary 
implantation to mice, rats, or Syrian hamsters and an excess oftumors on the skin, Jung or at the site 
ofinjection were observed. 

In 2002, the U.S. EPA reviewed o ver 30 epidemiologic studies that investigated the potential 
carcinogenicity ofDE. These studies, ou average, found that long-term occupational exposures to 
DE were associated with a 40o/o increase in the relativo risk of long cancer (U.S. EPA, 2002, 
042866). In the same report the U.S. EPAconcluded that extensive studies with salmonellahad 
unequ1vocally dernonstrated mutagenic activity in both particul:Ue and gaseous fractions of DE. 
They :further concluded that DE may presenta lung cancer hazard to humans (U.S. EPA, 2002, 
042866). The particula1e phase appeared to have the greatest contribution to the carcinogenic effect. 
Both the particle core arui the associated organic compounds demonstrated carcinogenic properties, 
although a role for the gas-phase components ofDE cou!d not be ruled out. Almost the entire diese! 
particle mass is::; 10 µm in diarneter {PM10), with approximately 94% ofthe mass ofthese particles 
<2.5 µm in di.am.eter (PM,5 ), including a subgroup with a large number ofUFPs (U.S. EPA, 2002, 
042866). U .S. EPA considered the weight of evidence for µotential human carcinogenicíty for DE to 
be strong, even though inferences were in volved in thc overa]] assessment, and concluded that DE is 
"likelY to be carcinogenic to huma ns by inhalation" and that this hazard applies to environmenta1 
exposures (U.S. EPA, 2002, 04~866). 

Two recen! reviews of the mutagenicity (Claxton et al., 2004, 089008) and carcinogenicity 
(Claxton and Woodall, 2007, 180391 } of ambient air ha ve characterized the animal toxicological 
literature on arnbient air pollution and cancer. Tbe majority of these toxicological studies ha ve been 
conducted using IT instilla1ion or dermal rou!es of exposure. Generally, the toxicological evidence 
reviewed in this ISA has been limited to inhalation studies conducted with lower concentrations of 
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PM (<2 mg!m"}, relevarrt to cun:ent ambient concentrations and the currerrt regulatory standard 
(Section 1.3). Because this ISA focuses on toxicological studies which use the inhahtion route of 
exposure, it is possible that importan! evidence for the role of PM in mutagenicity, tumorigenicity, 
and/or carcinogenicity may be missed. In ordei- to accurately characterize the relationship berween 
PM and cancer and be conslstent with the EPA Guidelines for Caroinogen RiskAssessment 
(U.S. EPA, 2005, 08623D, these reviews (that include studies that employ IT instillation and dermal 
routes of ""posure) are summarized briefly. 

Claxton et al. (2004, 089008) reviewed the mutagerllcity ofair in the Salmonella (Ames) 
a.ssay, and showed that hundreds ofcompounds identified in ambient air from vazying chemical 
classes are mutagenic and that the commonly monitored PARs could not account for the majority of 
mutagenicity associated with most aiibome particles. They concluded that the smallest particJes have 
the highest toxicity per particulate mass. with the PM,~ size fraction having greater mutagenic and 
cytOtoxic potential !han !he PM10 size fraction, which had a higher mutagenic potentlal !han the TSP 
size fraction. One study reviewed by Claxton et al. (2004, 089008) found that the cytotoxic potential 
of PM2 ,, was higher in wintertime samples than in summertime samplas.A series ofstudies on 
source apportionment for ambient particle mutagenic activity reviewed by Claxton et al. (2004, 
089008) indicare tha1 mobile sources (cil!'S and diese! trucks) account for most ofthe mutagenic 
activity. 

Claxton and Woodall (2007, 1 8039 l) reviewed many srudies that ex3Jllined the rodent 
c=inogenicity ofextracts ofambient PM samples; !he PM was ofvarious size classes, often from 
TSP S3Jllples. Among a variety ofmouse and rat stralns, application methods, and samples 
employed, the authors found no partem that would suggest the routine use of a particular strain or 
protocol would be more infurmative than another_ The primary conclusion thatcomes from the 
analysis of rodent c=inogenicity smdies is that !he 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 hy the various stnrins of inbred 
mice indicate that the genetic background ofan individual can lnfluence tumorigenic response. 
Studies examining different components of amblen! PM ( e.g., PAHs) confiJI!I that amblent alr 
contains multiple carcinogens, and that the carcinogenic potential of particles frorn different airsheds 
can be quite different Therefore, one would expect the incidence of cancers related to ambient alr 
exposure in different metropollta.n areas to differ. 

Numerous epidemiologic and animal toxicologlcal ITTudies of ambient PM and thelr 
contributing sources have been conducted to assess the relative mutagenic or genotoxic potential. 
Smdies previously revlewed in the 2004 PMAQCD (U.S. EPA, 2004, 056905) pro vide evidence that 
ambient PM as well as PM from specific combustion sources {e.g., fossil fue1') is mutagenic in vivo 
and in vitro. Building on these results, data from recent epidemiologic and anima! toxicological 
studles tbat evaluated the c=inogenic, mutagenic andlor genotoxic effects of PM, PM-constiments, 
and combustion ernission source particles are reviewed in this section. 

7.5.1. Epidemiologic Studies 
The 2004 PMAQCD reported on original and follow-up analyses for three prospective cohort 

studies that examined the relationship between PM and Jungcancer inciden ce and mortaJ\ty. Based 
on these findings, as well as on the results from case-control and ecologic studies, !he 2004 PM 
AQCD concluded that long-term PM exposure may increase the risk oflung cancer incidence and 
mortality. The largestofthe three prospective cohort studies included in the 2004 PMAQCD was the 
ACS study (Pope et al., 2002, 024689). This study was the follow-up to the originalACS study 
(Pope et al., 1995, 045159), and included a longer follow-up period and reported a statistically 
significant associat::ion between PM2,, exposure and lung cancei- mortality. 

A 14- to 16-yr prospective study conducted nsing the Six Cities Srudy cohort reported a 
slightly elevated risk oflung cancer mortallty for individuals living in the most polluted city (mean 
P:'vf10: 46.5 µglm'; mean PM,, 29.6 µgtm') as compared to the lel!Stpolluted city (mean PM10: 

18.2 µgtm'; mean PM2 5 11.0 µglm') but the assoclation was not statistically significant (Dockery et 
al., 1993, 044457). 

Re-analysis ofthe AHSMOG cohort, a srudy ofnon-smoking whltes living in California, 
concluded that elevated long-ten:n exposure to PM 10 was associated with lung cancer incidence 
among both men and women {Beeson et al., 1998, 048890). The original study had reported an 
excess of incident lung cancers only among women (Abbey et al., 1991, 042668). Further reanalysis 
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of thls cohort revealed an association between PM10 and lung cancer mortality amoug men but no 
association among women (Abbey et al., 1999, 04 7559)_ lo addition, McDonnell et al. (2000, 
O 1 0319) reported increases in lung cancer mortality with long-tenn exposure to PM,_, in the 
AHSMOG cohort; no association was seen for PM10-2~-

7.5.1.1. Lung Can~r Mortality and Jncidence 
The fcl!owing sections will examine extensions ofthe above mentioned cohort studies and 

new studies published since the 2004 PM AQCD. The section includes discussion ofboth !ung 
cancer incidence and mortality, as well as markers of exposure/susceptibility. A summary of the 
mean PM concentrations reported for !he new studies is presented in Table 7-6. In addition, a 
summary of the as.sociations for lung cancer mortality and incidence are presented in Table 7-7 and 
figure 7-7 (Section 7 .ó) Further discussion of all-cause and cause-specific mortality is presented in 
Section71i. 

Table 7-6. Characterization of ambient PM concentrations from recen! studies of cancer and long­
tenn exposures to PM. 
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.A.. subset ofthe ACS cohort study from 1982 to 2000 that included only residents of Los 
Angeles, California was used to examioe the association between PM2,, and llll'.lg cancer mortality 
while adjusting for both individual and neighborhood covariates (Jerrett et al., 2005, 087600). There 
was a positivo association between PM,~ and llll'.lg canee,- mortality when adjusting for 44 individual 
covariates (RR 1.44 [95% CI: 0.98-2.11] per 10 µglm' increase in PM;_,). However, including all 
potential individual and neighborhood covariates associated with mortality reduced the association 
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(RR 1.20 [95% CI: 0.79-I.82) per 10 µg/m' increase in PM2,). A recentr<>-analysis ofthe full ACS 
cohort atso demonstrated a positive association between PM,~ and lung cancer morta.lity (RR I .11 
[95'/o CJ: 1.04-1.18)) {Krewski etal.,2009, J91 l 93). The authors observed modlfication ofthis risk 
by educational attainment, with those completing a hlgh schoo\ degree or less having greater risk. In 
addition to utilizing theACS cohort for a nationwide analysis, Ibis saine study oonducted two 
regional assessments, one in the New York City area and the other in the Los Angeles area_ No 
association was detocted l>etween PM2,, and lung cancer morta.lity in the analysls ofthe region 
included in the New York City analysis.A µositive assoclation was observed in the LosAngeles-area 
analysis using an unadjusted model, but this association did not pei-sist after control fur individua!, 
ecologic, and copollutant covarlates. 

The Six Cities Study was extended 10 include data fi-om 1990-1998, a period including 1,368 
deaths and 54, 735 person-years (Laden et al., 2006, 087605). An elevated risk ratio for lung cancer 
mortality was reported when the entITe follow-up period {I 974-1998) was included in the analysis 
(RR 1.27 [95% Cl 0.96-1.69] per 10 µglm' increase in average annual PM2,,). However, estimaled 
decreases in PM2, were not associated with reduced lung cancermortality (RR J.06 {95% CJ: 
0.43-2.62] for every 10 µg!m3 reduction in PM2,). 

Naess et al. (2007, 090736) studied individua!s aged 51-90 yr living in Oslo, Korway in 1992. 
Death cerlificate data were obtalned for 1992-1998 and information on PM was collected fi-om 
1992-1995. Women had a Iarger association of lung cancer morta!ity with PM2, compared to men_ 
Similar results were reporte<! for PM10. 

Mosl recently, Brunekreef et al. (2009, 19 I 947) used the Netherlands cohort study (NLCS) on 
diet and cancer to conduct a re-analysis ofthe research performed by Beelen et al. {2008, 1 56263) 
examining the association between PM and both lung cancer mortality and incidence.After 10 yr of 
follow-up, there was no association between PM,, and lung cancer mortali:\)'. for either the analysis 
ofthe ful! cohort (n = 105,296) (RR J.06 (95% Cl: 0.82-1.38] per 10 µglm increase in PM,,) orthe 
case-cohort (n = 4,075) (RR 0.87 (95% CI: 0.52-1.47]). There was also no association with bla,,;k 
smoke ortraffic density variables, although living near a major roadway was associated with an 
elevated relative risk for lung cancer in the full cohort analysis (RR 1.20 [95o/o CI: 0.98-1.47]). The 
associatíon was not present in !he case-cohort analysls (RR 1.07 [95% CI: O. 70- J .64 ]). 

In addition to lung cancer mortality, Brunekreef et al. (2009, 1 91947) also examined the 
association with lung cancer incidence using 11.3 yr offollow-up data. ln both the ful! cohort and 
the case-cohort analyses no association was reported between PM2~ and lung cancer incidence (ful! 
cohort: RR 0.81 (95% Clo 0.63-1.04]; case-cohort: RR 0.67 [95o/o CJ: 0.41 ·l. !0] per 1 O µglm' 
increase in PM,_,-). The same was true for analyses ofBS and traffic density variables. 

Thc association between PM and Inciden! lung cancers was examined in the European 
Prospec:tive Investigation into Cancer and Nutrition srudy (EPIC) (Vlneis et al., 2006, 192089). 
Within this cohort, a nested case-control study, the GenAIT study, included cases of incident cancer 
and controls matched on age, gender, smoking status, country ofrecruitment, and time between 
recruitment and diagnosis. Ooly non-smokers and former smokers who had qui! smoking al least 
1 O yr prior were included. The study included 113 cases and 312 controls. No association was seeo 
betweenPM 10 and Iung cancer (OR 0.91 [95o/o CI: 0.70-1.18] per JO µglm'J_ The OR was elevated 
when cotiuine, a marker for cigarette exposurc, was inciuded in the model but the anthors state tlurt 
this il; probably dne to small study si2e (OR2.85 [95% CI: 0.97-8.33] comparing?o: 11 µglm' to 
<11 µg1m'). Control for other potential confounders, such as BMI, edncation level, and intake of 
fruit and vegetables, did not have a !arge impact on the estimate. 
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Table7-7. Associations• between ambient PM concentrations from select studhls of lung cancer 
mortality and incidence. 
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7.5.1.2. OtherCancers 
Bonner et al. (2005, 088993) conducted a population-based, case-control study ofthe 

association between ambient exposure to PAHs in early life and breas! cancer incidence among 
women living in Erle and Niagaracounties in the state ofNew York. Cases (n ~ 1,166 ofwhich 841 
were post-menopausal) were women with primary breast cancer, and controls (n ~ 2,105 ofwhich 
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 average TSP concentrations 
(1959-1997) were obtained from the NewYork State Department ofEnvironmental Conservation for 
Erie and Ni~ara Counties. Among postmenopausal women, exposure to high concentrations ofTSP 
(>140 µglm) atbirth was associated with an OR of2.42 forbreast cancer (95% CI: 0.97-6.09) 
relative to Jow concentrations ofTSP (<84 µgira'). ORs were elevated for pollution exposuTeS at age 
ofmenan-:he (OR: 1.45 [95o/o CI: 0.74-2.87)) and age at first birth (OR: 1.33 [95% CI: 0.87-2.06]) 
arnong postmenopausal women. Among premenopausal women, exposure to high concentrations of 
TSP al birth was associated with an OR foT breas! canceT iucidence ofl.79 (95% CI: 0.62-5.10) 
relative lo Iow exposure levels, exposure at age ofmenan-:he was associated with an OR of0.66 
(95% CI: 0.38-1.16), and exposnre at age offirst birth was associated with an OR of0.52 (95% CJ: 
0.22-1.20). 

7 .5.1.3. Markers of Exposure or suscepübility 
Several studies looked at markers of exposure or susceptibility as the outcome associated with 

short-tenn e"PIJsure. These studies are incl uded here because they may be relevan! to the mechanism 
that leads to cancer associated with long-term exposures. For exarnple, inflammation can contribute 
to can-:inogenesis by inducing genomic instability, which can then lead to altered gene expi-ession, 
enha.nced proliferation, and resistance to apoptotic signals. Reactive oxygen and nitrogen species, 
provided by PM components or lnflarnmation pathways, can cause molecular damage leading to 
cellular transfon:nation. Elevated inflammatory cytokines, chemokines, and prostaglandins promote 
tumor growth and angiogenesis, which in turn promotes metastasis and malignant invasion. In 
particular, !L-6, IL-8, IL-1 ~, COX-2, and TNF-'1 have been implicated in these pi-ocesses (Knndu 
and Surh, 2008, 1988.40). Several lines ofevidence supporl the involvement ofCOX-2 in the 
pathogenesis of lung cancer (Lee et al., 2008, 1 98811 ). Both short- and long-term exposure studies 
demonstrate relationships between various forms ofPM and increased production oftb..,;e 
inflarnmatory mediators, both in the lungs and circulation. Additionally, llmited evidence suggests 
that exposure to PM (Chen and Schwartz, 2008, T 90 l 06), OT traffic (Wllliams et al., 2009, 191945), 
or residence in a polluted airshed (Calderon-Garciduenas et al., 2007, 091252; Calderón­
Garcidueñas et al., 2009, 1921 07) are associated with decreases in the number or function of natural 
killer cells or other white blood cells, indicating suppression of anti-tumor defenses. 

A study performed in the Czech Republic compared 53 male po!icemen working at least 
8 hours per day outdoors in urban air with age-- and sex-matched controls who spent at leas! 90% of 
their day indoors (n ~ 52) (Srarn et al., 2007, l 88457). During the s.ampling period, two monitors 
from downtown and suburban areas detected levels ofair pollutants in the fo!lowlng ranges: PM10 

32-55 µg!m', PM2~ 27-38 µglm', c-PAHs l&-22 nglm', and B[a)P 2.5-3.1 ng!m' using a VAPS 
monitor (measurements taken witb a HiVol monitor, which has a lower flow rate, hada mean for 
PM 10 of62.6 µgtm"J. c-PAHs detecte<! on personal monitors durlng s.ampling days hada mean of 
12.04 nglm' among the policemen and 6.17 nglm' arnong the controls. No difference in percent of 
chromosomal aberrations was observed between the p0licemen and control group using conventional 
cytogenetic analysis. However, using fluorescent in situ hybricfuation (FJSH), a difference in 
chromosomal aberrat:ions betv•een the policemen and control gronp was reported. For example, the 
percerrtage of aberran! cel\s, as well as the genomic freqnency of translocations per 1 00 ce!ls, was 
abont 1.4-fold greater in the poli cernen. This was largely driven by a difference in chromosomal 
aberrations between nonsmoking policemen and nonsmoking controls. A similar study that included 
only the po!icemen (n ~ 60), reported that !he mean exposure to c-PAHs and B[a)P for40-50 days 
befare sarnpling was associated with chromosomal aberrations when analyzed with FJSH (Srarn et 
al., 2007, l 92084 ). However, when inc!nded in a model witb other covariates, the associatlon with 
these variables was nnll. No association was present with use of conventional cytogenetic analysis. 

Palli et al. (2008, J 56837) invostigated the correlation between ambient PM10 concentrations 
and individual levels ofDNA bulky adducts. Smdy participants were 214 healthy adults aged 
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35-64 yr at enrollment who resided in the city ofFlorence, ltaly. This study was conducted between 
!993 and 1998. PM10 exposure levels were based on daily environmental measures provided by two 
types of urban monitoring stations (high-traffic and Iow-traffic). The researchers a.>sessed correlation 
between DNA bulky adducts measured in blood samples and PM 10 concentrations priOT to blood 
sarnple collection. Time windows of PM 10 exposure evaluated in this study were 0-5 days, 0-1 O days, 
0-15 days, 0-30 days, 0-60 days, and 0-90 days prior to blood sample collection. Overall, average 
PM10 concentrations decreased during the study period, with some fluctuations. Quantitative values 
were notreported, bnt PM10 appeared to range between approximately 30 and 100 µg/m'for high­
tmffic stations, and between approximately 20 and 50 µglm' for low-traffic s!:l1ions. This study 
found that levels ofDNA bulky adduc!s among non-smoking workors with occupational traffic 
exposure were positive!y correlated with cumulative PM10 levels from high-ttaffic stations during 
approximately 2 wk preceding blood sample collection (0-5 days: t = 0.55, p = 0.03; 0-10 days: 
r = 0.58, p = 0.02; 0-15 days: r= 0.56, p = 0.02). DNA bulky adducts were not associated ;vith PM,0 
levels among Florence residents with no occnpational exposure to vebicle emissions or among 
smokers. DNA bulky adducts were not associated with PM 10 levc1s assessed by low-traffic urban 
monitoring stations. 

The association betweeu personal exposure to water-soluble transition metals in PM2, and 
oxidative stress-iuduced DNA damage was investigated among 49 students from Central 
Copenhageu, Denmark (Sorensen et al., 2005, 083053). Researchers assessed PM,__,- exposure by 
personal sampling over two weekday periods twice in one year (November 1999 and August 2000), 
and detennined !he concentration ofwater-soluble transitlon metals (V, Cr, Fe, Ni, Cu and Pt) in 
!bese samples. lnaddition, !ymphocyte and 24-h urine samples were analyzed for DNA dama<ie by 
measuring 7-hydro-8-oxo-2'-deoxyguanosine (8-oxodG). Mean concentrations and coiresponding 
IQR ofthese metals differed be!Ween months ofsample collection. This study found that 8-oxodG 
concentration in lymphocytes was sígnificantly associated with V and Cr conoeutrations, with a 
l .9o/o increase in 8-oxodG per 1 µglL lncrease in V concentration and a 2.2% increase in 8-oxodG 
per 1 µglL lncrease in Cr concentration; these associations were independent ofthe pM,__,- mass 
concentration. The other transition metals were not siguificantly associated with the 8-oxodG 
concentration in lymphocytes, and none ofthe six measured transition metals was assocíared with 
the 8-oxodG concentration in urine. 

Vinzents eta!. (2005, 087482) investigated the association be!Ween UFP and PM10 
concentratioru; with Jevels of purine oxidation and strand breaks in DNA using a crossover design in 
Copenhagen, Denmark. Study participants were 15 healthy nonsmoking individuals with a mean age 
of25 yr_ VFP exposure was evaluated using number coucentration obtained in the breathing zone by 
portable instruments in six 18-h weekday periods from March to June 2003.Amblent concentrations 
for PM 10 and UFP were also measured on al! exposnre days at curbside street stations and at one 
urban background station. Oxldative DNAdamage was assessed by evalllliting strand breaks and 
oxidlzed purines in mononuclear oells isolated from venous blood the moming after exposure 
measurement. Mean number concentration ofUFPs (street station) was 30.4xlO'UFPsfmL (standard 
deviation ~SD]: 1.38), mean mass concentration ofPM,0at a background monitoring station was 
16.9 µgfm (SO: 1.53), and mean mass concentration ofPM 10 ata street station was 23.5 µglm' (SO: 
1.48). Mean personal exposure to UFPs was 32.4xIO' UFPsfmL (SD: 1.49) while bicycling (5 
occasions), l 9.6x 1 03 UFPsfmL ($0; l. 78) during other outdoor activities (6 occasions), and 
13.4x1 O' UFPslmL (SO: 1.96) while indoors (6 occasions). The regression coefficients of the mixed­
effects models looking at leve! ofpurine oxidation were estimated as I.50x!O-' (95% Cl: 0.59x!o-J 
to 2.42x 1 o-'; p = 0.002) for cumulative outdoor exposnre and I _Q7x 1 o-' (95% CI: 0.37x 1 o-' to 
l .77x 10-';p = 0.003) for cumulative indoor exposure. Neíther cumulative ontdoor nor cumulative 
indoor exposures to UFPs were associated with strand breaks. N ei!her ambient air concentrations of 
PM,, nor number concentrations ofUFPs at monitoring stations were significan\ predictors ofDNA 
darnage. 

Additionally, a number of studies employed ecologic srudy desigus, comparing !he prevalence 
ofbiomarkers in populations from more polluted locaíions to those in less pollu1ed locations. In a 
pilot stndy conducted in the Czech Republic (Pedersen et al., 2006, 156848), children age 5-11 yr 
provided 5 mL blood sarnples and the frequency of micronuclei (M'-J) in peripheral blood 
lymphocytes was analyzed as a measure of cytogenet1c effects_ Significautly higher fre<J.uencies of 
]l,1N were found in younger children living in Teplice (PM2 5 concentraíion = 120 µgtm') lhan in 
Prachatice (PM,_, concentration = 46 µglm'). The levels of c-PAHs were also much highcr in Tepl\ce 
(nea_rly 30 ng/m' in Teplice and about 15 nglm' in Prachatice). The difference in MN frequencies 
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observed in the children from the two lo:;ation• may be attributable to dlfferences in exposure to air 
pollution, but could also be dueto differences in diet or other environmental exposures_ This finding 
is noteworthy considering MN fo=ation in peripheral blood lymphocytes is thought to be 
biologically relevant for caroinogenesis. 

Avogbe et al_ (2005, 087811) showed a correlation between the leve! ofoxidative DNA 
damage in individuals and exposure to ambient UFPs. Formamidopyrimidine DNAglycosylase 
sensitivo si tes and the presence of DNA strand breaks were assessed in blood and mine samples 
obtained from healthy, non-smoking male volunteers thal Ji ved and worked in different oreas of 
Cotonou, Benin. Exposure to l>enzene was assessed by urinary excretion of S-phenylmercapturic 
acid. There was a high degree of correlation IJ.etween exposure to benzene and UFPs and the 
presence ofDNA stnmd breaks and forrnamidopyrimidine DNA glycosylase sensitive si tes (rural 
subjects < suburban subjccts < residents living near high tra:Efic roa&< mxi drivers). Oenotyping 
studies showed that the magnimde ofthe effects ofbenzene and UFPs may be modified by 
polymorphisms in GSTPI and NQO! genes. 

Tovalin et al. (2006, 091322) evaluated the association between exposure to air pollutants and 
the leve! ofDNA damage using the single cell gel elcctrophoresis (comet) ass.a)'. Mononuclear 
lymphocytes from outdoor and indoor workers from two areas in Mexico, Mexi<>:> City (large city) 
and Puebla (medium size city), were evaluated- The outcomes sbowed that the outdoorworkers in 
Mexico City exhibited greaterDNAdamage than indoor workers in the same region. Similar levels 
ofDNA damage were observed between indoor and outdoor workers in Puebla. The level of 
observed DNA damage was correlated with exposure to O, and PM2,,. 

ln summary, severa! recent studies havc reported an association between lung cancer mortality 
and long-term PM,~ exposure. Although many ofthe estimatcs inc!ude the null in the <>:>nfidence 
interval, overall the results have shown a positive relat:ionship. The two recent studies that looked at 
lung cancer incidence did not report an association with PM,~ (Brunelcreef et al., 2009, 191947) or 
PM10 (Vineis et al., 2006, 192089). Studias of exposure/susceptibility markers have reported 
inconsistent outcomes, with sorne markers bein.g associated with PM and others not. 

7.5.2. Toxicological Studies 
Overthe past 30 yr numerous mutagenicity and genotoxicity studieo ofambientPM and their 

contributing sources have been conducted to assess the relative mutageníc or genotoxic p-Otential. 
Studies previously Tev]ewed in the 2004 PMAQCD (U.S. EPA, 2004, 056905) provide compelling 
evidence tlrat ambient PM and PM from specific combustion sources (e.g., fossil fuels) are 
mutagenic in vivo and in vitro. Research cited in the 2004 AQCD demonstrated mutagenic activity 
ofambient PM from UTban centers in California, Germany and the Netherlands. These studies 
suggested that ubiquitous emission sources, particular)y motor vehicle emissions, rather than isolated 
polnt sources were large\y responsible for the mutagenic effccts. In addition, the mutagenicity was 
dependent upan the chemical composition ofthe PM with unsubstituted polyaromatic compounds 
and semi-polar compound• being highly mutagenlc. Mutagenicity was also dependerrt on size, with 
the fine fraction of urban PM having greater effects !han the coarse fraction. Genotoxic activity was 
demonstmted fOT ambient PM from two high traffic arcas (one upwind and one downwind) anda 
rural site. In addition, the 2004 AQCD reported that exhausts from gasoli11e and diese! engines were 
mutagen!c and that DE was more potent More mutagenicity was observed for exhaust from cold 
starts than starts at room temperature. Both gaseous and particnlatefractions ofDE were found to be 
rnutagenic. Sequenlial fractionation of extracts from gasoline and DE implicated the polar fractions, 
especially n!trated polynuclear aroma.tic compounds, as contributing greatly to mutagenicity. Among 
sorne of the other mutagenically active compounds found in the gas phase of DE are ethyiene, 
benzene, 1,3-butadiene, acrolein and several PAHs, ali of which are also present in gasoline exhaust. 
Al so cited in the 2004 AQCD were studies demonstrating mutagenic effects of ernissions fi-orn 
wood!biornass burning, which were prirnarily attTibutable to the organic fraction and not the 
condensate. Jt was noted that wood smoke induce<! both frameshift mutations arid base pair 
substitution but not DNA adducts. Fnrther, emissions from coal cornbustion in China were found to 
be mutagenic, with both polar and aromatic fi-actions contributing to effects. Little data were 
available on the mutagenicity of coa! fly ash emissions from lJ .S. conventional combustion plants. In 
conclusion, these studies ¡novide evidence tbat ambient PM and combustion-derived PM are 
mutagenic/genotoxic. The 2004AQCD noted that tbere is nota oimple relationship between 
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mutagenic potential and carcinogenic potential in animal> or humans. No studies evalua.ting 
carcinogenic effects of PM were reported in the 2004 AQCD. 

Building on results ofearlier rtudles in the 2004 PM AQCD, data from newly pub!ished 
studies that evaluated the muragenic, genotoxic and carcinogenlc effects of PM, PM-constiruents, 
and combustion emission source particles are reviewed. Pertinent studies are described briefly in the 
following paragraphs. A surnmary table is provided inAnnex D, Tables 07 and 08). 

7.5.2.1. Mutagenesis and Genotoxicity 

ln Vitro Studies 

In general, studies have focused on PM and PM extracts for mumgenicity resting using 
bacteria and mammalian ce!! Jines. PM and/or PM extracts from ambient air samples, wood =oke, 
and coa!, diese!, or gasoline combustion have ali been reported to induce mutation in S. typhtmurium 
and in cultured human ce lis (Abou et al., 2007, 098& 19; Gabelová et al., 2007, 156457; Gabelovi et 
al., 2007, 156458; Hannigan et al., 1997, 083598; Homberg et al., 1998, 095741). In additiorr, eff"<'ts 
associated with PM and PM-associated coru;tltuents inc!ude inductiorr ofMN furmatiorr, DNA 
adduct formation, SCE, DNA strand breaks, frameshifts and inhibition of gap-junctiorr intercellular 
communication (Alirrk et al., J 998, 087159· Arlt et al., 2007, 097257; Avogbe et al., 2005, 087811; 
G:J.b<,lová et al., 2007, 156457; Gabelovi et al., 2007, 1 56458; Healey et al., 2006, 1 56532; Hombe!J5 
et al., 1996, 087164; Hornberg et al., I 998, 09574 I; Sevastyanova et al., 2007, 156969). 

Con.stituerrts adsorbed orrto individual partic!es play a large role in the genotoxic potential of 
PM. Poma et al. (2006, 096903) showed that fine CB particles were consistently less genotoxic than 
similar corrcentratiorrs of Plvl;,, extracts, suggesting that the adsorbed components play a role in tbe 
genotoxlc potential ofPM. Total PAH and carcinogerric PAH corrterrt were correlated with the 
genotoxic effects of PM (De Kok et al., 2005, 088656; Sevastyanova et al., 2007, 156969). 
Comparisorr of di:fferent extracts (water-soluble versus organlc) by Gutierrez-Castlllo et al. (2006, 
089030) indicated that water-soluble ext:racts werc more genotoxic !han tbe corresponding orgauic 
extr-acts. Sharma et al. (2007, 1 56975) reponed that mutagenic activity of extracted PM samp[es 
collected in and aronnd a waste incineration plant was attributed to the moderately polar and polar 
fractions. The polar and crudc fractions were mutagenic without metal>olic activation, suggesting a 
direct mutageníc effect. No mutagenic activity was observed from any ofthe rronpolar samp!cs 
evaluat:ed. Atlt and colleagues (2007, 097257) have shown that the PM corutitnents 
2-nitrobenzanthrone (2-NB) and 3-nitrobenzanthrone were genotoxic in a variety ofbacterial and 
mammallan cell systems. 

Conflicting data ha ve been reported on the role of metal>olic enzymes ln the genotoxicity of 
PM and tbeir adsorbed constiruents. Arlt et al. (2007, 027257) reported that the PM constiltlent 2-NB 
was genotoxic in bacteria! and mammalian cella. However, merabo!ic activatiorr with the human N­
acetyltransferase 2 or sulfot:rarrsferase (SULTJA 1) errzyme was needed for the effi:ct to be observed 
in human cells. Erdlnger et al. (2005, l 564 ~3) demonstrated that mutagenic activity was rrot affected 
when metabolism was induced. de Kok et al. (2005, 088656§ evaluated the relationship betwcen the 
physical, chcmical, and gerrotoxic effects of arnbierrt PM. T P, PM1o, and PM,,_, were sampled at 
different locatiorrs and the extracts were assessed for mutagenicity and irrduction ofDNA adducts in 
cella. OveraJI, indncticn of rat Iiver S9 metaholism generally reduced !he mutagenic polential vla the 
Ames assay ofthe particle fractiorrs aod DNA reactivity (induction ofDNA adducts) was generally 
higher after metabolic activatiorr. Blnková et al. (2003, 1 56274) found that the addition of S9 
lncrcased PM10-deperrde.nt 01\'A addnct fonnation. 

AmbientAir 

A limited rrumber of srudies evaluated the impact of thc season on !he genotoxic effe<:ts of 
ambient PM. A few studies bave indicated that greater genctoxic e:Efects were associated with 
samples collecrcd during the wll:tter months compared to !hose collected in the summer (Abo u et al., 
2007, 098819; Gabelová et a!., 2007, 156457; Gabelová et al., 2007, 156458). In contrast, Hannigan 
et al. (1997, 083598) indicated that no seasonal variat:ion was observed. Studies have also shown that 
greater genotoxic effects were associated with smaller particle size extracts (e_g,, PM2 ,;>PM10) arrd 
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from sample.s collected in urban areas or closer to higheT trafficked areas (Abou et al., 2007, 09881 9; 
Hornberg et al., 1998, 095741 ). 

de Kok et al. (2005, 088656) found the direct mutagenicity (Ames assay) and the direct DNA 
reactivity {DNA adduct forrnation) ofthe PM2 ,, size fraction was significantly higher than that ofthe 
Iarger size fractions (TSP, PM10) at most Jocations. 

DNA damage was assessed by the Comet assay inA549 cells exposed to PM collected from a 
high traffic area in Copenhagen, Denmark (TSP approximately 30 µglm') and compared to the 
results from exposure ofA549 cells to standard reference materials (SRMI650 or SRM2975) atthe 
same concentrru::io-ns (2 .5-250 µg/ml) (Danielsen et al., 2008, ! 92092 ). All three particles induced 
strand breaks and oxidized purines in a dose-dependent manner and there were no obvious 
differences inpotency. In contras!, only the arnbient PM forrned 8·oxodG when incubated with calf 
thymus DNA, which may be dueto the concentration oftransition metals. 

Diesel and Gasoline Exllaust 

Automobile DE particles (A-DE particles) was tested in S_ typhimurium strains TA98, TAlOO, 
and its derivatives (e.g., TA9SNR and YGl021) and found to be more mutagenic than forklift DE 
particles (f-DE particles, derivative SRM2975), based on PM mass. A-DE particles had 227 times 
more PAH-type mutagenic activity and 8-45 times more nitroarene-type mutagenic activity 
(DeMarini et al., 2004, 066329). Using a diesel engine without an oxidation oa.talytic converter 
(OCC), the diese] engine exhaust particle extrae! produced the highest number of revertan! colonies 
iu strains TA98 and TA!OO with and w!tbout S9 at severa! teITTed loads when compared to extracts 
from low-sulfur diese! fuel (LSDF), rapeseed oil methyl ester (RME), and soybean oil methyl ester 
(SME). When an OCC was installed in the exhaust pipe ofthe engine, all extracts reduced the 
number of revertan! colonies in both stralns with and without S9 at partial Ioads but increased !he 
number of revertan! colonies without S9 at rated power. At idling, DE particles extracts lncreased the 
nurnber of revertan! colonies with and without S9 (Bunger et al., 2006, 1 56303). In a separate study, 
engine emissions (particle extracts and condensares) from rapeseed (can ola) oil were found to 
produce greater mutagenlc effects inS typhimurium strains TA98 and TAIOO than DE particles 
(Bunger et al., 2007, 1 563041. Additionally, DE extrae! (DEE) from diese! fuel containing various 
perceutages of ethanol was also observed to induce mutati.onal response in two Salmonella strains. 
Base die.sel fue! DEE and DEE from fue] with 20o/o ethanol caused more significarrt DNA darnage in 
rat fibrocytes L-929 cells than extracts containing 5, 10, or 15% ethanol (Song et al., 2007, 155306). 

DE and gasoline engine exhaust particles, as well as tbelr semi-volatile organic compound 
(SVOC) extracts, induced mutations in the two S. typhimuri= strains YG1024 and YG1029 in the 
absence and presence ofS9; the PM extracts were more mutagenic !han the SVOC extracts. 
Additionally, all extracts except the DE extrae! lnduced DNAdarnage and MN fonnation in Chinese 
harnster lung V79 cells (Liu et al., 2005, 09701 9). Another study demonstrated that gasoline cngine 
exhaust significantly lncreased colony fbnnat:ion in TA98 with and without S9 (Zhang et al., 2007, 
157186), 

Jacobsen et aL (2008, 15659D used the FE 1-Muta"" Mousc lung epithelial cell line to 
investigate putativo mechanisms ofDE particle-induced mut:>genicity. Mutation ion frequencies and 
ROS were detennined after cells were incubatcd with 37.5 or 75 µglml DE particles (SRM!650) for 
72-h (n - 8). The mutatlon frequency at the 75 µglml dose was oignlficantly increased (l .55-fuld; 
p<0.001) in contras! to cells treated with 37 -5 µgfml DE particles. DE particles-induced ROS 
generation 1.6- to 1.9-fold in the epithelial cell cultures after 3 h ofexposure compare<! with the 3- to 
1 0--fold increase in ROS prodnction previously reponed for CB. The authors concluded that the 
mutageuic activity ofDE particles is tikely attributrLble to activity from the organic fraction that both 
corrtains reactive species and can generate ROS. 

In human A549 and CHO-Kl ce\ls, the organic fraction ofDE particles significantly inci:eased 
the arnount ofComet and MN formation, respectively, in the presence and absence ofSKF-525A{a 
CYP450 inhibitor) and S9, respectively (Oh and Chung, 2006, 088296). The organic base and 
neutral fractions of DE particlcs also significantly induced DNA darnage bnt only without SKF-
525A, and al! fractions but the moderately polar fraction (phthalates and PAH oxyderivatives) 
induced MN formation with and without S9 (Bao et al., 2507, 097258). Gasoline engine exhaust 
significantly induced ONA damage as measured in the Comet assay and increased the frequency of 
MN in humanA549 cells (Zhang et al., 2007, 157186). In human-hamster hybrid (AL) cells, DE 
particles (SRM 2975) dose-dependently increased the mutat:ion yield at the CD59 locus; this was 
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significantly reduced by simultaneous treatment with phagocytosis inhibitors (Bao et aL, 2007, 
097258). 

WoodSmoke 

The mutagenicity ofwood smoke and cigarette smoke (CS) extracts wa.s assayed in 
S. typhimurium strains TA98 and TA I 00 (Ames a.ssay) using the pre-incubation assay with 
exogenous metabolic activation (rat Ji ver S-9). Extracts ofboth samples (62.5 or 125 µg total PM 
equivalent/ml) were equally mutageníc to strain TA98 but !he wood smoke extra.et wa.s less 
mutagenic than the es extracts in strain TA 1 00 (lba et al., 2006, 1 56582). 

In Vivo sb.Jdies 

AmbielliAir 

The contribution ofambient ru:ban roadside air exposure (4, !2, 24, 48 or 60 wk) to DNA 
damage was examlned in the !ungs, na.sal mucosa, and livers of adult male Wistar rats in Kawa.saki, 
Japan (Sato et al., 2003, 096615). Messenger RNA levels ofCYP450 euzy:mes that catalyze the 
transformation of PARs to reactive metal>olites were ab;o evaluated. Concentrations of gases were 
reported to be 12-182 ppb NO and 0-9 ppb NO, in the filtered air chamber and 33-280 ppb NO and 
42-81 ppb NO, in the experimental group chamber. Suspended PM concentrations were 11-19 µglm' 
in the ftl terod air chamber and 42-1 00 µglm' (average 63 µglm') in the experimental group chamber. 
Body weíght significantly dem:eased in exp<>sed animals at 24, 48 and 60 wk.A 4-wk el<posure to 
urban roadside air resulted in significant increases in multiple DNA adducts (lung, nasal, and liver 
DNA addliCls). With longer exposures, there were significan! increases in lung (48 wk), nasal 
(60 wk), and liver DNA adducts (60 wk). Changes were seen in CYPIA2 mRNA at 4 wk with a 
23-fuld increase in exposed animals compared to the control group with no change observed at 
60 wk; CYPJAJ mRNA was unchanged. These results indicate that el<posure to ambient air in this 
roadside area could induce DNAadduct formation, which may be lmportant for carcinogenicity_ 
Earlier studies (Ichinose et al., 1997, 053264) have showu that 8-oxodG; a DNA adduct, is e\evated 
along with tumor fOrma.tion in adose-dependen! manner in mice administered DE particles. Tbe 
finding of adducts in the liver indicated that depositlon of PM and its associated PAHs in the lung 
can ha ve indirect effects on extrapulmonazy organs. It should be noted thatPM deposition on the fur 
and ingestion during grooming cannot be ruled out as a possible exposnre route. 

Another animal toxicological study employed "non-carcinogenlc" particles obtained :from 
pooled non-<0ancer0us lung tissue collected during surgical lung resection from three non-smoking 
male patients diagnosed with lung adenocan:inomas (Tokiwa et al., 2005, 191952). Particles were 
partially pnrified to remove organic componnds_ Morphologically the partíc!es were similar to DE or 
amblen! air PM and the organic extracts from the particles were directly mutagenlc in S. 
typhimnrlum tester strains TA98, YG102J and YG1024. BALB/c and JCR mice were intratracheally 
instilled with particles at doses of0.25, 0.5, I .O, or 2.0 mg/mouse. After 24 h, 8--oxodG was 
measmed in lung DNA and found to be increased in ICR mi ce in a dose-dependent manner, reaching 
a maximum of-2.75 8--oxodG/IO' dG atthe 2.0 mg dose. The response was statistically significan! 
at doses of0.5, 1.0, and 2.0 mg. The inc,eased 8-oxodG levels obscrved in vivo was reported to be 
likely due to hydrol<yl radicals presurned to be involved in phagocytosis of non-mutagenic particles 
by infiammatory cells that cou!d induce hydroxylation of guanine residue on DNA. 

Diesel Exhaust 

An in vivo study employed gtp delta transgenic mice carrying the lambda EG 1 O on each 
Chromosome 17 fi-om a C57BL/6J background to investigate the effects ofDE particles on mutation 
frequency (Hashimoto el al., 2007, 097~61 ). Mice werc exposed vía inhalation ro DE partí eles or via 
IT irutillation to DE particles or DE part:icle extract and lambda EG!O phages were rescued; E. coh 
YG6020 was infected with the phage and scrcened for 6-thioguanine resistance. The mutagenic 
potency (mutation freqnency per mg) caused by DE particle extract was twice that of DE particles, 
suggesting that the mutagenicity of DE partí eles is attributed primarily to compounds in the ex:tract, 
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since ""50% ofthe weight ofDE particles was ~rovided by the extrae!. There was no difference in 
mutation fi-equencybetween the 1 and 3 mg/m DE particle gro11ps afie.- 12 wk ofexposure. 

WoodSmoke 

One recen! study measured the effect offreshly generated hardwood smoke on CYPlAI 
activity based on ethoxyresorufin 0-deethylase in pulmonary microsomes recovered from male 
Sprague-Dawley rats exposed to hardwood smoke by no.se-only inhahrtion e"posure (Iba et al., 2006, 
156582). CYPlAl activity in rat lung explants treated with extracts ofthetotal PM (TPM) from 
hardwood smokc samples and from freshly genernted cigarette smoke (CS) was al.so evaluated. 
Unlike CS, hardwood smoke did not induce pulmonary CYPlAl activity or mRNA (assessed by 
northem blot analysis) nor did extracts ofhardwood smoke TPM induce CYPlAI protein (assessed 
by western blot analysis) in cu!tured rat lung explants. The results suggest tha1 unique constituents 
that are activated by CYPJAl may be present in CS but nothardwood smoke. 

7.5.2.2. Carcinogenesis 
Studies published prior to the 2004 AQCD that evaluated the can:inogenicity of ambient air 

were reviewed by Claxton and Woodall (2007. 180391 ). Five studies involved chronic inhalation 
exposures in rodents. No statistically signlficant increase in tumorigenesis was observed followlng 
chronic exposure to urban air pollution in Los Angeles (Gardner, 1966, 01 5129; Gardner et al., 1%9, 
015130; Wayne and Chambei-s, 1968, 038537). Howevei- in a study conducted in Brazil, urban air 
pollution was found to enhance !be formation of urethane-induced lung tumors in mice (Cury et al., 
2000, 192100; Reymao et al., 1997, 084653). 

Two recent studies evaluated the carcinogenic potential of chronic inhalation exposures to DE 
(Reed et aL, 2004, 055625) and hardwood smoke (Reed et al., 2006, 156043). Two indicators of 
carclnogenic potentiai, forma:tion ofMN and tumorigenesis were measured iil strainAJJ mice, which 
is a mouse model tha! spontaneously develops lung tumors. Exposure to DE or hardwood smoke at 
concentratlons of 1,000 µglm' and below did not cause increased formation ofMN oran increased 
rate of lun:¡; tumorn in this cancei--prone rodent model. These studies are described below. 

Diesel Exhaust 

AJJ mi ce wei-e exposed to 30, JOO, 300 and 1000 µglm' DE for 6 hlday and 7 days/wk for 
6 mo (Reed et al., 2004, 055625). The concentration ofgases in this including NOx, NO,, CO, so,, 
NH3, methane, non-methane VÓC, and FID total hydrocarbon ranged from control to bigh dose 
gronp values ofO to 50.4 ± 0.6 ppm, 0_2 ± 0.2 to 6.9 ± 3.3 ppm, 0.3 ± 0_) to 30.9 ±4.5 pPID, not 
detectable to 9552 ± 58.4 pPb, 176.5 ± 8.8 to 9.1 ± 0.2 µglm', 1406.5 ± 253.2 lo 2642.J ± 
455.9 µglm', 134.0 ± 52.1 to 1578.6 ± 256.2 µgtm', 0.1 ± 0.1 to 2.2 ± 0.2 ppm, respectiveJy_ Particle 
sizes in the four exp>s11re groups ranged from 0.10-0.15 µrn MMAD with geometric standard 
deviations of 1.4-1.8. Following the 6-mo exposure and a 6-mo recovery period, mice were collected 
and MN formation in blood and tumor multiplicity and tumor incidence were measured in lungs. No 
increases in fonnation ofMN or numbern oflung adenomas were observed in DE-exposed mice 
compared with controls. 

Wood Smoke 

AJJ mice were exposed to 30, 100, 300 and 1,000 µglm' hardwood smoke orto 30, 100, 300 
and 1,000 µgira' DE for 6 h/day and 7 days/wk for 6 mo (Reed et al., 2006, 156043~ Gaseous 
comp>nents ofthe hardwood smoke included CO, NH,, and non-methane VOC wi concentrations 
from control levels to high dose hardwood smoke expos11re ranging from 229 ± 31 to 14887.6 ± 
832.3 ppm, 139.3 ± 2.3 to 54.9 ± 1.2 µglm' and 1 77.6 ± 1 0.4 to 3455 .O ± 557.2 µg/m 3

, respe<:tively. 
Concentrations ofNOx, NO, and S01 were reported to be null. Partic!e sizes in the four exposure 
groups ranged from 0.25-0.36 µm MMAD with geometric standard deviations of2.0-3.3. Fo!lowing 
the 6-mo exposure anda 6-mo recovery period, mice were collected and MN formation in blood and 
tumor multiplicity and tumor lncidence were measured in lungs. No increases in forma:tion ofMN or 
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numbers oflung adenomas were observed in hardwood smoke-exposed mice compared with 
corrtrols. However, hardwood smoke from this study was mutagenic in theAmes reverse mutation =,. 
7.5.2.3. Summary ofToxicological Studies 

In summary, numerous new in viiro studies ronfirm and extend findings reponed in the 2004 
AQCD that amblen! PM from urban sites and combllSriou-derived PM are mutagenic and genotoxic. 
A sma!l number ofnew studies were conducted in vivo. One ofthese studies demoru;trated increased 
mutagenic potency in mi ce exposed to DE particles and DE particle exti:act:. Another srudy found 
increased formation of 8-oxodG, aDNA adduct, following IT instillation of PM in mice. A chronic 
inhalation study of rats exposed to urban roadside air reported increased formation ofDNA adducts 
in nose, lung, and liver and induction of CYPIA2. Jnha!ation exposure of rats to hardwood smoke 
failed to induce CYPlAl in another study. Finally, two chronic inhalation studies fuund no evidence 
ofcarcinogenic potential for DE and hardwood smoke in a cancer-prone mouse model. Collectively, 
these results provide sorne evidence, mainly from in vitro srudies, to support the biological 
plausibiHty of amblen! PM-lung cancer relationships observed in epidemiology studies. 

7.5.3. Epigenetic Studies and other Heritable DNA mutations 
Two epidemiologic epigenetic studies examined the effect of PM on DNAme!hylation. Both 

studies examined methylation of Alu and long interspersed nuclear element-1 (LINE-1) sequences, 
which are located in repetitive elements. In previous studies, methyl:llion of these sequences has 
been Iinked to global genomic DNA methyhrtion content (Weisenbergeret al., 2005, 192101· Yang et 
al.,2004, 192102). 

The Í!Isl study included raen age 55 and older who were part ofthe NormativeAging Study in 
the Boston area (Baccarelli et al., 2009, 1 92155). A stationary monítoring site located 1 km from the 
examination site was used to estímate ambient PM,~ exposure for the duration of the srudy 
(1999-2007). During the study period, the median leve! of PM,_,. avcraged over 7-day periods, was 
9.8 µg/m3 (interquartile range 8.0-12.0 µglm'). There was no association between PM,., and Alu 
methylation. LmE- ! methylation was =ociated with PM25 measured over the 7 days before the 
examinations. 

The second study Included 63 healthy men aged 27 -55 yr worklng at an electric furnace steel 
plant (Tarantiui et al., 2009, 1920 l 0). Blood sam ples were taken twice, once in the morning after 
2 days ofnot working and once in the morning after 3 ful! days ofwork. PM10 was measured in 
11 work a.reas and individuals completed daily logs about the amount oftime spent in each a.rea. On 
average, individuals hadan estimated exposure of233.4 µglm' PM10 (range 73.4-1220.2 µglm3). 
Short-term exposure did not alter the methylation ofAlu and LINE-1. To examine effects oflong­
term exposure, both blood sarnples were considered independent oftime, andAlu andLINE-l were 
exarnined with respectto overa!! estimated PM 10 exposure using mixed effects models. There was a 
negative association between increasing leve Is of PM10 exposure arid Alu and LINE-1 methylation, 
indicating that PM 10 causes epigenetic changes to occur with long-term exposure. This study also 
looked at levels ofiNOS gene, which is a gene suppressed by DNA methylation. iNOS expression 
was not associa±ed with long tenn exposure to PM10 but was affected by methylation in !he shon 
rerm. 

Animal toxicology studies evaluating the effect of PM exposure on changes in the epigenome 
and other non-epigenetic heritable DNA changes have oniy recently been conducted. After earlier 
work showed increased germline mutation rates in herring gulls nesting nea.r steel millo on Lake 
Ontario (Yauk and Quinn, 1996, 089093) further work was conduc!ed to address air-dependent 
contribution to germline mutatíons by houslng mal e and female Swiss Webster mice In the same a.rea 
and comparlng mntation rates in !hose animals with mutalion rates of animals housed in a rural 
setting with less air pollution (Somers et al., 2002, 078100). To determine if PM or the gaswus 
phase of the urban air was responsible fur heritable mutations, Yauk et al. (2008. 1 571 64} exposed 
mature mal e C57BlxCBA Fl hybrid mice to either HEPA-filtered air orto ambient air in Hamilton. 
Onta.rio, Canada fer 3 or !O wk, or 10 wk plus 6 wk ofclean air exposure (16 wk) (also discussed in 
Section 7.4.2.5). Sperm DNA was monitored for ESTR mutations, testicular •ample bulky DNA 
adducts, and DNA single or double strand breaks. In addition, male-germ line (spermalogonial stem 
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7.5.4.2. PM10-2.5 

The 2004 PM AQCD did notreport long-term exposure studies for PM10-25. No epldemlologic 
studies have been condnnted to evaluaie the effects oflong-tenn PM10-2~ exposure and cancer. The 
evidence is inadequate to assess the association between PM,,,_..,and UFP exposures and 
cancer. 

7.5.4.3. UFPs 
The 2004 PM AQCD did notreport long-term exposure studies fo-r UFPs. No epidemiologic 

studies have been conducted to evaluate the effects of long-term UFP and cancer. The evidence is 
inadequate to detennine if a causal relalionship exisls between long-terrn UFP 
exposures and cancer. 

7 .6. Mortality 
In tite 1996 PM AQCD, results were presented for three prospective cohort studies of adult 

populations: the Six Cities Study (Dockery et aL, 1993, 044457); the ACS Study (Pope et aL, 1995, 
045159); and theAHSMOG Study (Abbey et al., 1995, 000669). The 1996 AQCD concluded that 
the chronic exposure studies, taken together, suggested associations between increases In mortality 
aud long-term exposure to PM,,,, though there was no evidence to suppor! an association with PM10-
'·' (U.S. EPA, 1996, 079380). 

Discussions ofmortality and loug-term exposure to PM in the 2004 PM AQCD emphasized 
the results offour L'.S. prospective cohort studies, hut the greatest weight was placed on the findings 
of the ACS and the Harvard Six Cities studies, which had ea,,:h undergone extensive independent 
reanalysis, and which were based on cohorts that were broadly re¡nesentative ofthe U .S. population. 
The 2004 PM AQCD concluded thatthe results ftom the Seventh-Day Adventist (AHSMOG) cohort 
provided sorne suggestive (but less conclusive) evidence for associations, while results from the 
Veterans Cohort provided inconsistent evidence for associat::ions between long-term exposures to 
PM,__,. and mortality. Collectively, the 2004 PM AQCD fuund thatthese studies provided strong 
evidence that long-term exposure to PM2, was associated with iucreased risk ofhuman morta!ity. 
Effect esrimates for a\1-cause mortality ranged from 6 to 13o/o increased risk per 10 µglm' PM> ,, 
whlle effect estimates for cardiopulmonary mortality ranged ftom 6 to 19% per 10 µg!m' PM25• For 
lung cancer mortality, the effect estímate was a 13% increase per 10 µg!m' PM2~, based upon the 
results ofthe extended analysls from theACS cohort (Pope et al., 2002, 0246891. With regard to 
PM10-;s, the 2004 PMAQCD reported that no associalion was observed t>etween mortality and long­
term exposure to PM1""2S in theACS study {Pope et al., 2002, 024689), while a positive but 
stmlstically non-significan! associarion was reported in males in the AHSMOG cohort (McDonncll et 
al., 2000, 010319). Thus, the 2004 PM AQCD concluded that there was insufficient evidence for 
associations betwecn long-term exposure to PM1"'2.s and mortality. Overa!!, the 2004 PM AQCD 
concluded tha.t there was strong epldemlologic evidence for associatlons between Iong-term 
exposures to PM,,, and excess all-cause and cardiopulmonary mortality. 

Al the time ofthe 2004 PM AQCD, only a limited number ofthe chronic-exposure cohort 
studies had considered 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 
loug-term exposure to traffic-related air pollurion may shor!en life expectancy. However, Hoek et al. 
(2002, 042364) also noted that living near a major road migh! include other factors that con tribute to 
mortality associations. There was not sufficient evidence al !he time ofthe 2004 PM AQCD to draw 
conclusions on effects associated with specific componcnts or sources of PM. 

~ew epidemiologic evldence reports a consistent association belween long-term exposure to 
PM,., and increased risk of mortality. There is little evidence for the long-term effecr.s of PMto.i.s on 
mortality-Although this section focuses on mortality outcomes in response to long-terrn exposure to 
PM, it does not evaluate studies that examine the association between PM and infant mortality. 
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7 .5A.2. PM111-2.5 
The 2004 PM AQCD did not report long-tenn exposure studies for PM,0-2 5. No epidemiologic 

studies have been conducted to evaluate the effects oflong-term PM10-1,, exposure and cancer. The 
evidence is inadequate 1o assess the association between PM,.,_,and UFP exposures and 
cancer. 

7.5.4.3. UFPs 
The 2004 PM AQCD did no! report long-term exposure srudies for UFPs. No epidemiologic 

studles have been conducted to evaluare the effects of long-tenn UFP arul cancer. The evidence is 
inadequate to determine if a causal relationship exisls between long-term UFP 
exposures and cancer. 

7.6. Mortality 
In the J 996 PM AQCD, results were presented for three prospectivo cohort studies of adult 

populations: the Slx Citíes Study (Dockery et al., 1993, 044457); the ACS Study (Pope et al., 1995, 
045159); and the AHSMOG Study (Abbey et al., 1995, 000669). The 1996AQCD concluded that 
the chronic exposure studies, taken toge!her, snggested associations between increases in mortality 
and long-term exposure to PM,,,, though !here was no evidence to support an assoclatlon wi!h PM10-

05 (U.S. EPA, 1996, 0793801. 
Discnssions ofmortality and long-term exposure to PM in !he 2004 PM AQCD emphasized 

!he results of four U.S. prospective cohort studie.<, but !he greatest weight was placed on !he findings 
ofthe ACS and the Harvard Síx Cities studies, which had each und•l!lOile extensive independent 
reanalysis, and which were based on cohorts that were broadly representativo of !he U.S- population. 
Tue 2004 PM AQCD concluded that !he results from the Seventh-Day Adventist (AHSMOG) cohort 
provided some suggestive (but less concluslve) evidence for associations, while resu!ts from the 
Veterans Cohort provided inconsistent evldence for associations between long-term exposures to 
PM,, and mortality_ Collectively, !he 2004 PMAQCD found that the.<e studieo provided strong 
evldence that long-term exposure to PM,,, was associated wlth increased tisk of hwnan mortal;ty, 
EJftct estimates for ali-canse mortRlity ranged from 6 to 13% increased risk per 1 O µglm: PM,5, 
while effect estimates for cardiopulmonary mortality ranged from 6 to 19% per 10 µg/m PM,5. For 
lung cancer mortality, the effect e;stimate was a 13% increase per !O µglm' PM25, based upon !he 
re.<nlts of !he extended analysis from the ACS cohort (Pope et al., 2002, 024689). Wi!h regard to 
PM1o.:i,,, tite 2004 PMAQCD reponed tlratno association was observed between mortallty and Ion~ 
term exposure toPM 1o.2 , in the ACS study (Pope et al., 2002, <Y'.A689), while a positive bnt 
statistically non-significant association was reported in male.< in thc AHSMOG cohort (JvícDonnell et 
aL, 2000, O 1 03 J 9). Thus, the 2004 PM AQCD concluded that there was insnfficient evidence for 
associations l>etween long-tenn e:qiosure to PM10_,5 and morlll.lity. Overall, the 2004 PMAQCD 
concluded that there was strong ep1demiologic evidence for associations between long-term 
exposures to PM,,, and exceso ali-cause and cardiopulmonary mortality_ 

At !he time ofthe 2004 PM AQCD, only a limited nnmber ofthe chronic-exposure cohort 
studies had considered direct measurements of constituents of PM, o!her than sulfates. With regard 
to source-oriented evaluations of mortality associations with long-term exposure, !he 2004 P:'vf 
AQCD noted on!ythe study by Hoek el a\_ (2002, 04~364), in which the authors conc1nded that 
Iong-term exposure to traffic-related air pollulion may shorten life expectancy. However, Hoek et a]. 
(2002, 042364) also noted that living near a major road might inciude other factors that conrribute to 
mortality associations. There was not sufficient evidence at the time ofthe 2004 PMAQCD to draw 
conclusions on effects associated with specific components or sources of PM. 

N ew epidemiologic evidence reports a consisten! association betwcen Jong-tenn exposure to 
PM2, and increased risk of mortality. There is little evidence fur the long-term effects of PM 1o-2 , on 
mortality. Ai!hongh tllli; section focuse.< on mortality outcomes in response to long-terrn exposure to 
PM, it doe.< not evaluate studies !hat examine the association between PM and infant mortility. 



These studies are evaluated in Section 7 _5 because it is possible that In utero exposures contribute to 
infanl mortality.A summary ofthe mean PM concentrations Teported foTthe studies characterized in 
this sectiou is presented in Table 7-8. 

Table 7-8. Characterizalion of ambient PM coneentralions from studies of mortality and long-term 
exposures to PM. 
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7.6.1. Recent Studies of Long-Tenn Exposure to PM and Mortality 
Studies since the IastPM AQCD inclnde resul1s ofnew analyses and insights for theACS and 

Harvard Six Cíties studies, further analyses from theAHSMOG and Veterans study cohorts, as well 
as analyses ofa Cystic Fibrosis cohort and subsets oftheACS from Los Angeles and New York City. 
In the original analyses of !he Six Cíties and ACS cohort studies, no assoclations were found 
between long-tena exposure to PM1._,,_, and mortality, and !he extended and foJlow-up analyses did 
not evalnate associations with PM10-2 ,_ The llli;torical and more recerrt results for PM:i., ofboth the 
ACS and the Harvard Six Cities srudies are compi!ed in Figure 7--0. Moreover, since the last PM 
AQCO, there is a majar new cohort that investigates the effects ofPM,,on cardiovascular mortality 
in the literanrre; the WHI study (Miller et al., 2007, 020 130). Most recently, an ecologic cohort study 
of the nation 's Medicare population has been complete<! (Eftim et al., 2008, 0991 04), These new 
fllldings further strengthen the evidence Iinking long-term exposure to PM 2s and morta!ity, while 
providing indications that the magnitude ofthe PM2 s-mortalrty association is larger than previously 
estimated (Figure 7-7)_ Two reeent reports from the AHSMOG and Veterans study cohorts have 
provided sorne Jimited evldence for associarions betweeu \ong-term exposure to PM i<1-2s and 
mortality. The original analyses ofthe AHSMOG cohort study found posftive assocrations between 
long-term concentrlrtions of PM10 and 15-yr mortality due to natural canses and lung cancer (Abbey 
et aJ_, 1999, 047559). McDonnell et al {2000, 010319) reanalyzed these dataand concluded that 
previously observed association oflong-term ambient PM,0 concentrations with mortality fbr males 
were best explained by a relatlonship ofmortality wlth the fllle fraction ofPM10 rather than the 
thoracic coarse fraction ofPM 10• Recen! reports from theAHSMOG study cohort, as well as the 
Nurses' Health Study anda cohort ofwomen in Germany have provided sorne evldence for 
assooiations hetween long-t.erm exposure to PM 10 and mortality among women. 

Harvan::I Six Cities: A fullow-up study has used updated air pollution and mortality data; an 
additional 1,368 deat:hs occun-ed during the follow-up period (1990-1998) versus 1,364 deaths in the 
original srudy period {1974-J 989) (Laden et al., 2006, OS7605)_ Statistically significant a.sooiations 
are reported betweeu long-term exposure to PM,, and mortality for data fur the two periods 
(RR ~ 1.16 [95% CI; 1.07-1.26] per 10 µglm' PM2,)_ Ofspecial note Is a statistically sigoificant 
reduction in mortality rísk reported withreduced long-term PM,,, concentrations (RR ~ 0.73 [95% 
Cl: 0.57-0.95] per 10 µgtm' PM,,,). This is equivalentto an RR of 1.27 for reduced mortallty risks 
with reduced long-term PM.,,, conceotratious. This reduced mortality risk wa. observed for deaths 
dueto cardiova.cular and respiratory causes, but not ft>r lung cancer deaths. The PM25 
concentration:s for recent years were estlmated from vtsibility data, whlch introduces sorne 
uncertainty in the interpretation of the results from this study. Coupled with thc results ofthe original 
analysis {Dockery et al., 1993, 044457), this study strongly suggests that a reduction in PM25 
pollution yields positive health benefits. 

ACS Extended AnalysesJReanalysis U: Two uew analyses further evaluated the 
associatious oflong-term PM;_s exposures wlth risk of mortality in 50 U.S. cities reported by Pope 
and colleagues (20-02, 024689), adding new details about deaths from specific cardiovascular and 
respiratory canses (Krewski, 2009, 190075; Pope et al_, 2004, 055880). Pope et al. (2004, 055880) 
reported positive a.sociaJ::ious with deaths from specific cardiova.cnlar diseases, particularly 
ischemic heart disease {IHD), and a group of cardiac conditions including dysrhythmia, heart failure 
aod cardiac arrest (RR for cardiovascular mortality ~ 1.12, 95% CI 1.08-1.15 per 10 µg/m3 PM,~J, 
but no PM associalions were found with respiratory mortality_ 

In an additional reanalysis that extended the follow-np perlad for the ACS cohort to 18 Y• 
{1982-2000) (Krewski et al., 2009, 191193), iuvestigators found effect estimates that were similar, 
though generally higher, than those reported in previous ACS ana!yses. This reanalysls also included 
data for seven ecologic {neighborhood-Jevel) contextual (i.e., not individual-leve!) covariates, eaeh 
of which represents local factors known or suspected to Influence mortality, such a. poverty leve!, 
educatíonal attainment, and unemploymeot. The effect estimate for all cause mortality, based ou 
PM,,, conceutrations measured in 1999-2000 was 1.03 (95o/o CI: J _01-1.05). The corresponding 
effect estimates for dealhs dueto IHD and lnng cancer were 1.15 (95% CI: 1.04-1.18) and 1.11 
(95% Cl: I .04-1.18), respectively_ ln ear\ier analyses ofthis cohort, iovesligators found that 
increasing education !evels appeared to reduce the effect of PM,, exposure on mortalíty_ Results 
from this reanalysis show a similar pattem, although with somewhat less certainty, for all canses of 
death except JHD, for which the pattem was reversed. Overall, although the addirion ofrandom 
effects modeling and contextual covaríates to the ACS model made most effect estimates higher (but 
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sorne lower), they were no! statistically different from the earlier ACS effe<:t estimates. Thus, these 
new analyses, with their more extensive consideration ofpotentially confounding fuctors, confirm 
the published ACS PM,,,-mortality result.<; to be robust 

California Cancer Prevention Study: In a cohort of elderly poople in 11 California 
conoties (mean agc 73 yr in 1983), an association was reportcd for Iong-term PM2 ,, exposure wlth 
all-cause deaths from 1973-1982 (RR ~ J.04 (95% CI: I.01-1.07] per 10 µglm' PM2,) (Enstrom, 
2005, 087356). fiowever, no significan! associatíons were reported with deaths in Iater time periods 
when PM2,, levels had decrea.sed in the most polluted countles {1983-2002) (RR ~ I .00 [95o/o CI: 
0.98-1.02) per 10 µglm' PM,5 ). The PM2.,- data were obtained from the EPA's InhalationPart:icle 
Network ( collected 1979-1983), and the Iocations represented a subset of data used in !he 50-city 
ACS study (Pope et a!., 1995, 045159}. However, !he use ofaverage values for California counties 
as exposure SUTTogates likely leads to sign!ficant exposure eTTor, as many California counties are 
Jarge and quite topographically variable. 

"'"""""'°"'"""""'º...,. e~"""""' º"""' '""'""""""'-"'- º·' 
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Figure 7.0. Mortality risk estimates associated with long-tema exposure to PM45 from the 
Harvard Six Cities Sludy (SCS) <1nd !he American Cancer Society study (ACS). 
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Sludy Cohort Subset Mean EffiiCEES1iiíía (9S% CI) 
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Figure 7-7. Mortality riskeslimates, 1ong-te1TI1 exposure to P~, ln recelltcohrn1 studies. 
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AHSMOG: In this erutlysis for the Seventh-Day Adventist cohort in Califomia, a positive, 
statistica!ly significant, assoclation with coronary heart disease mortality was reported among 
females (92 deaths; RR ~ 1.42 [95% CI: 1.06-1.90) per 10 µg/m' PM:i.s), but not emong males 
(53 deaths; RR ~ 0.90 [95% CI: 0.76-1.05] per 10 µglm1 PM25)(Chen et al., 2005, 087942). 
Associations were str<>n..gest in the subset ofpostmenopaus.al women (80 deaths; RR - 1.49 [95% CI: 
1.17-1.89] per 10 µglmº PMi.s). The authors speculated tha.t 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 PM25, a positive association wlth cOTonary heart disease mortality was 
reported for PM10-25 and PM10 among females (RR ~ 1.38 [95o/o CI: 0.97-1.95) per 10 µg/m3 PM10-25; 

RR ~ 1.22 [95% CI: 1.01-1.47] per 10 µglmJ PM10), but not formales (RR ~ 0.92 [95% CI: 0.66-
1.29] per 10 µglm1 PM1o.2,;RR ~ 0.94 [95% CI: 0.82-\.08] per 10 µglm' PM10); associations were 
strongest in !he subset of postmenopausal women (80 deatlts) (Chen et al., 2005, 087942). 

U .S. Cystic Fbrosis cohort. A positíve, but not statlstically significant, association was 
reported for PM2_; in this study (RR ~ 1.32 [95% CI: O. 91-1.93] per 1 O µglm' PM,,,) that primarily 
focused on evidence ofexacerbation ofrespiratory symptoms (Goss et al., 2004, 055624)_ No clear 
association was reported for PM 10. However, only 200 deat:hs had occurred in the cohort ofover 
11,000 people (average age in cohort was 18.4 yr), so !he power ofthis study to detect assoclations 
was relativelylow. 

Women's Health lnitiatlve (WHI) Study: This nationwide cohort study considered 65,893 
post-menopausal women with no history of cardiovascular disease who lived in 36 U.S. metropolitan 
a.reas from 1994 to 1998 (Miller et al., 2007, 090 130). Tbe study had a median subject follow-up 
time of 6 years. Miller and colleagues asscssed eacb woman's exposure to a.ir pollutants using the 
monitor located nearest to their residence. Hazard ratios were estimated for the flrst cardiovascular 
event, adjustirrg for age, race or ethnic group, smoking status, educational level, household income, 
lxldy-mass index, and presence or absence of diabetes, hypertension, or hypercholesterolemla. 
Overall, this study concludes that ~Iong-term exposure to fine particulate air pollution is associated 
with !he incidence ofcardiovascular disease and deatb ~ong postmenopausal women." In tenns of 
effect size, tbe studyfound that each lncrease of 10 µglm ofPM,,, was associated with a 24% 
increase in the risk of a cardiovascular event (ha=<! ratio, 1.24 [95% CI: l .09-1.41 ]) and a 76% 
increase in the risk of death from oardiovascular disease (hazard ratio, 1.76 [95o/o CI: 125-2.47)). 
While this study found results conflIIIlatory to the ACS and Six Cities Study, it reports much lar¡;er 
relativo risk estimates per µglm' PM2_;. In addition, since the study included only women without 
pre-existing cardiovascular disease, lt could potentially be a healtbler cohort population !han tlurt 
considered by the ACS and Six Cities Study. lndeed, tbe WHI Study reported only 216 
cardiovascular deaths in 349,643 women-yr of follow-up, or a tate of 0.075% deaths per year (Miller 
et al., 2007, 090 1301, while the ACS Study reported tbat 1 0% of subjects died of oardiovascular 
disease overa 16-yr follow-up period, yielding a rate of0.625% per year, or approximately 8 times 
the cardiovascular mortality rate of the WHl population (Pope et al., 2004, 055880). Thus, PM2_s 

impacts may yield hlgher relative risk estimat.es in the WHI population because tbe PM2,, risk is 
being compared to a much lower prevailing risk of cardiovascular death in this select study 
population. 

The WHI study not only confirms theACS and Six City Study associations with mortaJity in 
yet another "ell characterized cohort with detailed individual-leve! information, it al so has been able 
to coru;ider the individua! medical records of the thousands ofWHI subjects over the p<:riod ofthe 
study. This has allowed !he researchers to examine not only morta!ity, but also related morbidity in 
the fonn ofbeart problems (cardiovascular events) experienced bythe subjects dnring the study. As 
reported in this paper, this examination confinned that fuere is an increased risk of cardiovascular 
morbidity, as well (Section 7.2.9). These morbidity co-associations with PM,_, in the same 
populatlon lend even greater support to the biological plausibility ofthe air pollution-morta!ity 
associalioru; found in this study_ 

Medicare Cohort Studies: Using Medicare data, Eftim and co-authors (2008, 099104) 
assessed the association of PM,~ with mortallty for tbe same locatioru; included in the ACS and Six 
City Study. For these locations, they estimated the chronic effects ofP"M2_; on mortality for the 
period 2000-2002 using mortality dara for cohorts ofMedicare participants and average PM2, leve Is 
from monitors in the same counties included in the two studies. Using aggregate counts of mortality 
by county for three age groups, they estimated mortality riok associated with a.ir pollution adjusting 
for age and sex and area-leve\ covariates (education, income leve!, poverty, and employment), and 
controlled for potential confounding by cigarette smoking by including standardized mortality ratios 
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for lung cancer and COPO. This study i.<, therefore, an ecological analysis, similar to past published 
cross-sectional analyses, in that area-level covariates (education, income level, poverty, and 
employment) are employed as controlling variables, since individual Ievel information Is not 
available from the Medicare databa.se {other than age and sex), which includes virtually ali 
Americans aged 65 or greater. E>q>osures are also ecological in nature, as centra! site dala are used as 
indices of exposure. These results indicated that a 10 µglm' increase in the yearly average PM2.,­

concentration i< associated with J 0.9% (95% CI: 9.0-12.8) and with 20.8% (95o/o CI: 14.8-27. I) 
increases in ali-cause mortalíty for the ACS and Six Cities Study comrt:ies, respectively. The 
estimates are somewhat higher than thooe reported by the original investigators, and there may be 
severa! possible explanations forthis apparent increase, especially tha.t this is an older population 
than the ACS cohort. Perhaps !he most llkely explanation is that the lack of personal confounder 
information ( e.g., past persona! smoking infonnation) !ed to an insufficient control for !he effects of 
these other variables' effects on mortallty, inflating the pollution effect estimates somewhat, similar 
to whal has been found in the ACS aruilyses when only e.-:ological-level control variables were 
lncluded. The ability ofthe Eftim et al. (200S, 0991 04) study resulls to qualitatively replicare the 
original individual-level cohort study ( e.g., ACS and Six Cities Study) results suggesls tha.t past 
ecological cross-sectional mortality study resnlts may also provide nseful insighls into the nature of 
the as.<ociation, especially when used for consideration oftime trends, or for comparisons of tbe 
relative (rather than absolute) sizes of risks between different pollulanls or PM componenls in health 
effects a.<;sociations. 

Janes eta!. (2007, 090927) used tbe same nationwide Medicare mortality data to examine the 
association between monthly averages of PM,, over the preceding 12 mo and monthly mortality 
rates in 113 U.S. counties from 2000 to 2002. They decomposed th• association between PM>., and 
mortality into two components: {!) the associatlon between "national trends" ln PM,, and mortality; 
and (2) the assoclation between "local trends," defined as county-sp"<'ific deviations from national 
trends. This second component is posited to provide evidence a,, to whether counties having steeper 
declines in PM,~ a!so have steeper declines in mortality relativo to !he national trend. They report 
that the exposure effect estimates are different at these two spatiotemporai scales, raisiug concerns 
about confounding bias in these analyses. The authors assert that the associat:ion between trends in 
PM1.5 and mortality at the national scale is more likely to be confounded than is !he association 
between trends in PM>., and mortality at !he local scale and, ifthe association at the national scale is 
set aside, that there is \lttle evidence of an assoclation between 12-month exposure to PM2, and 
mortality in this analysis. However, in response, Pope and Bumett (2007, 090928) point out that 
such use of long-tenn time trends as the prima¡y sonrce of exposure variability has been avoided in 
most other air pollution epidemiology studles because of such concerns about potential confonnding 
of such time-trend associations. 

By linking monitoring data to the U.S. Medicare system by conuty ofresidence, Zeger et al. 
(2007, l 57176) analyzed Medicare mortality records, comprising over 20 mitlion enrollees in !he 
250 largest coUJrties during 2000-2002. The authors estimated log-linear regression models having 
ag•-specific county leve! mortality rates as the ontcome and, a,, the maffi ptedictor, the average PM2, 
pollution leve! in each county dur!ng 2000. Area-level covariates were w;ed to adjust for socio­
economic status and smoking. The authors repcrted resnlts under several degrees of adjw;tment for 
spatial confounding and with stratification into eastem, central and western U.S. counties. A 
10 µglm' increase inPM,_, was associated with a 7.6% increase in mortality {95% Cl; 4.4-10.8). 
When adjusted for spatial confoundiug, the estimated log"relative risks dropped by 50"/o. Zeger et al. 
(2007, 157176) found a stronger association in the eastern counties !han nationally, with no evidence 
of an association in western connties. 

In a snbsequenl report, Zeger et al. (2008, 191951) created a new retrospective cohort, the 
Medicru:e Cohort A.ir Pollntion Srudy (MCAPS), consisting of 13 .2 million persons residing in 4,568 
ZIP codes in nrban areas having gcographic centroids within 6 miles of aPM 2.5monitor. Using this 
cohort, they investigated the relationship between 6-yr avg exposure to PM,,, and mortality ri•k over 
the period 2000-2005. When divided by region, the associations between long-ten:n exposnre to 
PM1, and mortality for !he easlern and central ZlP codes were qualitatively similru: to those reported 
in theACS and Six Cities Stndy. with 11.4% {95% Cl: $.8-14.1) and 20.4o/o (95°/o CI: 15.0-25.8) 
increases per 10 µglm' increase in PM,~ in the eastem and central regions, respeclively. The MCAPS 
results included evidence of differing PM2 5 relmive risks by age and gcographic location, where risk 
declines with increasing age CHl:egory until there is no evidence of an association among persons 
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2:: 85 yr of age, and there is no evidence of a positive association for the 640 urban ZIP codes in the 
western region ofthe U.S. 

Using hospital discharge data, Zanobetti et al. (2008, 1561 77) constructed a cohort of person.s 
discharged with COPO 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 
fur total mortality of 1.22 (95o/o CI: 1.1 7-1.27) per l O µglm' increase in PM1o over !he previous 
4 years. 

Veterans Cohort: Arecerrtreanalysis ofthe Veterans cohort data focused on exposure to 
traffic-related air pollution (traffic density based on traffic flow rate data and road segment length) 
reponed a strongei- relat::ionship between mortality with Iong-term exposure to traffic !han with l>M,,, 
mass (Lipfert et al., 2006, 088218). A significant association was reported between total mortality 
and PM,~ in single-pollutant models (RR = 1.12 [95% CI: 1.04-1.20] per 10 µglm' PM25). This risk 
estimate is larger than results rcported in a previons study of this cohort. In multipollutrutt models 
including traffic density, !he association wi!h PM2,, was reduced and lost statistical significance. 
Traffic emissions contribute to PM25 so it would be expected that the two would be highly 
correlated, and, !bus, these mnltipol!utrutt model rcsults shonld be interpreted with caution. In a 
companion study, Llpfert et al. (2006, 08821 8) used data from EPA's fine particle speciation 
network, and reported findíngs for PM:u which were similar to those reported by Lipfert et al. (2006, 
088218). In this study (Lipfert et al., 200<í, 088218), a significan! association was reportcd between 
long-term exposnre to PM 1a.2,, and total mortality m a single-pollutant model (RR - 1.07, 95% CI: 
1.01- l .!2 per l O µglm' PM10-2 ,¡. However, the association became negativo and no! statistlcally 
significan! in a model that included traffic density. As it would be expected thru: traffic would 
contribute to the PM 1a.2~ concentrations, it is difficult to interpret the resul ts <Jf these mulfipollutant 
analyses. 

Nurses' Health Study Cohort: The Nurses' Health Study (Puett et al., 2008, 1568911 is an 
ongoing prospective cohort study examining the relation of chronic PM 10 exposures with ali-canse 
mortaiity and inciden! and fru:al CHD consisting of 66,250 female nurses in MSAs in the 
nortbeastern region ofthe U .S. Ali cause mortality was statistically significantly associated with 
average PM10 exposures in the time period 3-48 mo preceding death. The associatlon was strongest 
with average PM,, exposure in the 24 mo prior to death (hazard ratio 1.16 [95% CI: J.05-128]) and 
weakest with exposure in the month priortodeath (ha;;ard ratio 1.04 [95% CI: 0.98-1.11])- The 
associatlon with futal Cl-iD occurred with the greatest magnitude with mean exposure in the 24 mo 
prior to death (hazard ratio J .42 [95% CT: 1. l ! -1.81 )). 

Netherlands Cohort Study (NLCS): the Netherlands Cohort Study (Brunek:reefet al., 
2009, l 9] 947) estimates the effects oftraffic-related air pollution on cause specific m,ortality in a 
cohort of approximately 120,000 subjects aged 55-69 )'T at enrollment. Por a 1 O µg/m increase in 
PM;, concentration, the relm::ive risk for natural-cause mortality in tbe ful! cohort was 1.06 (95o/o CI: 
0.97· l .16), similar in magnitude to the results reporte<! by the ACS. In a case·cohort analysis 
ad}u.sted for odditional potenfial coufounders, fuere were no assoc!ations between air pollution and 
mortality. 

German Cohort: The h" orth Rhine-Westphalia State Environment Agency (L UA NRW) 
inltiated a cohort of approximately 4,800 women, and assessed whether lon.g-term exposure to air 
pollutlon originating from motoriz.ed traffic and industrial sources was associated with total and 
cause-specific mortality (Gehring et al., 2006, Q89797). They found tha.t cardiopu\monary morta!ity 
was associated with PM 10 (RR = 1.52 [95% CI: l.09-2.15] per 10 µg!m' PM10)_ 

7.6.2. Composition and Source-Oriented Analyses of PM 
As discnssed in !he 2004 PMAQCD, only a very !imited numbei: ofthe chronic exposure 

cohort studies have included direct measurements of chemical-specific PM constituents other than 
sulfutes, or assessments of source-oriented effects, in their analyses- One 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, 088756) reported a positivc association for mortality wlth sulfru:es. Using 2002 data from the 
fine particle speciation network, p-0sitive associations were found between mortality and Iong-tonn 
exposures to nitrares, EC, Ni and V, as well as traffic density and peak 0 3 concentrations. In 

o..,,mber200G 



000219 VTA 

multipollntant models, associations with traffic deruity remained significant, as did ni trates, Ni and 
V in sorne models. 

Netherlands Cohort 51udy: Beelen et al_ (2008, 156263) studied the associatlon between 
long-term exposure to traffic-related air pollution and morta!ity in a Dutch cohort. They used data 
from an ongolng cohort study on diet and cancer with 120,852 subjects who were followed from 
1987 to 1996. Exposure to BS, NO,, S02, and PM25, as well as variou.s exposure variables related to 
traffic, were estimated at the home address. Traffic lntensit_j on the nearest road was independently 
assoclated wlth mort.ality_ Relative risks (CI) fur a I O µglm increase in BS concentratioru 
{difference between 5th and 95th percentile) were 1.05 (95% CI: !.00-1.11) for natural cause, 1.04 
(95% Cl: 0.95-1.!3) for cardiovascular, 1-22 (95% CI: 0.99-1.50) for respiratory, J.03 (95% CI: 
0.88-1.20) for lung cancer, and 1.04 (95o/o CI: 0.97-1.12) for mortality other tharr cardlovascular, 
respiratory, or lung cancer. Results were similar for N02 and PM,..., but no associations were found 
for SO,. Traffic-rt<lated air pollution and severa! traffic exposure variables were associated wlth 
mortality in the ful! cohort, aithough the relative risks were generally small. Associations between 
natural-cause and respiratory mortality were statistically significan! for NO, and BS. These results 
add ro the evldence that long-term expo.sure to traffic-related paniculate air po!lution is associated 
with increased mortality. 

Given the general dearth of published source-orlented studies of the mortality impacts oflong­
term PM exposure components, and given that the recent Medicare Cohort study now indicaJes that 
such ecological cross-sectional studies can be useful for evaluating time trends andlor comparisons 
across pollution componen!<, it may well be that examining past cross-sectional stud.ies comparing 
source-oriented components of PM may be infonnative. In particular, Ozkaynak and Thurston (1987, 
On960), utilized the chemical speciation conducted in the lnhalable Particle {IP) Network to 
condnct a chemical constituent and source-oriented evaluation on long-term PM exposure and 
mortality in the U.S. They anaiyzed the !980 U.$. vital statistics and available ambient air pollution 
data bases for orulfutes and fine, inhalable, and TSP mass. Using multiple regression analyses, they 
conducted a cross-sectional analysis ofthe association between various particle measures and total 
mortality. Results from the various analyses indicated the importan ce of considering paró.ele size, 
composition, and source infonnation in modeling of particle pollution health effects. Ofthe 
independent mortality predictors considered, particle e:<posure measures most related to the 
respirable fraction ofthe aerosols, such as fine particles and sulfates, were most consistently and 
significantly associated with the reported SMSA-specific total annual mortality rates. On the otber 
hand, particle mass measures that inc!uded PM10-:u (e.g., total suspended particles and inhalable 
particles) were often found to be non-significan! predictors oftotal mortality_ Furthennore, based on 
!he application ofPM,_,. source apportionment, particles from industrial sources and from coal 
combustion were indicated to be more significan! contributors to human mortality than fine soil­
derived particles_ 

7.6.3. Within-City Effects of PM Exposure 
Much ofthe exposure gradient in the nalional-scale cohort studies was dueto city-to-city 

di!Turences in regional air po!lution, raising the pos.sibi!ity that sorne or all of the original PM­
survival associations may have been driven \ru;tead by city-to-city differences in sorne unknown 
(non-pollution) confounder variable. This has been evaluated by three recen! studies. 

ACS, Los Angeles: To investigate this issue, two new analyses usingACS data focused on 
neighborhood-1(1-neighborhood differences in urban air pollutants, using data from 23 PM,,, 
monitoring stations in the Los Angeles area, and applying interpolation methods (Jerrett et al., 2005, 
087600) or land use regression methods (Ktewski et al., 2009, ]91193) to assign exposure levels to 
ITTudy U:tdividuals. This resulted in both improved ex¡msure assessment andan increased focus on 
local sources of PM, ,. Significanl associations between P.'v!,_, and mortality from all causes and 
cardiopulmonary diseases were reported with lhe magnirude of the relativo risks being greater than 
those reported in previous assessments. In general, !he associations for PM,,, and mortality using 
these two merhods for exposure assessment were similar, though the use of land use regression 
resulted in somewhat sma!Jer hazard ratios and tighrcr Cls (see Table í -9). This indicates rhat city-to­
city confounding 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 PM,... and 
mortality i:han generally observed in broader studies having le.ss exposure detaiL 
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Table 7-9. Comparison of results from ACS intra-urban analysis of Los Angeles and New York City 
using kriging or land use regression to estimate eii:posure. 

las Angeles: 

Causeof Hazard Ralo1 and 95% ~enoo - lnlerval Using Krigin 

(Jerretr. et aL, 2005. 087600! 

AICaose 1.!! (0.99-1~ 

~ 1.i; ID 9rl-1 00) 

oeo '-º' (0.91-1.26) 

L<JrqC.n"'r 120 (0.7!f-1.ll:') 

·-- """""' .. " "',¡ """""' o ""' 
_ .. _..,........ __ 
....,.,,,_.,_,,....,....,("'!.,,_I~­

-"'-~"'"'""""""" .. '-"""""'-

losAll!J"l•S: NewYort<Cit)" 

Hazarn Rat101 and 95% C0110~ 
lnterval Using Land use Reg"'ssion 

H=rd Rotio' aod 95% Confidenoo 
ln!erval u.ing Land Use Regress1011' 

(Krewsi<I el al, 21100, 191193) {Krew.¡tj etaL, 2000, 1911931 

113(1.01-125) OE>!(IJ.63-1.18) 

1 ~¡1.o¡-1.56) 156(0,67-<.36) 

109(094-1.~ OiiS(~41-100) 

1 31 (O 00-1 ll<) 0.90 (0.29-2-~) 

ACS, New York: Krewski et al. (2009, 191193) applied the same techniques used in the Iand 
use regression analysis ofLos Angeles toan investigation conducted in New YoTk City. Annual 
average concentrations wcre calculated for each of 62 monitors from 3 yr of daily monitoring data 
for 1999-2001. Those data were combined with land-use data collected from traffic counting 
systems, TOadway network maps, satellite photos ofthe study area, and local government planning 
and tax-assessment maps to assign estimated exposures to !he ACS participants. The investigators 
did not observe elevated effect estimates for all cause, cPD or lung cancer deaths, but JHD did show 
a posltive as¡;ociation with PM,,,concentration. The difference between !he 90th and !Oth percentiles 
ofthe 3-yr avg PM2 ,, concentration was l.S µg/m 3 and the difference between the minimum and 
maximum values ofthe 3-yr avg PM2~concentration was 7.8 µgfm'. This narrow range inPM2,, 
exposure contra.sis a.cross !he New York City metropolitan area and may well a.ccount for the 
inconclusive results in this city-specific analysis. Relatively uniforrn exposures would Teduce the 
power of !he stafutical models to det..ct pattems of morta!ity re!atlve to exposure and estímate the 
association with precision. 

WHI Study: This study also investigated !he within- versus between-city effects in its cities. 
A;; shown in Figure 7 -8, similar effi:cts for both the within and between-city analyses demon:strate 
that this association is not due to sorne other (non-pollution) confounder differíng between !he 
various cities, strengthening confidence in the overall pollution-effect estimat:es. 
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Figure 7-3. 

¡;;A¡> ~'i'i".Si'i"ii."i<i'r;;, ........ , 

o l '~ l1l5lfll1411Jll 

"""¿''" Oli!lll>)tll1'V30: 

""""'' 
Sou"" "'"'~ •. t>OO"I.~ 

cop,.,,. e ""' """'"'"""" .....-""' '°""" Al """ '"""""' 

Plots of the relative risk of death from cardiovascurar disease from !he Women's 
Health lnitiative sb.Jdy displaying the belween-cily and within-city contribirtions 
to the overalf association between PM,_~ and cardiova:scular morlalily windows of 
expos ure-effects. 

7.6.4. Effects of Different Long-term Exposure Windows 
The delay between changes in •Xposure and changos in health has importan! policy 

im.plications. Schwam et al. (2008, 1 56963) investigated this issue using an extended follow-up of 
the Harvard Six Cities Study. Cox proportlonal hazards models were fit to control ·fur smoking, body 
mass indcx, and other covariates. Penalized splines were fit in a flexible functional form to the 
concentration response to examine its shape, and the degrees offreedom for the curve were se!ected 
based on Akaike's infbrmation c•iterion (AIC). The researchers also used model averaging asan 
a!temative approach, where multlple mo::lels are lit explicitly and averaged, weighted by their 
probability ofbeing correct given the data The lag relationship by model was averaged across a 
range of unconstrained distributed lag models {Le., same year, 1 yr prior, 2 yr prior, etc.). Results of 
the lag compari.>on .,-e shown in figure 7-9 indicating that the effects of changes in exposure on 
mortality .,-e seen within 2 yr_ The authors also noted that the concentration-resporu;e curve was 
linear, clearly continuing below the leve] of the cun:ent U .S. air qua!ity standard of 15 µglm'. 
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The model.averaged estimated effect of a 10-flglm3 increase in PM2 5 on ali-cause 
mortality al different lilgs (in year.;) between exposure ami death. Eactt lag is 
estimated independenUy of the other.;. Also shown are the pointwise 95% Cls for 
each lag, based on jackknife estimates. 

Similarly, the effect oflong-term exposure to PM 10 on the risk of death in a Jorge multicity 
study ofelderly sul\lects discharged ali ve following an admission for COPD found the effect was not 
limited to the exposure in each year of follow-up, and had larger curnulative effects spread over the 
fullow-up year and three preceding yearn (Zanobetti et al., 2008, 156177). 

RMsli eta!. (2005, 1 56923) took an alternative approach to determining the window over 
which the mortality effects of long-tenn pollution exposures occurred. They fit the model shown in 
Figure 7-10 using k ~ 0.5 based on the Utah Steel Strike (Pope, 1989, 044461) and the lreland coa! 
ban study (Clancy et al., 2002, 035270). They fbund that roughly 75% ofhealth benefits are 
observed in the first 5 years, as shown m Table 7-10. These results are coru;istentwith the findlngs of 
Schwartz et al_ (2008, 1 56963). Puett et al. (2008, 156891 ) also compared different long-term 
exposure lags, with exposure periods ranging from l month to 48 mo prior to death. They found 
statístically significan! associations with average PM 10 exposures in the time period 3-48 mo prior to 
death, with the strongest associations in the 24 mo prior to death and the weakest wlth exposure in 
the 1 mo prior to death. 
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Time course of relaüve risk of death after a sudden decrease in air pollution 
exposure during the year2000, assuming a steady state model (solid line) anda 
dynamic model (bold dashed llne). The thlnd;diecl line refers to the reli!rence 
ScellilriO. 

U1stribution of the effect of a hypolhetical reduction of 10 µg.'m3 PM,0 in 2000 on all­
cause mortality 2000-2009 in Switzertand. 
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In the reanalysis ofthe ACS cohort, the investigators calcnlated time windows of exposure ,,_, 

average concentrations during successive 5-yr periods preceding the dale of death (Krewski et aL, 
2009, 1911931. The investigators considere<! 1he time window with tbe best-fitting rnodel Uudged by 
the AIC statistic) ro be the pei-iod during which pollulion had the strongest influcnce on mortality. 
Overa!!, the differences between the time periods were small and demonstrated no deflniti>e 
patterns. High correlations between exposure ievel.s in !he three periods may have reduced the ability 
of this aualysis to detect any diffei-ences in the relativo importance of the time windows. The 
investigators did not analyze any time periods smaller !han 5 yr, so the results are not directly 
comparable to those reported by Schwartz et al. (2008, 1 '<6963), R66sli et al. (2005, 156923), and 
Puett et al (2008, 156391 ). 
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Generally, these resnlts indicate a developing cohei-ence ofthe alr pollution mortality 
lherature, suggesting that the health benefits from reducing air pollution do not require a long 
latency period and would be expected within a few years of intervention. 

7.6.5. Summary and Causal Determinations 

7 .6.5.1. PM2, 
In the 1996 PM AQCD (U.S. EPA, 1996, 079380), resu!ts were pres.ented fur three prospective 

cohort studies of adnlt populations: the Six Cities Study (Dockery et al., 1993, 044457); the ACS 
Study (Pope et al., 1995, 045159); and the AHSMOG Study (Abbey et al., 1995, 000669). The 1996 
AQCD concluded that the chronic exposure studies, taken together, suggested associations between 
increases in mortallty and Jong-tem:i exposure to PM,~, though there was no evidence to support an 
assoc!ation with PM1o.1,, (U.S. EPA, I 996, 079380). Discussions of mortality and Jong-term 
exposure to PM in the 2004 PMAQCD emphas1zed the results offuur U.S_ prospective cohort 
studies, but the greatest weight was placed on the findings oftheACS and the Harvard Six Cities 
studies, which had undergone extensive independent reanalysis, and which were based on coborts 
that were broadly TOpre.<entative ofthe U.S. population. Collectively, the 2004 PMAQCD found tbat 
these studíe.< provided strong evidence that long-term exposure to PM,_, was associated with 
increased risk ofbuman morrality. 

The recent evidence is largely consisten! with past studies, furtber supporting the evidence of 
associations between long-term PM2,5 exposure and increased risk ofhuman morrallty (Section 7.6) 
in aTeas with mean concentrations from 13.2 to 29 µglm3 (Figure 7-7). New evidence from tbe Six 
Citie.< cohort study shows a relatively !arge risk estimate fur reduced mortality risk with decreases in 
PM2, (Laden et al., 2006, 087605). The results ofnew analyses from the Six Cities cobort and the 
ACS study in Los Angeles snggest that pTevious and curren! studies may ha ve underestimated the 
magnitude of the associatiou (Jerrett et al., 2005, 087600). W'rth TCgard to morrality by cause-of­
death, Tecent ACS analyses indlcate that cardiovascular mortality primarily accounts for the total 
mortality associatlon with PM2, among adults, and not respiratory mortality. The recen! WHJ cohort 
study shows even higher cardiovascular risks per µglm3 than found in the ACS study, but this is 
likely due to the fuct that the study included only post-menopausal women without pre-existing 
cardiovascnlar disease (Miller et al., 2007, 090 130). There is additional evidence for an assoclation 
between PM,,, exposure and lung cancer morrality (Section 7 5.1.1). The WHI study also considered 
within versus between city morrality, as well as morbidity co--associations with PM,, in the same 
population. The fust showed that the results are not due to between city confounding, and the 
morbidity analyses show the coherence of tbe mortality association across health endpoints, 
supporting the biological plausibility of the air pollution-morrality assoclations foun::l in these 
studies. 

R.esults from a new study examining the relationship between Ji fe expectancy and PM,, and 
the findings from a multiyear expert judgment study that comprehensively characterize.s the size and 
uncertainty in estimates ofmortality reductions associated with decreases in PM,_, in the U.S draw 
conclusions that are consisten! wlth an association between !ong-terrn exposure to PM,_5 and 
morrality (Pope et al., 2009, 190107; Roman et al., 2008, 156921). Pope et al. (2009, 190107) report 
that a decrease of 10 µglm' in the concentration of PM,,, is associated with an estimated increase in 
mean(± SE) llfe expectancy of0.61 ± 0.20 year. FoT the ap¡noximate period of 1980-2000, tbe 
average increase in life expectancy was 2.72 yr among the 211 connties in the analysis. The authors 
note tbat reduced air pollution was only one fuctOT corrlributing to increased life expectancies, with 
its effects overlapping witb !hose of other factors. 

Roman et al. (2008, 1 56921) applied state-of-tbe.art expertjudgrueut elicitation techniques to 
develop probabilistic uncertainty distributions tbat reflect the broader array ofuncertainties in the 
concenttation-response relationship. This study followed best standard practices for expert 
elicitations based on the body ofliterature accumulated over the past two decades. The resulting 
PM,, effect estlmate distributíons, elicited from 12 ofthe world's lcading experts on this issue, are 
shown in Figure 7- 1 !. They indica!e both larger central estimates of mortality reductions for 
decrease.< in !ong-term PM25 exposure in the L-.s. (averaging ªlmost 1% per µglm' PM,_,) than 
reported (for example) by the ACS Study (i.e,, 0.6% pcr µglmº PM, 5 in Pope et al. (2002, 024689), 
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anda wider distribution ofuncertainty by each expert than provided by any one ofthe PMi.• 
epidemiologic studies. However, a composite uncertainty range of the overa!! mean effi:ct estimate 
(i.e., based u pon all l2 experts' estimares, but not provided in Figure 7-11) would be much narrower, 
and closer to that derived from the ACS study !han indicated for any one expert shown in Figure 
7-11. 
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Figure7-11. 
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Experfs' mean effect estimates and uncertainty distributions for tite PM.i.s 
mortality concentratlon-response coefficient for a 1 ¡.ig/1113 change in annual 
3verage PM,_s-

Overa!!, recen! evideuce supp<>rts the strong evidence reported in the 2004 PM AQCD 
{U.S. EPA, 2004, 056905) that Iong-term exposure to PM,~ is associated with an increased risk of 
humanmorta!ity. When looking atthe cause ofdeath, the strongest evidence comes from mortality 
due to cardiovascular disease, with additional evidence supporting an asoociation between PM2, and 
lung cancer mortality (Figure 7-7). Fewer studies evaluate the respiratory component of 
cardiopulmooary mortality, and the evidence to support an association with loog-term <=>::posure to 
PM,~ and respiratory mortality is weak (Figure 7-7)_ Together these ílildings are consistent and 
coherent with !he evidence from epiderniologic, controlled human exposure, and animal 
to"icological studies for the effucts of short- and long-term exp<>sure to PM on cardiovascular effects 
presented in Sections 6.2 and 7 2, respectively_ Evidence of short- and long-term exposure to PM,_, 
and respiratory effccts {Sections 6.3 and 7.3, respectively} and infan! mortality (Section 7.4} are 
coherent with the weak respj,atory mortality effecls. Additionally, the evidence fur short- and long­
term cardiovascular and respiratory morbidity provides biological plausibilíty for mortality due to 
cardiovascular or respiratory disease. The most recent evidence for the association between long­
term exposure to PM,_, and mortality is particularly s1rong for women. Collective!y, the evidence is 
sufficient t.o conclude that the relationship between long-term PM,, exposures and 
mortafity is causal. 
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