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Executive Summary

In the proposed rule on the National Ambient Air Quality Standards for particulate matter
(PM), EPA committed to conduct a review and assessment of the numerous studies relevant to
assessing the health effects of PM that were published too recently to be included in the 2004
PM Air Quality Criteria Document (AQCD). This report presents the findings of EPA’s survey
and provisional assessment of such studies. EPA has screened and surveyed the recent literature
and developed a provisional assessment that places those studies of potentially greatest relevance
in the context of the findings of the 2004 PM AQCD. The focus is on: (a) epidemiologic studies
that used PM, s or PM (.5 and were conducted in the U.S. or Canada, and (b) toxicology or
epidemiologic studies that compared effects of PM from different sources, PM components, or
size fractions. Given the limited time available, the provisional assessment presented here does
not attempt to critically review individual studies or to provide the kind of full integration found
in a typical AQCD.

This survey and assessment finds that that the new studies expand the scientific
information and provide important insights on the relationships between PM exposure and health
effects of PM. Taken in context, however, the new information and findings do not materially
change any of the broad scientific conclusions regarding the health effects of PM exposure made
in the 2004 PM AQCD. In brief, this report finds the following:

e Recent epidemiologic studies, most of which are follow-ups or extensions of earlier
work, continue to find that long-term exposure to fine particles is associated with both
mortality and morbidity, as was stated in the 2004 PM AQCD. Notably, a follow-up to
the Six Cities study shows that an overall reduction in PM; s levels results in reduced
long-term mortality risk. Both this study and the analysis of the ACS cohort data in Los
Angeles suggest that previous studies may have underestimated the magnitude of
mortality risks. Some studies provide more mixed results, including the suggestion that
higher traffic density may be an important factor. In addition, the California Children’s
Health Study reported that measures of PM; s exposure and PM components and gases
were associated with reduction in lung function growth in children, increasing the
evidence for increased susceptibility early in life, as was suggested in the 2004 PM
AQCD. The results of recent epidemiologic and toxicology studies have also reported
new evidence linking long-term exposure to fine particles with a measure of
atherosclerosis development and, in a cohort of individuals with cystic fibrosis,
respiratory exacerbations.

e Recent epidemiologic studies have also continued to report associations between acute
exposure to fine particles and mortality and morbidity health endpoints. These include
three multi-city analyses, the largest of which (in 204 counties) shows a significant
association between acute fine PM exposures and hospitalization for cardiovascular and
respiratory diseases, and suggestions of differential cardiovascular effects in eastern U.S.
as opposed to western U.S. locations. The new studies support previous conclusions that
short-term exposure to fine PM is associated with both mortality and morbidity, including
a substantial number of studies reporting associations with cardiovascular and respiratory
health outcomes such as changes in heart rhythm or increases in exhaled NO.
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New toxicology and epidemiologic studies have continued to link health outcomes with a
range of fine particle sources and components. Several new epidemiologic analyses and
toxicology studies have included source apportionment techniques, and the results
indicated that fine PM from numerous sources, including traffic-related pollution,
regional sulfate pollution, combustion sources, resuspended soil or road dust, are
associated with various health outcomes. Toxicology studies continue to indicate that
various components, including metals, sulfates, and elemental and organic carbon, are
linked with health outcomes, albeit at generally high concentrations. Recent
epidemiologic studies have also linked different fine PM components with a range of
health outcomes; new studies indicate effects of the organic and elemental carbon
fractions of fine PM that were generally not evaluated in earlier analyses.

The recent epidemiologic studies greatly expand the more limited literature on health
effects of acute exposure to thoracic coarse particles (PMjo.25). The 2004 PM AQCD
conclusion that PM; ., 5 exposure was associated with respiratory morbidity is
substantially strengthened with these new studies; several epidemiologic studies, in fact,
report stronger evidence of associations with PM ., s than for PM; 5. In two new case-
crossover studies, associations with thoracic coarse particles are robust to the inclusion of
gaseous copollutants. For mortality, many studies do not report statistically significant
associations, though one new analysis reports a significant association with
cardiovascular mortality in Vancouver, Canada.

Evidence of associations between long-term exposure to thoracic coarse particles and
either mortality or morbidity remains limited.

New toxicology studies have demonstrated that exposure to thoracic coarse particles, or
PM sources generally representative of this size fraction (e.g., road dust), can result in
inflammation and other health responses. Clinical exposure of healthy and asthmatic
humans to concentrated ambient air particles comprised mostly of PM;¢., s showed
changes in heart rate and heart rate variability measures. The results are still too limited
to draw conclusions about specific thoracic coarse particle components and health
outcomes, but it appears that endotoxin and metals may play a role in the observed
responses. Two studies comparing toxicity of dust from soils and road surfaces found
variable toxic responses from both urban and rural locations.

Significant associations between improvements in health and reductions in PM and other
air pollutants have been reported in intervention studies or “found experiments.” One
new study reported reduced mortality risk with reduced PM; s concentrations. In
addition, several studies, largely outside the U.S., reported reduced respiratory morbidity
with lowered air pollutant concentrations, providing further support for the
epidemiological evidence that links PM exposure to adverse health effects.
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Provisional Assessment of Recent Studies on Health Effects
of Particulate Matter Exposure

1. INTRODUCTION AND METHODOLOGY

EPA is currently in the final stages of the review of the national ambient air quality
standards (NAAQS) for particulate matter (PM). As described in more detail in the Federal
Register Notice of EPA’s proposed rule on the PM NAAQS (71 FR 2620), EPA has prepared the
Air Quality Criteria for Particulate Matter (hereafter 2004 PM AQCD) that reviewed,
summarized and integrated the results of studies on PM (EPA, 2004). As noted in the PM
proposal', EPA is aware that numerous studies potentially relevant to assessing the health effects
of ambient PM have been published recently that were not included in the 2004 PM AQCD. The
proposal notice also indicates the Agency’s intent to conduct a review and assessment of these
new studies before a final decision is made on the PM NAAQS. This report presents the findings
of EPA’s survey and provisional assessment of potentially relevant recent studies on the health
effects of PM exposure. As outlined below, EPA has 1) screened the recently available literature
to identify potentially relevant studies, 2) surveyed those studies to summarize the key findings,
and 3) developed a preliminary assessment that places those of potentially greatest relevance in
the context of the findings of the 2004 AQCD. Given the limited time available, the provisional
assessment presented here does not attempt to critically review individual studies or to provide
the kind of full integration found in a typical AQCD.

The literature search and submissions from public commenters found that hundreds of
studies have been published in the last few years on the health effects of particulate matter. In an
initial screen of the literature, more than 700 studies were identified as being potentially relevant
to this review. In surveying these studies, EPA emphasized studies more likely to be relevant to
considerations for the PM NAAQS decision. The specific criteria focused on (a) epidemiologic
studies that used PM; s or PM ., 5 and were conducted in the U.S. or Canada, and (b) toxicology
or epidemiologic studies that compared effects of PM from different sources, PM components, or
size fractions. These criteria resulted in a list of over 200 studies that are summarized in tables
in this report that provide descriptive and quantitative information. The most significant studies
are discussed in the assessment, and where feasible, quantitative results are compared to those
from the 2004 PM AQCD. Bibliographies have been attached for studies identified as being
potentially relevant through the survey effort but not discussed in detail in this report.

' As stated in the PM NAAQS proposal notice: “The EPA is aware that a number of new scientific studies
on the health effects of PM have been published since the 2002 cutoff date for inclusion in the Criteria Document.
As in the last PM NAAQS review, EPA intends to conduct a review and assessment of any significant new studies
published since the close of the Criteria Document, including studies submitted during the public comment period
in order to ensure that, before making a final decision, the Administrator is fully aware of the new science that has
developed since 2002. In this assessment, EPA will examine these new studies in light of the literature evaluated in
the Criteria Document. This assessment and a summary of the key conclusions will be placed in the rulemaking
docket.” (71 FR 2625)



The overview in the main body of this report is organized into three main sections:
(1) epidemiologic studies on effects associated with long-term exposure to PM, focusing on
U.S. and Canadian studies with measurements of PM; s or PM¢.,.5; (2) results from time-series
epidemiologic studies, again focusing on U.S. and Canadian studies with measurements of PM; s
or PM;.s; and (3) results of recent toxicology and epidemiologic studies that have evaluated
health effects with exposure to PM from different sources. This last section includes results of
studies that assessed the effects of a range of sources or components in the same study. Most
studies have focused on components or sources of fine particles, but information related to
sources of thoracic coarse particles was also included to the extent available.

2. OVERVIEW OF RECENT HEALTH STUDY RESULTS

2.1 Epidemiologic Studies of Long-Term Exposure

2.1.1 Mortality

An extensive discussion of prospective cohort studies was included in Section 8.2.3 of
the 2004 PM AQCD. These discussions emphasized the results of four U.S. prospective cohort
studies. The greatest weight was placed on the findings of the American Cancer Society (ACS)
and the Harvard Six Cities studies which had undergone extensive, independent reanalysis and
were based on cohorts that were broadly representative of the U.S. population. These studies
provided strong evidence that long-term exposure to fine particles and sulfates was associated
with mortality. In addition, results from the Seventh-Day Adventist (AHSMOG) cohort
provided some suggestive but less conclusive evidence for associations, and results from the
Veterans Cohort provided inconsistent evidence for associations between long-term exposures to
PM, 5 and mortality. Overall, the 2004 PM AQCD concluded that there was strong
epidemiologic evidence for associations between long-term exposures to PM; 5 and mortality
(p. 9-46).

In the 2004 PM AQCD, no association was observed between mortality and long-term
exposure to PMj., 5 in the ACS study (Pope et al., 2002), and a positive but nonsignificant
association was reported in males in the AHSMOG cohort (McDonnell et al., 2000). Thus, the
2004 PM AQCD concluded that there was insufficient evidence for associations between long-
term exposure to thoracic coarse particles and mortality.

Fine Particles:

Recent studies include results of new analyses for the ACS and Harvard Six Cities
studies; as highlighted below, the new findings strengthen the evidence linking long-term
exposure to PM, s and mortality. Recent reports have also included analyses from the AHSMOG
and Veterans study cohorts, as well as a Cystic Fibrosis cohort and a subset of the ACS for
California. These results, along with those from studies available in the 2004 PM AQCD, are
shown in Figure 1. The risk estimates and PM concentrations reported in the studies are
summarized in Table 1, along with results available in the 2004 PM AQCD:; further details on
the studies are presented in Appendix A, Table Al.



Table 1. Mortality and Morbidity Effect Estimates and PM Concentrations from U.S.
and Canadian Studies with Long-Term Exposures to PM, s and PM;.,5. Adapted from
Appendix 3B of the 2005 OAQPS Staff Paper. Shaded rows present results from recent

studies that were not available in the 2004 PM Criteria Document.

Study

Indicator

Increased Total Mortality in Adults

Six Cities™

Six Cities”
Six Cities Reanalysis”
Six Cities Follow-up™*

ACS Study®

ACS Study Reanalysis”

ACS Study Extended
Analyses®

ACS Los Angeles™®
AHSMOG"

Veterans Cohort®
Veterans Cohort“®
Veterans Cohort™®

California Cancer
Prevention Study®””

U.S. Cystic Fibrosis™®

Increased Cardiopulmonary Mortality in Adults

Six Cities®

Six Cities Reanalysis”

PM, 5

SO (15 pg/m’)
PMIS-Z.S

PM, s

PM, 5

PM, 5

S04 (15 pg/m?)
PM, 5

PMis.s

PM, 5 (1979-83)
PM, 5 (1999-00)
PM, s (average)

PM, 5

PM, 5

PMig2s

PM, 5 (1979-81)
PM, 5 (1999-2001)
PMj..5 (1989-96)
PM, 5 (1979-83)

PM; s

PM, 5

PM, ;s

Relative Risk (95% CI)

1.13 (1.04, 1.23)
1.54 (1.15, 2.07)
1.43 (0.83,2.48)
1.14 (1.05, 1.23)
1.16 (1.07, 1.26)
1.07 (1.04, 1.10)
1.11 (1.06, 1.16)
1.07 (1.04, 1.10)
1.00 (0.99, 1.02)

1.04 (1.01, 1.08)
1.06 (1.02, 1.10)
1.06 (1.02, 1.11)

1.17 (1.05, 1.30)

1.09 (0.98, 1.21) (males)
1.05(0.92, 1.21) (males)
0.90 (0.85, 0.95) (males)
1.12 (1.04, 1.20) (males)
1.07 (1.01, 1.12) (males)

1.04 (1.01, 1.07)
(deaths 1973-1982)
1.00 (0.98, 1.02)
(deaths 1983-2002)

1.32 (0.91, 1.93)

1.18 (1.06, 1.32)
1.19 (1.07, 1.33)

Study
Concentrations

(ng/m’) *

NR (11, 30)
NR (5, 13)

NR (11, 30)
NR (10.2, 22)
18' (9, 34)
11' (4, 24)

20 (10, 38)
7.1 (9, 42)
21 (9, 34)

14 (5, 20)

18 (7.5, 30)
NR (9, 27)
32 (17, 45)
27 (4, 44)
24 (6, 42)
14.6 (SD 3.1)
16.0 (SD 5.1)
23.4 (10.6-42.0)

13.7 (11.8,15.9)

NR (11, 30)
NR (11, 30)



Table 1. Mortality and Morbidity Effect Estimates and PM Concentrations from U.S.

and Canadian Studies with Long-Term Exposures to PM, s and PM;.,5. Adapted from
Appendix 3B of the 2005 OAQPS Staff Paper. Shaded rows present results from recent
studies that were not available in the 2004 PM Criteria Document.

Study

Six Cities Follow-up™*

ACS Study®©

ACS Study Reanalysis”

ACS Study Extended
Analyses®

ACS Cause-specific™ :
All cardiovascular
Ischemic heart disease
Dysrhythmia, et al.
Hypertensive

Other atherosclerosis
Cerebrovascular disease
Diabetes

Other cardiovascular
All Respiratory

COPD

Pneumonia

Other respiratory

ACS Los Angeles:®®
Ischemic heart disease
Cardiopulmonary

AHSMOG!

AHSMOG®¢

Fatal coronary heart disease

Indicator

PM, s

PM, s
PM, s
PMisss

PM, 5 (1979-83)
PM, 5 (1999-00)
PM, s (average)

PM, 5 (average)

PM, 5

PM, s
PM;.5

PM; s

PMig.5

Increased Lung Cancer Mortality in Adults

Six Cities®

PM, s

Relative Risk (95% CI)

1.28 (1.13-1.44)

(Cardiovascular)

1.08 (0.79-1.49)
(Respiratory)

1.12 (1.07, 1.17)
1.12 (1.07, 1.17)

1.00 (0.98, 1.03)

1.06 (1.02, 1.10)
1.08 (1.02, 1.14)
1.09 (1.03, 1.16)

1.12 (1.08, 1.15)
1.18 (1.14, 1.23)
1.13 (1.05, 1.21)
1.07 (0.90, 1.26)
1.04 (0.89, 1.21)
1.02 (0.95, 1.10)
0.99 (0.86, 1.14)
0.84 (0.71, 0.99)
0.92 (0.86, 0.98)
0.84 (0.7, 0.93)
1.07 (0.95, 1.20)
0.86 (0.73, 1.02)

1.39 (1.12, 1.73)
1.12 (0.97, 1.30)

1.23 (0.97, 1.55) (males)
1.20 (0.87, 1.64) (males)
1.42 (1.06, 1.90) (females)

1.49 (1.17, 1.89) (postmenopausal)

0.90 (0.76, 1.05) (males)
1.38 (0.97, 1.95) (females)

1.61 (1.12, 2.33) (postmenopausal)

0.92 (0.66, 1.29) (males)

1.18(0.89, 1.57)

Study

Concentrations

(ng/m’) *
NR (10.2, 22)

18' (9, 34)
20 (10, 38)
7.1 (9, 42)
21 (9, 34)

14 (5, 20)
18 (7.5, 30)

17.1 (7.5, 30)

NR (9, 27)

32 (17, 45)
27 (4, 44)
29 (SD 9.8)

25.4 (SD 8.5)

NR (11, 30)



Table 1. Mortality and Morbidity Effect Estimates and PM Concentrations from U.S.

and Canadian Studies with Long-Term Exposures to PM, s and PM;.,5. Adapted from
Appendix 3B of the 2005 OAQPS Staff Paper. Shaded rows present results from recent
studies that were not available in the 2004 PM Criteria Document.

Study
Concentrations
Study Indicator Relative Risk (95% CI) (ng/m?) *
Six Cities Reanalysis” PM, 5 1.21(0.92, 1.60) NR (11, 30)
Six Cities Follow-up™* PM, 5 1.27 (0.96, 1.69) NR (10.2, 22)
ACS Study®© PM, 1.01 (0.91, 1.12) 18Y (9, 34)
ACS Study Reanalysis” PM, 5 1.01 (0.91, 1.11) 20 (10, 38)
PMis.5 0.99 (0.93, 1.05) 7.1(9, 42)
ACS Study Extended PM, 5 (1979-83) 1.08 (1.01, 1.16) 21 (9, 34)
Analyses® PM, 5 (1999-00) 1.13 (1.04, 1.22) 14 (5, 20)
PM, 5 (average) 1.14 (1.05, 1.24) 18 (7.5, 30)
ACS Los Angeles®® PM, 5 1.44 (0.98,2.11) NR (9, 27)
AHSMOG" PM, 5 1.39 (0.79, 2.50) (males) 32 (17, 45)
Migas 1.26 (0.62, 2.55) (males) 27 (4, 44)
Increased Bronchitis in Children
Six Cities' PM, 5 1.3 (0.9, 2.0) NR (12, 37)
24 Cities' SO (15 pg/m’) 3.02 (1.28, 7.03) 4.7 (0.7, 7.4)
PM,, 1.31 (0.94, 1.84) 14.5 (5.8,20.7)
AHSMOG® SO4* (15 pg/m’) 1.39 (0.99, 1.92) —

12 Southern California
communities™
(children with asthma)

12 Southern California
communities™
(children with asthma)

12 Southern California
communities™
(children with asthma)

PM, s

PM; s
I:’I\/IIO-Z.S

PM, s
PMi.5

Increased Cough in Children

12 Southern California
communities™
(children with asthma)

PM, s

1.3 (0.9, 1.7)

1.34 (1.11, 1.63)
1.10 (0.82, 1.49)
(between communities)

2.37 (1.13, 4.94)
1.21 (0.59, 2.54)

(within community change)

1.2 (0.8, 1.8)

15.3(6.7,31.5)

13.8 (5.5, 28.5)
17.0 (10.2, 35.0)

13.8 (5.5, 28.5)
17.0 (10.2, 35.0)

15.3(6.7,31.5)

Increased Pulmonary Exacerbations in Cystic Fibrosis Patients

U.S. Cystic Fibrosis™®

PM; s

1.21 (1.07, 1.33)

13.7 (11.8,15.9)




Table 1. Mortality and Morbidity Effect Estimates and PM Concentrations from U.S.
and Canadian Studies with Long-Term Exposures to PM, s and PM;.,5. Adapted from
Appendix 3B of the 2005 OAQPS Staff Paper. Shaded rows present results from recent
studies that were not available in the 2004 PM Criteria Document.

Study
Concentrations
Study Indicator Relative Risk (95% CI) (ng/m?) *
Decreased Lung Function in Children
24 City’ SO4* (15 pg/m’) -6.56% (-9.64, -3.43) FVC 4.7(0.7,7.4)
PM,, -2.15% (-3.34,-0.95) FVC 14.5 (5.8,20.7)
12 Southern California PM, 5 -0.18 (-0.36, 0.0) FVC % growth NR (10, 35)°
communities? -0.4 (-0.75, -0.04) MMEF % growth NR
(4" grade cohort) PMigas -0.22(-0.47, 0.02) FVC % growth
-0.54 (-1.0, -0.06) MMEF % growth
12 Southern California PM, 5 -0.06 (-0.30, 0.18) FVC % growth NR (5, 30)4
communities? ~0.42 (-0.84, 0.0) MMEF % growth
(second 4™ grade cohort) -0.20 (-0.64, 0.25) PEFR % growth
12 Southern California PM, 5 -26.4 (-72.9, 20.1) FVC growth NR (5, 28)
communities’ -35.0 (-67.1, -2.8) FEV, growth
(first 4™ grade cohort, 8-yr -74.1 (-151.5, 3.4) MMEF growth
follow-up)
Lung Function Changes in Adults
AHSMOG" (% predicted ~ SO,* (1.6 pg/m®) -1.5% (-2.9,-0.1) FEV, 7.3(2.0,10.1)

FEV,, males)

* Note: Effect estimates presented using standardized increments of 10 pg/m3 PM, s and PM,y, 5. Concentrations
are presented as mean (min, max), or mean (+SD); NS Changes = No significant changes (no quantitative results
reported); NR = not reported.

! Median

? Results only for smoking category subgroups.

3 Estimated from Figure 1, Gauderman et al. (2000)

* Estimated from figures available in online data supplement to Gauderman et al. (2002)

References: Recent studies:

A Dockery et al. (1993) K Abbey et al. (1995a,b,c) AA Laden et al. (2006)

B EPA (1996a) L Peters et al. (1999a) BB Jerrett et al. (2005)

€ Pope et al. (1995) M McConnell et al. (1999) € Lipfert et al. (2006)

P Krewski et al. (2000) N Berglund et al. (1999) PP Enstrom (2005)

E Pope et al. (2002) © Raizenne et al. (1996) EE Goss et al. (2004)
 Abbey et al. (1999) P Peters et al. (1999) FF Pope et al. (2004)

G Lipfert et al. (2000b) Q Gauderman et al. (2000) G Chen et al. (2005)

" McDonnell et al. (2000) R Gauderman et al. (2002) HH McConnell et al. (2003)
"Dockery et al. (1989) S Avol et al. (2001) " Gauderman et al. (2004)
"Dockery et al. (1996) T Abbey et al. (1998)
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Figure 1. Relative risk estimates (and 95% confidence intervals) for associations between
long-term exposure to PM (per 10 PM;y.5) and mortality. *Note: The second
result presented for Laden et al. (2006) is for the intervention study results.



Harvard Six Cities: A new study has used updated air pollution and mortality data; an
additional 1,368 deaths occurred during the follow-up period (1990-1998) and

1,364 deaths occurred in the original study period (1974-1989). Statistically significant
associations are reported between long-term exposure to PM; s and mortality for data for
the two periods (RR = 1.16, 95% CI 1.07-1.26 per 10 pg/m® PM, ). Of note, however,
a statistically significant reduction in mortality risk is reported with reduced long-term
fine particle concentrations (RR = 0.73, 95% CI 0.57-0.95 per 10 pg/m’ PM,s). This is
equivalent to an RR of 1.27 for reduced mortality risk, suggesting a larger effect than in
the cross-sectional analysis. This reduced mortality risk was observed for deaths due to
cardiovascular and respiratory causes, but not for lung cancer deaths. Mean PM; s
concentrations from the follow-up period range from 10.2 to 22.0 pg/m’ in the six cities.
The means across the six cities were 18 pg/m’ in the first period and 14.8 pg/m’ in the
follow-up period. The PM; s concentrations for recent years were estimated from
visibility data which introduces uncertainty in interpreting the results of this study
(Laden et al., 2006). Coupled with the results of the original analysis (Dockery et al.,
1993), this study strongly suggests that reduction in fine PM pollution has yielded
positive health benefits.

ACS Extended Analyses: One new analysis further evaluated associations between long-
term PM; 5 and sulfate exposures in 50 U.S. cities and mortality, adding new information
about deaths from specific cardiovascular and respiratory causes. Significant
associations were reported with deaths from specific cardiovascular diseases, particularly
ischemic heart disease, and a group of cardiac conditions including dysrhythmia, heart
failure and cardiac arrest (RR for cardiovascular mortality = 1.12, 95% CI 1.08-1.15 per
10 pg/m’ PM, 5); no associations were reported with respiratory mortality. The mean
PM, 5 concentration (1979-1983 and 1999-2000) was 17.1 pug/m’ (Pope et al., 2004).

ACS, Los Angeles: Much of the exposure gradient in the national-scale ACS studies was
due to city-to-city differences in regional air pollution. A new analysis using ACS data
focused on neighborhood-to-neighborhood differences in urban air pollutants, on data
from 23 PM, s monitoring stations in the Los Angeles area and using interpolation
methods to assign exposure levels to individuals (Jerrett et al., 2005). This resulted in
both improved exposure assessment and an increased focus on local sources of fine
particle pollution. Significant associations between PM; s and mortality from all causes
and cardiopulmonary diseases were reported with the magnitude of the relative risks
being greater than those reported in previous assessments (after adjustment for potential
confounders including traffic, RR for cardiovascular diseases = 1.17, 95% CI 1.05-1.31,
per 10 j,tg/m3 PM, s; RR for ischemic heart disease = 1.38, 95% CI 1.11-1.72 per

10 pg/m’ PM,s). The authors suggest that reducing exposure error can result in stronger
associations between PM; 5 and mortality than generally observed in broader studies
having less exposure detail.

California cancer prevention study: In a cohort of elderly people in 11 California
counties (mean age 73 years in 1983), an association was reported for long-term PM; s
exposure with all-cause deaths in 1973-1982 (RR = 1.04, 95% CI 1.01-1.07 per 10 pg/m’
PM,5). No significant associations were reported with deaths in later time periods



(1983-2002) (RR = 1.00, 95% CI 0.98-1.02 per 10 pg/m> PM, 5) when PM, s levels had
decreased in the most polluted counties. The PM; s data are from the EPA’s Inhalation
Particle Network, and represent a subset of data used in the 50-city ACS study (Pope

et al., 1995). The use of average values for California counties as exposure surrogates
likely leads to significant exposure error as many California counties are large and quite
topographically variable. The mean PM, s concentration (1979-1983) was 23.4 pg/m’
(Enstrom, 2005).

AHSMOG: In this analysis for the Seventh-Day Adventist cohort in California, positive,
statistically significant association with coronary heart disease mortality was reported for
92 deaths among females (RR = 1.42, 95% CI 1.06-1.90 per 10 pg/m’ PM, 5), but not for
53 deaths among males (RR = 0.90, 95% CI 0.76-1.05 per 10 pg/m® PM,5). Associations
were strongest in the subset of postmenopausal women (80 deaths; RR=1.49, 95% CI
1.17, 1.89 per 10 pg/m’® PM, ). The authors speculated that females may be more
sensitive to air pollution-related effects based on differences between males and females
in dosimetry and exposure, along with the generally lower blood cell levels in females.
The mean PM, s concentration averaged over 1973-1998 was 29.0 ug/m3 (Chen et al.,
2005).

Veterans cohort: A recent analysis of the Veterans cohort data focused on exposure to
traffic-related air pollution (traffic density based on traffic flow rate data and road
segment length) reported a stronger relationship between mortality with long-term
exposure to traffic than with PM, s mass. A significant association was reported between
total mortality and PM, 5 in single-pollutant models (RR = 1.12, 95% CI 1.04-1.20 per
10 ug/m3 PM; 5); the author observes that this risk estimate is larger than results reported
in a previous study (Lipfert et al., 2000). In multi-pollutant models including traffic
density, the association with PM; s was reduced and lost statistical significance. Traffic
emissions contribute to PM; s so it would be expected that the two would be highly
correlated, and thus these multi-pollutant model results should viewed with caution. The
mean PM, s level was 14.6 pg/m’ using data from 1997-2001 (Lipfert et al., 2006a).

In a companion study, Lipfert et al. (2006b, in press) used data from EPA’s fine particle
speciation network, and reported findings for PM; 5 were similar to those reported in the
Lipfert et al., 2006a. A positive association was also reported for mortality with sulfates
using the more recent data, but was not statistically significant. Using 2002 data from the
fine particle speciation network, significant associations were found between mortality
and nitrates, EC, Ni and V, as well as traffic density and peak ozone concentrations. In
multi-pollutant models, associations with traffic density remained significant, as did
nitrates, Ni and V in some models. The mean PM; 5 level was 13.2 ;,Lg/m3 using data
from 2002 (Lipfert et al., 2006b, in press).

U.S. Cystic Fibrosis cohort: A positive, but not statistically significant, association was
reported in this cohort (RR = 1.32, 95% CI 0.91-1.93 per 10 pg/m’ PM,s) in a study that
primarily focused on evidence of exacerbation of respiratory symptoms (as discussed in
the following section). Only 200 deaths had occurred in the cohort of over 11,000 people



(average age in cohort was 18.4 years) thus the power of the study to detect associations
is limited. The mean PM, s concentration was 13.7 pg/m’ (Goss et al., 2004).

Infant mortality: A new study in California has reported statistically significant
associations between mortality from respiratory causes with exposure to PM; s, using
PM,; s levels averaged over the time between the infant’s birth and death (RR 1.07, 95%
C10.93-1.24 per 10 ug/m3 PM, s for overall mortality and 2.13, 95% CI 1.12-4.05 for
respiratory mortality). The mean PM, s exposure concentrations ranged from 17.3 to
19.8 pg/m’ (Woodruff et al., 2006).

Thoracic coarse particles:

In the original analyses of the Six Cities and ACS cohort studies, no associations were
found between long-term exposure to PM (., 5 and mortality; the extended and follow-up
analyses that are discussed above for fine particles did not evaluate potential associations with
PM;5. Two recent reports from the AHSMOG and Veterans study cohorts have provided
some limited suggestive evidence for associations between long-term exposure to PM;¢_, s and
mortality, as summarized below.

AHSMOG: As was found with fine particles, a positive association with coronary heart
disease mortality was reported for females (RR = 1.38, 95% CI 0.97-1.95 per 10 pg/m’
PM, 5), but not for males (RR =0.92, 95% CI 0.66-1.29 per 10 ;,Lg/m3 PM,5);
associations were strongest in the subset of postmenopausal women (80 deaths).

The mean PM (., s concentration over 1973-1998 was 25.4 ug/m3 (Chen et al., 2005).

Veterans cohort: A significant association was reported between long-term exposure to
PM;., 5 and total mortality in a single-pollutant model (RR = 1.07, 95% CI 1.01-1.12 per
10 pg/m’ PMs, 5), but the association became negative and not statistically significant in a
model that included traffic density. As it would be expected that traffic would contribute
to thoracic coarse particle concentrations, it is difficult to interpret the results of these
multi-pollutant analyses. The average PM;¢., s concentration over 1989-1996 was

16.0 pg/m’ (Lipfert et al., 2006).

Conclusions

As shown in Figure 1, the pattern of results from the new studies for both fine and
thoracic coarse particles is generally similar to those available previously. Overall, the recent
evidence supports associations between long-term PM, 5 exposure and mortality, with key new
evidence from the Six Cities cohort study showing a relatively large risk estimate for reduced
mortality risk with decreases in PM; s (Laden et al., 2006). The results of new analyses from the
Six Cities cohort and the ACS study in Los Angeles suggest that previous and current studies
may underestimate the magnitude of the association (Jerrett et al., 2005). In addition, exposure
to PM; s was associated with increased respiratory mortality in infants in a new study in
California (Woodruff et al., 2006). New evidence from the Veterans cohort study report
associations with PM; s in single-pollutant models, though the authors report that traffic density
is a stronger predictor of mortality than PM, s (Lipfert et al., 2006a). There is also suggestive
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evidence for an association with mortality in the analysis of the Cystic Fibrosis cohort data.
The new study using Cancer Prevention Study cohort data in Los Angeles, however, indicates
no association with PM, s except when using the first time period in the study (Enstrom et al.,
2005).

In the 2004 PM AQCD, results from the ACS and Six Cities study analyses indicated that
thoracic coarse particles were not associated with mortality. The new findings from AHSMOG
and Veterans cohort studies provide some suggestive evidence of associations between long-term
exposure to PM., s and mortality in areas with mean concentrations from 16 to 25 ug/m3. The
2004 PM AQCD placed greatest weight on the ACS and Six Cities study findings; further
evidence will need to be evaluated in the next review of the PM NAAQS on whether long-term
exposure to thoracic coarse particles is associated with mortality.

2.1.2 Morbidity

The 2004 PM AQCD (Section 8.3.3.2) included results from two U.S. and Canadian
children’s cohort studies that had been available in the 1996 PM AQCD—the Harvard Six Cities
and Harvard 24-cities studies—that reported significant associations between respiratory
symptoms and decreased lung function with long-term exposure to fine particles and acid
aerosols. More recent studies were available, using data from the Children’s Health Study in
southern California; these studies also indicated that long-term exposure to fine particles was
associated with decreased lung function growth? in children. The results from analyses of data
from the AHSMOG showed suggestive, but inconsistent findings between long-term exposure to
PM and respiratory morbidity in adults. Overall, the 2004 PM AQCD concluded that long-term
exposure to PM, especially fine particles, was associated with respiratory morbidity (2004 PM
AQCD, p. 8-343). Limited and inconsistent evidence was available on associations between
long-term exposure to PM;(., s and respiratory morbidity.

Among the recently published studies are longer follow-up analyses of respiratory
morbidity using data from the Children’s Health Study, as well as a study based on data from the
U.S. Cystic Fibrosis Cohort. The quantitative results of these studies are included in Table 1,
and further details presented in Appendix A, Table Al.

Fine particles:

Children’s Health Study: Significant associations are reported between long-term
exposure to fine particles, as well as acid vapor and NO,, and reduced lung function
growth (Gauderman et al., 2004) and increased risk of bronchitic symptoms, prevalence
of chronic cough, or bronchitis (McConnell et al., 2003). These results expand upon the
findings available in the 2004 PM AQCD, including assessment of lung function
measurements in children over an 8-year follow-up period (Gauderman et al., 2004).

In addition, McConnell et al. (2003) measured respiratory symptom prevalence over a

? In these studies, lung function measurements were repeated several years apart. Increases in lung
function measures over this time period are referred to as lung function growth by the authors, with “decreased
lung function growth” indicating smaller increases in lung function measurements for the children with higher air
pollution exposure.
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4-year period, and reported larger effect estimates with changes in PM; 5 concentration
over time within the communities than with changes in PM; 5 between communities.
The mean PM, 5 concentration for the 12 California communities in 1994-2000 was
13.8 pg/m’ (McConnell et al., 2003; mean concentrations range from 5 to 28 pg/m’ in
Gauderman et al., 2004). One additional analysis, based on monthly prevalence of
respiratory symptoms, reports no significant associations with PM; 5 (Millstein et al.,
2004).

U.S. Cystic Fibrosis cohort: The risk of experiencing pulmonary exacerbations was
significantly increased with long-term exposure to PM; 5 (Goss et al., 2004). The mean
PM, s concentration in 2000 was 13.7 pg/m’.

Cardiovascular clinical studies: One new study has provided insight into the potential
effect of long-term exposure to PM, s on the development of cardiovascular disease; no
such studies were available in the 2004 PM AQCD. Using data from two clinical trials
conducted in the Los Angeles area, the authors reported a significant association between
long-term exposure to PM, s and carotid intima-media thickness, a measure of
atherosclerosis development. The mean PM, s concentration was 20.6 pg/m’ (Kunzli

et al., 2005).

Thoracic coarse particles:

Two reports from the Children’s Health Study included results for thoracic coarse
particles. A significant association was observed between monthly prevalence of wheeze
and PM ., s during March-August in one new study, but no association was seen in other
parts of the year (Millstein et al., 2004). No significant associations were reported
between long-term exposure to PM;¢., s and incidence of bronchitic symptoms in another
report in which the mean PM; ., s concentration was 17.0 j,tg/m3 (McConnell et al., 2003).

The recent findings from the southern California Children’s Health Study add support to
previous conclusions that long-term fine particle exposure is associated with increased incidence
of respiratory symptoms and decreased lung function growth in children. The new evidence
from the Cystic Fibrosis Cohort provides additional evidence for associations with pulmonary
exacerbations, particularly in a cohort of likely more susceptible individuals. These new studies
also report associations with fine particle concentrations that are somewhat lower than those
from studies available in the 2004 PM AQCD. These recent findings, however, do not show
associations between respiratory morbidity and long-term exposure to PM¢., 5; in contrast, one
earlier analysis from the Children’s Health Study in California had suggested such associations.

No studies available in the 2004 PM AQCD had assessed associations between long-term

PM exposure and cardiovascular morbidity. A new analysis shows an association between long-
term PM; s exposure and a measure of atherosclerosis development (Kunzli et al., 2005).
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2.2 Epidemiologic Short-Term Exposure Study Results

The 2004 PM AQCD included the results of many new epidemiologic studies reporting
associations between short-term exposure to PM and a range of health outcomes. The larger
body of evidence from studies of PM ;o and other PM indicators provided strong evidence for
associations between short-term PM exposure and both mortality and morbidity (2004 PM
AQCD, p. 8-337).

The 2004 PM AQCD concluded that there was strong epidemiological evidence linking
short-term exposures to PM; s with cardiovascular and respiratory mortality and morbidity.
Positive, often statistically significant associations were observed between PM; s and these
various health endpoints (2004 PM AQCD, p. 9-46). The epidemiological evidence was found
to support likely causal associations between PM; s and both mortality and morbidity from
cardiovascular and respiratory diseases, based on an assessment of strength, robustness, and
consistency in results (2004 PM AQCD, p. 9-48).

Fewer studies were available to assess associations between PMg., 5 and health
outcomes. The magnitude of the effect estimates for associations between PM ., s and mortality
and morbidity effects (especially respiratory morbidity) was found to be similar to that for PM; s,
but the strength of the evidence for PM ., 5 effects was reduced due to lower precision (AQCD,
p. 9-46). Despite the reduced strength, the associations were found to be generally robust to
alternative modeling strategies or consideration of potential confounding by co-pollutants. The
collective evidence was found to be suggestive of associations for morbidity with short-term
changes in PMjo.,5 (2004 PM AQCD, p. 9-48).

Sections 2.2.1 and 2.2.2 highlight results from recent time-series epidemiologic studies.
Tables A2 through A12 (Appendix A) summarize results of recent epidemiologic studies that
evaluated relationships between health effects and short-term exposure to PM; s and PM ., s.
The discussions below emphasize results of studies conducted in the U.S. and Canada; however,
some results are also presented from additional international studies or studies using indicators,
such as PM, that assess key issues or questions highlighted in the 2004 PM AQCD.

The 2004 PM AQCD included a particular focus on results of multicity studies due to
their evaluation of a wide range of PM exposures and large numbers of observations, which lead
to generally more precise effects estimates than most smaller scale independent studies of single
cities. The multicity studies also allowed investigation of homogeneity or heterogeneity of PM-
health relationships, evaluation of confounding by co-pollutants across communities with
different air pollution mixtures, and assessment of potential effect modifiers. Numerous
multicity analyses have been published in recent years. Most of the recent multi-city studies
report statistically significant associations between short-term exposure to PM;y and mortality or
morbidity and these study results are briefly summarized in Section 2.2.3 as being particularly
relevant to help address key methodological questions. In addition, 3 new multi-city studies
have evaluated associations with PM, s, one of which included PM., 5, and these studies are
highlighted in the following sections.
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2.2.1 Mortality

Results from multi- and single-city epidemiologic studies on mortality were presented in
Figure 9-4 of the 2004 PM AQCD. Associations were mostly positive and of similar magnitude
for both PM; 5 and PMj, 5. A number of the associations between mortality and short-term
PM, 5 exposure were statistically significant, while few associations with PM;_, s reached
statistical significance, possibly due to increased measurement error in estimating PM .2 5
exposure (2004 PM AQCD, p. 9-28). Several recent studies have reported associations between
mortality and short-term exposure to PM, s and PM., 5. These findings are included with those
available from the 2004 PM AQCD in Figure 2, where it can be seen that the new study results
are generally quite similar to those previously available. Note that Figure 2 presents results from
single-pollutant models for purposes of comparing results across studies that included different
mixes of copollutants, as done in the 2004 PM AQCD.

2.2.1.1 Associations Between Acute Exposure to Fine Particles and Mortality

A number of recent studies have evaluated associations between fine particles and
mortality, including two multicity studies (Appendix A; Table A2). Evidence for associations
between short-term exposure to PM; s and all-cause, cardiovascular, and respiratory mortality
comes from the multi-site study by Ostro et al. (2006) conducted in nine California counties that
had mean PM, 5 concentrations ranging from 14 to 29 pug/m’. Significant associations were
reported in single-pollutant models for all-cause, cardiovascular and respiratory mortality for all
ages, as well as a significant association with all-cause mortality for those aged >65 years. The
authors observed that in multipollutant models, the PM, s effect estimate was attenuated when
highly correlated pollutants (NO, and CO) were added to the model, but was not affected by the
inclusion of Os;. However, in those aged >65 yr (who generally experienced stronger
associations with mortality), adjusting for gaseous pollutants did not affect the PM, 5 coefficient.

Burnett et al. (2004) evaluated the relationship between NO, and mortality in
12 Canadian cities during the period 1981 to 1999. While the focus of this analysis was on
associations with NO,, the analysis included other pollutants as well. PM; 5 data were available
only on 12% of days with mortality data, compared to the other gaseous pollutants that had
>90% data available, and for most of the study time period, PM, 5 was measured every 6th day.
In analyses using these data, the association between PM, 5 and all-cause mortality was
marginally significant (as shown in Figure 2). In two-pollutant models with NO,, the effect
estimate for PM, 5 became negative (not significant), while the estimate for NO, remained
robust. NO; concentrations were found to be correlated with PM; s concentrations (r = 0.48).

Burnett and colleagues (2004) also report results from a separate analysis using more
recent data with daily PM, s measurements (1998-2000). The authors state that a positive
association was found between mortality and PM; s in this additional analysis (presumably
significant, but confidence intervals were not provided). In this case, the NO; association was
reduced considerably after adjustment for PM; 5, whereas the PM; 5 association remained fairly
robust with NO, adjustment. These findings emphasize the difficulty of working with data
collected every 6th day. The mean PM, 5 concentration for all 12 cities was 12.8 pg/m’® with
city-specific means ranging from 8.1 pg/m’ in St. John to 16.7 pg/m’ in Windsor.
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Figure 2. Excess risk estimates for total nonaccidental, cardiovascular, and respiratory mortality in single-pollutant models
for U.S. and Canadian studies, including aggregate results from multicity studies (denoted in bold print below).
PM increment used for standardization was 25 ug/m3 for both PM; s and PMj.,.5s. Results presented in the 2004 PM
AQCD are marked as 4 in the figure (studies A through T). Results from recent studies are shaded in grey and marked
as x in the figure (studies AA through HH).
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Several single-city studies have also been published. Evidence for associations between
fine particles and mortality was seen in studies in Montreal (Goldberg et al., 2006) and Atlanta
(Klemm et al., 2004), as well as in studies that focused on source apportionment in Phoenix (Mar
et al., 2006) and Washington, DC (Ito et al., 2006). No associations were reported in studies in
Vancouver (Villeneuve et al., 2003) and Spokane (Slaughter et al., 2005); these studies reported
low PM; 5 concentrations. Finally, one new analysis reports no evidence for associations
between short-term exposure and death due to sudden infant death syndrome (Dales et al., 2004).
The mean PM; 5 concentrations in locations where statistically significant associations were
reported ranged from about 12 to greater than 20 pg/m’.

In Figure 2, the results of the recent time-series studies are presented alongside the
findings available in the 2004 PM AQCD. In this figure, it can be seen that the results of the
larger multicity studies are quite consistent with those in earlier studies. The studies have been
presented in order of decreasing statistical power (based on number of days and number of health
events per day) from left to right for each group of studies. Some of the recent studies have
fairly low statistical power which is reflected in the large confidence intervals and more variable
effect estimate sizes shown in Figure 2. These results, while imprecise, are also generally
consistent with earlier study results. Collectively, evidence regarding the PM; s-mortality
association from the most recent literature appears to be consistent with that available from the
2004 PM AQCD.

2.2.1.2  Associations Between Acute Exposure to Thoracic Coarse Particles and Mortality

Several new studies examined the association between PM ;. s and mortality in the U.S.
and Canada (Appendix A; Table A3). The multicity study by Burnett et al. (2004), aimed
primarily at NO,, also examined the association between PM ., s and all-cause, nonaccidental
mortality for lag day 1 (i.e., previous day) using data from 12 Canadian cities. The association
with PM; .5 was positive but not significant; there was a significant association with PM;, that
lost significance with adjustment for NO,. However, particle data were available only on 12%
of days in this study, as discussed above. The mean PM;_, 5 concentration in this study was
11.4 pg/m’ (12 city means range from 5.5 to 15.9 pg/m’).

Figure 2 includes results from the recent single-pollutant studies and those available in
the 2004 PM AQCD. Looking across all studies, it can be seen that associations between
PM;., 5 and total and cardiovascular mortality are generally positive and a number are
statistically significant, particularly for cardiovascular mortality. As discussed in the 2004 PM
AQCD, some studies indicated stronger associations between acute PM_, 5 exposure and
cardiovascular mortality than for all-cause mortality. One recent study in Vancouver, Canada,
also observed a statistically significant relationship with cardiovascular mortality on lag day 0
(i.e., same day) but not on lag day 1 or 2 or the 3-day average lag periods (i.e., 24-hour average
concentrations measured 1-, 2- or 3-days prior) (Villeneuve et al., 2003). No associations were
found for all-cause, respiratory, or cancer mortality in this study. The mean PM;¢ s
concentration in this study was 6.1 pg/m’ (range 0 to 72 pg/m’).
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Other recent studies did not report statistically significant associations between PM ., 5
and total mortality. Slaughter et al. (2005) did not find a significant relationship for PM;¢. s with
all-cause, nonaccidental mortality in Spokane, WA, which likely had higher PM; ., 5
concentrations than Vancouver, Canada (data not shown). Neither Slaughter et al. (2005) nor
Burnett et al. (2004) investigated the relationship with cardiovascular mortality. A recent PM;j
study in El Paso (Staniswalis et al., 2005) supports the hypothesis that wind-blown dust coming
from non-urban areas during high wind speeds (assumed largely coarse-fraction particles) is less
toxic than particles generated within the urban area. Finally, Klemm and colleagues (2004)
reported a positive, but not statistically significant association between PM(., s and mortality in
Atlanta. The mean PM ., 5 concentration in this study was 9.7 pg/m’ (range 1.7 to 25.2 pg/m’).

2.2.2 Morbidity

Results from epidemiologic studies on hospital admissions were presented in Figure 9-5
of the PM AQCD. Associations were all positive and of similar magnitude for both PM, 5 and
PM,.,5s. Many of the associations with short-term PM, s exposure were statistically significant,
especially for respiratory diseases. Likely due to increased measurement error, some, but not all,
of the associations with PM ., 5 reached statistical significance (2004 PM AQCD, p. 9-29).
Several recent studies have reported associations between short-term exposure to PM; s and
PM, ., 5 and hospitalization or emergency department visits for cardiovascular and respiratory
diseases. These findings are included with those available from the 2004 PM AQCD in Figure 3.

2.2.2.1 Associations Between Acute Exposure to Fine Particles and Morbidity

These new studies substantially expand the evidence for associations between PM; s and
effects on the cardiovascular system (Appendix A; Tables A4, A6 and A8). These include a
powerful new multi-city study by Dominici et al. (2006) that used data from the Medicare
National Claims History Files for 11.5 million people living in 204 urban counties in the U.S.;
the average PM, s concentration for 1999-2000 was 13.4 pg/m’. There was only limited
consideration of other pollutants in this analysis. Hospital admission rates for cause-specific
cardiovascular and respiratory diseases were significantly associated with short-term PM; s
exposure in individuals aged >65 yr. The largest association was reported with heart failure.
Significant associations were also found between short-term PM; s exposure and hospital
admissions for cerebrovascular disease, and positive though not statistically significant
associations were seen with peripheral vascular disease, ischemic heart disease, and cardiac
rhythm. When evaluated on a region-specific basis, positive associations with cardiovascular
disease hospitalization were seen in the Midwest, Northeast, and Southern regions; the authors
suggest that differences in the sources and composition of fine particles contributes to the
geographic differences seen in effect estimates.

One recent study reports significant associations between short-term exposure to PM; s
and emergency department visits for all cardiovascular diseases, congestive heart failure and
peripheral vascular and cerebrovascular disease in Atlanta (Metzger et al., 2004). Another study
reports no evidence of associations with cardiovascular visits in Spokane, where the PM; s
concentrations were low (authors report that 90% of concentrations ranged between 4.2 and
20.2 pg/m’) (Slaughter et al., 2005).
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Numerous new studies have reported associations between ambient PM, s and subtle
cardiovascular effects such as changes in cardiac rhythm or heart rate variability (Appendix A;
Table AS8). In the 2004 PM AQCD, the data base was characterized as having some studies with
conflicting results and a note of caution was raised in regard to drawing conclusions relating
PM, 5 and heart rate variability and other measures of cardiovascular pathophysiological
alterations. Of about 10 new studies evaluating associations between acute PM; s exposure and
heart rate variability, most reported statistically significant associations with PMys5. . Two new
studies showed associations for PM; s with ST segment depressions, an indicator of myocardial
ischemia (Gold et al., 2005). One new study examined PM,; s effects on bronchial artery
reactivity (a marker for cardiovascular disease risk) and reported a significant association
(O’Neill et al., 2005). Noting that many of these studies were conducted over shorter time
periods, nevertheless, it is reported that mean or median PM; s concentrations in a number of
studies vgere in the range of 10-11 pg/m’, with maximum levels ranging from about 40 to
60 pg/m’.

For respiratory effects, Dominici et al. (2006) report significant associations between
PM; s and hospitalization for chronic obstructive pulmonary disease (COPD) and respiratory
infection in the study of 204 U.S. counties mentioned above (Appendix A; Table A4). Less
regional variation was seen for respiratory hospitalization than for cardiovascular hospital
admissions; in contrast with the results for cardiovascular diseases, effect estimates for both
COPD and respiratory infections admissions were larger for the western U.S. than the eastern
U.S.

There are also several single-city studies that were conducted in Canada that show no
associations between hospitalization and acute exposure to PM, s (Lin et al., 2002; Lin et al.,
2005; Yang et al., 2004; Chen et al., 2004; Chen et al., 2005). All were studies of hospitalization
for respiratory diseases, though studies differed in age group and respiratory endpoint, and the
mean PM, 5 concentrations in the studies ranged from 7.7 to 18 pug/m’. Another recent study
reports positive associations with respiratory emergency department visits, although none are
statistically significant (Peel et al., 2005) (mean concentration of 19.2 pg/m®). Finally, there was
no evidence of associations with respiratory visits in Spokane, where the PM, 5 concentrations
were low (90™ percentile was 20.2 pg/m’) (Slaughter et al., 2005).

There are numerous new studies that examined various respiratory outcomes in relation
to PM; s exposure (Appendix A; Table A10), including one new multicity study that reported a
significant association between respiratory symptoms and short-term PM; s exposure (Gent et al.,
2003) (mean concentration of 13.1 pg/m3); however, the effect estimate is reduced and not
statistically significant with adjustment for ozone. Associations have also been reported between
acute PM; 5 exposure and a new endpoint not previously reported, FExo (fractional exhaled nitric
oxide, a marker of airway inflammation), in three studies conducted in Seattle, WA (Jansen
et al., 2005; Koenig et al., 2005; Mar et al., 2005) and one in Steubenville, OH (Adamkiewicz
et al., 2004). In addition, a study in Seattle reports statistically significant associations with
lower respiratory symptoms in children with asthma (Mar et al., 2004). One study in Atlanta
reported no positive associations between PM; s and medical visits for various respiratory
conditions—in fact, some associations were negative in direction—but positive associations
were reported for several components of PM; s (Sinclair and Tolsma, 2004).

20



2.2.2.2 Associations Between Acute Exposure to Thoracic Coarse Particles and Morbidity

A number of new epidemiologic studies are available for assessing associations between
short-term PM ., 5 exposure and various morbidity health outcomes, especially related to
respiratory morbidity (Appendix A; Tables A5, A7, A9, and A11). As shown in Figure 3, a
number of recent reports have shown significant associations between respiratory hospitalization
and acute exposure to PM o, 5. These include associations with hospitalization in Vancouver for
respiratory illness in children <3 years of age (Yang et al., 2004), COPD in the elderly, (Chen
et al., 2004) and respiratory illness in the elderly (Chen et al., 2005). Associations were also
reported with hospitalization for asthma in children (Lin et al., 2002) and respiratory illness in
children (Lin et al., 2005) in Toronto. These associations with hospital admissions for
respiratory disease were observed for PM;(., s in both time-series and case-crossover analyses,
and the associations remained significant with adjustment for gaseous co-pollutants in four of the
five studies (except Chen et al., 2005). The effect estimate increased with longer averaging
times up to 4-7 days. Slaughter et al. (2005) did not observe significant associations between
PM;., 5 and hospitals admissions or emergency room visits in Spokane, WA for all ages taken
together. Overall, these studies provide evidence for associations between acute PM .2 5
exposure and respiratory morbidity in locations where reported mean concentrations range from
5.6 to 12.2 pg/m’, and maximum concentrations from 24.6 to 68 pg/m’.

One new panel study in Spokane indicated that exposure was associated with several
upper respiratory tract symptoms in children with asthma, but no association was reported in
adults (Mar et al., 2004). Peel et al. (2005) reported no significant associations between PM;¢. s
and respiratory emergency department visits in Atlanta; however in another Atlanta study,
significant associations were reported between acute PM,., 5 exposure and outpatient medical
visits for several respiratory conditions (Sinclair and Tolsma, 2004).

Little evidence was available on associations between cardiovascular morbidity and
PM;.,5 in the 2004 PM AQCD. In Atlanta, no significant associations were found between
acute exposure and cardiovascular emergency department visits (Metzger et al., 2004).
However, one recent study in Coachella Valley, CA reported significant associations between
decreases in heart rate variability with short-term exposure to PM ., s, but not with PM; s
(Lipsett et al., 2006). In addition, a panel study in Vancouver (Ebelt, et al., 2005) found
significant associations between estimates of personal exposure to ambient particles, and to a
lesser extent, ambient concentrations with decreased FEV, and increases in systolic blood
pressure and supraventricular ectopy. However, associations were not significant with measures
of heart rate variability. No associations were reported with estimates of personal exposure to
nonambient particles. The mean PM,(., 5 concentrations in the Coachella Valley and Vancouver
studies range from about 10 to over 20 pg/m’ At the low end of reported concentrations is
Vancouver, where PM ., s means were 6-7 ;,Lg/m3 and maxima were about 25 ug/m3 . Of note,
correlations reported between PM (., s and combustion-related gaseous co-pollutants (CO, NO,,
SO,) are generally higher than those reported between PM,; 5 and the gases in Vancouver. At the
high end is Coachella Valley, where PM( concentrations were quite high, with peak levels
exceeding the current PM standard level.

Taken together, there is a substantial new body of evidence linking acute exposure to
PM 2.5 with morbidity, including associations with respiratory hospitalization, respiratory
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symptoms, and cardiovascular health outcomes. Of note, several recent studies have reported
associations for several indicators of morbidity with PM;., 5, but not with PM, 5. In addition,
some new studies have used case-crossover methods and reported little evidence for confounding
by co-pollutants. A key research question that has been identified during the current PM
NAAQS review is to better understand the sources and components of PM ., s that may be
responsible for different health effects, and these findings continue to support that research need.

2.2.3 Issues for Interpretation of Epidemiologic Study Results

More than 20 new multicity studies have been published in recent years. Three of these
studies have included measurements of PM, 5 and one included PM;., 5 and these studies are
summarized in more detail above (Burnett et al., 2004; Dominici et al., 2006; Ostro et al., 2006).
The remaining studies used PM; the results are summarized briefly in an annotated
bibliography (Appendix B). Most of these recent studies continue to report associations between
short-term exposure to PM;y and mortality or morbidity.

Methodological Issues: The results of the PM;, multicity studies are briefly highlighted
here due to the importance of multicity studies in being able to evaluate issues that are not
readily addressed in single-city analyses. The studies are grouped in Appendix B by the general
issues being evaluated in the analyses. These studies address a range of questions and
uncertainties that remained in the 2004 PM AQCD, including:

e Several recent multicity studies reported that associations between PM o and mortality
are not likely to be confounded by weather or influenza epidemics (Schwartz 2004a;
Welty and Zeger, 2005; Analitis et al., 2006; Touloumi et al., 2005). As observed in the
2004 PM AQCD, assessments of copollutant confounding are complicated when the air
pollutants are closely correlated, such as pollutants generated from common sources.
Results from single-pollutant models may overestimate effects from that pollutant;
however, multi-pollutant model results may be misleading when reporting results for
correlated pollutants. One new multi-city study used case-crossover design and reported
no evidence of confounding between PM ¢ and gaseous co-pollutants in associations with
mortality in 14 U.S. cities (Schwartz et al., 2004b). Using more traditional time-series
methods, Ostro et al. (2006) reported attenuation of associations between PM; sand
mortality with highly-correlated gaseous pollutants in adults <65 years of age, but not in
analyses for the elderly. In 12 Canadian studies, PM, s and PM(., s were robust to
adjustment for NO; in models using only data from the time period when daily PM data
were available, but effect estimates were not statistically significant in models using data
from the full time period (Burnett et al., 2004). Dominici et al. (2006) report little
evidence of effect modification by ozone concentrations in the relationship between
PM, 5 and hospitalization.

e Daniels et al. (2004) reported that there was no evidence for a threshold level in the

PM,p-mortality association in analyses of data from the National Morbidity, Mortality
and Air Pollution Study.
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e The recent multicity studies continue to report somewhat stronger associations with the
use of a distributed lag model (Analitis et al., 2006; Zanobetti et al., 2003; Zeka et al.,
2005). In addition, one new analysis shows little evidence that the associations are
unlikely to represent advancement of death by only a few days (Dominici et al., 2003).

e The recent studies also report findings that are robust to the use of different analytical
methods (Roberts and Martin, 2006) and assess the influence of measurement error in
underestimation of the PM;-mortality association (Zeka and Schwartz, 2004).

Variation in effects between locations: Numerous new multicity analyses in Europe and
the U.S. have studied the variation of PM-health associations between locations, and assessed
factors that may influence heterogeneity in PM-related health effects (Dominici et al., 2003;
Medina-Ramon et al., 2006; Samoli et al., 2005; Le Tertre et al., 2005; Zeka et al., 2005; Zeka
et al., 2006). Consistent with the findings available in the 2004 PM AQCD, the recent studies
highlight exposure differences (e.g., air conditioning use) and the influence of traffic as
potentially associated with larger effects of PMjo. Some recent studies also suggest that
variability in climate and a number of preexisting health conditions may modify the effects of
PM.

New health outcomes: New multicity analyses have also reported associations between
PM and new health outcomes, including emergency admissions for myocardial infarction
(Zanobetti and Schwartz, 2005), readmission to the hospital for cardiac causes (Von Klot et al.,
2005) and potential changes in physiological cardiac indicators (Ibald-Mulli et al., 2004;
Timonen et al., 2006)Numerous recent single-city studies also expand of the health endpoints
that are reported to be associated with PM, generally focusing on PM, 5 exposures. These newly
reported health endpoints include: (1) indicators of the development of atherosclerosis with long-
term PM exposure; (2) indicators of changes in cardiac rhythm, including arrhythmia or
ST-segment changes; (3) effects on developing children and infants; (4) markers of inflammation
such as exhaled NO; and (5) effects on organ systems outside the cardiopulmonary systems.
Numerous new epidemiologic studies have reported associations between PM, primarily using
PM, s, and cardiovascular health outcomes such as cardiac arrhythmia, ST segment depression,
and decreased heart rate variability. New toxicology reports suggest that the brain may be
affected by exposure to PM, including reports of increases in inflammatory biomarkers and
neurodegeneration following exposure to CAPs (Campbell et al., 2005; Veronesi et al., 2005).

Potentially susceptible or vulnerable subpopulations: In the 2004 PM AQCD, people
with preexisting heart or lung disease, children, and older adults were considered likely to be
more susceptible to PM-related effects. Recent studies provide increasing evidence that pre-
existing diseases, particularly diabetes, may increase susceptibility to the cardiovascular effects
of PM. Goldberg et al. (2006) reported significant associations between PM, 5 and diabetes
deaths, as well as total mortality in people with previous diagnoses of diabetes. One new
toxicology study has suggested mechanistic evidence for diabetes-related susceptibility (Proctor
et al., 2006). Additional research utilizing susceptible animal models of vascular conditions
(e.g., the Spontaneously Hypertensive rat and the apolipoprotein deficient mouse) have
demonstrated that exposure to CAPs or surrogate PM can exacerbate symptoms, compromise
function and potentiate disease states.
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2.3 Intervention Studies

The 2004 PM AQCD highlighted the results of several new “intervention” studies or
“found experiments” that reported associations between reductions in air pollution and
improvements in public health (2004 PM AQCD, Sections 8.2.3.4 and 9.2.2.6). While few in
number, these studies were found to provide important support to the epidemiologic evidence
linking air pollution exposure with adverse health effects.

One new study reported evidence for reduced mortality risk when ambient pollution
was decreased (Laden et al., 2006). As discussed briefly above, the authors report a statistically
significant reduction in mortality risk with reduced long-term fine particle concentrations
(RR 0.73, 95% CI 0.57-0.95, per 10 pg/m> PM, ).

Several recent intervention studies have evaluated changes in respiratory health outcomes
associated with decreased pollution levels; the results of these studies are summarized in
Table A13 (Appendix A). One U.S. study reported reductions in respiratory medical visits
with decreased traffic volume that resulted from closure of the Peace Bridge in Buffalo, NY,
following September 11, 2001 (Lwebuga-Mukasa et al., 2003). Studies conducted in
Switzerland and East and West Germany have also reported reductions in respiratory symptoms
or improved lung function with decreases in ambient PM concentrations measured as TSP or
PM,, (Bayer-Oglesby et al., 2005; Sugiri et al., 2006; Frye et al., 2003; Heinrich et al., 2002).
In addition, Burr et al. (2003) reported associations between reduced respiratory symptoms and
reductions in traffic volume. Overall, this group of studies indicates that declining
concentrations of PM and other pollutants is associated with reduced mortality risk and improved
respiratory health and thus add substantial support to the evidence available in the 2004 PM
AQCD.

2.4 Health Effects Related to Sources or Components of PM

The current PM NAAQS have been established using PM; s and PM mass as the
indicators, as opposed to singling out any particular component or class of particles. This
decision was based on evidence from epidemiologic studies that reported significant associations
between various PM components or characteristics, evidence that PM was associated with health
effects in numerous areas that had differing components or sources of PM, and evidence from
animal toxicology and controlled human exposure studies that had reported health effects
associations with high concentrations of numerous fine particle components (e.g., sulfates,
nitrates, transition metals, organic compounds).

In the 2004 PM AQCD, epidemiologic and toxicology studies provided evidence for
effects associated with various fine particle components or size-differentiated subsets of fine
particles. Toxicology studies reported effects with exposure to different sources or components
of PM (generally at high levels), such as metals, diesel particles, acid aerosols, and bioaerosols
(Chapter 7 of the 2004 PM AQCD). The findings of these studies indicated that, for a given
health response, some fine particle components were more closely linked with that response than
other components. However, the evidence did not suggest that any component could be singled
out as potentially the sole contributor to toxicity, or as having no toxic effects.

24



Chapter 8 of the 2004 PM AQCD included a discussion of three new epidemiologic
studies that reported associations between various health outcomes and different PM
components. Three new studies that had conducted source-oriented evaluation of PM provided
new insights into the relationship between fine particles from different sources and mortality.
While few in number and somewhat preliminary in nature, these studies suggested that a number
of source types were associated with mortality, including motor vehicle emissions, coal
combustion, oil burning, and vegetative burning; no associations were reported with the crustal
factor from fine particles (2004 PM AQCD, Section 8.2.2.5).Considered together, the 2004 PM
AQCD concluded: “These studies suggest that many different chemical components of fine
particles and a variety of different types of source categories are all associated with, and
probably contribute to, mortality, either independently or in combinations” (p. 9-31).
Conversely, there was no basis to conclude that any individual fine particle component cannot
be associated with adverse health effects.

Many new studies have been published in recent years that provide interesting new
insights into the effects of different sources or types of PM. For the purposes of this provisional
assessment of new literature published since the release of the 2004 PM AQCD, emphasis has
been placed on studies that investigated the health effects related to PM sources or comparisons
of various PM components. To highlight the scientific content of the recent literature while
focusing on key PM study categories, this section focuses on results of studies that evaluated the
effects of a range of sources or components. This includes studies that used source
apportionment, or that compared effects for a range of PM components. Thus, the discussion
includes: (1) recent epidemiologic studies using source apportionment; (2) epidemiologic
evidence on effects with PM components; (3) results of new toxicology studies using source
apportionment with exposures to concentrated ambient particles (CAPs) to provide insight into
potential effects related to PM from different sources, and comparative toxicology studies using
fine particle components; and (4) toxicology study results for different surrogates and size
fractions of PM, including thoracic coarse PM (PM¢.5). In addition, numerous epidemiologic
and/or toxicology studies have reported effects of several sources, components, or characteristics
as discussed in the 2004 PM AQCD. Specific findings for these PM characteristics are not
discussed in detail; instead, the available new studies are included in reference lists for the
following categories:

o ultrafine PM;

o metals (including residual oil fly ash);
o traffic;

¢ woodsmoke; and

e endotoxin.

2.4.1 Epidemiologic Studies Using Source Apportionment

Some recent epidemiologic studies have employed statistical approaches of source
contributions from source apportionment analyses in evaluating associations of health effects
with particular source categories of PM. Since source apportionment analysis is based on
finding independent groupings of chemical components, the source categories should not
confound each other.
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A workshop was held in May 2003 during which several groups determined source
category contributions (using multiple techniques) using ambient PM chemical concentration
data from Washington, D.C. (U.S. Park Service, IMPROVE) and from Phoenix (U.S. EPA).

An intercomparison of the source apportionment results was also published (Hopke et al., 2006).
The statistical associations of these source category contributions with total (non-accidental) and
cardiovascular mortality were then determined by Ito et al. (2006) for Washington and Mar et al.
(2006) for Phoenix. The results from different groups varied, in part depending on the
participants’ experience and expertise with source apportionment and time-series epidemiologic
analyses (Appendix A; Table A14). Although several groups separated the traffic source into
diesel and gasoline, for the reported analyses, all traffic-related source categories were summed
into a “traffic” source category. For Washington, DC, the correlations of daily contributions of
source categories across the various investigators/techniques were fair for crustal, secondary
sulfate, secondary nitrate, primary residual oil combustion, and incinerator, but poor for traffic,
wood burning, and salt (correlation not reported for primary coal combustion). In Phoenix, AZ,
the correlations of daily contributions across the various investigators and analysis techniques
were high for traffic, secondary sulfate, and sea salt, and low for biomass burning, metals, and
primary coal burning.

In Washington, DC, secondary sulfate and primary coal combustion were statistically
significant with total mortality on lag day 3. PM, s had a statistically significant relationship with
total mortality on lag day 1 and 3 before controlling for temperature, but only on lag day 3 after
controlling for temperature. For cardiovascular mortality, no source categories were statistically
significant across all investigators/techniques. However, for one or more analyses, statistically
significant results were found for soil (lag 2, 3, and 4), traffic (lag 3), secondary sulfate (lag 0
and 3), residual oil (lag 0), wood smoke (lag 3), and primary coal burning (lag 3). The
Washington, DC samples were collected on Saturday and Thursday only; so, each lag has a
different set of mortality days which may introduce some uncertainty into the lag structure.

In Phoenix, only sea salt (lag 5) was statistically significant with total mortality for all
analyses, while 3/5 data sets gave statistically significant results for Cu smelter (lag 0) and 1/8
for sulfate (lag 0). For cardiovascular mortality, most data sets gave statistically significant (or
nearly so) associations for traffic (lag 1, 6/9), secondary sulfate (lag 0, 6/8), sea salt (lag 5, 6/6),
and Cu smelter (lag 0, 3/5). Data sets from both cities show secondary sulfate as the source
category with the highest statistically significant relative risk (5-95™ percentile increments),
although the lag days and mortality categories differ by city (lag 0 for cardiovascular mortality in
Phoenix, AZ, and lag 3 for total mortality in Washington, DC, with some Washington, DC, data
sets reporting lags 0 and 3 for cardiovascular mortality). A generalized traffic source is
implicated for cardiovascular mortality at lag 1 in Phoenix, AZ and lag 3 in Washington, DC.

One study used source apportionment techniques to assess relationships between
cardiovascular morbidity and acute fine particle exposure in a panel of healthy young male patrol
officers in Wake County, NC. Riediker et al. (2004) reported the strongest associations between
a “speed change” factor (Cu, S, and aldehydes) and a number of cardiovascular health indicators.
There were suggested associations with a gasoline combustion factor, and there was limited
evidence for associations with fine particles of crustal origin.

26



Taken together, the results of these new studies are consistent with previously-available
evidence that link health outcomes with fine particles from a range of sources, including motor
vehicles and combustion of oil or coal. The use of source categories in community time-series
epidemiology shows promise but additional work is needed in characterizing the various sources,
understanding the spatial variability of the different source categories, and obtaining daily
composition and concentration data for periods of several years in additional cities.

2.4.2 Epidemiologic Studies on Effects of Fine Particle Components

As summarized in Section 8.2.2.5 of the 2004 PM AQCD, epidemiologic studies have
reported generally positive, often statistically significant associations between various fine
particle components and mortality. Numerous studies have reported associations between short-
term sulfate exposures and mortality and morbidity; the effect estimates reported for mortality
range from about 1 to 9% increases in mortality per 5 pg/m”’ increase in ambient sulfate
concentration (as shown in Figure 8-6 of the 2004 PM AQCD). Associations have also been
reported with other PM components, including carbonaceous components (elemental carbon,
organic carbon, and coefficient of haze), nitrates, and metals.

Associations between mortality and long-term exposure to ambient sulfates was reported
in prospective cohort studies, with effect estimates reported in the range of 11 to 50% increases
in mortality per 15 ug/m’ increase in sulfates (2004 PM AQCD, Table 8-15). Prospective cohort
studies have also reported associations between long-term exposure to sulfates and respiratory
effects, such as prevalence of chronic bronchitis (2004 PM AQCD, section 8.3.3.2).

Several recent epidemiologic studies have evaluated associations between short-term
exposure to fine particle components and various health outcomes, as shown in Table A15
(Appendix A). Overall, this group of studies reports associations between mortality and
morbidity with several fine particle components. A number of studies report associations with
sulfates that are generally consistent with those in earlier reports. Several recent studies have
also shown associations with the organic carbon and elemental carbon components of fine
particles.

e For mortality, significant associations were reported with sulfates in a new study in
Montreal (Goldberg et al., 2006), and a positive, borderline significant, association with
sulfates was reported in a study of 12 Canadian cities (Burnett et al., 2004). Positive, but
not statistically significant, associations between mortality and fine particle sulfates was
reported in Vancouver (Villeneuve et al., 2003). A study in Atlanta also evaluated
associations with other fine particle components, and reported positive but not significant
associations between mortality and sulfates and EC, OC, and not association with nitrates
(Klemm et al., 2004).

e For emergency department visits, two reports from the ARIES study in Atlanta evaluated
associations between short-term fine particle component exposures and visits for
cardiovascular or respiratory diseases (Metzger et al., 2004; Peel et al., 2005). Both
studies report no significant associations for short-term exposures to either sulfates or
water-soluble metals with visits for cardiovascular or respiratory diseases. Significant

27



associations were reported between OC and EC and emergency department visits for all
cardiovascular diseases and congestive heart disease (Metzger et al., 2004). No
significant associations were reported between any component and respiratory visits,
except for an association between OC and emergency department visits for pneumonia
(Peel et al., 2005).

e For cardiovascular health outcomes, one study that was conducted in Boston, MA
reported a significant association between short-term sulfate exposure and percent change
in brachial artery diameter, an indicator of vascular reactivity (O’Neill et al., 2005); other
components were not evaluated.

e For respiratory health outcomes, medical visits for asthma in children and lower
respiratory infections (all ages) were associated with the EC and OC components of fine
particles in Atlanta, but no associations were reported with sulfates or acidity (Sinclair
and Tolsma, 2004). Metals were positively associated with medical visits for lower
respiratory infection, but not for other outcomes. For adult asthma and upper respiratory
infections, there were no significant positive associations with any of the fine PM
components; however, sulfates were negatively associated with upper respiratory
infection visits (Sinclair and Tolsma, 2004). In a panel study of Hispanic children, OC
and EC (measured in PM,¢) were significantly associated with asthma symptoms; other
PM components were not included in this study (Delfino et al. 2003).

In addition, one recently published epidemiologic study has also assessed associations
between mortality and long-term exposure to fine particle components (see Table 1). Mortality
was significantly associated with long-term exposure to four fine particle components (EC,
nitrates, nickel, and vanadium), and a positive but not statistically significant association was
reported with sulfates using the Veterans cohort (Lipfert et al., 2006b, in press).

2.4.3 Toxicology Studies—Source Apportionment and Fine Particle Components

There were nine studies in the 2004 PM AQCD that investigated the effects of fine
particle CAPs exposure in humans and laboratory animals (Sections 7.2.2 and 7.3.1). The results
of these studies generally showed associations between the CAPs exposure and cardiovascular
parameters. Effects on the respiratory system were largely absent for pulmonary function, but
were present for markers of inflammation. Source apportionment was largely absent in the
previous CAPs studies, although some evidence linked transition metal components in ambient
PM with lung injury. Additionally, as CAPs composition varies day-to-day, it is difficult to
establish clear relationships between individual components and adverse health effects. The
2004 PM AQCD pointed to a “critical need for the systematic conduct of studies in the potential
respiratory effects of major components of PM from different regions of the U.S., in recognition
that PM of different composition and from different sources can vary markedly in its potency for
producing different respiratory effects” (2004 PM AQCD, p. 7-85).

Toxicological studies employing CAPs offer a relevant surrogate for atmospheric PM.

As ambient PM is just one component of a complex mixture that interacts with gases and other
aerosols, CAPs systems provide a method of exposing subjects to the particle phase. Gases
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(such as O3 and SO,) are not concentrated and organic PM components in CAPs likely differ
from components in ambient PM, particularly for ultrafine CAPs systems (Su et al., 2006).
Similarly, thoracic coarse PM is not enriched (except for the coarse particle concentrator) and
only certain systems are capable of concentrating ultrafine PM.

There are three main CAPs exposure systems currently in use. The Harvard Air Particle
Concentrator (HAPC) uses virtual impactor technology to concentrate particles from 0.15 to
2.5 um (Sioutas et al., 1997). The versatile aerosol concentration enrichment system (VACES)
is also based on virtual impactor technology and concentrates ultrafine particles, as well as those
in the fine particle range (Sioutas et al., 1999). It is important to note that both ultrafine systems
(HAPC and VACES) do not uniformly concentrate particles across all size fractions and that the
enrichment factor has been shown to decrease for PM sized <75 nm (Su et al., 2006). The
centrifugal concentrator most efficiently concentrates particles in the 0.5-2.5 um size range
(Gordon et al., 1998). For the purposes of this provisional assessment, CAPs studies have been
grouped into those that conducted source apportionment analyses or those that linked PM
components to health outcomes. Additional CAPs studies that reported linkages between mass
and toxicity are presented in a subsequent section.

Among the recent toxicology studies are 27 new studies reporting effects of CAPs
exposure. These include several reports from a large study of subchronic exposure to CAPs that
was carried out using three different mice strains. Four of the acute and one subchronic study
(with an additional in vitro study) performed complex source apportionment or factor analyses.
Eight (three human and five animal studies) used regression approaches to estimate the
relationship between health effects and the concentration of individual PM constituents.
Additional exposure details, endpoints, and results for all of the CAPs studies are provided in
Appendix A (Tables A16—A18); the tables present only those findings that were positive in the
“Results” column.

Source Apportionment Studies

Table 2 shows those endpoints which were associated with various source categories
from humans exposed to Chapel Hill, NC, CAPs (Huang et al., 2003b) and mice exposed
subchronically to Tuxedo, NY, CAPs (Lippman et al., 2005b). Increases in blood fibrinogen
levels in healthy humans were correlated with a Cu-Zn-V factor (stated by the authors to be
linked to combustion, including oil combustion) in the acute exposure study (Huang et al.,
2003b). In addition, elevated polymorphonuclear leukocytes in bronchoalveolar lavage fluid
(BALF) were observed with CAPs, and this increase was associated with a Fe-Se-sulfate factor;
the authors considered this factor to represent sulfurous smog and photochemical air pollution.
There were no other identifiable CAPs factors that were linked to any health outcome.

Using mouse models, Lippmann et al. (2005b) reported post-exposure decreases in heart
rate variability (HRV) parameters in subchronic exposures to CAPs for three factors—secondary
sulfate, residual oil, and motor vehicles—but an increase in HRV parameters with a CAPs factor
representing resuspended soil. Similar findings were reported for heart rate, with slight increases
and decreases being observed for different source categories at one interval or another.
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Table 2. CAPs Sources and Associated Endpoints: Acute and Subchronic Exposures

Source

Category Endpoint Affected Time Species Reference

Zn-Cu-V 1 blood fibrinogen 18 hr post-exposure Human Huang, Y-C.T
(2003)

Fe-Se-sulfate 1T BALF PMN 18 hr post-exposure Human Huang, Y-C.T
(2003)

Secondary | HR Afternoon post-exposure | ApoE mouse | Lippmann et al.

sulfate | SDNN, | RMSSD | Night post-exposure (2005b)

(S, Si, OC)

Resuspended soil | | HR During exposure ApoE” mouse | Lippmann et al.

(Ca, Fe, Al, Si) T HR Afternoon post-exposure (2005b)

1 SDNN, 1 RMSSD | Night post-exposure

Residual oil | SDNN, | RMSSD | Afternoon post-exposure | ApoE” mouse Lippmann et al.

(V, Ni, Se) (2005b)

Motor | RMSSD Afternoon post-exposure | C57 mouse Lippmann et al.

vehicle/other (2005b)

As shown in Table 2, not all source categories were linked to HR or HRV parameters at
any given time during or after exposure.

One in vivo study employed rats and mice (Steerenberg et al., 2006) which were exposed
to one of five PM types collected from Europe. The traffic, industry/combustion/incinerator, and
wood smoke source clusters were associated with the adjuvant activity for respiratory allergy,
whereas the secondary inorganic/long range cluster correlated with systemic allergy (Steerenberg
et al., 2006). The crustal material and sea spray sources were linked to acute inflammation,
although the endotoxin content also correlated with some of these biomarkers (Steerenberg et al.,
2006).

In the remaining CAPs studies that included source apportionment, Batalha et al. (2002)
reported changes in lumen/wall ratio, an indicator of vasoconstriction, with sulfate and Si
(suggested to be an indicator of road dust) in normal rats and with OC in chronic bronchitic rats.
Wellenius et al. (2003) also linked a cardiovascular response, ST-segment elevation, with Si and
other crustal elements derived from Boston CAPs. In the latter study, there were a number of
tracer elements that were not associated with any electrocardiogram measure, including Ni, S,
and carbon black.

Studies of fine particle components in CAPs
In addition, six CAPs studies have reported associ