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ABSTRACT

Problem: Studies using the American Cancer Society (ACS) cohort to assess the relation
between particulate air pollution and mortality rank among the most influential and
widely cited. The original study, a reanalysis that infroduced new random effects methods
and spatial analytic techniques, and recent studies with longer follow-up and improved
exposure assignment have all demonstrated statistically significant and substantively
large air poltution effects on all-cause and cause-specific mortality. Due to this robust
association and a lack of other studies on the long-term effects, the ACS studies have
proven important to government regulatory interventions and health burden asséssments.

California currently has no statewide studies assessing mortality resulting from air
pollution in the general population. Existing estimates come from either national-level
ACS studies where the California subjects comprised less than 10% of the total sample or
from southern California, where guestions about applicability to the rest of the State
remain. Adopting either of these estimates can change the burden of illness attributable to
air pollution by two to three fold. In addition, neither of the existing ACS studies have
used high-resolution exposure assignment or investigated the temporal dimensions of the
dose-response relationship.

Previous Work: Our previous work includes the original American Cancer Society study
of particulate air pollution and mortality, the reanalysis of this study and the Harvard Six
Cities study, many analytic extensions to these studies, and the first assessment of
particulate air pollution at the within city or “intraurban” scale. In this last study our
‘team documented the first assessment of mortality and particulate air pollution estimates
for the intraurban or within-city scale in Los Angeles. Our results suggest the chronic
health effects associated with intraurban gradients in exposure to PMys are even larger
than previously reported across metropolitan areas. We observed effects nearly three
times greater than in models relying on between-community exposure contrasts. Given
these remarkable findings, a need exists to investigate whether the results hold for other
parts of California or are sensitive to alternative measures of exposure assessment and
confounding control, We have also been investigating whether there are temporal patterns
in the relative risk of mortality from air pollution. These studies suggest that with
increasing mobile source contributions there are increased dose-response functions over
time, and these findings need further investigation to inform the science of health effects
assessment and policy of air poliution control.

Objectives: We will pursue the following research objectives to reduce critical scientific
uncertainties that impede effective policy action on air pollution: (1) To derive detailed
assessments of the health effects from particulate and gaseous air pollution on all-cause
and cause-specific mortality in California based on the American Cancer Society Cohort,
" (2) to investigate whether specific particle characteristics agsociate with larger health
effects through exarnination of intraurban gradients in exposure to different particle
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constituents and sources; and (3) to determine whether critical exposure time windows
exist in the relationship between air pellution and mortality in California.

Description: We have identified 95,112 subjects in the ACS cohort who will serve as the
study population (26,183 deaths with an 18 year follow up ending in 2000). These
subjects are widely distributed across California, giving comprehensive coverage for
much of the population of the State. For the first time in the ACS studies, we will
geocode subjects to their home address. Previcus studies have been restricted to zip code
areas, limiting our ability to assign exposures based on proximity to source or on
measures of traffic and potentially introducing non-differential measurement error,

As a basis for exposure assessment, we will utilize estimates derived by Air Resources
Board staff for the California Teachers Cohort Study (led by Dr. Michael Lipsett, with
Dr. Jerrett at co-T). We will also extend these estimates with advanced Bayesian
Maximwyn Entropy kriging models to allow for spatioternporal exposure assignment with
explicit incorporation for errors in the exposure estimates, Following our recent national
analysis, we will use these refined exposure data to assess whether critical exposure
windows exist in the temporal mortality experience. We will also have the opportunity fo
assess risks from proximity to sources such as the Port of Los Angeies and the major
hlghways in the State.

We will employ a comprehensive set of 44 individual confounders documented in earlier
ACS studies investigating air pollution hesalth effects. These variables control for .
lifestyle, dietary, demographic, occupational, and educational influences that may
confound the air pollution-mortality association; We will also use ecological variables for
the ZCAs to control for “contextual” neighborhood confounding (e.g., unemployment).
Aithough we will utilize the "variables used in previous analyses for promoting
comparison to earlier results, we will also optimize the model for individual risk factors
of the California population as a sensitivity analysis.

Benefits: California has no state-wide estirnates of mortality o support policymaking and
regulatory activities. Extension of the ACS study to address scientific uncertainties and to
derive estimates specific to California will assist the Air Resources Board and othess to
assess the benefits of policy interventions. We will also increase our understanding of
specific source contributions to the mortality experience and of whether there are
" temporal patterns in the relative risks of mortality from air pollution. This information
will strengthen the efforts of the ARB to implement policies that protect public health.

CARB CPRA 2010-01-25a 000086



ARB/UCE

Agreement No. 06-332
EXHIBIT A, ATTACHMENT 1
Page 5 of 87

SIGNIFICANCE

In a recent analysis commissioned by the US Environmental Protection Agency seeking
an expert consensus on risk of mortality from exposure to PMy s (Industrial Economics -
Incorporated 2006), studies based on the American Cancer Society (ACS) Cohort were
cited as influential by every expert panel member. The most recent study by Jerrett et al.
[1], the first to examine the risks with improved exposure models based on intraurban
gradients across Los Angeles, was continuously noted as one of the most important
deterrninants of the risk from PM by the majority of the experts. The consistent results of
higher risk estimates from this Los Angeles study, probably resnlting from reduced
exposure measurement error, have raised questions about which risk estimate should be
used for assessing the benefits of air quality regulations in California. The California
population.of the Pope et al. {2] comprises less than 10% of the total study pepulation

. (about 42,000 of 500,000 subjects). While the Jerrett et al. {1] study is based solely on
California residents, questions about the applicability of the results for the remainder of
California persist, given the generally higher levels of pollution in the Los Angeles region
and the different population mixture there. This study will derive the first California-
wide estimates of mortality associated with PMy; exposure and other criteria co-
pollutants, thus supplying policymakers wzth a valuable resource for deriving benefits
estirmates.

Beyond the immediate coniributions to benefits estimation, this study will also resolve
key uncertainties in the science of air pollution health effects. For the first time we will
geocode the ACS subjects to their home address, as compared to the previous studies that
have used either metropolitan area of residence or the home zip code to assign exposure,
This improved locational accuracy will be combined with the most advanced
geostatistical medels of exposure and with direct measurements of proximity to sources
such as freeways and ports. The combination of increased locational accuracy and
reduced exposure measurement error may produce even larger estimates of risk than
reported in previous studies, if the general pattern of heightened effects from better
exposure assessment holds. We will also have capacity to test source specific effects
through proximity assignment and through use of speciated particulate data.

The integration of numerous land use, traffic, physiographic, and remotely sensed data
into a rigorous mathematical model capable of estimating exposures in time and space
will extend the science of exposure assessment. In so doing, this research will develop a
unique resource for future air pollution studies in California. For example, the results of
these exposure assessmments could be immediately apphed to the California Teachers
Cohort.

This study will also examine the question of whether critical exposure windews exist in
the dose-response te pollution. Studies undertaken by our team as part of a nearly
completed Health Effects Institute contract indicate that the health response for a given
unit change in PM has probably increased over time in the national-level cohort [3]. In
other words, although ambient levels have declined the dose-response curve appears to
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have become steeper in later follow up periods. There are many possible explanations for
this finding such as heightened susceptibility in the cohort due to aging. Another
possibility is that the continned focus on PM, s mass reductions, without regard to the
characteristics of PM, may have the effect of increasing the toxicity of the PM mixture,
thereby resulting in the incteased dose response and general lack of population health
benefits, Greater understanding of how the dose-response changes over time will supply
important information to the policy process about the timing of regulatory interventions.

BACKGROUND AND RATIONALE

American Cancer Society Study of Particulate Air Pollution and
Mortality .

Epidemiologic studies conducted over several decades have provided evidence
suggesting that long-term exposure to elevated ambient levels of particulate air pollution
is associated with increased mortality. Two U.8. cohort studies, the Harvard Six Cities
Study [4], a 20 year prospective cohort study, and the American Cancer Society (ACS)
Study [5] — a larger retrospective cohort study involving 156 cities ~ estimated that .
annual average alf-cause mortality increased in association with an increase in ambient
fine particle concentration (PM,s - particles with an aerodynamic diameter less than 2.5

pm).

Both studies came under intense scrutiny in 1997 when the results were used by the EPA
to support new National Ambient Air Quality Standards for PM> s and to maintain the
standards for particles with an aerodynamic diameter (PMI10), already in effect. The
findings were the subject of debate for the following reasons: possible residual
confounding by individual risk factors (e.g., sedentary lifestyle, active or passive
cigaretic smoke exposure) or ecelogic risk factors (e.g., aspects of climate or social
miliew); inadequate characterization of the long—term exposure of study subjects;
different kinds of bias in allocating exposure to separate cities; and robustness of the
results to changes in the specification of statistical models [6; 7]. To address growing
public controversy concerning the studies’ methods and their results, Harvard University
and the ACS requested that the Health Effects Institute [8] organize an independent
reanalysis of these studies.

Overall, the Reanalysis assured the quality of the original data and replicated the original
results. It tested those results against alternative risk models of the Cox proportional-
hazards family and other analytic approaches. The various sensitivity analyses did not
substantively alter the original findings of an association between indicators of particulate
matter ajr pollution and mortality {9]. Phase II of the reanalysis made innovative
contributions to the understanding of the air- pollution-mortality association by
developing new methods of spatial analysis for cobort studies involving both individual
and ecologic covariates [10]. Key findings from the Reanalysis indicated that (1)
educational status has a significant modifying effect with risk of mortality associated with
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- fine particles declining with increasing educational attainment, (2) sulfur dioxide may
exert a more robust effect on mortality than sulfates, (3) other possible ecologic
confounders have no significant effect in models that control for spatial autocorrelation,
and (4) spatial risk models attenuate the air pollution effect, both in terms of size and
certainty. ‘

Post-Reanalysis Studies of the ACS cohort

Following the Reanalysis, Pope and colleagues [2] undertook an analysis using an
additional 10 years of data which doubled the follow-up time to more than 16 years and
tripled the number of deaths. Exposure data were expanded to include gaseous co-
pollutant data and new PM,s data which had been collected since the enactment of the
new air quality standards. Recent advances in statistical modeling were incorporated in
the analyses, including the introduction of random effects and nonparametiic spatial
smoothing components in the Cox proportional hazards model. The findings provide the
sttongest evidence to date that long-term exposure to fine particulate air pollution
common to many mefropolitan areas is an important risk factor for lung cancer and
cardiopulmonary mortality. Each 10 pg/m’® increase in long-term average PMy s ambient
concentrations was associated with approximately a 4%, 6%, and 8% increased risk of all
cause, cardiopulmonary, and lung cancer mortality respectively. There was little evidence
of statistically significant spatial autocorrelation in the survival data after controlling for
fine particulate air pollution and the varicus individual risk factors. This study has been
used as the main estimate in many health burden assessments by the World Health
Organization, the Environmental Protection Agency, and the California Air Resources
Board. While these estimates are suitable first approximations, especially for the national
population, questiohs about the generalizability of the findings from Pope et al. [2] to
California populations have hampered efforts to estimate the benefits of regulatory
interventions by the ARB. Further controversies about the applicability of these risk
estimates were generated by recent studies suggesting even larger health eifects in
southern California than in the national study [1].

Improved Exposure Models and Larger Health Effects

A growing body of evidence suggests that refinement of exposures, especially to the
within-city or intraurban scale, will associate with Jarger health effects, probably due to
reduced exposure measurement error. Previous ACS studies have relied on between-
community central monitor estimates that assign entire metropolitan areas (MA) the same
level of exposure. In the Netherlands, Hoek and colleagues [11] demonstrated a near
doubling of cardiopulmonary mortality for subjects living near major roads. Nafstad and
colleagues [12] reported an increase in male mortality of over.60% for a plausible
gradient in exposure to modeled nitrogen dioxide in Norway. These and similar findings
sumnmarized elsewhere [1] demonstrated a need fo investigate exposures at the intraurban -
scale within the ACS cohort.
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Studies of PM;s in California have shown that intraurban exposure gradients are
associated with atherosclerosis {13} and high risks of premature mortality [1] in
California populations. Jerrett et al. [1] observed a tripling of the relative risk for an
identical model used in the Pope et al. [2] study. These recent Los Angeles studies have
used geostatistical interpolation models that capture regional patterns of pollution well,
but may not account for near-source impacts from local traffic and industry due in part to
the zip code assignment of address and to the potential over-smoothing of the
geostatistical model used to assess exposure, Given the large health effécts reported in
these and other European studies [11, 14}, and more recent American studies [1, 13}, a
need exists to refine these estimates of intraurban exposure to reduce uncerfainties
potentially associated with measurement error.

Critical Periods of Exposure

While the Six Cities study and ACS study have demonstrated an association between
long-térm exposure to particulate air poliution and mortality [2, 4, 5], none of these
studies provided an indication of the critical period of exposure respomsible for the
observed association [15]. Investigations by Zeger and colleagues [16] and Schwartz [17]
have shown that mortality cannot be attributed entizely to the effects of short-term peak
exposures, which may affect sensitive individuals with pre-existing conditions {18-21].
Krewski and colleagues [22] developed individual temporal exposure profiles for subjects
in the Harvard Six-Cities Study by coding the residential histories of those subjects;
however, limited population mobility and limited variation in individual time-dependent
exposure profiles precluded identification of critical exposure-time windows [23].

The identification of critical exposure-time windows has important implications for
establishing time lines for policy interventions that will maximize public health benefits.
Although temporal variation in air pollution relative risk estimates was recently examined
in several cohort sindies [24, 25], the identification of critical exposure-time windows
requires information on temporal patterns of exposure at the individual level. Given the
regulatory importance of the results, further work to develop individual time-dependent
exposure profiles for American Cancer Society (ACS) cohort participants is needed.

Summary of the Rationale and Objectives

In summary, prior research has underscored the need for health effects estimates specific
to the California population. To understand the magnitude of potential effects, risk
estimates need to be based on pollution variation both between and within cities. Finally,
further emphasis on the critical exposure windows is required to guide policy

interventions aimed at protecting public health. In the next section we document a -

comprehensive program of research aimed at addressing these needs and the following
objectives:
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1. To derive detailed assessments of the health effects from particulate air pollution and
other criteria co-pollutants on all-cause and cause-specific mortality in California based
on the American Cancer Society Cobort;

2. To investigate whether specific particle characteristics associate with larger health
effects through examination of intraurban gradients in exposure to different particie
constituents and sources; and '

3. To determine whether critical exposure windows exist in the relationship between air
poltution and mortality in California. _ E

METHODS

This section summarizes the proposed methods and data to support the investigation of
our primary objectives in the California ACS cohort. We begin with discussion of the
health data. This is followed by the proposed methods of sxposure analysis and finally by
the statistical model used to assess the association between particulate.air pollution and
moriality. Although PMys will be our primary focus, we will also assess associations
between ozone, nitrogen dioxide, and PM;o. Where possible, we will assess associations’
with speciated data, although.the relatively sparse network will make this a challenging
task. We have included the examination speciated data at the direct request of ARB staff,
and we will therefore work to address this important question to the best of our ability
within the constraints of the data available.

Updated Cohort Health Data

The original analysis [5], the HEI sponsored reanalysis [22] and our new research funded
by the HEI reported here all have relied on data from the ACS Cancer Prevention Study
11 (CPS-II), an ongoing prospective mortality study of approximately 1.2 million adults.
Cohort participants were enrolled by ACS volunteers in the Fall of 1982 and they resided
in all 50 states, the District of Columbia, and Puerto Rico. Most were friends, neighbors,
or acquaintances of the ACS volunteers. Enrollment was restricted o persons who were
at Jeast 30 years of age and who were members of households with at least one individual
45 years of age or more, Participants completed a confidential questionnaire which
included questions about age, sex, weight, height, demographic characteristics, smoking
history, alcohol use, occupational exposures, and other characteristics, With the previous
analysis the analytic cohort has been restricted to include those who resided in U.S.
metropolitan areas within the 48 contiguous states (including the District of Columbia)
and within metropolitan areas that had available pollution data. The number of cities for
which pollution data are available differs depending on the pollutant, the time period, and
quality control criteria used to compile the data. For example, sulfate data from the '
original analysis is available for 151 metropolitan areas and the number of participants
available for the analytic cohort is approximately 550,000.
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For this proposal we will utilize the entiré cohort from California because of.the
expanded exposure profiles available from work on the California Teachers Cohort (see
below for description). These estimates will empower studies of the enfire State of
California. This has significant benefits in terms of sample size. For example, if we -
restricted the analysis to the previous cities included in the ACS pollution studies, we
would have only 42,000 subjects, With the extended exposure assessment and
geographic scope, we will have 95,112 subjects and 26,183 deaths with the follow-up 1o
2000. This larger saniple will increase statistical power enabling us to detect in some of
the specific causes of death for which we have observed large associations, but for which
the estimates did not achieve statistical significance by conventional standards (e.g., lung
cancer and diabetes). As shown in Figure 1, the cohort is widely distributed across the
entire state. Our health effects modeling framework will explicitly account for these
trends.

CARB CPRA 2010-01-25a 000092



ARB/UCB.

Agreement No. 06-332

ATTACHMENT 1

EXHIBIT A,

Page 11 of 87

at

AL

-

fons.

D-QE

o

Figure 1. Zip Codes Containing ACS Subjects in California
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Montality of the study participants was ascertained by volunteers in 1984, 1986, and
1988, and subsequently with automated linkage using the National Death Index. This has
extended the follow up to 2000 and identified deaths among individuals lost to follow-up.
Death certificates or muitiple cause-of-death codes were obtained for participants known
to have died. For the original analysis [5] and the reanalysis [22], vital status data were
only available for approximately 7 years of follow-up (through December 31, 1989). The
extended analysis will include vital status data with multiple cause-of-death codes, for
approximately 18 years (through December 31, 2000). This extended follow-up yields
approximately 3 times more deaths than the 7 years used in the reanalysis, contributing
substantially to the statistical power of the study. For this study we will have follow-up
through to the year 2000, adding an additional two years to the Pope et al, (2002) study.

Ecologic/Neighborhood Covariates

“Contextual” effects occur when individual differences in health outcome associate with
the grouped variables that represent the social, economic, and environmental settings
where the individuals live, work, or spend time {e.g., poverty in a neighborhood). It is
now widely recognized that such effects may confound or modify the association
between air pollution and moxtality [26}, and we have seen significant confounding in our
Los Angeles study [1].

We have already obtained information on neighberhood social confounders for 11,334
zip code areas (ZCA) from the 1979 US Census. Because the 1979 census does not have
zip code tabulations readily available, we purchased the entire tape data file and created
our own program to extract the census variables. Several variables will be examined in’
this analysis, including: median household income, 125% of poverty line, percentage of
unemployed persons over the age of 16 years, percentage of adulis with less than grade
12 education, percentage of homes with air conditioning, househeld median income, the
GINI Coefficient of income ingquality, and percentage of population that are not white.
We used boundary averaging methods to overlay census information at the census sub-
division level and the ZCA level for which we have location information from the ACS
subjects, We will only use those ZCAs which contained ACS subjects to more accurately
represent the social environment of the ACS participants for metmpohtan areas.

Because we were concerned that comparing zip code characteristics between cities does
not fully capture confounding, we will also ¢reate two other variables for inclusion in the
Cox survival models. The first involves aggregating all ZCAs with ACS subjects within a
metropolitan statistical area (MSA) to obtain an average estimate of the ecolegic
confounder. The second will deviate the zip-code spec1fic values from their metropolitan
area means. This deviation ensures that all comparisons are made within communities
where the social variables are most likely to have interpretable results because cost of
living and other factors affecting the comparisons are controlled - within cities.
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For those variables found to be significant confounders based. on the 1979 Census, we
will also conduct sensitivity analyses using the 2000 census variables at the zip code
scale. These variables are much easier to obfain because they are included in the zip code
tabulation file, and 2000 provides estimates that are at the end of the follow up period.

Exposure Modeling and Assessment
 Exposure Data

Historical Air Pollution Database

The initial health effects assessment will rely on a database of monthly PMo, O3, and
NO; ambient concentrations for California. ARB staff have developed these monthly
averages and interpolated them to cover the entire State of California using inverse
distance weighting. The monthly values were determined from hourly measurements of
gaseous pollutants and every-sixth-day 24-hr measurements of PM;p using data
completeness criteria (e.g., 75 %) agreed upon in consultation with ARB staff. The
principal pollutant database will cover the eight-year period from Januvary 1988 through
December 2002 and include the monitoring station data. Assignments will be made by
spatial mapping of monthly concentration fields and by matching to the nearest
monitoring station’s data within a specified distance criteria.

Using the monthly pollutant data discussed above, exposures, for the first time, will be
assigned to the subjects’ baseline addresses. We have received approval from Drs.
Michael Thun and Jeanne Calle to have a GIS consultant, Zev Ross, go on-site and
geocode all available addresses. Once geocoded at the ACS in Atlanta, the locational
information will be brought by hand to the University of California, Berkeley, where
exposure assignments will be completed. Data will then be transported by hand fo the
University of Otifawa and linked to the master analytical file there for anaiyses as
“described below.

PM; s Database

Roufine ambient air monitoring for PMy s was initiated in 1999 in California; therefore,
these data would be available for only a portion of the study period. All previous studies
of chronic health effects using the ACS data have relied on single period exposures and
assumed the spatial patterns at one point in time during the follow up represent the
chronic exposure for the entire follow up. Although this method has produced useful
results, questions persist about the accuracy of the exposure assignment, given the
underlying assumption of stability in the spatial paitern of exposure,

To refine estimates of long-term exposures te fine particles among the study subjects, we

will rely on a historical reconstruction of PM, s levels throughout California. Analyses
were performed by Dr. C. Blanchard to estimate PM; 5 levels for years prior to 1999
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This work has produced a database of estimated PM, 5 station values and residential
assignments analogous to those for the other pollutants addressed above.

We will also assign exposure levels based on statewide interpolations of the monthly
pollutant data already developed by ARB for PMio, NO; and Os. After completion of the
geocoding for the ACS subjects, we will assigh monthly exposures fo all subjects based
on the baseline address, There are no work or school addresses in the ACS database, so
we will be unable 1o assign multiple time-location exposure profiles. Recent studies have
however indicated that on average people spend 68% of their time at home and a large
portion of the remaining time at locations near their home.[27] Therefore, assignment of
home address represents the most reasonable approximation for personal exposure in the
absence of other information from the time-activity budget. '

These deterministic surfaces will be augmented with the more advanced land use
regression, geostatistical, and Bayesian models to refine exposure assessment and
minimize error. These surfaces are described in detail below.

Source Proximity and Speciation Analysis

We will also assign proximity measures of exposure for major freeways and ports in the
State. Although we cannot supply exact numbers until address-level geocoding is
complete, we have done preliminary analyses based on the Ports of Long Beach and Los
Angeles. Within 5 km of the Ports, there are 3840 ACS subjects and 717 deaths, which
will allow for testing of individual effects from proximity to these facilities. The
proportion around major highways will be much larger.

With further assistance from ARB staff, we will also assign exposures of elemental
- carbon, organic carben, metal species, nitrates, and sulfates. These are available through
a more limited monitoring networlk, but the spatial coverage appears sufficient to derive
exposure estimates for some of these constituents,. We will undertake detailed analysis
and assessment of the data supplied to us by the ARB with the intention of assessing
constitnents and source factors most closely associated with health effects. Dr. Thurston
has also recently been awarded funding from the Health Effects Institute (HEI) to assess
the particle constituents most closely associated with health effects. He will advise on the
interpretation and modeling of these speciated data. Although there is 3 parallel project
funded by HEI, this proposed study will supply unigue information because the HEI
project focuses solely on between metropolitan area exposures, rather than intraurban
exposures. For the speciation analysis, we will develop and detail these analyses in
consultation with ARB staff as the extent of the available data becomes more clear.
Although the ultimate results are uncertain given the novelty of this approach and the
data involved, we understand that the question of which particle species exerts health
effects is an important priority for the ARB. We have therefore have tried to address this
question directly, although we cannot guarantee the data will be sufficient to determine
whether species of particles can show different effects until the data are supplied to us by

the ARB staff,
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Modeling Exposure Surfaces for Health Effects Assessment

Land use regression (LUR) models will be used for estimating spatial surfaces that
represent traffic pollution exposures in our health effects and integrated models. LUR
utilizes the pollutant of interest (e.g., PMys) as the dependent variable and proximate land
use, traffic, and physical environmental variables as independent predictors. As
illustrated in Figure 2, the method uses measured pollution concentrations Z(s) at
locations s as the response variable and land use types W(s) within circular areas around s
(called buffers) as predictors of the measured concenfrations. Interpolation from
monitoring data is informed by local land use and physiographic information to improve
prediction over small areas. LUR is particularly well-suited for estimating spatial
variation in pollutants likely to have small-area variation [28]. Dr. Jerrett has successfully
implemented land use regression models in San Diego [29], Toronto [30] [3 1], Hamilion
[32], Montreal [33], Los Angeles [34], Oakland [35], Long Beach [36] New York City
[37], and Vancouver [38]. This extensive experience has demonstrated the viability of
LUR in the North American context for predicting both gaseous and particulate matter,
with coefficients of determination (R®) in the range of 0.6-0.85 across the different cities,
He is also funded under the EPA and the National Institutes of Health (NIH) to calibrate
LUR models for nitrogen oxides and ozone across the existing 16 Children’s Heath Study
‘communities. Consequently, an extensive Jand use database for southern California has
already assembled and ready for analysis. Extension of the database to the rest of the
California will be undertaken in the first year of this project.
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To implement LUR models, we will calculate the predictor variables as the area and
length under a set of neighbothood buffers. All land-use variables are measured in
hectares, under various radii buffers, centered on the air poiluilon—momtormg site. The
length of road is calculated, under different buffer distances in two different forms: (1) a
circular buffer that extends from the monitoring point of origin to a given radius of, for
example, 50 m; and (2) an annulus (donut) buffer from a 50 m radius to a 300 m radius.
We will also conduct sensitivity analyses for buffers up to 3000 m for roads and 5000 m
for land use. All area and length calculations will be performed using ESRI’s Arc 2.2
software (ESRI, Redlands, CA). We will also include traffic counts to derive traffic-to-
road-length densities for major roadways, which have been complied already based on
the DataMetrics traffic count information available through ESRI (Redlands, CA). Other. .
demographic data from the 2000 census will be used 10 compute densities of persons and
dwellings around the menitoring locations. We will also draw on digital elevation,
meteorological data, and remote sensing LANDSAT and MODIS imagery to further
inform the prediction of pollutant concentrations. A detailed description of all land use
variables currently assembled can be found in Appendix A.

Because the land use regression model requires intensive data inputs, we will calibrate
these models to more recent exposures when land use and traffic data are available.
Specifically, we will implement models for each pollutant using the 5-year average
(1996-2000), which coincides with the end of the follow-up period when land use data
will most closely match the digital Jand use and transportation data, For PMy.s we will use
the annual averages from 2000-2001, the first twe foll years when measurement data are
‘available. We will conduct careful analysis of the residuals to with the Moran’s / tests
for spatial autocomrelation. This will ensure the underlying assumption of independence is:
maintained and will suggest alternative model specifications that improve prediction
accuracy. Assignment of these exposures, similar to earlier ACS studies, will therefore
assume a the same spatial pattern of exposwre over the entire follow up. Because of the
inherent limitations in this approach, we will also lmp]ement a space-time modeling, as
described below. :

Infegration of the Land Use Regression with Bayes:an Maximum
Entropy Kriging

The geostatistical Bayesian Maximum Entropy (BME) estimation method [39] performs
interpolation of monitored air pollution data augmented with additional “soft”
information from variables such as traffic counts or land use. Under the condition where
only observed monitoring data are available the BME method defaults fo a more
traditional geostatistical method called kriging [40]. Kriging models exploit spatial
dependence in the data fo estimate the likely value for a random variable Z at unmeasured
locations: between sampling sites. The spatial dependence can be divided into twe
categories. First order effects measure broad trends in all the data pointy such as the
global mean, while second order effects measure local variations at short distances
-between the points. Breaking this down the equation takes the following general form for
a random variable Z at location s:
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Z(s)=p(s)+els) + & Eq. 1

where 1(s) equals the deterministic function that describes the “structural” or first order
trend component of Z at s; &(s) is the stochastic second order effect of the residuals from
u(s) that vary locally, but are spatially dependent (sometimes called the “regionalized
variable™); and ¢ represents the residuals that are spatially independent normal ferms
with zero mean and constant variance. The search for a suitable interpolation model
begins with deciding on a function for £(s). If we assume that variance of the differences
between sites depends solely on the distance between the sifes, denoted as h, then the
equation for estimating &(s) or (semivariance) is given as follows: '

w(h) = cOY(Z(s), Z(s + ) = —Z-I—Z{Z(sn — Z(s, + W)} Eq.2

kst

where, Ky would equal the number of pairs £ of sample points with values of the attribute
of interest Z, which are separated by distance h; the semivariance is represented by w(h}.
While executing the interpolation of the point-attribute samples of pollution,
experimental variogram models are fit to theoretical distributions. We can adjust this
model to incorporate anisotrophic wind patterns. ‘

In regionalized variable theory, two conditions must be met to satisfy the “intrinsic
hypothesis”: (1) stationarity of difference and (2) stationarity of variance of differences.
This intrinsic hypothesis states that once first order” effects are accounted for, the
. remaining variation will be homogeneous and purely a function of distance between the
sampled points. If these conditions are fulfilled the first equation can be written as
fotlows to emphasize this hypothesis:

Z(s) = u(s) + E[e(s) | {s(sD}w] +¢' Eq.3

where Ele(s){ {e(si)},w] is an average of the residuals at the measured sites,
appropriately weighted by their distance from the point of interest s using the
semivariance function. Figure 3 represents an example where universal kriging has been
used to estimate PMy 5 levels in the Los Angeles Basin [1].
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el O i 5
Figure 3: Universal kriging model of 2000 annual average PMy s in Los Angeles

When additional “soft” information is combined with observed data this can translate into
a method which reduces the predictive instability compared to’ other interpolation
methods.

In the case of the ACS cohort, we will combine a theory of space-time dependence under
conditions of uncertainty with a methodology of interdisciplinary knowledge synthesis
that is expressed in terms of rigorous mathematical formulas [41, 42].

Technical Specification of the BEM Theory and Model

Human exposure research in terms of the spatiotemporal BME theory and technology
involves four major stages: adequate conceptualization, rigorous formulation, substantive
interpretation, and innovative implementation. Each stage requires an interdisciplinary
group effort of scientists familiar and receptive to important science integration goals,
extensively discussed in the public health literature. The BME theory, methodological
_characteristics and computational techniques are discussed in detail in Christakos [43],
Christakos ef al, [42, 4], Yu ef al., [45] and references therein. Below we provide a
brief review of the main conceptual and mathematical elements of the BME approach.

1. A human exposure system typically involves large numbers of interacting agents. In
_this context, the attributes of interest include population exposurs, incidence rate,
mortality, propagation velocity, and population density. Some of the above are emergent
properties that manifest the composite geographical-temporal organization of the human
exposure system, The spatiotemporal random field (S/TRF) model of BME aims to study
the attributes of the system as a2 whole and connect them to causal relations and space-
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time patterns under conditions of uncertainty. A detaﬂed p’z‘eéentation of the S/TRF
theory can be found in Christakos [39, 46]. Christakos and Hnstopulos [41] dlSCﬁSS
several applications of the S/TRF theory in environmental health sciences.

2. Let X, = X(p) be a S/TRF representing a human exposure attribute that varies within
a specified space-time domain. The p=(s,} denotes a point in the space-time domain,
where 5 is the spatial location and ¢ the time instant under consideration. The S/TRF
-model is viewed as the collection of all physically possible realizations concerning the
attribute or system we seek to represent mathematically.

3. Pragmatic tools of the S/TRF theory include the spatiotemporal probability density
functions (PDF; uni- and multi-variate); the ensemble averages (variograms, ordinary,
and generalized covariance functions); and the local scale heterogeneity characteristics
(spatial and temporal orders). From a stochastic theory point of view, the S/TRF model
is fully characterized by its multivariate PDF, f,,, which is generally defined as

Peplx, S X, Sx\+de,x, X, €2, 4 dxy, 1= fip{xy %), dx,.. Bq. 4

where the subscript XB denotes the knowledge base that BME analysis used to construct
the PDE. .

4, In spanotemporal human exposure analysls and modeling, one dxstmg;mshes between
two major KBs:

i. The gereral or core KB (denoted by (), which includes physical laws, health
models, scientific theories that may be relevant to the atributes of the exposure system;
as well as theoretical covariance models {ordinary or generalized) previously known to
adequately describe the general space-time correlation characteristics of a wide range of
human exposure systems (e.g., a human exposure equation may lead to the corresponding
covariance equation, which is solved yielding a theoretical covariancé model).

il. The site-specific or specificatory KB (denoted by S), which includes different
sources of information about the particular exposure situation. These sources include:
hard (exact) measurements characterized by a satisfactory level of accuracy and
expressed as numerical attribute values across space-time; and soff (uncertain) data that
include a significant amount of uncertainty (soft data may be provided in forms such as
interval values and Gaussian, triangular, uniform, or even custom-defi ned distributions
that approximate local or global data uncertainty in the space-time domain, ete).

S. In light of the above considerations, the BME approach for studying exposure
- digtributions and related healih effects is based on the following fundamental set of
vectorial equations [42, 43]

Jaxe-per =0 8q.5
and

Jdye e -5 =0 Bq.6

CARB CPRA 2010-01-25a 000101



~ ARBMICB

- Agreement No. 06-332
EXHIBIT A, ATTACHMENT 1
Page 20 of 87

where g is a vector of g,-functions (@=1,..,N) that represents the &-KB available

concerning the exposure situation (the bar denotes stochastic expectation), # is a vector

of i -coefficienis associated with g (4, expresses the relative significance of each g,-

function and depends on the space-time coordinates), the £ represents the site-specific

KB available, 4 is a normalization parameter, and £, is the pdf expressing the final »
stochastic solution of the system at each space-time point that accounts for the integration ' '
of the general and site-specific KBs. The g and & are often called the BME functions,

whereas the unknown in Egs. 5 and 6 are the functions ¢ and f, across space-time.

After the space-time distribution of the PDFs f, has been derived, a variety of human

exposure and risk assessment maps can be generated.

This method will characterize the spatial variability of PM; s more accurately than in
previous interpolations that have used the more traditional geostatistical approach (Figure
4). We have implemented the BME technique in the Los Angeles area for the estimation
of ambient PM,s. We added soft information from a land use regression (LUR) model

[34] to predict PMss.

PM2.5 fughnd)
2510
ESwa-n

B ni-n

Figure 4: BME estimation compared to physical geography in the Los Angeles area
As the LUR modeling approach uses ordinary least squares regression techniques as a

basis for its predictions, we were able to take the ‘confidence’ in that prediction — the
95% confidence interval (CI) on the predicted values — to be added into the BME
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interpolation. The upper and lower 95% CI for the LUR predicted values were assigned
1o an evenly spaoced lattice of points with 2500 meter spacing. The results of the BME
{Figure 4) when compared to the universal kriging model (Figure 3) produce a more
accurate pollution surface, which is confirmed by simulation tests indicating lower MSE
and bias in the estimates. This method may also be extended fo spatiotemporal
interpolation of the monthly values based on the space-time semivariance, known as the
“tri-variance” meaning as a function of distance between the samples in both space and
time and both together. We will implement these models to compare the results in the
health effects assessment with the more basic kriging and IDW models proposed above.
These models will be fit using temporal pollution data beginning in 1988 for PMa s, PMyq,
O3, and NO,.

“This method will enable us fo exploit the full information svailable in the temporally
- resolved monitoring data along with the spatial information in the land use regression.
After the integrated Bayesian model is fit, we will have the capacity to extract monthly
values or aggregated to any temporal domain to derive spatially-representative
informafion over time. By using full information and exploiting spatiotemporal
covariance, we will be able utilize all available monitoring data to draw strength from
spatial observations that may not be present throughout the entire follow up period.

This method will produce meore efficient and accurate estimates of long-term average
concentrations though the follow up. It will also. be used to assign temporally-weighted
exposure concentrations that correctly account for the risk set in the Cox proportional
hazards modeling. )

Statistical Models of Association for Health Effects Assessment

To examine the association between ambient concentrations of air pollution and
"longevity in California, we will initially use the standard Cox medel to link pollution
levels to survival adjusting for potentially confounding risk factors measured at the
individual level, such as smoking habits, BMI, and diet, and additional risk factors
measured at the five-digit ZIP code level. The baseline hazard function will be stratified
by 1-year age groups, gender, and race. This mode} assumes that all observations are
statistically independent, an assumption that will be relaxed in subsequent analyses.

Spatial Cohort Survival Model

Regression models often assume that the response variable is stat:stscally independent
over space and time. There is a concern that survival experience may cluster by
community or neighborhood. That is, longevity among subjects within the same
community or neighborbood will be more similar than subjects in different geographic
locales even after controliing for all known and available risk factor information, such as
smoking habits, diet, education, and occupation. Furthermore, subjects who live closer
together may also share more similar longevity patterns. Lack of statistical control for
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these factors can both bias the estimate of air pollution effect on health and their
associated standard errors. To characterize the statistical error structure of survival data,
statistical methodology and computer software that incorporate two levels of spatial
clustering (e.g. MSA and ZIP code area — ZCA within MSA) have been developed by our
team. At each of the two cluster levels we will incorporate a spafial autocorrelation
~ structure such that the correlation in survival after adjusting for known risk factors is
dependent on the distance between clusters. This distance can be defined as Euclidian,
_adjacency or based on other notions of distance in economic or social terms. The
association between concentrations of ambient air pollution and survival can be examined
at both the between MSA scale and between ZIP code ar¢as within a MSA spatial scale,
thils permitting a simultaneous exposure assessment of health effects at the macro and

micro level.

Our model can be expressed mathematically in the form
A() = A (WU exp(X* (1) 8) Ba. 7

where A%(?) is the hazard function for individual e, Ao(2) is the baseline hazard common
to all individuals in a siratum, B is a regression coefficient vector, and X°() is a row
vector of possibly time-dependent covariate values for individual e and time #. Here, (ke
represents the random effect for the r(e)”‘ ZCA which contains subject e, with unit
expectation and variance given by the sum of the MSA variance (6) and the ZCA
variance conditional on the MSA random effect (17). -

‘We assume that given the ZCA and MSA random effects, responses between subjects are
independent. The correlation structure. of the random effects at the ZCA conditional on
the MSA leve! random effects is specified by the form pn’, where 0<py<l is the
correlation parameter for ZCAs and 4 is a measure of spatial association between two
ZCAs within a MSA, such as nearest neighbors or Buclidean distance. In a similar
manner we assume that the correlation between MSA level random effects is given by
pc’, where 0<pc<1 is the correlation parameter for MSAs.

Estimation of the unknown regression parameters and random effect variances under the
assumption of no spatial autocorrelation is given by Ma, Krewski and Burnett {47]. This
model has recently been extended to include spatial autocorrelation on the random effects
(HET report, 2007). The model is further expanded to accommodate time-dependent
covariates. The log-partial likelihood, which forms the bases of parameter estimation, is

presented in Appendix B.

For this study we consider time in terms of calendar time. The basic component of the
Cox survival model is a comparison of the covariate values of an individual that died and
the set of covariates of all those subjects still alive at that death time. These comparisons
are summarized over all subjects that die. In the case of air poliution exposure, for those
subjects that die, if their exposure tends 1o be higher than those subjects that are alive at
any death time, then a positive estimate of exposure is obtained from the Cox survival
medel.
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The Cox proportional hazards survival model, and our extension to include random
effects and spatial correlation, can also include covariates that vary in time. Consider the
general form for time dependent air pollution exposure profile

ammﬂmnm@m Fq. 8

where {x,(5);0 <5 <t®}represents the exposure history for the i* subject and w(f)is a
time dependent weighting function common to all subjects. Here ¥ is the death time of
the # subject or the study determination time if that subject survives until the end of the
study. Note that a subject’s exposure profile is not defined after the time of death of that
subject. If exposure history is assumed to change only at fixed points in time, say every
month, then the integral in the above equation can be represented by a weighted sum of
the form '

20t = it )5 (8)
r=}

where the #; are indexing the months of observation. If the weights are all equal to unity,
then the relevant exposure profile for the association between air pollution exposure and
mortality at time f; is the cumulative exposure of a subject from the beginning of the
study period. If the weighing function is assigned values of zero to all times prior to %
and unity at time ¢, then z,(¢,)=x,(;). In this exposure profile, it is assumed that the
only relevant part of the exposure history is the current value. An average of previous
exposures is defined by setting the weighting function to the inverse of the number of
months of observation prior to that time. Other reasonable weighting functions include
the past several years or a multiple year period lagged several years prior to the
observation time.

As with the standard Cox survival model, a comparison is made between the exposure
profile of each subject that died based on their calender time of death and the exposure
profile of all subjects that are still alive at that time. In this manner, the relative risk of
death attributable to air pollution exposure can be determined and compared between
several exposure profiles giving some indication which profiles are most strongly
associated with mortality. ,

Combining this approach with the BME spatiotemporal model and home locations will
reduce” exposure error maximally. This method will allow us to assess with comectly
specified models whether the dose-response increases or decreases over time.
Understanding the temporal dimensions of dose response will supply critical information
to time regulatory interventions. ‘

Benefits of the ACS Spatiotemporal Analysis for California

The proposed analysis to extend the ACS intraurban assessment of the particulate air
pollution effects on mortality offers many advantages over the existing database of
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chronic effects research. These advances in the -science will reduce critical scientific
uncertainties that impede effective policy action intended to improve public health. The
specific advantages are documented below. _

1..Improved statistical power fo test disease-specific associations. Some of the causes
of death investigated in the earlier ACS analysis of LA and a subsequent follow-up in
New York City were elevated but had insignificant effects. Diabetes, a growing public
health problem, had relative risks that were greater than 2, but they were insignificant. It
is likely that inclision of all 95,112 ACS respondents will enhance the statistical power
for assessing these important disease groups: Likewise, there were elevated risks for
“other cancers” beside digestive and Iung cancer. These will be examined for specific
causes. The larger sample size in the California-wide analysis will assist with assessing
these cause-specific associations.

5. Enhanced locational accuracy with assessment of traffic and near-seurce
industrial or port effects. The proposed address-level geocoding will permit assessment
of whether proximity to roads, highways, or other putative sources — such as the Port of
Los Angeles — exerts an effect on survival in the cohort. In 2 limited number of cchort
members (N ~15000) enrolled in the ACS nutritional sub-cohort,. we have complete
meobility annual mobility records, and these will promote tests of whether exposure error
related to mobility influences the size and significance of observed health effects. Based
on the findings from the LA study, proximity to roads may have a significant impact on
mortality, and the address-level geocodes will allow for assessment of these effects.

3. Better determination of speciated particle effects. With the assistance of California
Air Resources Board staff, we will also assign exposures to elemental carbon, organic
carbon, metal species, nitrates, and sulfates. Where data are available, this will facilitate
assessment of particle species most closely related to health effects. The inclusion of
other areas beyond LA will increase the heterogeneity in air pollution mixtures available
for analysis. Drs G. Thurston and colleagues will also be developing particle factors to
assess likely sources as part of a recently awarded Health Effects Institute grant, and they
will extend their analytic techniques to the Califofnia data.

4. Increased temporal accuracy_ in the exposure assignment. Because this study
Jeverages off the California Teachers Cobort investigation led by Dr. M. Lipsett, we will
assign monthly exposures for PM19, all gaseous pollutants, and for reconstructed PMy s
exposures. These estimates are available on a onthly basis, and experience with the
Teachers cohort indicates larger effects are present when the longer-term averages are

available.

5. Indication of critical exposure windows for accountability analysis. In addition to
the likely increase in effect size, we will also investigate critical exposure time windows.
Through newly developed Cox-Poisson methods, we now have the capacity to assess
whether specific time windows of exposure in the follow-up are associated with larger
mortality effects. This type of modeling will permit assessment of whether government
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programs designed o reduce ambient levels have had effects on the mortality experience
in the cohort (although there are many other possible confounding explanations that need
1o be taken into account such as mobility and differential harvesting of susceptibility in
the cohort).

6. Improved spatial exposure assessment. The time-resolved and spatially extensive
networks of polution monitors will support advanced geostatistical modeling of
exposure. In particular, we will extend the inverse distance weighting exposure
assignments from the Teachers study with universal kriging, kriging with external drift - -
determined by traffic density and land use, and fully Bayesian maximum entropy (BME)
kriging methods. Dr. Jerrett and colleagues have already extended this method to PMz;s
surfaces in LA. The combination of the BME approach with land use and traffic data will
enhance the model capabilities, as demonstrated in LA. Dr. George Christalcos, inventor
of the BME method, will join the research team fo supply spatiotemporal estimates of

" exposure.

7 Formal assessment of regional heterogeneity in risks. One of the pressing questions
that emerged from the earlier Jerrett et al. [1] analysis was whether LA was unique ot
representative of broader populations. The proposed extension of the LA analysis to all of
Californja will result in formal assessment of regional heterogeneity through evaluation
of whether the residual random effects for counties or zip codes in LA are significantly
different than those observed in other parts of the State. This will assist Air Resources
Board officials and others with determining the appropiate risk perameters for estimating
the benefits of air quality improvements. ‘

8. Advanced statistical software development for health effects studies. Drs. Burneti,
Krewski, Jerrett and Hughes have worked on development of the spatial random effects
Cox-Poisson software for the past four years as part of their recenily completed HEI
contract. They have derived a working vetsion of the software, but operationally this
program is still difficult to use. This project will build on this software and aliow for -
extensions into time varying covariates and -for refinement of the user interface and
documentation for widespread distribution to other researchers.

In summary, the proposed study will result in assessments of cause-specific deaths; better
temporal and spatial exposure representations, including speciated particles and near-
source effects; formal heterogeneity assessment of the risks across different regions of
California; and an assessment of critical exposure windows. The exposure profiles
created will also serve as a major resource for future investigations of the health effects
related to air pollution across California.
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PROJECT MANAGEMENT AND !NVESTIGATORS
RESPONSIBILITIES

Dr. Jerrett will lead the overall project management and scholarly decision-making. He
will also supply expert guidance on the spatial aspects of the exposure and health effects
modeling. Drs. Krewski, Burnett, Shi, and Hughes will coordinate and implement
management of the highly confidential data file and the statistical analysis of health
effects using the Cox and Random effects Cox model. Dis. Krewski and Burnett have
outstanding international reputations for the statistical analysis of complex health data in
air pollution research. Dr. Hughes is an expert in mathematical programming, and Dr. Shi
has been the principal statistician working with the ACS data for air pollution studies
since 1998. Dr. Jerrett has worked closely with all the team members noted above since
1999, when he began working on the Reanalysis Project.

Dr. Pope will supply expert guidance on the interpretation and analysis of statistical
modeling and air pollution epidemiology. As the original lead author on the American
Cancer Society study and many other seminal works in air pollution research, Dr. Pope is
one of the world’s most widely cited and recognized air pollution experts.

Drs. Calle and Thun will collaborate with Dr. Krewski to ensure continued access to the
ACS data. Drs, Calle and Thun will also comment on and - revise all papers before
publication, adding expert knowledge in Epidemiology and Medicine,

Dr. Thurston, New York University, also internationally recognized for his work in air
pollution epidemiology, is currently working on a Health Effects Institute-funded
analysis examining the role of particle characteristics in the ACS cohort nationally. He
will supply guidance on fonnulahng and interpreting the exposure metrics for the
speciated analysis.

Dr. Christakos, San Diego State University, will lead the spatiotemporal exposure

modeling. He is an internationally recognized expert in spatiotemporal modeling. He will
hire a postdoctoral fellow to assist with implementation and will work closely with Dr.
Jerrett and Mr. Beckerman in deriving the exposure measurement. Mr. Beckerman is
expert in GIS and related mathematical modeling and he will begin an M.S. degree with
Dr. Jerrett and will base his thesis on this project. He will perform much of the land use
regress:on modeling for his thesis (with emphasis on developing the statewide land use
regression model) and perform all joins to the existing exposure data.

Mr. Ross has extensive experience with land use regression. His role will be extending
the work he and Dr. Jerrett are already doing to calibrate land use regressions in southern
California to the entire State, Mr. Ross has already calibrated land use regressions for
Alameda County, San Diego County, New York City, and the 16 communities associated
with the Children’s Health Study. He will lead the data compilation. Mr. Ross will also
work on-site in Atlanta to geocode the 95 112 records available for analysis.
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SUMMARY OF WORK PLAN

We recognize the urgent need for statewide estimates of mortality effects. We will
therefore put as our highest priority delivery of California-wide estimates, with a
secondary emphasis on sophisticated sxposure modeling and on understanding critical
exposure windows. :

Under this broader prioritization, this section summarizes the stages of research and their
timing for the ACS cohort investigations of the association between ambient air pollution
and mortality in California. The intent here is show the time line of deliverables and’
responsibilities attached to associated tasks. These are summerized in a Gantt chart on
Table 1. :
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Year 1

Continued Analyses of Morality Effects for the ACS Cohort Analyses of California
For the ACS cohort, we will conduct similar analyses to the earlier Los Angeles study,
but covering all of California. For this study we will enhance the exposure profiles of the
ACS by linking the zip code assignment to the pollution exposure assessments compiled
for the California Teachers study. ' :

.Geocoding of Individual Exposures

Mr. Ross will travel to Atlanta in the first two months of the grant. He will work on-site
for 3 one-week intervals, returning home twice. He will be assisted by Dr. Calle in
accessing the data base. ‘

During this period, the exposure surfaces will be supplied by ARB staff and assigned by
M. Beckerman in the first four months of grant. These will be assigned fo both the zip
code and the home address, To supply surfaces for rapid anelysis, Mr. Beckerman will
assign zip code exposures first: :

Modeling of the cohort will be conducted by Dr. Yuanki Shi, University of Ottawa has
been the primary data modeler for the Reanalysis, the Pope et al. study, and the Jerrelt et
al, study. Dr. Rick Burnett, University of Ottawa and Health Canada, will oversee
implementation and analysis of the spatial random effects models (his time will be
donated to the project as part of his position at Health Canada), and Dr. Shi will work
under the direct supervision of Dr. Krewski. Mr. Hughes will continue to refine the
random effects program for different spatial connectivity matrices and will supply expert
programming guidance, which will be used for the individual-level analysis al the
geocode scale and over time windows. The first four months will be devoted to refining
the covariates for the California population and to understanding the underlying spatial
structure of the data.

After delivery of the zip code assignments. of exposure by Mr. Beckerman, the Los

Angeles analysis will be replicated for the statewide populetion. This will occur over the

next four months. In the remaining four menths of year 1, Dr. Jerrett and colleagues will |
" draft a paper for submission to a high-impact scholarly outlet.

Improved Exposure Analysis

Afier initial geocoding and assignment of the anmua! and long-term averages from the
Teachers study, we will focus on improving exposure assessment models. Dr. Jerrett will
work closely with Mr. Ross and Mr. Beckerman to collect statewide land wuse,
transportation and related data, They will extend the work already completed in southern.
Califomia to the entire statewide network for PMy s (based on actual exposures).
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In the second half of the year, Dr. Chistakes and his TBN postdoc will begin working
with the temporal PMyp and PMy s data. Their work will focus on estimating the basic |
spatiotemporal structure of the data, whlch will be integrated with the advanced exposure
models in Year 2.

Year 2

Improved Exposure Modeimg and Hea!th Analyses

The main foci in year 2 will be on derivation of the Bayesian Maximum Entropy and the
kriging with external drift models, with the drift SpeClﬁed by the land use regression.

Although the earher ACS cohort has produced promising initial results, the exposure
metrics used constitute a basic form of spatial interpolation. The exposure error imparted
in these interpolations may reduce the size and- significance of observed health effects.
Given the potential importance of these findings, a need exists fo examine the impact of
more refined exposure metrics such as peostatistical kriging, universal kriging with
external drift, and spatioternporal Bayesian Maximum entropy kriging. All methods have
been successfully implemented. in the Los Angeles context, but their extension to the
eéntire state and to sub-regions would enhance the exposure profile of the California-wide

study.

After derivation of the land use regression models in the first quarter, Dr. Christakos wili
begin modeling using the predicted land use regression equation to estimate the BME
modeis. Mr. Ross and Dr. Jerrett will implement a universal kriging model with external
- drift to complement this effort.

Mr, Beckerman will overlay the land use regression models on the home addresses of
respondents. These will be used along with the inverse distance weighting estimates to
improve exposure agsessment for the cohort.

Dr. Jerrett, Mr. Beckerman, and others will prepare a paper for pubhcat:on surmarizing
the land use regression modeling.

After assignment, data will be delivered to the team at the Umverstty of Ottawa for
analysis, The LA analysis will be replicated with the improved exposure assessment and
locational accuracy.

As with the results from Year 1, Dr. Jereit and colleagues will preparé a paper
summarizing the results.

During this year, Drs. Hughes, Burnett, Christakes, and Jerrett wiil confinue formulating
the critical time windows analysis.
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Year 3 .

Time by Pollution Interactlon Analys;s of the ACS Cohorts
In Year 3 Dr. Christakos will complete the BME modeling and supply exposure’
estimates. He will lead the preparation of a paper summarizing the exposure modeling.

After supplying the exposure surfaces to Dr. Jerreit, exposures will be assigned qtsarterly
from 1988 onward. The exposures will then be brought to Ottawa for modeling with the
exposure windows framework.

In tandem with this approach, we would also investigate critical exposure time windows,
using the newly developed Cox-Poisson Random Effects program, which allows for time
by pollution interactions. Although temporal variation in air pollution relative risk
estimates was recently examined in several cohort studies overall, the identification of
critical exposure-time windows requires information on temporal patterns of exposure at
the individual level.

Drs. Burnett and Hughes will work with Dr. Jerrett to implement the fully integrated time
windows analysis. This analysis will be published in a high impact journal.

Df. Jerrett and colleagues will prepare the final report and submit this to the ARB for
review in the final six months year 3,

Deliverables

This section follows a model established with the California Teachers Cobort, Unless
otherwise specified below, the following deliverables shall be provided to ARB staff
prior to the end of this contract for this contract to be deemed complete, and must be in
accordance with Exhibit B of this contract. All analyses specified in Appendix C will be
considered deliverables for the final contract.

1. Progress reports. Project staff will have in-person or telephone meetings with ARB
staff monthly and prepare quarterly written progress reports of 5 pages or less.

2. Report writing. We will prepare a draft final report 6 months before the end of the
contract on the results of this analysis consistent with the ARB Final Report Guidelines,
We will submit a final report within 45 days of receipt of both ARB’s and the Research
Screening Committee’s comments on the draft final report.

3. Manuscript preparation, We intend fo prepare three or more manuscripts for
publication in peer reviewed journals. We will also submit an inferim progress report
after the first 18 months of the contract documenting the results of our statewide analysis
of the replication of the Los Angeles study titled, “Spatial analysis of air Pollution and
Mortality in Los Angeles” resulting from exposure assessment using IDW and Kriging
modeling and the zip code assignment, This will be done in parallel with preparation of
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the final report. ARB shall be provided with a 15-day period io provicie comments on
any manuscript before it is submitted for publication in a peér-reviewed joumal. We will
incorporate appropriate comments and changes provided by the ARB within the 15-day
period.

4. Presentation to Air Resources Board staff. We will present the results of this
investigation to ARB staff as a technical seminar at a time and location to be agreed upon
with ARB staff.

5. Documentation and data files. We will provide ARB w1th the following
documentatlon and data files upon completion of the project:

(i) Logs from the statistical programs used to generate the data summaries and tables
. contained in the Final Report. These logs will be provided both in electronic and hard
copy formats.

(ii) Ijocumentation of the steps taken to generate the exposure estimates for exposure
~assignment (as noted above these will take the form of peer-reviewed articles). This
information will be provided in both electronic and hard copy formats.

(iii} Two electronic datasets consisting of variables u’uhzed in the creation of the land use
exposure estimates.

We will not provide to ARB: (i) files containing confidential information or data
“including variables developed for other research involving the ACS cohort or any other
means by which individuals in the cohort may be identified (such as geocoded locations
of exposure assignment), or (ii) proprietary data, databases, or software unhzed in this
project.

Within four months before the completion date of this project, the investigators and ARB
staff will meet to decide jointly whether any additional computer files or documentation
generated uniquely for this contract would meet ARB staff’s objective of understanding
the analytical logic of this project. If so, we will provide such files or documentation,
subject to: (i} the limitations of confidentiality and proprietary information noted above,
and {ii) the proviso that sufficient funds remain in the budget to support any additional
work required to provide these files or documentation to ARB. '

RELATED STUDIES

In 2002 the Health Effects Institute [8] funded an extended spatial analysis of the

American Society Cohort, and the findings of this extended analysis and associated
studies have further emphasized the need to clarify outstanding scientific issues, All of

" the investigators listed on this application have participated actively in this study. The

research program addressed the following three key questions:
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1. Do social, economic, and demographic ecologic variables confound or "modify the
relationship between particulate air pollution and mortality?

The analysis of ecologic covariates at multiple scales has led to greater understanding of
the potential confounding and modifying effect of these variables on the air pollution-
mortality association. While the reanalysis suggested that these variables are unlikely to
exert a significant confounding influence. Unresolved questions about scale and the
construct validity of the variables used will be addressed directly with the extended
analysis that focuses on mobile scale hierarchies of effects, and operational variables -
derived from the principal components - that measure the combined effect of many
ecologic confounders at once.

2. How can spatial autocorrelation and multiple Jevels be taken into account within
the random effects Cox models?

The standard Cox regression model commonly used in the analysis of cohort mortality
data is based on the agsumption that individual observations are independent. Due to the
presence of spatial autocorrelation induced by complex spatial patterns in the ACS data,
this assumption was shown not to hold in Phase II of the Reanalysis. Ignoring such
spatial antocorrelation has important implications with respect to bias and precision of
model-based estimates of risk. In Phase II, a random effects Cox regression model was
developed fo take into account spatial patferns in the data that could be described at either
one (e.g., city) or two {e.g., county and city) levels of clustering. Computer software for
efficiently fitting the random effects Cox model was alse developed. In Phase IT1, a multi-
level randem effects Cox model capable of handling more than iwo levels of clustering is
developed. This extended random effects Cox model permits our team to explore much
more coniplex spatial patterns in the ACS data, leading to improved estimates of risk that
can be used in this proposed study. ‘

3. What critical exposure time wmdows affect the association between air pollution
and mortality?

The overall abjective is to develop individual time-dependent profiles for a subset of the
ACS cohort to determine what critical exposure time windows are most relevant for the
association between air pollution and mortality from all causes, cardiopulmonary
mortality, and Jung cancer mortality. Whereas virtually no information on population
.mobility in the ACS cohort was available to the reanalysis team in Phase II, the additional
follow-up of the ACS cohort includes information on residence changes within the CPS
§ Nutritional Cohort (n=184,174), established in 1992 as a subgroup of the larger CPS IL
As in the Harvard Six Cities study, residence histories were used to develop time
dependent exposure profiles by matching residences to particulate air pollution monitors
at the metropolitan area (MA) level. The construction of the time dependent exposure
profiles make use of national exposure data developed by Dr. George Thurston and
colleagues at New York University.
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4. A subsequent aim was added to the study with supplementary funding ewarded
through a competitive process: To examine what impact refinement to the exposure
estimate at the intraurban scale will exert on the size and significance of health effects.
Increasing evidence suggests that refinement of exposures, especially at the within-city or
intraurban scale, will associate with larger health effects, probably due to reduced
exposure measurement errar. Hoek and colleagues [11] demonstrated a near doubling of
cardiopulmonary mortality for subjects living near major roads. Nafstad and colleagues
{12] reported an increase in male mortality of over 60% for a plausible gradient in
exposure to modeled nitrogen dioxide. These and similar findings summarized elsewhere
* [1] demonstrate a need fo investigate exposures at the intraurban scale within the ACS
cohort. '

A reéport summaﬁzing these findings is nearing completion, with many papers already
published or in press (see below for a summary of the papers),

Other Studies of Nofe : .
Drs: Jerrett, Burnett and Hughes have also served as a PI, CI or consultants to many of
the leading cohort studies, including: The Children’s Health Study and a subsequent NIH
follow up to this study (as Co-I), an EPA-STAR grant to examine the role of exposure
measurement error in the estimation of health effects (as PI); consultant to the California
Teacher's Cohort and the Netherlands Nutritional and Cancer Cohott (as consultant); and
on a Canadian Institutes of Health Research Cohort study of traffic pollution in relation to
mortality (as PT).

Drs. Thurston, Krewski, Pope, Bumnett, Shi, and Calle are all coinvestigators or
consultants to a project recently funded by the Health Effects Institute to examine
mortality risks in relation to different particle characteristics. Dr. Thurston will employ
similar methods to derive factors of exposure representing different sources on this
current study. :

Publications of Note

1) Ross, Z., P. English, R. Scalf, R. Gunier, 8. Smorodinsky, S. Wall, M. Jerrett. 2006.
Nitrogen Dioxide prediction in Southern California using land use regression
modeling: potential for environmental health analyses. Jowrnal of Exposure
Analysis and Environmental Epidemiology 16: 106-114.

2)  Schlesinger R. B., N. Kuenzli, G.M. Hidy, T. Gotschi, M. Jerrett. 2006. The health
relevance of ambient particulate matter characteristics: coherence of toxicological
and epidemiological inferences. Inhalation Toxicology 18: 95-125, 2006.

3}  Sahsuvarogiou T, A. Arain, P. Kanaroglou, N. Finkelstein, B, Newbeld, M. Jerrett,
B. Beckerman, M. Finkelstein, J, Brook, N. Gilbert. 2006. A land use regression
model for predicting traffic pollution concentrations in Hamilton, Ontario. Journal
of the Air and Waste Management Association 56: 1059-1069.
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‘4) Pope CA TiL, Dockery DW. 2006. Critical Review-Health effects of fine particulate
air pollution; Lines that commect, Jowrnal of the Air & Waste Managemen!
Association 56:709-742.

5)  Jerrett M and M Finkenstein. 2005. Geographies of risk in studies linking chronic
air pollution exposure to health ouicomes. Jowrna! of Toxicology and
Environmenial Health, Part 4 68;1207-42. ‘

6)  Pope CA III. Air pollution and health: good news and bad 2004 New England
Journal of Medicine 351:1132-1134.

7y Jerrett M, RT Bumnett, R Ma, CA Pope III, D Krewski, KB Newbold, G Thurston,
Y Shi, N Finkelstein, EE Calle, MJ Thun. 2005. Spatial analysis of air pollution and
mortality in Los Angeles. Epidemiology 16:727-36.

8y Kunzli N, M Jerrett, WJ Mack, B Beckerman, L. LaBree, ¥ Gilliland, D Thomas, J
Peters, HN Hodis. 2005. Ambient air pollution and atherosclerosis in Los Angeles,
Envirormmental Health Perspectives 113:201-6.

9 Krewski D, R Bumett, M Jerrett, CA Pope, D Rainham, E Caile, G Thurston, M
Thun. 2005. Mortality and long-term exposure to ambient air pollution: ongoing
analyses based on the American Cancer Society eohort. Journal of Toxzcology and
Environmental Health 68:1093-109.

10) Pope CA, 111, R Bumett, G Thurston, M Thun, E Calle, D Krewski et al. 2004.
Cardiovascular mortality and long-term exposure to particulate air pollution:
Epidemiological evidence of general pathophysiclogical pathways of disease.
Circulation 109:71-77.

11} Ramsay T, R Bumett, D Krewski, 2003. Exp]oring bias in a generalized additive
- model for spatial air pollution data. Envirommental Heolth Perspectives
111:1283-—1288,

. 12) Ramsay T, R Burnett, D Krewski, 2003, The effeet of concurvity in gereralized
additive models linking mortality to ambient particulate matter. Epidemiology
14:18-23.

13) Lall R, M Kendall, K Ito, GD Thurston. 2004. Estimation of historical annual
PMy 5 exposures for health effects assessment. Afmospheric Environment 38:5217-
5226 :

14) Sahsuvaroglou T, Jerrett M. Sources of uncertainty in estimating mortality and
morbidity atfributable to air pollution. Jowrnal of Toxicology and Environmental
Health. In press.

15) Ma R, Krewski D, Burnett RT. 2003, Random effects Cox models: A Poisson
modelling approach, Biometrika 99:157-169.

16) Cakmak, S., R. Burnett, M. Jerrett, M.S. Goldberg, A. Popé 111, D. Krewski. 2003.
Spatial regression models for large cohort studies linking community air pollution
and health, Journal of Toxicology and Environmental Health 66: 1811-1824,
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17) . Finkelstein, M., M. Jerrett. P. De Luca, N, Finkelstein, D.X.. Verma, K. Chapman
M. R. Séars. 2003. A cohori study of income, air pollution and mortality. Canadian
Medical Association Journal 169: 397-402.

18) Jerrett, M., R. Bumett, M.S. Goldberg, M. Sears, D. Krewski, R. Catalan, P
Kanaroglou, N. Finkelstein, C. Giovis. 2003. Spatial analysis for environmental
health research: concepts, methods and examples. Jouwrnal of Toxicology and
Ernvironmental Health 66: 1735-1778.

19) Jerrett, M., R. Burnett, A. Willis, D. Krewski, M.S. Goldberg, P. DeLuca, N,
Finkelstein. 2004. Spatial analysis of the air pollution-mortality relationship in the
context of ecologic confounders, Jowurnal of Toxicology and Environmental Heal!h

- 66: 1735-1778.

-20) Krewski D, R. Burnett, M. Goldberg, K. Hoover, J. Siemiantycki, M. Jerrett, M.
Abrahamowicz, W, White. 2003, Overview of the reanalysis of the Harvard six-
cities study and the American Cancer Society study of particulate air pollution and
mortality. Journal of Toxicology and Environmental Health 66: 1507-1552.

21} Krewski D, R. Burnett, M. Goldberg, K. Hoover, J. Siemiantycki, M. Jerrett, M.
Abrahamowicz, W. White. 2003. Rejoinder: Re-analysis of the Harvard Six-cities
study and American Cancer Society study of particulate air poltution and mortal:ty
Journal of Toxicelogy and Environmental Health 66; 1715-1722.

. 22) ONeill M, M. Jerrett, 1. Kawichi I, JI Levy, AJ Cohen, N. Gouveia, P. Wilkinson,
T. Fletcber L. Cifuentes, J. Schwartz. 2003. Health, weslth and air pollution.
Environmental Health Perspectives 111: 186-1870.

23) Willis, A, M. Jerrett, R. Burnett, D. Krewski. 2003. The association between
sulfate air poHution and mortality at the county scale: An extension of the American
Cancer Society Study, Jowrnal of Toxicology and Environmental Health 66: 1605-

. 1624,

24) Willis, A., D, Krewski, M, Jerrett, M.S. Goldberg. 2003. Selection of ecologic
covariates in the American Cancer Society Study. Jowrnal of Toxicology and
Environmental Health 66: 1591-1604.

" 25) Burnett, R. R. Ma, M. Jerrett, M.S. Goldberg, S. Cakmak, A. Pope II}, D, Krewski.
2001. The spatial association between community air pollution and mortality: A
new method of analyzing correlated peographical cohort data. Environmental
Heqlth Perspectives 109 (83): 375-380,

26) Ross Z, Jerrett M, Ho K, Tempalski B, Thurston G,. A land use regression for

-~ predicting fine particulate matter concentrations in the New York City region.
Atmospheric Environment. In press,

27) Jerrett M, Newbold KB, Burnett RT, Thurston G, Lall R, Pope CA III, Ma R,
DeLuca P, Thun MJ, Calle EE, Krewski D. Exploring uncertainties in the health
benefits from air quality improvements. Accepted for publ:cat:on in Stochastic
Environmental Research & Risk Assessment.
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APPENDIX A

Description of Land Use Variable used in the Land Use
Regression

For our existing studies in Southern California, we calculated more than 50 different
traffic, 1and use and demographic variables within buffers of 50, 100, 200, 300, 400, 500
and 1000 meters. All vector-based layers were projected to the Universal Transverse
Mercator coordinate systemn zone 10 and 11 to match monitoring lecations. To minimize
distortion associated with projecting raster-based layers, we calculated all variables based
on raster layers in the Albers Conical Equal Area projectioh. Table A outlines data
sources arid associated metadata. :

- {Block Groups)

Elevalion {Nationa) Elevation Datasel) * Resler UssE 30em 1869

Emlssions . {NEI Poini} Folnt EPA 1:100,000 2002 -
Landuse {NLCD) Raster USESE I0m 2001 2008
Landuse {Lirban Imparviousness) Raster USGS 30m 2001 2006
Landuse {¥ree Canepy) Raster usGs 30m 2004 2006
Landuse: {Veclor-Various) Palygon  hMuitiple municipal sources Verious 2008 2008
Other Trapsporiation {Alrporis) Point BTS 1:100,080 2008 2008
Ciher Transporiation  (Ruhways) ‘Polyline BTS 1:100,000 2008 2006
Gther Transporietion (Water Shipplhg Lanes) Polyline BTS 1:100,000 2008 2008
Cther Transportation  (Ralways) Polyline BTS . 1:100,000 2008 2008
Reads (Teleallas) . Polyline " TeleAllas 1:24,000 - -
Roads  (Stroetiap) Folyline BSRI +:100000 2005 2005
Tratfic {TeleAtlns) Polyline TeleAlias 1:24,000 - -
Traffic {Bus.Analyst Pl Polnt ESRI 1:24.000 1578-2003 2006

- *~Z0Q1 has not yet been released for all of CA, bul is sxpecled soon

Census ' -
Using Census 2000 Summary Files 1 and 3 we calculated total population, fotal urban

population, total population inside urbanized areas, total population inside urban clusters,
total rural population, total occupied housing unites and the aggregate number of vehicles
available for each buffer. All census variables were calculated at the census block group
level. A block group’s contribution to calculated total values was proportional to the
block group's area located that intersected the circular buffer.

Road Density and Road-Related Variables : ,
Road density represents the total length of road within a given buffer. All roads in these
calculations are treated as polylines (see the land use discussion below for variables
representing the area covered by roads). Road density was calculated using three different
data sources including a high resolution TeleAtlas layer and two national-level road
networks including the National Highway Planning Network and the Highway
Performance Monitoring System. The national-level datasets were used primarily to
validate the TeleAtlas layer. In addition to overall road density, we also caleulated road
density seperated by six functional classes in the TeleAtlas data (interstates through local
. roads), Finally, we calculated the minimum distance to the nearest limited access major -
" highway (functional class 1). '
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Traffic Data

Four sources of data were used to generaté traffic measures at each subject location at the
various buffer sizes. TeleAtlas traffic estimates at the road link level were used as the
_ primary source of information. Using the TeleAtlas data, we calculated total overall
waffic as well as totals categorized by light duty and heavy duty vehicles. In a similar
fashion fo the road density calculations, we used the National Highway Planning
Network (NHPN) and the Highway Performance Monitoring System (HPMS) data to
calculate traffic densities. For all three of these polyline layers — Teleatlas, NHPN and
HPMS — traffic variables were calculated by multiplying the length of each segment
within the buffer by the traffic assigned to the segment. The final source of traffic data
comes from traffic counts provided by DataMetrix. These traffic counts, the majority of
which were calculated between 1990 and 2000, are provided -as spot counts (points)
rather than link assignments (lines). Given that not all roads were sampled in the
DataMetrix data, a total traffic variable is not practical, instead we calculated mean traffic
_concentrations based on the point traffic data for all buffers.

Raster-Based Land Use Data

Three different raster-based land use layers from the US Geological Survey were used to
generate variables for the land use regression. The national land cover data layer provides
a.congistent 30 x 30m resolution coverage of the entire United States and was used to
caleulate the total area of agricultural, barren, green, developed, high density residential,
water-based and industrial land uses. The other USGS layers allowed us to calculate
average urban imperviousness and average tree canopy density for all subjects using the
full suite of budffer sizes.

Vector-Based Land Use Data

Vector-based daia provides much higher resolution information on land use. To generate
vector-based land use variables we collected four different layers — when combined —
cover the entire extent of the sampling locations. These include a Southern California
Association of Governments layer that covers Los Angeles, Ventura, Orange, Imperial,
Riverside and San Bernardino Counties; a layer that covers San Diego from the San
Diego County Association of Governments; 2 Santa Barbara parcel-level layer with land
use afttributes; and a land use layer that covers the City of Atascadero. These layers were
used to calculate the total area covered by land use in the following categories:
agricultural, commercial, governmental, industrial, open, patk, transportation, airport,
water and electrical corridors. '

Emissions

We combined shapefiles and raw data from the US EPA’s National Emissions Inventory
(2002) to calculate the total number of point emitters as well as the total NOx, PMas,
PM; and volatile organic compounds emitted by point sources within each of the buffers.
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Other Transportation Data

Using data and shapefiles from the Bureau of Transportation Statistics’ North American
Transportation-Atlas we also calculated the total number of airports and heliports, the
density (length) of airport runways, dens:ty of railroads and density of high-tratfic
railroads.

Elevation

Finally, we used the USGS’s National Elevation Dataset at 30 x 30m resolution to
calculate the elevation of all momtor locations.
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APPENDIX B

Likelihood Functions for the Cox Model with Random Effects
and Time-Dependent Covariates
Edward Hughes

Cox Model
We consider the Cox proportmnal hazards model

Ay = A (exp(X* (1) B) Eq. 10

where A%(1) is the hazard function for individual ¢, Aot} is the baseline hazard, common
to all individuals in a stratum, B is a regression coefficient vector, and X°()) is a row
vector of covariate values for individual e and time 7. We will consider clusters and the
random effects associated with them. By a cluster is meant a subset of individuals,
usually defined by individual attributes such as city of residence state, ete. Often the
clusters will be an'anged in a multi-level hierarchy (e.g. zip-codes within cities), but for
our purposes here it is sufficient to consider only the clusters at the finest level, the “leaf”
clusters. We assume that the leaf clusters are wutually exclusive and Jomtly exhaustive of
the individuals, In the example given, zip-codes (more precisely, the sets of individuals
having the same zip-code) would constitute the leaf clusters. By r(e}) we mean the leaf
cluster containing the individual e, Associated with each cluster » is a random effect,
written either U} or U, whichisa posxtwe random variable with expected value 1 and
a finite variance.

We can modify the Cox model to accommodate random effects as
A () = 2, (U™ exp(X° (1) 3) Eq. 11

This differs from the rotation in some sources {48} in placing the random effect as an
_extra positive coefficient of the exponential factor, rather than as an extra term in the-
exponent. The difference is purely notational. ~

" The modem theory of the Cox model is developed in terms of counting processes [48,
49), which facilitates both theoretical and computational efforts. Consider first the case of
mnstratified data, and no ties (simultanecus events). For the Cox model with no random
effects, the partial log-likelihood is given by

log(p&(B:Y)) =

> [c%e nx: (:)ﬁ—log(z 6(g,r>exp(xg<r)ﬁ>ﬂdfv (0 "

eER, & EE
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where: E is the set of all individuals in the sample, &fe,# is 1 if individual e is at risk
and under observation at time £, and N,(}) (the counting process) is the number of events
suffered by individual e up to {(and including) time 7 The log-likelihood expression
given here is essentially the same as Thegneau and Grambsch [48], formula (3.3).

" To add random effects to the model, we let U'® denote the random effect associated
with the leaf-cluster r(e) containing individual e. The log partial likelihood conditioral
on all random effects is

log(pe(AY0)) =

Eq. |
c+X [ 5(g,:)(rog(U'“>>+X’{z)ﬁ)—iog(z a(g,rw"“exp(xg(z)mﬂdzv,(z) 13

(1= g €k

The constant C includes various terms, and is independent of the regression coefficients '
and the random effects, so is irrelevant to their estimatie_n. We can write the log-
likelihood expression out explicitly as & sum over event times and individuals,
interchanging the summations over-individuals and times. Let (f1, 2., 1¢) be the list
of all distinct event-times (the times at which any N.(t) has z jump). Then

log(pt(5;Y1U)) =

c+i[ 5" [og(U™®) + X"(z,,)m—zog[ T U exp(X (e, )B)H Eq. 14

b=l ] e ey g eR;

where Rp  is the risk set of event-time Iy, the set of individuals at risk and under
observation at time #, and Da is the set of individuals actually experiencing an event at
tme /-

We have stated the log likelihood under the assumption of no stratification and no ties.
To accommodate stratification, we note that the full log-likelihood is simply the sum over
strata of the single-stratum log-likelihoods. If there are ties, we use the Breslow-Peto
approximation, and lefting s denote strata, and #y the event-times of individuals in
stratum A, the log-likelihood is

log(£(a, ;Y1 U)) =

e & ' < Ba. 15
C+ZZ[ > [og(U™)+ X*{t,)51-m,, log( > U™ exp(X (2, }ﬁ)ﬂ. 4

sl Fnlf € €Dy & SR

where Mg is the multiplicity of the event-time fy, i.e. the number of events occurring
in stratum s at time 1.

CARB CPRA 2010-01-25a 000123



| ARBIUCB
Agreement No. 08-332
EXHIBIT A, ATTACHMENT 1
. Page 42 of 87
Poisson Form :
As shown by Whitehead [47, 50), the expression (Eq. 15) is equivalent to the log
likelihood of a Poisson generalized linear model. This is the form we use for
computation. To define it, we introduce values {ay} for each stratm s and event-time
t We also define event-indicators Yfe, 1), for all individuals e and all event times 7,
such that e is in stratum s, and is at risk and under observation at time #u: (e, ) is 1
if individual e has an event at time /s, and 0 otherwise. We postulate that, given random
effects {7} for all leaf-clusters r, the values Y{e, I are conditionally independent, and
have conditional distribution .

Y(e,t,)JU ~ Poisson(U "™ expla,, + X *(t,) A)) Eq. 16

The conditional ]0g~1ikelihoo'd for this Poisson generalized linear model, given the
random effects, (ignoring an additive constant) is ‘

log(#(ct, ;¥ U)) =
Y [Hoa@®)+ @y + X7 (1) BTV (0rt) U7 expley + X*(1)5)

=) h=l ¢ eRy, : :

}Eq. 17-

It is this expression we use to develop the computational algorithms. We must maximize
over both the f-values and the o-values, The proof of equivalence with (1) is straight-
forward, and is given by Whitehead [50], Ma et al {47}, and Hughes [51]. The same
formula in the notation of Ma et al [47] is

2 4
fog(&{ar, B Y| Uy = ZZ Z [(!og(u,”,}fash + x?.j.k.ﬁﬁ)x‘f?k.ﬁ =, pexplay, + x:,;,k,mg)] Eq. 18 ]

x=t bl (1, J YER

Estimation using this model is done by a variant of the EM algorithm: the log-likelihood
is maximized (with respect to o and B) for fixed random effects, and then the random
effects are predicted for the new o and B using the BLUP method; this alternation is
‘iterated until convergence. Details are given in Hughes [51].

CARB CPRA 2010-01-25a 000124



tesodwagonyeds,, ‘popn Apnis o) pue ({1 Hed % | M8J) Woye) Aprag S121oes | BIIION{ED oY) Ul aseosi] Lreuowndorpresy pue uoHAJog My Jo
sosAreuy,, ‘poli ApMIS o1 USsMIAq SISTXe ANpiqeiedunos Jen] aInsus 1M M Suisn sisdeue myesy uostredunos jopomm smsodys sjduns iseq o1y
SUTHLIOIOP O} S[OPOW 24 JO UoPMULaldi 517 HI PAAJOANT S18WH0 PUE JJ2is @Y 2l ‘ons(y Mosdl ‘welng ‘soNeIsLIY)) “Houor €1 sioednsoa
Jo pastduros dnoid FuppzoM B unoy In QWY 'S$8UIIss Jynsal amsodxo M (7] pire SmBiny qiAg Jo vosteduros [spom 3anpuoa o} (Y yum
snsuasuc Aq pauIunsep aq o3 polad) 1007 —L66] 10 DOOT ~ 0661 10] SSNfRA [ENUUE PUE p)HZ JBdL 511 10] San]RA AJBUOIL J0BN¥S 0} paaIde oAry
S1018B1150AL] Al ToAGMOY "SISeg AJiuoui v no £jjoa11p s1y) 30enxs o) pauueyd 300 pey g BmBLn| TING oy yim semsodxs [eiodws; msr-Juo;
Surrewnss oq [ soreBnseatl sy -(JIIS (IYV UYNM TONZYNSUOD Ul POUIILISIOP G O1) PAsh o [Iim spoliad (007 oW 101 007-6661 Ui o10uym
$"7INd Jo nondeoxs a1y mm ‘smsodxa jueoal Jo ofuroar 1e5£ ¢ v Juisn o [ samsodys jerodurey uer-Buo] FurmennIss usym SI01B3NSOAT) o1
“esodoxd oy U1 pany1oads Se “SISYI0 |12 10.] "SORWNSS M (T} o3 are paonpold aq [[14 s23BISAR AJIUOW S]qBIOBNXS a1dX0 a5ayM sjepot Kjuo Sifj,

“(s)soBLInS

ohsmomxo s1qIsusyopul AJ[ECLIIULIOS B Ul PAYNSAl 18 wﬁmvoe Aue Burpnjom Fuipspoul pejditsye jje JO SIINSa B3 SpNIOU; [[IM UOHBIUSUNOOP
a1y, “stepow FurSin} pie soorLINg oinsodys 5591 JO UCISNOXS 911 JOJ SU0SEs! Jifioads sy [resep 1 Bunuanmaop pue FulArnsnl wonoss  ueyuoo
1 pode [eury a1y SIqIsuslepUl AJEIIIUSIOS 5 PINCA SIDELINS S} JO SIOW IO SUO asheoaq podojeasp of jouues sjapotu Juidin] asayy Suisn
wemyrod syyrads v 1o) ssorpins amsodss aplmsles o1 JuaAs o) 0y "spopomm SwiBLny osowy yitm padojsrsp og ues sooepns amsodxs sjq1susyep
AJ[eoynusios 1oouM SUIILISIED Jayjeaoy pue sjapott Suiing sany j12 1durens [jim s107831s0A11 SY1 ‘SSOISYLISASN "WLIP [BIIeIXs Yitm BurBin

213 871110 01 SPENPISSE A1) 1) UOHRIALIoNoNE Jerieds $6ABs] JBY) UOISSa1dal 380 PUR] B SABY 0] PodU §10)881)50A11 1 ‘SPIOM JPUIC U] UONEB]LIOd0ME
Je1eds [2npISal SOARS] JEL} 1YHIp [HUISIXS UE SARY SIONESNSSAMUI 211 J1 UOHOUNT AJHO J]1A [9POW PP [BLIN%D ot ‘ofdurexs Jo Jueim|jod Jey3 Joj
spapott: Fmdrny esety noddns jotes vyep afqeear J1 yueinyjod oiy1oads v 107 {srepow SmSiny,, £jeancerjoo) sjepow FuB1ryy A 10 “YLIp [pmIsIke
WYL i BmBny BBy yua ssopiins semsodxs spla sjels dojoasp o1 81 o4 10U Kemi S101e8Ys0AU] O JRI) SPURISIOPIN CNTY PEIS WY

Yila EOITR|NSUOD 1 PRIOS[OS PIaly o) 1y spredxe JO MS1401 1500 SSATAINS 31 JBY) SUBSW  S]qISURYSp AJ[ROLIuI0S,, ) Xipueddy s1p Jo sasodmnd

1O, *51GISUSIAp ATEO1NULI0S 011 SORLINS ASAU) I1 BIUP YIIRaY OF SA0BLING 585U] YU} [[1A puE ¢ ySnoNnp | s5]qel U POUIING Sa5I01e%s Supjepow

SU 112 MoK s508)Ins sainsodys oplas oyels doJoASp Il JaLIa( 1] ‘UOTIPPB uY “SisfyEve o1 tond viep ol YA sio1ENset a1y oy paiyddns

80 {14 POALISP S19M SUONES0] PpuE BiEp uonnjjod u a1y moy Sururedes wep visw [|ng "UCHRMIOJU] UCTYEO0] [BO1I0ISTY BUIPNIOUl JUSIUSSASSR
sansodxs 10) pasn aq o} sous Funiciruout nonnjjod e M1 Uo wiep toneso] ayyderfosd sjemose yua wrep vopnijod Apean-siskieve Addns 1w guy
‘gropom 8o Jusa[dunl 0] “Mo[2q ¢ YBnom [ $2IGEY. 1Y PAUIING $51010Xs Sulfepour s ffe sususjdun {im Boxsf 1 *Ajjeoiedg D ¥ipusddy
S11 U1 paqLosap se samsodxs Jerodusioneds Suyapow jo meifod snosoBu pue sarsusyordmos v pasodoad sey oreBussau] jedioung Nawsf i

"[OPOL [RAIMNG JI0UOD [efieds DUB [SpOLU S10a)T WopuEy

UDSSIOA-X07) pedojprap AIMBU ‘BpOLL X07) PIepUEsS ol BUISh SUOP 8¢ ja SISA/UR YlIeey SU, ‘SBNIEROL oy0eds-8sNes pUB SSNED B JOj 3S1 BAIBIAI Sl SUIILIEIAD o) pazijeue
o0 tay jam (BB g 4N DU YLD IBUISIKS M mpdmgm:x Buibuny ‘Al MOJaT PAGLOSSR SE PREOIADD B¢ [ JBU) SoHTell ainsodye sjuened sncasef pue appsed fiy
200107 £I3100§ JIOUDT UBOLIDULY

Y2 U0 PasPY MLIoS} Bu ur ooy pup uonnptod 4y fo sisdpuy Bua&ﬁ&euu&m.

AINIWSSISSY HITV3H MO ONNICOW NS0dX3 - D XICANIddY

1810 ¢ abeq
LANIWHOVLLY v L8
Zee-00 "ON weLesify

- gorvayyY

CARB CPRA 2010-01-25a 000125



8007 _ T
oy | X ¥ ¥ X X X 1028 (ama) ing
Bl x| x X x [ x| x | x 1028 - | (Bepanvina
903 | dNd | »O4m | $Soippe | epoodiz | pseainog | .pejeissds | ZON | £0 | OMNd | S ZWd N 13G0N
{1oyos sualoea ] sy} 10} peje|dizon uole(IdnIes pusi%s of sjqissod
# 8961-286) woy 2jep uonnjjod Alddns o) GYY 11002-8861 10 L00Z- Z86L) SMOPUIM 3INSOAXE ORI 10 JuOWISSESSY YSIN (2101 ¢ ajqel
e X 10-46 2SN
6002 ‘ _ Buybuy
By X X X X X X X W16 (3w} ing
6002 JUp JRwispe
By X X X X 1 ¥ ¥ e W8 | ynT m Gupy
S | x X X x x| x b ox | ws Buby
el x X X X X I x| x | x | w5 | Eeawua
9003 | sWid | sQLM | sseippe | epoddiz | gseoanog | pejeeds | ZON | €0 | OMNd | SZWd | teen 13GON
(arpiupse ,.9& JAG ) ejetiys3 epip, eiusojljen ainsodxs abeleay [erodua) wia] BUoT [ysIY [BI0L Z 6108

B 0
S : AT
o X X x | WD | esaavina
9003 |- sWd | »DUM | Ssoippe | apoddiy | ,Seounof | cpeteadS | ZON | 50 | OMAd | GZWNd | Jeej TICON
sjewnss apim ejuiojife) & 1og Apnig v sjeoyden [ {SId [E10L 'L O[qEL

"HYY 03 SIGRISALEP ST paplacid pue spoun SnSUSY T JO SPIONULD 0F pauBisse o4 j[1a 3]qISUSYOP A[ROLLUSIOS 518 Ll JORNUOD
S g padojersp sinde) ﬂ%oano IV "sqem s, IV uo sjqepieas A1o1qnd spewt aq [j1m jusursoide sny) sspun padojossp spoder feuy 1y

2810 i ofiegd

b INSIWHOVLLY v LIBIHXS

Z6¢-a0 "ON uswesiby

a0M/ady

-31qeredwioo are S Yiesy pue ainsodxs ussmiag
UCHEIDOSSE Ot} JOJ SOIPIS 38U JO 10Q 1l IS S[OPOUT JBY} AINSUS 0F Pire YusfeAmbs S18 UOWINIOD 1] JUSUISSISSE 103113 183l pue soiFo[opoylou:

amsodxs a3 18l 2Insus 0] 2}BI0RI[OS PUR SILHIPIO0D [[IM SAPMS oM ssaryy woy siozednsaau] ayp ‘Aisnoiasxd psuyep se a[qIsusyep
Ajpeonusios pue opqeonoerd Jueks 9t 0], UOYOY) A191008 J50UB,) UBILIBUIY 3

1 U0 pasEg] BNLOHIED Ul AUTENOJ PUR TORANOd Iy JO siskjeny

CARB CPRA 2010-01-25a 000126



“ajqeteduros are ys1) yipesy pue amsodxs JO UoIeI0ssE o) uISsassy 107 Pasn SOPOUI [RAIISIEIS SUL JRI) SINSIS

01 pire “uareainba ale LOWIIOD U sHIF0opoel sunsodya Y1 JRU SNSUS 0] AIOY0D Aprg S1eYses ], BILIONITED sU ! 588s1(] Areuoundoipren
puR HONNJIog A JO sesAJeuy papusINy,, IPANN Aps su1 s ajqeonoed Jueixa sy 03 SuneIOqR|[0o puE JuNBUIPIoos 3q []lM PUB [SPOW M (]
a1y3 107 AJUO [9A3] SSAIPPR 413 T2 SA0qe s1s4]roe U3 Sunesider oq Jjim S107E81S0A OY) ‘WONIPPE U] "JSPOUI JBAIAING 1IOYOL) feiedg pue [apowm
§100137 WOPURY 1OSSIOJ-X0D) PadolsAp 143U JOPOLT X00) PIepur)s 1 SUIsh SUOP 8q {jlx sisk[eue yljeay oy ‘SepIEHONm oyads-osnies pue
oSTIES |]E 10 YSI BALEISY SU) SUIULI)EP O} POZATRUE oG UOY} [JIA4 suoholpald aansodus esay), SWSLY pire M1 J0 Sjopour a1 yim pedojeasp ag
THsa suoporpard sansodwo 10 sedf omy se1e8uy 50T Up ANRRO puE UCHN[0] IV JO SIsATeny Jeneds,, panmn Apnis oyt Suneondal 1007- 6661
10 (007 Yeak 23 0] SUONBRUSOUOD 5 ZIA Ul SuIsn jaas]| poo d1Z 2yl I8 ¢ ZINg 107 podojeasp oq [jLm ¥SUI 12101 9PIM BNIONIED 71 31081 164
57D} 95017 SH 07 MDY Jb SjABIDRG

1epoly {H4GN) amsodig kol aonog feaN 3dSNs

‘SRS SpIA BILope: eansadxy efiziany riodwa ] wus) Buo st 130 o siskjeus auy 10 spousd LONZ-6661 0} SeINSOdXa GZINL 10} B8R M SlojeBasaAl: sl X,
10 'suny 8)2p BullBls U0 paseq IR S31BP 888} JOBNLOD 8y} Jo S)Ep IS Uo paseq paishipe o ued HogRIdos J0 Siep PAlRWAST DT

“Spubad Ul 1 861200 W W0y 10810 Bu S1EBRSOAU) 1M APNS SILY} "UORIDPE Ul INd ¢

$Sapns Yog U Emm@%g B2 JUSWSSISEE Sy

{IIBSY 0 LORIS0SSE BLY JO) PSS SIOPOW [RORSHEIS 54} Jey) SINSUS 0} PUE ‘JusiEAInbS BIe uowLOD u) seiBojopoLal aInsodxa ey jel aInsus o) WoleD ABmS SIeuoes
BLUOI2D) B U} o6Ros)( Azuowijndoipie) pue oo 1y 10 seskely ummchw. :pali} ABNIS oU Uy 2jqeonorid JUsie o1 o) BunRIqRI0D pue Bupewpioos aq M :DLMy
oy ‘shod e ‘sjeujuns; ujes ‘shem peos pue semyBiyg Jofew ‘spod sofey seoineg

*SB0BLINS A Pue B1Ep Ao pejeioads auy Buipinoid aq im Gyy "seie)ns puz ‘Safen 'siElew ‘uogies ojuelio ‘uogies EluswWRe (pajeads ,

" sejebry 07 Uy AjzHoW pue vopniod Ay jo sishiety jereds, Apns v,

5~ S5]e] J0] $9)0100

8002 DUty
o X , X 3 X X X 1028 (zma) tny
wmmw ‘ X X | X X X lze | leepadvina:
sD08 | sWd | ,OY™ | ssolppe | opoodiz | (Sedinog | .pojerveds | ZON | €0 | OUNd | SZhg Jes) 300N

(0002-2863) S3991ns 0008}, APriS ASIGOR SO 10 19SGRG SISAELY Ayapisuag g oe]

26 PUZ G2 10} [3polLl 42ed wid) dinsodxa ue paubiSse 8] Hit HOUGD sY) Ul ENPIAIRL) Yoee Aq alom LOUto By Of paInqplie
mmsmo%m A eI Sinsel ainsodxe ppous |ig o:ediiod of 51 el BIRWIN S ANy 10BKU0D Sy} 10 18BRNG JISIND BY} LIGIM SYNSD! BINSOUXS PO SNOUBA BLY J0 UOSHEALIND
jnSuuesw e Suisey jo ol gy sape 158q Pinom Jey) ABojopoigstu sjendRIidR JSoW syl NeaP 't Yk do@asp o) dnoib Bupiiom 3SR0Y Ul e wae) 1M JBIS Guy

6002 R - Bubpy
o801 X X X | X 10~26/0002 () nd
mww X X : X X 10-16/0007 | (erepEuvIMO
003 | olid | DA | sseippe | epoddz | ,ssoinog | opejeoeds | ZON | €O | OMMd | §ZWd | nuyruol RE

Yudy yBnoiuy IsqiieAcN 10N 1840320 — Al Jo stjuow ay) Ao epnjou] [iim uosuediiod Ayjuowl £Q 9J0N

{1002 — 2661 10 060Z-9661) Hoseditio |epoly fenulty pute (on(z) Uospedwo) [spoy Aoy ainsodxy p ejqel

1810 &t 8bed
L INSWHOVLLY 'V LIEIHYS

.286-00 "ON uBlaaiby
80n/g4y

CARB CPRA 2010-01-25a 000127



ARB/UCB

Agreement No. 068-332
EXH!BITA ATTACHMENT 1
Page 46 of 87

REFERENCES

10.

11

12.
13.
14.
15,
16.
i7.

18.

Jerreti, M., et al., Spatial analysis of air pollution and mortality in Los Ang"e[es.
Epldemml 2005 16: p. 727-736.

Pope, C.A,, et al., Lung cancer, cardiopulmonaiy mortalzty, and long-term

gxposure to fine paf't;cuiate air pollution. JAMA, 2002, 287; p. 1132-1141.
Jerrets, M., et al., Exploring uncertainties in the health benefils from air quality
improvements. Stochastic Environmental Research & Risk Assessment, 2006.
Accepted for publication.
Dockery, D.W., et al., An association between air pollution and mortalzty in six
US cities. New Engi J Med, 1993, 329: p. 1753-1759,
Pope, C.A., et al,, Particulate air poilution as a predictor of mortality in a
prospective study of U.S. adults. Am } Resp Critical Care, 1995. 151: p. 669-674.
Lipfert, F.W. and R.E. Wyzga, Air pollution and mortality: issues and
unceriainties. ] Air Waste. Manage, 1995, 45: p. 949-966.
Gamble, 1.F., PM2.5 and mortality in long-term prospective cohort studies:
Cause-effect or statistical associations? Environ Health Perspect, 1998. 106: p.’
535-549,
BEI Assessing Healrh Fmpact of Air Quaizty Regulations: Concepts and Methods
Jfor Accountability Research. Health Effects Institute. 2003; Boston, MA.
Krewski, D., et al., Overview of the reanalysis of the Harvard Six Cities study and
American Cancer Society study of particulate air pollution and mortolity. J
Toxicol Environ Health 4 66:1507-1552. ] Toxicol Environ Health A, 2003, 66:
p- 1507-1552.
Jerrett, M, et al,, Spatial analysis of the air pollution-mortality relationship in the
context of ecologic confounders. 1 Toxicol Env Health, 2003..66: p. 1735-1777.
Hoek, G, et al., 4ssaciation batween mortality and indicators of traffic-related
air pollution in The Netherlands: a cohort study. Lancet, 2002, 360: p. 1203-
1209.
Nafstad, P., et al., Urbar air pollution and mortality in a cohort.of Norwegian
men, Environ Health Persp, 2004. 112: p. 610-615.
Kunzli, N., et al., Ambient air pollution and atherosclerosis in Los Angeles.
Environ Hea]th Persp, 2005. 113: p. 201-206.
Nafstad, P., et al., Lung cancer and aiv pollution: a 27 year follow up of I 6 209
Norwegtan men. 2003. 58: p. 1071-1076.
Goddard, M.J., D.J. Murdoch, and D. Krewski, Temporal aspects of risk
charac!erfzafz’on. Inhal Toxicol, 1995. 7: p. 1005-1018.
Zeger, S.L., F. Dominici, and J.M. Samet, Harvesting-resistant estimates of air
poilution effects on mortality. Epidemiol, 1999. 18: p. 171-175.
Schwartz, 1., Harvesting and long term exposure effects in the relation betweern
air pollution and mortality. Am ] Epidemiol, 2000. 151: p. 440-448,
Brunekreef, B., 4ir pollution and life expectancy: is there a relation? Occup
Environ Med, 1997. 54: p. 781-784,

CARB CPRA 2010-01-25a 000128



19.

20,
21.

22,

23.

24,

25.
26.
27.
28.
29,
30.

3L

32

ARBIUICEB

Agreement No. D6-332
EXHIBIT A, ATTACHMENT 1
Page 47 of 87

Goldberg, M.S., et al., Identifying subgroups of the general population that may
be susceptible to shore-term increases in particulate air pollution: A time series
study in Montredl, Quebec. Health Effects Institute, Number 97, Cambridge, MA.
2000, Hansen KA: Cambridge, MA.

Goldberg, M.S., et al., The association between daily mortality and short-term
effects of ambient air porticulate pollution in Monireal, Quebec: 1. Nenaccidental
mortality. Environ Res, 2001. 86: p. 12-25.

Goldberg, M.S., et al., The association between daily morrality and short-term
effects of ambient air particle pollution in Montreal, Quebec: 2. Cause-specific
mortality. Environ Res, 2001. 86: p. 26-36. ,

Krewski, D., et al., Reanalysis of the Harvard Six Cities Study and the American
Cancer Society Study of Particulate Air Pollution and Mortality, Part II:
Sensitivity Analysis : A Special Report of the Institute's Particle Epidemiology
Reanalysis Project. Health Effects Institute, Cambridge, MA. 2000: Cambridge,
MA. p. 129-240. :
Villeneuve, P.J., et al., Fine particulate air pollution and all-cause mortality with
the Harvard Six-cities Study: Variations in risk by period of exposure. Ann
Epidemiol, 2002. 12: p. 568-576. _

Jerrétt, ML, et al., Geographies of uncertainty in the health benefits of air quality
improvements. Journal Submitted, 2006.

Laden, F., et al., Reduction in fine particulate air pollution and mortality:
extended follow-up of the Harvard Six Cities study. Am J Resp Crit Care, 2006.
173:p. 667-672. . ‘ ' - “

- O'Neil, M., et al., Health, wealth and air pollution. Environ Health Persp, 2003.
. 111:p. 186-187.

Kwan, M.P. and L. J., Geovisualization of human activity patterns using 3D GIS:
a time-geographic approach; in Spatially Integrated Social Science: Examples in
Best Practice, G, MLF, and J. D.G., Editors, 2004, Oxford University Press: New
York. p. 48-66. .

Jerrett, M., et al., 4 review and evaluation of intraurban air pollution exposure
models. ] Expo Anal Env Epid, 2005, 15: p. 185-204. .

Ross, Z., ¢t al., Nitrogen dioxide prediction in southern California using land use
regression modeling: potential for environmental health analyses. . J Expo Anal
Env Epid, 2006. 16: p. 106-114. ' ‘
Jerrett, M., et al., Modelling the intro-urban variabilily of ambient traffic
pollution in Toronto, Canada. Journal of Toxicology and Environmental Health,
2006. In PressqNERAM - Special Issue).

Kanaroglou, P, et al., Establishing an air pollution monitoring network for intra-
urban population exposure assessment. A location-allocation approach.
Atmospheric Environment, 2005. 39(13): p. 2399-2409.

Sahsuvaroglu, T., et al,, 4 land use regression model for predicting ambient
concentrations of nitrogen dioxide in Hamilton, Ontario, Canada, Joumal of Air
Waste Management Association, 2006. 36(8): p. 1059-1069.

CARB CPRA 2010-01-25a 000129



33,
34,
35,
36.
37.
38.
39,

40.
a1.
42.

43.

44,

45.

46.
/.
48,
49,
50.

51.

. ARB/UCB

‘ Agreement No. 06-332
EXHIBIT A, ATTACHMENT 1
Page 48 of 87

Gilbert, N.L., et al., Assessing spat:al variability of ambient nitrogen dioxide in
Montrea, Canada, witha [and—use regression model. J Air Waste Man, 2005, §5:
p. 1059-1063.

Moore, D.K., et al., 4 land use regression model for predicting ambient fine
particulate matter across Los Angeles, CA. Joumnal of Environmental Modelling,

. 2006. submitted.

English, P., et al., 4 land use regression for predicting traffic pollutzon in
Alameda C'ounb) 2006(in preparation),

Chen, H., et al., Land use regression models for traffic pollution with temporally
drscordam monitoring data. 2006{in préparation). :

Ross, Z., et al., 4 land use regression model for predicting fine particulate matter
concenfrations in the New York City region: 2006,

Henderson, 5.B., et al., Application of land use regression to estimate ambient
concentration of traffic-related NOx and fine particulate matter. Environmental
Science and Technology, 2006. Accepted for Publication.

Christakos, G., On certain classes of spatiotemporal random flelds with
application to space-time data processing. IEEE Trans Systems, Man, and

.Cybernetics, 1991, 21{4): p. 861-875.

Burrough, P.A. and R.A. McDonnell, Principals of Geographical Information
Systems. 1998, Oxford: Oxford University Press.

Christakos, G. and D.T. Hristopulos, Spatiofemporal Environmental Health
Modelling. 1998, Boston, MA: Kluewer Academic Publication.

Christakos, G., et al., Interdisciplinary Public-Health Reasoning and Epidemic
Modelling: The Case of Black Death, 2005, New York, NY: Springer-Verlag.
Christakos, G. and M.L. Seme, 4 spatiotemporal study of exposure-health effect
associations. Journal of Exposure Analysis and Environmental Epidemioclogy,
2000, 16(2): p. 168-187.

Christakos, G., P. Bogaert, and M.L. Serre, Tempoml GIS. (with CD- ROM) ed.
2002, New York NY: Springer-Verlag.

Yu, HL., et al., Interactive Spatiotemporal Modelling of Health Systems: The
SEKS‘-GUI meeWork SERRA Special Issue on Medical Geography as a
Science of Interdisciplinary Knowledge Synthesis under Conditions of
Uneertainty, 2006. '

Christakos, G., Random Field Models in Earth Sciences. New Edition ed, ed. 8.D.
Academic Press 1992, Mineola, NY: Dover Publications Inc.

Ma, R., D. Krewski, and R.T. Burnett, Random effects Cox models: 4 Pozsson
modelling approach. Biometrika, 2003. 90: p. 157-169.

Thernean, .M., Grambsch,P. M., Modelling Survwal Data. 2000, New York, NY:
Spnnger-VerIag

Andersen, P.K. and R.D. Gill, Cox's regression model for counting processes. a
large sample study. Ann Stat, 1982. 10: p. 1100-1120.

Whitehead, J., Fitting Cox's regression model to survival date using GLIM. Appl
Statist, 1980. 29: p. 268-275.

Hughes, E., Alogorithmic Description of the Cox-Poisson Program - Technical
Report included with the Cox-Poisson Distribution Fockage. 2006,
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Pravide ihe following information for the key personnel and other significant contribufors in the order listed on Form Page 2.
Follow this format for each person. DO NOT EXCEED FOUR PAGES.

NAME _ POSITION TITLE

Jerrett, Michael L.B. Associate Professor

eRA COMMONS USER NAME

ED.UCATIO:‘W'R*\!N ING (Begin with baccalaureate or other initisl professional education, such as nursing, and include postdoctoral training.}

_ INSTITUTION AND LOCATION ' m‘iﬁgﬁ:ﬁ;@ | YEAR(s)  FIELD OF STUDY
Trent University B.Sc. 1088 Environment Resourca
University of Toronto M.A. 1988 Political Science
University of Toronto Ph.D. 1996 Geography
Mchtaster University Postdoc. 8/95 -4/97 | Environmental Health

A. Posifions and Honors

Positions and Employment ‘
1989-1991 Environmental Planner, Land Use Planning Unit, Environmental Planning Section,

Approvals Branch, Ontario Ministry of the Environment

1985-1097  Postdoctoral Fellow, Geography and Geology Department, McMaster University

1097-1098  Assistant Professor, Geography Depariment, San Diego State University

1998-2003  Associate Professor (promoted from Assistant in 2002), School of Geography and Geology, and
Health Studies Program, McMaster University

2003~Present Associate Professor, Preventive Medicine Department, Keck Schooi of Medicine,
University of Southemn California

2006-Present Associate Professor, Division of Environmental Health Sciences, School of Public Health,
University of California, Berkeley .

Other Experiences and Professional Memberships

Member Association of American Geographers

Member international Society for Exposure Analysis

2001-2003  Canadian Institutes of Health Research Population Health Review Committes
1998-Present U.S. National Science Foundation (Reviewer)

2005-06 U.8. National Institute of Environmental Health Sclence Special Review Panel Member

Hohors
2003 Dangermond Endow Speaker in Geographic Information Sc:lence Environmental Systems Research

Institute, Redlands, CA and University of California, Santa Barbara
1998 Nystrom Award Competiﬁon Finalist, Association of American Geographers (LISA).
1097 Certificate of Excellence, Undergraduate Teaching Award, Student Union of MchMaster University.
1985 Teaching Postdoctoral Fellowship, Tri-Council Research, MIEH, McMaster University.

B. Selected peer-reviewed publications {in chronological order)

1. Jerrett, M., J. Eyles, D. Cole, and S. Reader Environmental equity in Canada: An empirical investigation
into the income distribution of pollution in Ontario. Environment and Planning A 29: 1777-1800, 1887,

2. Jerrett, M.Green costs, red ink: Determinants of mumcrpal defensive expenditures. The Professional
Geographer 51:115-134, 1689, '

3. Jerrett, M., J. Eyles, and D. Cole. Socioeconomic and environmental covariates of premature mortality in
Ontario. Socaal Science and Medicine 47; 3348, 1988.

4. Luginaah, |, M. Jerrett, S. Eliott, J. Eyles, K. Parizeau, S. Birch B. Hutchmson, G. Veestra, C. Giovis.
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C. Research Support

Ongoing Research Support

5 P30 ES07048-10 (Peters) 04/01/98 — 03/31/06

NIEHS

Environmentat Exposures, Host Factors and Human Disease

Specific aims of project: Multidisciplinary center for research aimed at identifying and characterizing (1) the
direct human health effects of environmental exposures and (2) factors which modify susceptibiiity to
environmental exposures, including genetic factors and interactions with other environmental exposures, such

as diet.

5 P01 ES11627-04 (Peters) : 07/01/02 — 0B/30/07

NIEHS ,

Genetics, Air Pollution, and Respiratory Effects in Children and Young Adults

Specific aims of project: Building on the existing Children’s Health Study, an on-going cohort of 6000 children,
the four projects under this program project will address the guestion of whether the observed changes in
pulmonary function persist to adulthood; involve studying asthma incidence with the goal of identifying host
 factors: examine the genetic variation in oxidative stress pathways that modulate response io air polution, and
. develop new biostatistical methods.

Canadian Institutes of Health Research (Jerreif) 10/01/03 — 16/31/07

Specific aims of project: A cohott study of mortality in refation to intra-urban air pollution variability and traffic
. exposure. )

G3K10384 EPA-20038TAR K-1 (Jerreil) 10/01/04 — 09/30/07

Spatial Exposure Models for Assessing the Relationship Between

Air Pollution and Childhood Asthma at the Intra-Urban Scale

Specific aims of project: To derive new estimates of ambient air poltution concentration and potential
exposures in a large populafion of children of Los Angeles County {utiizing an existing cohort of the Children's
Health Study) in order to ilustrate the importance of exposure uncertainty fo healih effects assessment The
within-community risk assessment will emphasize areas of highest risk, potentially leading to more equitable
and efficient air pokution pelicies. |

1 RO3 ES014046-01 (Jerrett) ’
National Institute of Envirorimental Health Sclences 07/01/05 —~ 06/30/10
Socioeconomic Status, Stress, Air Poliutions and Asthma

Primary Specific Aims: (1) Refining and applying new statistical methods for muliilevel modeling of social
characteristics that may explain the differences between communities in the incidence of wheeze and .
ultimately of asthma; (2) Examining the role of siress as an explanation for any observed relfationships between
contextual social characteristics and wheeze; (3) Assessing confounding and effect modification of the
relationship between air pollution and incident wheeze in the ongoing CHS studies.

1 Us4 CA116848-01 (Goran) .

Nationat Institutes of Health ‘ _ 08/01/05 — 08/31/10
Influence of Built Environments on the Development

of Obesity During Childhood

Primary Specific Aims (Project 3, Jerrett PI): (1) To assess the association between the built environment and
obesogenic irajectories during childhood growth and development; and (2) to examine whether individual (i.e.,

PHS 39812500 {Rev. 00/04) - " Page Continuation Format Page
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Traffic Poliution and Children’s Health: Refining Estimates 10/61/05 — 10/01/07

of Expeosure for the East Bay Children’s Health Study (Jerrett)

Land Use Regression Models for Traffic-Related Air Poliution 10/01/05 ~ 10/01/07
and Asthma In Economically Disadvantaged and High Traffic
Density Neighborhoods in Los Angeles County, California {Jerretd)
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‘ George Christakos, Ph.D, DSc, PE

Department of Geography

Storm Hall 314 ‘

San Diego State University

5500 Campanile Drive

San Diego, CA 92182-4493, USA

Tel.; ++615-594.8285
Fax: ++619-594.4938
Email: gchrista@mail.sdsu.edu

FACULTY POSITIONS

2006-Present:

Department of Geography,

San Diego State University, San Diego, California, USA:
e Birch Distinguished Professor.

ARBUCSB
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Teaching and research activities focus on the advanced modelling and space-time

mapping of interdisciplinary natural systems, including: Multi-scaled environmerital

' processes; Integrated temporal geographical information systems; Cognitive techniques of

multi-sourced knowledge synthesis and data assimilation; Interdisciplinary human

exposure analysis and health effects; Model-based risk assessment and decision making;

Medical geography, epidemiology, and the spaceftimé propagation of infectious diseases;

Random field models and spatiotemporal statistics; Fluid mechanies, contaminant flow

and transport; Air pollution monitoring and conftrol.

1990-2005:
Department of Environmental Science & Engineering,
School of Public Health,

University of North Carolina, Chapel Hill, N.C., USA:

«  1998-Present: Professor.

e 1999.2005:  Director, Center for the Integrated Study of the Environment (CISE).
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» ' 1999.2002: Director, Environmental Modelling (EM) progxam
o 1994-1997:  Associate Professor. :
o 1990-1993:  Assistant Professor.

$2001-2005: _
Department of Statistics & Operations Research
University of North Carolina, Chapel Hill, N.C., USA:

Adjunct Professor

OTHER APPOINTMENTS

May, 2003: Unite @’Environnemefrie at de Geomatique, Universite Catholique de
Louvmn»la—Neuvc Louvain !aNeuve, Belgium: Visiting Professor.

Jariuary-April, 2003: * Environmental Laboratory, Natlonai Techmcal University of
Athens, Athens Greece: Visiting Scholar. . -

November- December 2001 & April 11-22, 2002: Departments of Engineering & Apphed
Mathematics, Universidad Politecnica de Catalunya, Barcelona, Spain, and Department of
Statistics, Universidad de Granada, Granada, Spain: Visiting Professor.

October 2001:  Dipastimento di Scienze Economiche e Matematico-Statistiche,
Universita' di Lecee, Lecce, ltaly: Visiting Professor. » -

September 2001: Russian Academy of Scienices, Nuclear Safety Institute, Moscow,
Russia: Visiting Professor.

1993-1994; Department of Geological & Environmental Sciences, Stanford University,
Stanford, CA, USA, and Department of Petroleum Engineering, Stanford University,
Stanford, CA, USA: Visiting Faculty.

1988-1990: Division of Applied Sciences, Harvard University, Cambsidge, MA, USA:
PhD Fellow.

1987
Department of Applied Mathematics & Theoretical Physxcs, University of Cambndg&
Cambridge, UK: Visiting Research Fellow.
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1986 and 198%: Advanced Projects Section, Kansas Geological Survey, Léwrence, KS,
USA: Visiting Research Fellow. '

1985-1986: Institute of Geology & Mineral Exploration, Athens, and National Technical
University of Athens, Greece: Research dssociate. - ‘

1982-1983: ‘
Centre de Geostatistiqﬁe et de Morphologie Mathematique,, Ecole des Mines de Parig,
Fontaineblean, France: Research Associate. |

1980-1982: Department of Civil Engineering, Massachusetts Institute of Technology,
Cambridge, MA, USA: MS Research Assistant. ' ‘

1979.1980: Soil Mechanics Laboratory, University of Birmingham, Bimﬁingham, UK
MS Laboratory Research Assistant.
EDITORIAL POSITIONS

1998-Present: Journal of Stochastic Environmental Reseqrch & Risk Assessment.
Edjtor-in-Chief

1992-Present: Journal of Environmental & Ecological Statistics.
Editorial Group

1997-Present: Advances in Water Resources.
Editorial Beard

1994-1997: Journal of Stochastic Hydrology & Hydraulics.
Associate Edifor | '
FOREIGN LANGUAGES

. Greek (Greek-born USA citizen)
+  French (Dipl. Univ. de Besancon)
s German {Grundst. Dipl.}

PUBLIC DOMAIN COMPUTER LIBRARIES
. BMEIib (Bayesian Maximum Entropy software iibrary).
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« SANIib (Stochastic Analysis software library).
. SEKS-GUI (Spatiotemporal Epistematics Knowledge Synthesis-Graphic User
Interface) :

SCIENTIFIC PUBLICATIONS

I. Books:

Christzkos, G., R.A. Olea, M.L. Seire, H.L. Yu, and L-L. Wang: Interdzsczphnary Public
Health Reasoning and Epidemic Modelling: The Case of Black Death. Springer-
Verlag, New York, N.Y., 319 p., 2005.

Christakos, G., P. Bogaert and M.L. Serre: Temporal GIS. Springer-Vetlag, New York,‘
NY, 220 p., With CD-ROM, 2002.

Christakos, G.: Modern Spatiotemporal Geostatistics. Oxford Univ. Press, New York,
NY, 304 p., 2000.

Christakos, G. and D.T. Hnstopulos Spatiotemporal Environmental Health Modelling:
A Tractatus Stochasticus. Kluwer Academic Publ Bosion, MA, 423 p,, 1998

Chyistakos, G.: Random Field Models in Earth Sciences. Academic Press, San Diego,
CA, 474 p., 1992. {Out of Print.)

Christakos, G.: Random Field Models in Earth Sciences. New edition, Dover Publ. Inc.,
Mineola, NY, 2005.

Christakes, G., L- Clark, M. David, A.G. Journel, D.G. Krige and R.A. Olea:
Geostatistical Glossary & Multilingual Dictionary: Oxford Univ. Press, Oxford, UK,
177 p., 1991

1I. Contributions in Encyclopedias: '

C}mstakos (G. "Stochastic Modeﬁing of Human Exposure". In Encyclopedia of
Enviromentrics, A. H. El-Shaarawi & W.W. Piegorsch (eds.), Vol. 3, 1290- 1296 J.
Wiley & Sons, Ltd., Chichester, U.K., 2001.
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Christakos, G. "The Study of Uncertainty in Life Support Systems”. In Eneyclopedia of
Life Support Systems. UNESCO, [http://www.eolss.net/], London, UK, 2004,

III. Papers in Refereed Journals:

Public Health:

Choi, ¥-M, G. Christakos and M.L. Wilson, K] Nisio effects on influenza mortality Risks
in the State of California”. Vol. 120, pp. 505516, 2006.

Christakos, G., R.A. Olea and H-L Yu, "Recent results on the spatiotemporal modelling
and comparative analysis of Black Death and Bubonic Plague epidemics”. Submiited,
2006.

Environmental Science & Technology:

Christakos, G., "Critical conceptualism in environmental modelling and prediction". Vol
37, pp. 4685-4693, 2003. :

Risk Ana?y&is:

" Serre, ML, A. Kolovos, G. Chrstakos and K. Modis, "An application of the
holistochastic human exposure methodology to peturally occurring Arsenic in
Bangladesh drinking water”. Yol. 23(3), pp- 515-528, 2003.

International Journal of Health Geographics:

Yu H-L and G. Christakos “Spatiotemporal Modelling and Mapping'of the Bubonic
Plague Epidemic in India”. Vol. 5(12), 2006. Highly-accessed paper.
Jour. of Exposure Analysis & Environmental Epidemiology:

Christakos, G. and A. Kolovos, "A study of the spatiotemporal health impacts of ozone
exposure”. Vol. 9(4), pp. 322-335, 1999.

Christakos, G. and M.L. Serre, "A spatiotemporal study of exposure-health effect
associations”. Vol. 10(2), pp. 168-187, 2000.

Choi, K-M, M. L. Serre, and G- Christakos. "Efficient mapping of California mortality
fields at different spatial scales”. Vol. 13(2), pp. 120-133, 2003.
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Yu, B-L, J-C Chen and G. Christakos, 2006. “BME space-time mapping of residential
level ambient PM10 and Ozone exposuzes at multi-temporal scales in the states of
North and South Carolina”. Submitted, 2006.

Social Science & Medicine D: Medical Geography:

Christakos, G. and J. Lai, "A study of the breast cancer dynamics in North Carolina™.
Vol. 45(10), pp. 1503-1517, 1997.

Christakos, G. and V. Vyas, "A novel method for studying population health impacts of
spatiotemnporal ozone distribution™. Vol. 47(8), pp. 10511066, 1998.

Humar Biology:

Olea, R.A. and G. Christakos, "Duration of urban mortatity for the 14th century Black
Death epidemic”. Vol. 77(3), 291-303, 2005.

Jowi.” of Sextially Transmitted Infections:

Law, D.G., M.L. Serre, G. Christzkos, P.A. Leone and W.C Miller, "Spatial analysis and
mapping of sexually transmitted diseases 10 opﬁmzze intervention and prevention .
strategies”. Vol. 80, pp. 204-299_ 2004,

Geaderma:

Christakos, G., "Spatiotemporal information systems in soil and environmental sciences”.
Vol. 85(2-3), pp. 141-179, 1998.

Savelieva, E, V. Demyanov, M. Kanevski, M.L. Serre, and G. Christakos, “BME-based
uncertainty assessment of the Chemoby} fallout™. Vol. 128, pp. 312-324, 2005.

Reviews of Geophysics:

Christakos, G., "Recent methodological develc)pmeh‘rs in geophysical assimilation
modeiling™. Vol. 43, pp. 1-10; 2005.

Jour. of Geophyszcal Research:

Rogaert, P. and G. Christakos, "Spatmtemporal analysis and processing of thermometric
data over Belgzum“ Vol. 102(D22), pp. 25,831-25,846, 1997.
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Christakos, G., M.L. Seme and J. Kovitz, "BME representanon of particulate maiter
distributions in the state of California on the basis of uncertam measurements”. Vol
106(D9), pp. 9717-9731, 2001,

Water Resources Research:

Chistakos, G., "On the problem of permissible covariance and variogram models". Vol.
20(2), pp. 251-265, 1984.

Christakos, G. and B.R. Kzllam "Samphng design for classifying contaminant level using
annealing search algorithms”. Vol. 20(12), pp. 4063-4076, 1993.

Christakos, G. D.T. Hristopoulos, and C.T. Miller, "Stochastic diagrammatic analysis of
groundwater flow in heterogeneous soils”. Vol. 31(7), pp. 1687-1703, 1995,

Christakos, G. and D.T. Hristopulos, "Stochastic  indicators for waste site
characterization™. Vol. 32(8), pp. 2563-2578, 1995, '

Christakoé,-(}., D.T. Hristopulos and X. Li, "Multiphase flow in heterogeneous pofous
media: A stochastic differential geometry viewpoint". Vol 34(1), pp. 93-102, 1998.

Kolovos, A., G. Christakos, M L. Serre and C.T. Miller, "Computational BME solution of
a stochastic advection-reaction equation in the light of site-specific information”.
Vol. 38(12), pp. 1318-1334, 2002.
Yu, H-L, K. Modis, G. Papantonopoulos and G. Christakos, 2006. “BME Solution.of a
Stochastic Physical Equation Representing a Three-Dimensional Geothermal Field in
Nea Kessiani, Greece”. Submitted. 2006.

Stochastic Hydrolology & Hydraulics:

Chnstakos, G., C.T. Miller, and D. Oliver, "The development of stochastic space
- transformation and dxagrammatzc perturbation techniques in subsurface hydrology".
Vol. 7(1), pp. 14-32, 1993.

Christakos, G., C.T. Miller and D. Oliver , "Stochastic perturbation analysis of ground
water flow. Spatially variable soils, semi-infinite domains and large fluct_uations“. .
Vol. 7(3), pp. 213239, 1993. '

Otliver, L.D., and G. Christakos, "Diagrammatic seluﬁc;ns for hydraulic head moments in
1-D and 2-D Bounded domains". Vol. 9, Pp- 269-296, 1995.
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Christakos, G. and D.T. Hiistopulos, "Stochastic space transformation techniques In
subsurface hydrology-Part 2: Generalized spectral decompositions and Plancherel
representations”. Vol. 8(2), pp. 117-155, 1994. '

Hristopulos D. T. and G. Christakos, "Diagrammatic theory of nonlocal effective
hydranlic conductivity”. Vol. 11(5), pp. 369-395, 1997.

. Bogaext, P. and G. Christakos, vStochastic analysis of spatictemporal solute content
measurements using a regressive moded”. Vol. 1(4), pp. 267—295, 1997.

Advances in Water Resources!

Christakos, G., "Space ﬁansfomaﬁons in the study of multidimensional functions in the
hydrologic sciences”. Vol. %(1}, pp. 4248, 1986.

Christakos, G. and R.A. Olea, "Sampling design for spatially distributed hydrogeologic
and environmental processes”. Vol. 15(4), pp. 219-237, 1992.

Oliver, L.D., and G. Christakos, "Boundary condition sensitivity analysis of the stochastic
flow equation”. Vol. 19(2), pp. 109-120, 1996. |

Miller, C.T., 6. Christakos, P.T. Imhoff, LF. McBride, 1.A. Pedit, and J.A. Trangenstein,
"Multiphase flow and transport modelling in heterogeneous porous media: Challenges
and approaches”. Vol. 21(2), pp. 77-120, 1998. -

Chﬁstakos, G., D.T. Hristopulos and P. Bogaert, "On the physical geometry hypotheses at
the basis of spatiotemporal analysis of hydrologic geostatistics”. Vol. 23, pp. 799-
810, 2000, :

Christakos, G., "On the assimilation of uncertain physical knowledge bases: Bayesian
and non-Bayesian techniques”. Vol. 25(8-12), pp- 1257-1274, 2002.

Kolovos, A., G. Christakos, D.T. Hristopulos and M.L. Serre, "Methods for generating
non-separable spatiotemporal covariance models with potential environmental
applications”. Vol. 27, pp. 815-830, 2004,

Physical Review E:

Hristopoulos, D.T. and G. Christakos, "A variational calculation of the effective fluid
permeability of heterogeneous media®. Vol. 55(6), pp. 7288-7298, 1997.
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Bulletin of American Physical Society:

Hristopulos, D.T. and G. Christakos, "Monte Carlo calculations of single-phase effective
permeability in 2-D anisotropi¢ porous media”. Vol. 44(6), p. 23, 1999,

Atmospheric Environment;

Christakos, G. and G.A. Thesing, "The inu*insic'random field model and its application in
the study of sulfate deposition data”. Vol. 27A(10), pp. 1521-1540, 1993.

Christakos, G. and D.T. Hristopulos: "Characterization of atmospheric pollution using
stochastic indicators”, Vol 30(22), pp. 3811-3823, 1996.

Vyas, V. and G. Christakos, "Spatiotemporal analysis and mapping of sulfate deposition
data over the conterminous USA". Vol. 31(21), pp. 3623-3633, 1997.

Christakos, G. and V. Vyas "A composite spatiotemporal study of ozone distribution over
Eastern United States™. Vol. 3(16), pp. 2845-2857, 1998.

Christakos, G. and M.L. Serre, "BME analysis of spatiotemporal particulate matter
distributions in North Carolina”. Vol. 34(20), pp. 3393-3406, 2000. '

Nonlinear Anqusis:

Hristopulos, D.T. and G. Christakos, *An analysis of hydraulic conductivity upscaiihg".
Vol. 30(8), pp. 4979-4984, 1997. ‘

Institute of Electrical & Electronic Engineers (IEEE) Transactions:

Christakos, G., "On certain classes of spatiotemporal random fields with application o
space-time data processing”. S_}}stems, Man, and Cybernetics. Vol 21(4), pp. 861-
875, 1991. :

Christakos, G. and C. Panagbpouios, "Space ﬁansforrhaﬁon methods in the representation
of geophysical random fields”. Geosciences and Remote Sensing. Vol. 30(1), pp. 55-
. 70,1992, ‘

Christakos, G. and P. Bogaert, "Spatiotemporal analysis of springwater ion processés
derived from measurements at the Dyle Basin in Belgium”. Geosciences and Remote
Sensing. Vol. 34(3), pp- 626-642, 1996.
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Christakos, G., A. Kolovos, M. L Serre and F. Vukovich, "Total ozone mapping by
integrating data bases from remofe sensing instruments and empirical models.”
Geosciences and Remote Sensing. Vol. 42(5), pp. 991-1008, 2004.

Technometrics:

Yu, H-L, and G. Christakos, "Dealing with Spatiotemporal Heterogeneity: The Stochastie
‘BME-v/p Model". Submitted, 2005.

Society of Industrial & Applied Mathematics (SIAM):

Hristopoulos, D.T., G. Christakos, and M. Serre, "Implementation' of a space
transformation approach for solving the three-dimensional flow equation”. SIAM-
Scientific Computing. Vol. 20(2), pp. 619-647, 1699,

Christakos, G., D.T. Hristopulos and A. Kolovos, "Stochastic flowpath analysis of
multiphase flow in random porous media”. SIAM-Applied Mathematics. Vol. 60(5),
pp. 1520-1542, 2000. ‘ ‘

Yu, H-L, and G. Christakos, "Studying porous media upscaling in terms of epistemic A
cognition”. SI4M-Applied Mathematics, Vol. 66(2), 433-446, 2005.

Probability Theory & Mathematical Statistics (Teoriya Imovirnostey ta Matematychna
Statystyka): ‘

Christakos, G, "On a deductive logic-based spatiotemporal random field theory". Vol
66, pp- 54-65, 2002. '

Quarterly Applied Mathematics:

Christakos, G. and D.T. Hristopulos, “Stochastic Radon operators in porous media
hydrodynamics™. Vol. LV(1), pp. 89-112, 1997,

Jour, of Optimization Theory & Applications:

Christakos, G. and P.N. Paraskevopoulos, "On the functional optimization of a certain
class of nonstationary spatial functions”. Vol. 52(2), pp. 191-208, 1987.

Christakos, G., "Optimal estimation of nonlinear state-nonlinear observation systems”. -
Vol. 62(3), pp- 29-48, 1989.

Jour. of Applied Probability:
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Christakos, G. and D, T. Hristopulos, "Stochastic indicator analysis of contamiinated
sites”, Vol. 34(4), pp. 988-1008, 1997,

Stochastic Environmental Research & Risk Assessment:

Serre, M.L. and G. Christakos, "Modern Geostatistics: Computational BME in the light of
_uncertain physical knowledge -The Equus Beds study”. Vol. 13(1}, pp. 1-26, 1999.

Hristopules, D.T. and G. Christakos, "Renormalization group analysis of permeability
upgcaling”. Vol. 13(2), pp. 131-160, 1999.

Christakos, G. and V. Papanicolaou, "Norm-dependent covariance permissibility of
weakly homogeneous spatial random fields'. Vol. 14(6}, pp. 1-8, 2000.

D'Or, D, P, Bogaert and G. Christakes, "Applications of BME to soil texture mapping”.
Vol. 15(1), pp. 87-100, 2001.

Christakos, G., "Soil behaviour under dynamic loading conditions: Experimental
procedures and statistical trends". Vol. 17(3), pp. 175-190, 2003.

Serre, M.L., G. Christakos, H. Li and C. T. Miller, "A BME solution of the inverse
problem”. Vol. 17(5-6), pp. 354-369, 2003.

Christakos, G., "Another look at the conceptual fundamentals of porous media
upscaling”. Vol. 17(5-6), pp. 276-290, 2003.

Kovitz, J. and G. Christakos, "Assimilation of fuzzy data by the BME method", Vol
18(2), pp. 79-90, 2004,

Kovitz, J. and G, Christakos, "Spatial statistics of clustered data”. Vol. 18(3), pp. 147-
166, 2004. :

| Christakos, G. and R.A. Olea, “New space-time perspectives on the propagation
characteristics of the Black Death epidemic and its relation io bubonic plague” Vol
19(5), pp. 307-314, 2005.

Baker, R. and G. Christakos, "Revisiting uninformative priors, Paﬂ I: Physical priors
based of Jaynes' invariance principle.” In press, 2006.

Baker, R. and G. Christakos, "Revisiting uninformative priors, Part Il: Implications of the
physical prior in maximum entropy analysis.” In press, 2006.
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Jour. of Mathematics & Compulers in Simulation:

Christakos, G., "The space transformations in the simulation of multidimensional random
fields”. Vol. 29, pp. 13-319, 1987.

International Jour. of Numerical & Analytical Methods in Geomechanics:

Christakos, G., "A stochastic approach in modelling and estimating geotechnical data".
Vol. 11(1), pp. 79-102, 1987. :

Mathematical Geology:

Christakos, ., "Recursive parameter estimation with applications in earth sciences”,
Vol. 17{5), pp. 489-515, 1985.

Christakos, G., "Stochastic simulation of spatially correlated geoprocesses”. Vol. 19(8),
" pp. 803-827, 1987. '

Christakos, G., "On-line estimation of nonlinear physicél systems”. Vol. 20(2), pp. 111-
133, 1988. :

Christakos, G., "A Bayesian/maximum-entropy view to the spatial estimation problem”.
Vol. 22(7), pp. 763-176, 1990. :

Christakos, G. and V. R. Raghu, "Dynamic stochastic estimation of physical variables”.
Vol. 28(3), vp- 3417365, 1996.

Cassiani, G. and G. Christakos, "Analysis and estimation of spatial non-homogeneous
natural processes using secondary information”. Vel. 30(1), pp. 57-76, 1998.

Christakos, G. and X. Li, "Bayesian maximum entropy analysis and mapping: A farewell
 to kriging estimators?" Vol. 30(4), pp. 435-462, 1998.

Hristopulos, D.T. and G. Christakos, "Practical calculation of ﬁon—Gaussian multivariate
moments in BME analysis”, Vol. 33(5), pp. 543-568, 2001.

Engz’neerz‘ng Geology:

Christakos, G., "Modern statistical analysis and optimal estimation of geotechnical data”,
" Vol. 22(2), pp. 175-200, 1985.
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Jour. of Mathematical & Computer Modelling:

Christakos, G., "A simple approach to nonlinear estimation of physical systems". Vol
11, pp. 583-588, 1988. '

Christakos, G. and R.A. Olea, "A multiple-objective optimal expﬁcraﬁon strategy”. Vol.
11,413-418,.1988.

IV. Papers in Refereed Volumes:
. Geostatistics for Environmental Applications:

Serre, M., G. Christakos, J. Howes and A.G. Abdel-Rehiem, "Powering an Egyptian air
quality mfonnanon systemn ‘with the BME space/time analysis toolbox: Resnits from
the Cairo baseline year study". Monestiez, P., D. Allard and R. Froidevaux (eds.),
pp. 91-100, Kluwer Acad. Publ,, Dordrecht, the Netherlands, 2001,

Christakos, G., M.G. Serre, V. Demyanov, M. Kanevski, E. Savelieva, S. Chemov and V.
Timonin, "BME analysis of neural network residual data from the Chernoby] fallout:
~ Bayesian and non- -Bayesian approaches”. Monestiez, P., D. Allard and R. Froidevaux
(eds), pp. 509—510, Kluwer Acad. Publ., Dordrecht, the Netherlands, 2001.

Christakos, G., "Global BME mapping of ozone distribution by assimilating soft
information and data from TOMS and SBUV instruments on the Nimbus 7
satellite”. In geoENV IV, Sanchez-Vila, X. and J. Carrera {edifors), Kluwer
Academic Publishers, Dordrecht, The Netherlands, 2004. '

Serre, M., G. Christekos and S-J Lee, "Soft data space/time mapping of coarse particulate
matter annual arithmetic average over the US". In geoENV IV, Sanchez-Vila, X. and
J. Carrera (eds), Kluwer Academic Publishers, Bordrecht, The Netherlands, 2004.

Spatiotemporal Modelling of Environmental Processes:

Christakos, G., "Integrated modelling in space-time environments: A synthetic theory of
human exposure”. Invited paper, METMA’04, Granada, Spain; In press, 2005.

Fundamental Theories of Physics:
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Christakos, G., "Some applications of the Bayesian maximum entropy concept in
geostatistics”. Invited paper, Kluver Acad. Publ., pp. 215-229, Amsterdam, The
Netherlands, 1990. ‘

Modelling and Simulation of Systems:

Christakos, G., "Modelling and estimation of nonlinear systems”. IMAC, Baltzer AG Sci.
Publ., pp- 221-223, 1989.

Civil Engineering & Computers:

Christakos, G. and R. Dimitrakopoulos, "Developing intelligent cbmputer models in the
- stochastic analysis of environmental systems”, pp- 213-218, Oxford, UK, 1991.

Geostatistics for the Next Century:

Chsistakos, G., C.T. Millér, and D. Ofiver, "Cleopatra's nose and the diagrammatic
approach to flow modelling in random porous medja”. Kluver Acad. Publ., pp. 341-
358, Amsterdam, The Netherlands, 1993:

Probabilistic & Stochastic:

Christakos, G., "Certain results on spatiotemporal randorn fields and their applications in
environmental research®. Vol. 372, pp. 287-322, 1992.

Calibration and Reliability in Groundwater Modelling: A Few Steps Closer to Reality:

Christakos, G., "The role of conceptual frameworks in hydrologic rescarch and
development”. XK. Kovar and Z. Hrkal (eds.), IAHS Publ. 277, Oxfordshire, UK.,
pp. 277- 285, 2003. o '

Serre, M.L. and G. Christakos. "Efficient BME estimation of subsurface hydraulic

properties using measurements of water table elevation in unidirectional flow". K.

" Xovar and Z. Hrkal (eds.), IAHS Publicafions No. 277, Oxfordshire, UK, pp. 321-
327, 2003. '

Computational Methods in Surface & Groundwater Transport:

Chiistakos, G., "Multi-point BME space/time mapping of environmental variables™.
. Burganos, V.N., G.P. Karatzas, A.C. Payatakes, W.G. Gray & G.F. Pinder (eds.),
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Vol. 2, pp- 289-296, Computational Mechanics Publications, Southampton, UK,
1998. .

V. Papers in Refereed ConferenéefSymposia Proceedings:
ModelCARE2002:

Serre, M.L. and G. Christakos, "BME-based. hydrogeologid parameter estimation in
~ groundwater flow moddiing"‘. TIAHS Proc., pp. 566-570, Prague, Czech Republic,
June 17-20, 2002, .
Christakos, G., "Conceptual framework of physical knowledge synthesis in uncertain
environments”. Keynote talk, IAHS Proc., pp- 535-539, Prague, Czech Republic,
June 17-20, 2002. | -

GeoEnv2000:

Demyanov, V., M.L. Serre, G. Christakos, V. Timonin, V., M. Kanevski, E. Savelieva,
and S. Chernov, "Neural network residual BME analysis of Chemobyl fallout-Part
§I". Third European Conference on Geostafistics for Environmental Applications,
Vol. 1, pp. 99-110, Nov. 22-24, 2000, Avignon, France, 2000,

Joint Intern. Symposium on Geospatial Theory, Pro&éssing’ & Applications

Choi, K-M, G. Christakos and M.L. Wilson. "A new multi-scale modelling approach for
space/time random field estimation", Ottawa, Canada, July 9-12, 2002.

Air Pollution 2002

Christakos, G., A. Kolovos and M.L. Serré, C. Abhichek and F. Vukovich, "Towards
' global mapping of ozone distribution using soft information and data from TOMS
and SBUV instruments on the Nimbus-7 satellite", Segovia, Spain, July 1-3, 2002.

Serre, M.L. and G. Christakos, "Efficient exposure mapping across space-time of
particulate matter in the US", Segovia, Spain, July 1-3, 2002.

Pedometrics 2003:

Savelieva, B, V. Demyanov, M. Kanevski, M.L. Serre and G. Christakos, "BME
application for uncertainty assessment of the Chemobyl fallout®, Sth Conf. of the
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Provisional Commission on Pedometrics of the Intern. Union of Soil Sciences,
Reading, U.K., September 2003. -
IEEE Symposia:

Christakos, G., C.T. Miller, and D. Oliver, "Stocl;:astic flow modelling in terms of '
interactive perfturbation, Feynman diagrams and graph theory". In Proceed of
Southeastcon-93, 77-84, April 4-7, 1993,

Christakos, G., Kolovos, A., Serre, M.L., and Vukovich, F.M., "Generating high spatial
resolution analyses of SBUV stratospheric.ozone for calculating the tropospheric
ozone residual (TOR)". In Proceed of Infern. Geoscience' & Remote Sensing
Symposium (IGARSS2003), Toulouse, France, 21-25 July, 2003.

Modelling and Simulatiorn:

Christakos, G., "The space transformations and their applications in systems modelling
and simulation”. 12th Intern. Confer., AMSE, Vol. 1(3), pp. 49-68, Athens, Greece,
1984. | |

METMA04:

Christakos, G., " Integrated modelling in space-time environments: Toward a synthetic
theory of human exposure ". 2nd Spanish Workshop on ‘Bpatio-Temporal
Modelling of Environmental Processes (METMA’04), Granada, Spain, June 1-4,
2004. ’ ’

International Statistical Institute:

Choi, X-M, M. L. Serre, and G. Christakos. "Space/time BME anaifsis and mapping of -
mortality in California”. 53rd Session, Seoui, S. Korea, 22-29 August, 2001,
Computational Methods in Water Resources (CMWR):

Chﬁstakos, G., " The cognitive basis of physical modelling”. Proceed. CMWRO4, Chapel
Hill, NC, USA, Jure 13-17, 2004.

International Association for Mathematical Geology:
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. Bogaert P. and G. Christakos, nStochasfic analysis of spaceftime processes using a
multicomponent regressive model”. 41h Armual Conference - Vol. 1, Buccianti A.,

G: Nardi, and R, Potenza (eds.), pp. 85-90, De Frede Editore, Naples, Italy, 1998.

Serre, M.L., P. Bogaert and G. Christakos, "Corﬁputational in\festigations of Bayesian
maximum entropy spatiotemporal mapping”. 4th Annual Conference - Vol .1,
Buccianti A., G. Nardi, and R. Potenza {eds ), pp- 117-122, De Frede Editore,
Naples, Italy, 1998,

Chot, K-M., G. Christakos, and M.L. Serre, "Recent developments in vectorial and multi-
point BME mnalysis". 4th Annual Conference -Vol. 1, Buccianti A., G. Nardi, and
R. Potenza (eds )» PP- 91-96 De Frede Editore, Naples, Italy, 1998.

Christakos, G., "Whﬂe God is raining brains, are we holding umbrelias? The roie of
Modern Geostatistics In spauotempora] analysis and mapping.” Keynote lecture. /i
Annual Conference - Vol. 1, Bucciantt A., G. Nardi, and R. Potenza (eds.), pp. 33~
53, De Frede Editore, Naples, Italy, 1998.

Bogaert, P., M.L. Serre and G. Christakos, "Efficient computational BME analysis of
non-Gaussian data in terms of transformation functions™. 5th  Annual Conference,
‘Trodheim, Norway, Vol. 1, pp. 57-62, 1999,

Christakos, G., D.T. Hiistopoulos, and M.L. Serre, "BME studies of stochastic
differential equations representing physical laws-Part I'. Stk Annual Conference,
Trodheim, Norway, Vol. 1, pp. 63-68, 1999.

Serre, ML. and G. Christakos, "BME studies of stochastic differenitial equations
representing physical laws-Part I" 5th Annual Conference, Trodheim, Norway,
Vol. 1, pp. 93-98, 1999.

Application of Statistics & Probability in Soil & Structural Engineering:

Christakos, G., "Stochastic approach and expert systems in the quantitative analysis of
soils". 5th International Conference, Vol. 2, pp. 741.748, Vancouver, Canada, 1987,

EDUCATION
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Hervard University, Cambridge, MA, USA: PhD. in Applied Sciences (Topic:
Generalized random field theory and its application in composite space-time systems
modelling and prediction), 1990.

National Technical Um’versz’tj; of Athens, Athens, Greece: D.Sc. in Mining &
Metallurgical Engineering (Topic: GIS-based Geostatistics), 1986.

Mussachuselis Institute of Technology, Cambridge, MA, USA: M.S. in Civil &
Environmental Engineering (Topic: Kalman filtering in  pattern detection and
analysis), 1982.

University of Birmingham, Birmingham, UK: M.sSe. in Soil Engineering (Topic:
Modelling and experimental investigation -of soil-structure interaction during
earthquakes), 1980.

National Technical University of Athens, Greece: Diplom (Honers) in Civil
Engineering, 1979. ' '
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BIOGRAPHICAL SKETCH

Provide the foliowing informagion for the key personnel and other significant conbiibutors i the order Bsted on Form Page 2.
Foliow this format for each person. DO NOT EXCEED FOUR PAGES, E

NAME POSITION TITLE
Dr. Daniel Krewski ‘
eRA COMMONS USER NAME Professor and Director

EDUCATIONTRAINING (Begin with bacoalaureate or ofher initial professional education, such as nursing, and include posidoctoral traiting,)

‘ INSTITUTION AND LOCATION (ﬁziggfﬁe) YEAR(S) FIELD OF STUDY
University of Oftawa, Ottawa, Ontario, Canada MH.A. 1988 Health Administration
Carleton University, Ottawa, Ontario, Canada - Ph.D, 1977 Stafistics
Carleton University, Ottawa, Ontario, Canada M.Sc. 1972 Statistics
Carleton University, Oltawa, Ontario, Canada B.Sc. 1971 ‘Mathematics

NOTE: The Biographical Sketch may not exceed four pages. tems A and B {fogether) may not exceed two of
the four-page limit. Follow the formats and instructions on the attached sample.

A. Positions and Honors. List in chronclogical order previous positions, concliding with your present position. Lis
any honors. Include present membership on any Federal Government public advisory commitiee. .

Positions and Employment

1972-74 Statisical Consultant, Survey Design & Statistical Quality Control Section, Food Direclorate, Health &
Welfare Canada . '

1674-75 Head, Chemical Statistics Section, Food Directorate, Health & Welfare Canada

1975-76 Student, Carleton University (on educational teave from Health & Welfare Canada

1976-82 Head, Chemical Statistics Section, Food Direclorate, Health & Welfare Canada

1087-93  Senior Branch Advisor, Health Risk Assessment, Health Protection Branch, Health & Welfare Canada

1984- Adjunct Research Professor of Stafistics, Department of Mathematics and Statistics, Carleton University

1982-04  Chief, Riostatistics and Computer Applications Division, Ehvironmental Health Directorate, Health &
Welfare Canada

1995.97  Acting Director, Bureau of Chemical Hezards, Environmental Healih Directorate, Health Canada

1097-98 Director, Risk Management, Health Protection Branch, Heslth Canada )

1997- Professor, Department of Medicine and Deparirment of Epidemiology and Community Medicine, Facuity of
Medicine, University of Ottawa. ' '

2000~ Director, Mclaughlin Cepfre for Population Health Risk Assessment, Instituie of Population Health,
University of Ottawa . ) '

2000- Director, Network for Environmental Risk Assessment and Management (Ottawa node)

2002- NSERC/SSHRC/McLaughlin Chair in Population Health Risk Assessment in the institute of Poputation
Health, University of Ottawa. '

2004- Direcior, Graduate Cerlificate in Population Health Risk Assessment and Management, Inslitufe of
Population Health, Universily of Ottawa

2005~ Director, PAHO-WHO Collaborating Centre for Population Health Risk Assessment, University of Oltawa

Honours: '
" Elected Fellow of the American Statistical Association (1990); Elected Fellow of the Society for Risk Analysis {1893},

Appointed Honorary Senior Research Associate, Division of Epidemiology and Biosfatistics, European Insfitute of
Oncology (1994); Elected Vice-Chairman, Scientific Coundil, International Agency for Research on Cancer (1996}
Appointed to Royal Society of Canada Committee on Expert Panels (1996); Canadian Journal of Statistics award for best
research paper of the year (1996); Government of Canada Award of Merit (for contributions fo renewat of the Canadian
Environmental Protection Act); .S, Environmental Protection Agency Acute Exposure Guideline Levels Team Team
Recognition Award (2001) {based on Hammer Award given by Vice-President Gore fo EPA to recognize the AEGLs
Program); Flected National Affiliate of the U.S. National Academy of Sciences (2002).
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Federal Government Committees: Member, U.S. National Academy of Sciences Board on Environmenta?g ed?ézsggrg
Toxicology (1896-2002),Chair, U.S. National Academy of Sciences Committee on Acute Exposure Guidelines for
Hazardous Substances (1998-2004); Member, U.S. Nafiohal Academy of Sciences Cornmiliee on Research Prioriies for
Alrborne Particulate Matter (1998-2004), Member, U.S. National Academy of Sciences Committee on Health Effects of
Radon {BEIR V) (1994-1989); Member, U.S. National Academy of Sciences Commifes on the Biclogical Effects of
lonizing Radiation (BEIR V) {1999-present), Member, U.S. National Academy of Sciences Board on Radiation Effects
Research (2000-2005), Chair, U.S. National Academy of Science Committee on Toexicily Tesfing and Assessment of

Environmental agenis (2004-present).

B. Selected peerreviewed publicafions (in chronological order). Do not include publications submitied or in
preparation.

Selected Publications 2000-2005 {of 135 publications) and Selected Prior Pubfications {of 370 publicatiohs)

1. FungKY., KhanS., KrewskiD., & Ramsay,T. (2006) A cornparison of methods for the analysis of recurrent health
butcome data with environmenta! covariates. Statistics in.Medicine. In press.

2. Chen,Y., Yang,Q., KrewskiD., Bumett,R.T,, ShiY., & MeGrall, K M. [2005) Difference in effect of course ambient
parijculate matier on first, second and overall admission for respiratory disease among the elderly. Inhalaiion
Toxlcology, 17, 649-655. ‘ ‘

3. FungK., Krewski,D., BQmeﬂ,R., & Dominici,F. (2008) Tesfing the harvesting hypothesis by tine domain regression
analysis I: Baseline analysis, Journal of Toxicology and Environmental Health, 68, 1137-1164. '

4. Jerrett,M., Burnett,RT., Ma,R., Thurston,G.D, Newbold, 8., Shi,Y., Krewski,D., Finkelstein,N_, Pope A, & Thun,M.
(2005) Spatial associations between air pellution and morizlity inLos Angeles. Epidemiclogy.

5. Krewski,D., Burnett,R., Goldberg,M.S., Hoover,B.IC, Siemiatycki, 4., Abrahamowicz, M., Villeneuve,P.J., & White, WH.
(2005) Reanalysis of the Harvard six cities efudy, Part 1l Sensitivity analysis. inhafation Toxicology, 17, 343-353.

6. KrewskiD., Burmett, 2., Goldberg,M.S., Hoover,B.K,, SiemiatyckiJ,, Abrahamowicz,M., & White, W.H. (2005)
Reanalysis of the Harvard six cities study, Partk Validation and repiication. Inhalation Toxicology, 17, 335-342.

7. KreWSki,D.. Burnett,R., Jerrett, M., Pope,C.A., Rainham,D., Calle,E., Thurston,G., & Thun,M, (2005} Mortality and
fong-term exposure fo ambient air pollution: ongoing analyses based on the American Cancer Society cohort. Journal
of Toxicology and Enyironmenfal Health, 68, 1083-1100.

8. KrewskiD., Dewanji,A., Wang,Y., Barilelf, 3., Zielinski,J.M.; & Mallick,R. (2005) The effect of record linkage errors on
risk estimates in cohort mortality studies, Survey Methodology, 31, 1321, - -

9. Liu,S., KrewskiD., ShiY., ChenY, & Bumelt,R. (2005) Associafion beiw)ueen maternal exposure to amblent air
pollutants during pregnancy and fetal growth restriction. Environmenial Health Perspeclives.

10, Yang,Q., Chen,Y., Krewski,D., BurnettR.T., Shi,Y., & McGrail, K.M. (2005) Effect of srio_rt-ferm exposure {o low levels
of gaseous poliution on chronic obstructive pulmonaty disease hospitalizations. Envionmental Research, 99, 98-105.

11. Abrahamowicz, M., du Berger,R., Krewski,D., Burnett,R., Barilett,G., Tamblyn,R.M., & Lefiondre, K. {2004) Bias due to
aggregation of individual covariates in the Cox regression model. Amenican Journal of Epidermiology, 160, 896-706.

12. Chen,Y., Yang,Q., Krewski,Il., Shi,Y.; Bumelt,R.T., & McGrall,K. {2004} Influence of refatively low level of particulate
air poltution on hospitalization for COPD in eiderly people. Inhalation Toxicology, 18, 21-25.

13. Krewski,D., Bakshi,K,, GarreftR., Falké,E., Rusch,G., & Gaylor,D. (2004) Development of acute exposure guideline
levels (AEGLs) for aithorne exposures to hazardous substances. Regtiatory Toxicology and Pharmacology, 39, 184~

201,

14. KrewskiD., Bumett, R.7., Goldberg, M.5., Heover,B.K., Siemiatycki,J., Abrahamowicz, M., & White, W.H. (2004)
Validation of the Havard six cities study of air poliution and mortality, New England Journal of Medicine, 350, 188-1988.
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15, Pope,C.A, Burmett,R T., Thurston,G D, Thun,M.J., Galle E.E, Krewsid,D-, & Godleski.J.J. (2004) Cardi 282/ 3.7 &7

rortality and long-term expostre 10 particutate air poliution: Epidemiological evidence of general pathophysiological
pathways of disease. Circulation, 108, 71-77. ‘

16. Abrahamowicz, M., Schopflocher, T., Leffondre K., du Berger,R., & Krewski,D. (2003} Flexible modefing of the
exposure-response relationship between long-term average levels of particulate air poliution and moriality in the
American Cancer Society study. Journal of Toxicology and Environmenital Health, 66, 1625-1654.

47. Bumett,R.T., Dewanji,A., DominiciF., Goldberg,M.S., Cohen,A.C., & Krewski,D. (2003} On the retationship batween
tme series studies, dynamic population studies, and estimating loss of life due {o shorf-term exposure to
environmental risks, Environmental Health Perspectives, 141, 1470-1174.

18. Cakmak,S., BumettR., Jerrelt M., Goldberg,M.S., PopeA, MaR. Gultekin, T., Thun,M.J., & Krewski,D. {2003)

Spatial regression models for large-cohort studies linking community aff pollution and health. Journal of Toxicology
and Environmental Health, 86, 1 B811-1824. : :

49. Fung,K.Y., Krewski,D., Chen,Y., BumettR., & Cakmak,S. (2003) Comparison of time series and case-crossover

analyses of air pollution and hospitat admission data. International Journal of Epidemiology, 32, 1064-1070.

20. Jerrett,M., Bumett,R:'l"., Wilis A, Krewski,D., Goldberg:M.S., DelLuca,P., & Finkelstein,N. {2003} Spatial analysis of
the air pollution-mortality relationship in the conlext of ecologic confounders. Journal of Toxicology and Environmental

Health, 66, 1735-1778.

24, KrewskiD., BurnettR,, Goldberg,M.S., Hoover K., Siemiatycki,J., Jerrett M., Abrahamowicz,M., & White, W.H. (2003}
- Dverview of the re-anhalysis of the Harvard six cities study and Arnerican Cancer Society study of particulate air
poliution and mortality. “ourrial of Toxicology and Environmental Health, 66, 1507-1562.

22, LS., K_rewéki,D., ShiY., ChenY., & Burneit R.T. (2003) Association between gaseous ambient air pollutants and
adverse pregancy outcomes in Vancouver, Canada, Environmental Health Perspectives, 11 1, 17731778,

23. Ma,R., Krewski,D., & Burnett,R.T. (2003) Random offects Cox models: A Poisson modelling approach. Biomelrika,
9p, 157-168. .

" 24. Ramsay,T., .Bﬂrnett,R.T., & Krewski,D. {2003} The effect of concurvity in generalized additive models linking mortality
to ambient particulate matter (with discussion). Epidemiology, 14, 18-23.

25. Ramsay,T., Bumeﬁ,R.T., & Krewski,D. (2003) Exploring blas in a generalized additive model for spatiat air pollution
data. Environmental Health Perspectives, 111, 1283-1288.

26. Siemiatycki,J., Krewski,D., Shi,Y., Goldberg,M.S., Nadon,L., & Lakhani,R. {2003) Controlling for potential confounding
by occupational exposures. Journal of Toxicology and Environmentat Health, 66, 1581-1604.

" 27, Villeneuve,P.J., BumettR.T., Shi,Y., Krewski,D., Goldberg,M.S., Hertzman,G., Chen,Y., & Brook,J. (2003) A time
series study of air pollution, socipeconomic status, and mortality in Vancouver, Canada. Joumnal of Exposure Analysis

and Environmental Epidemiology, 13, 427435,

28. Willis AL, Jemett M., Bumett,R.T., & Krewski,D. (2003) The asscciation between sulfaie air poliution and mortality at
the county scale: An exploration of the impact of scale on a long-term expostiie study. Journal of Texicology and
Environrental Heaith, 68, 1605-1624.

29, Yang,Q., Chen,Y., Shi,Y., BumeltR.T., McGrail K., & Krewski,D. {2003) Association between ozone and respiraiory
admissions among children and the elderly in Vancouver, Canada. Inhalation Toxicology, 15, 1297-1 308.

30. Lin, M., Chen,Y., Bumet,R.T., Villeneuve,P., & Krewski,D. (2002) The influence of amblent coarse particulate matter
on asthma hospitalization in children: case-crossover and ime series analyses. Environmental Health Perspeciives,

110, 575-581.
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31. Mallick R., Fung K., & Krewski,D. (2002) Adjusting for measurement error in the Cox proportional — ALY

model. Journal of Cancer Epidemioiogy and Prevention, 7, 155-164.

32. Pope,A., BurnettR.T,, Thun,M.J4., Calie,E.E., KrewskiLD., oK, & Thurston,&.D, (2002) Lung cancer,
cardiopulimonary moriglity and long-term exposure 1o fine particulate air pollution. Journal of the Americen Medical

Association, 287, 1132-1141.

33. Villeneuve,P.J., Goldberg,M.8., Krewski,D., BurnettR.T., & Chen,Y. {2002} Fine pariculate air pollution and all-cause
mortality within the Harvard Six-cities Study; Variations in risk by period of exposure. Annals of Epidemiology, 12, ‘

568-576.

34. Burpett, R.T., Smith-Doiron, M., Stieb,D., Raizenne M.E., Brook,J.E., Dales R.E,, Leech.J.A., Cakmak,S., & Krewski,D.
{20D1) Association between ozone and hospitalization for acute respiratory diseases in children iess than 2 years of
age. American Jourmnal of Eplderniology, 153, 444-452.

35. Burnét’i,R.T., Ma,R., Jerrett M., Goldberg,M.S., Cakmak,S., Pope,A., & Krewski,D. (2001) The spatial association
between community air pollution and mortalify: A new method of analyzing correlated geographic cohort data.
Environmental Health Perspectives, 108, 375-380.

38. Greenbaum,D.S., Bachmarn,J.DD,, Krewski.Dl.,- Samet.J.M., While,R:, & Wyzga,R.E. {2001) Parficulate air poliution
standards and morbidity and moriality: Case study. American Journal of Epidemiclogy, 154, 785-808.

C. Research Support. List selected ongeing or completed (during the last three years) research projects (federal
and non-federal support). Begin with the projects that are most relevant to the research proposed in this
application, Briefly indicate the overall goals of the projects and your role (e.g. Pl, Co-Investigator, Consultant) in
the research project. Do not fist award amounts or percent effort in projects. '

1. Cccupational Radiation Cartinogenesis (Canadian Institutes of Health Research, 2001-2803, Pﬁncipai
Investigator). Purpose: To characierize the health risks of occupational exposure to fonizing radiation based on
the National Dose Registry of Canada.

% Cellular Telephones and Brain Cancer Risk (Canadian Inctitutes of Health Research, 2001-2005, University-
industry parinership grant, Principal Invesfigator): Purpose: To support Canada's participation in'a WHO
study of cellular telephones and brain cancer and conduct research on the potential health effecls of
radiofrequency fields. An international group of scientists assembled by the International Agency for Research on
Cancer (IARC) in 1998, récommended that & was justified, feasible and fimely o underiske an internationally
coordinated study of cancer risks related fo cell phone usage. The 1ARC has underizken to coordinate such a
study and has inviled 13 countiies to participaie. Three Canadian centres have been invited to participater
Montreal, Otfawa and Vancouver/Vicloria. These cenires were selected by IARC due o a high prevalence of cell
phone use, a sufficient number of population-based cases that identified and the avaflabiiity of 2 non-biased

control group.

3. Stochasfic Models for Radiation Carcinogenesis: Temporal Faclors and Dose-Rate Effects (U.8. National
Institute of Occupational Health and Safety, 2003-2006, Co-invesfigator, Principal Investigator: Dr. Suresh
Mooigavkar). Purpose: Building on previous work Involving the two stage clonal expansion model of
carcinogenesis, new stochastic models for radiation carcinogenesis will be developed from two large cohorts: the
atomic bomb survivors (100,000 subjects) and the Nationa! Dose ‘Registry of Canada (500,000 subjecis).
Whereas the atomic bomb survivors data involve short term high level exposure to both lonizing radiation, the
Nationat Dose Registry involves long term low level exposure. The biclogically based models are anlicipated to
permit an integrated description of the temporal patterns of risk for this two widely divergent exposure stenarios.

4. Centre for FPopulation Health Risk Assessment {R. Samuel Mclaughlin Foundation, 2001-2010, Principal
tnvestigator). Purpese: To develop a new program of research and training in population health risk assessment
within the Institute of Population Health, The goal of the Centre is fo become a national centre of excellence in
population health risk studies, through the development of & unique academic program of research and training in
risk studies. This is a fleld that is underdeveloped in Canada, and the Uriversily of Ottawa is well-posttioned io
assume a leadership role in this area. The Centre will serve as a resource of stakeholders, including government,
industry, and the public. The Centie will identify potential risks within a population health context, including
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environmental and social & behaviourial risks fo the health of Canadian. Risks and attendant unaeﬂgg%‘éSY\sn'ﬁfr?g

characterized as fully as possible, using the best available methodologies in health risk science. Working with its

pariners in the federal government, the Centra will articulate and analyze policy option for conirolling health risks,
thereby contributing to the management of eritical population health risks in Canada.

5. Chair in Population Health Risk Assessment {Natural Sciences and Engineering Research Council of
Canada/Social Sciences and Humanities Research Councit of Canada, 2002-2007, Principal Investigator).
Purpose: To conduct a broad based program of research in population higalth risks associated with technological

change. The NSERC/SSHRC/MclLaughfin Chair in Population Health Risk Assessment wili further promote the
development of risk science, a field that is underdeveloped in Canada. Unique in Canada, the Chair would
undertake a comprehensive program of research designed to develop methodologies for the assessment of risks
associated with technological development; conduct systematic assessments of the risks associated with specific
technologies such as wireless telecommunications and commercial chemicals used by Canadian industry,
develop principles to guide fisk management decision making and the development of policy opfions for
technological risks; and develop risk communication strategies for fechnologies for which 2 comprehensive

evaiuation of risk has been completed.

6. Re-analysis of the American Cancer Sociely Study of Parficulate Alr Pollution and Mortality, Phase li]. (Health
Eiffects Insfitute, 2p02-2005, Principal Investigator}. Purpose: To conduct addiional analyses of the
rélationship between urban air pollution and mortality based on the American Cancer Society cohort, with the
follow-up period extended from 1982-1089 to 1982-2000 (an additional 11 years of foliow-up of fhis cohort of 1.3
miliion people). Specific objectives inciude (1) the development of a multi-level random effects Cox model fo
describe correlation among the chservations, (2) the identification of criicat exposure time windows. based on a

subcohort of 186,000 individuats for which detailed information on popuiation mobility is available, and (3) further
analyses of the cohort based on the extended follow-up period, X

v+ Air Pollution and Health: A Combined European and North American Approach (APHENA [/ Jobn Hopkins
University, School of Public Health, 2003-2005, Co-investigator, Principal Investigaton Dr. Jon Sametf).
purpose: To conduct a combined analysis of North American and European ime series studies of particulate air

potlution and mortality.

8. Public Perception and Risk Acceptabiiify (Health Canada, 2002-2004, Principal investigator]. Purpose: TJo
" conduct a national survey of health risk perception; to develop a framework for incorporating risk perception nio
risk management decision making; and to develop guidelines for determining acceptable levels of population

health risks.

o Health policy approaches to children’s environmental heaith, (Health Canada, Principal Investigator). Purpose:
To review the legisiative basis for children’s environmental health risk management, with particular reference o
the Canadian Environmental Protection Act, and the proposed Health Protection Act :

10. Enhancing Competency Based Performance: A Gender Model for Assessing and Strengthening Healthy Care '
Workers’ Knowledge, Skills and Resiliency as First Responder (CRT, Co-Investigator, Principal Investigator:
Carol. Amaratunga). This project will mitigate the Impact of CBRN contagion threats by using lessons leamed

from SARS fo enhance the work performance of frontine health care workers as first responders, through the
generation of new knowledge, curriculum development, training, information management and dissernination.

41. The Role of a General Safefy Requirement in Canada's Heafth Protection Regime. (Health Canada
Contribution Agreement, 2005-2007, Co-investigator, Principat Investigator: James Benidickson}.
purpose; To utilize international evidence and information on policy opticns o develop recommendations for the
sevision and implementation of the Canadian Environmental Protection Act, 1989 and the proposed Canada

Health Protection Act

12. Occupational and selected non-occupational risk factors for lung cancer: Analysis of a case-control study in
Montréal (CIHR, 2005-2010, Co-investigator, Principal investigafor: Dr. Jack Siemiatycki). Purpose; Lung
cancer s the most common malignant neoptasm in Canada. A folal of 2750 subjects were interviewed, inciuding
lung cancer cases and controls. The purposeis to fund a comprehensive program of statistical analysis of the
study by eonducting multiple paraliel sets of analyses that will elucidate the relationship between lung cancer and
other classes of variables, such as hundreds of occupational chemicals, alcohot consumption and other variables.
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Gives the following information for professional persotinel and consuitants beginning with the Principal Investigator. Please

do not extceed 2-pages per individoal.

Name j : TInE Bixra pare (Month, Day, Year)
Yuanfi Shi Research Agsodiate Jan. 0%, 1964
Education {Begin with baccataureate frakning and include posrdoctoral training)
INSTTTUTION AND LOCATION DEGREE Yerm Frers oe ooy
CONFERRED

Shanghai Medicat Universily, P.R.China MD 19791984 [ Piblic Health

University of Reading, UK Training 1987.1988  IMadical Statistics

University of Reading, UK MSt 19831884 {Bibmstry

Universily of Salford, UK PhD Treining |1904-1897 | Apphied Statistics

RESEARCH AND/OR PROFESSIONAL EXPERIENCE: Gineluding with présent pisitlon, fist inchironological order previous

employment, experience, and konors. List, in clironological vrder, the titles and complere references o receiit represeniiative
pubtications, espegiqlly those myist pertinerit to this. application.

:Posilions: and Emplc.:;'fments:
Resedrch Assogiate,

Mct.aughlin Centre for Population Health Risk Assessment,

institute of Population Health,

University of Ottawa, Ot 1988 up to now
Biostatistitian,

Institute for Cancer Epidemiology,

Danish Cancer Society in 1957-88

Research Associale | {983-83), Research Assistant (1084-89)

Instiute of Plarined Parentiiood Research) in 1984-93

Professional experience:

interested In environmenital, cacer and reproductive healih epidemiclogy. Working extensively with large
_popuiatiori-based survey databases including the American Cancer Society Cancer Prevention Survey i, the
Natlonal Population Health Supvey, the Brilish Columbia Linked Health Datasets, the National or Regional
Cancer Registy {Canadian, Brilish and Danish) Data, the Chinese Two-per-thoutand Fertility Survey, and the
Canddian Ephanced Sutvellatice fof newly identified Hepatitis 8 and Hepafiis G Virus Infections..

Division of Epidemiciogy and Biostatistics, at SIPPR {Shanghal

bmemrcmeme 1 n e e o

Fgpage 1
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BIOGRAPHICAL SKETCH continued Yuanli Shi
List of Publications:

1) Association between maternsl exposure to ambient air pollutants during pregnancy znd fetal growth restriction. Joumal Of Exposure Science
And Environmeptal Epidemiclogy. (in press) '

2) Influence of retatively low level of particulate air polluticn on hospitalization for COPD in elderly people.

Inhalation Toxicology, 16:1-5, 2004 )

3) Association between Gaseous Ambient Air Polhutants and Adverse Pregnancy Outcomes in Vancouver, Canada. Environmental Health
Perspectives, 2003; Vol. 111 (14 ). 1773-1778 .

4) Association between 0zone and respiratory admissions among children and the elderly in Vancouver, Canada. Inbalation Toxicology, 2003;

15:301-112
5) A time-series study of air polution, socioeconomic status and mortality in Vancouver, Canada. Journal of Exposure Analysis and Eovirommental
Epidemiology, 2003,Nov .13(6):427 -35
6) Controiling for potential confounding by occupational exposures. Network for Environmental Risk Assessment
and Management (NERAM), Journal of Toxicology and Environmental Health, Oct. 2003;Vol 66 (16-19):1591-1603
7} The Epidemiology of Hepatitis B and Hepatitis C Infection in Canadz:1999-2001, 1EA. World Congress of Epidemiology, Montreal 18-22,
Angust 2002 ) . ; : '
" 8) Lung Cancer, Cardiopulmonary Mortelity and Long- Term Exposure to Fine Parti colate Air Poliution. JAMA. March 6, 2002; 287:1132-1141
9) Incidence of second primary breast cancer among women with a first primary in Manitoba, Canada. Breast
Cancer Research and Treatment, 2004; 67: 35-40 ’ :
10) Krewski, D., Bumett, R T, Goldberg, M. S., Hoover, K., Siemiatyckd, J., Jerrett, M., Abrahamowicz, M., White W. H., et 2L 2000. Reanalysis
of the Harvard Six Cities study and the American Canger Society stady of particulate air pollution and mortality. Special Report, Cambridge MA:
Health Bffects ' .
11) Investigator's Report -Pari I: Replication and Validation; Part II: Sensitivity Analyses, HEI Publishes Reanalysis.of Harvard Six Cities and
ACS Studies at HEI web. (http://www.heaithcﬁ'ects.org/newsbtm} July 2000
12} Analysis of the time to the first pregnancy after marmiage in Shanghai, International Symposium in Shanghai,
Oct. 1594 ' :
13) Primary cesarean section and its social determinants in Shaughal Municipality, 1994
. 14) A double blind randomized comparison of two single .doses of mifepsistone plus gemeprost for termination pregnancy with amenorrhea
between 57 and 63 days, Reproduction and Contraception, Vob. 14(2), 19941 15) Breest-feeding and mepstrual reversion status for minority
women in China, Intemational semipar in Chengdu ofi Chinz, 1993 1 16) The transition of newly married couples’ fertility intention and
determinants, Population Research, 1993(1 } '
17) Suspense and failure in contraception of newly-married conple in Shanghai and the analysis of influential
factors, Population Science of China, 1992(6)
18) Premarital sexual activity, pregnancy and contraceptive use status and their influencing factors in Shanghai, Collections of sex education,
1992(10) ‘ .
19) Analysis of newlyweds’ fertility plan and its' shift in Shanghai Municipality, Reproduction and Contraception, Vol. 12(5):38-44, 1992
20) Contraceptive knowledge status and determinants for newly married couples in Shanghai Municipality, Reprodaction and Contraception,
Vol.12(5):28-37, 1992 ‘ . :
21) On the determinants of contraceptive method using by newly merried couples, Population Science of China, 1591(5)
22) Factor Analysis of China's Infant Mortality and Tts Impact. Population & Econcmics, 1991 (4 )
23) China: fertility intentions strongly affect reproductive behaviour, Progress in Human Reprodoction Research, WHO. No.19 1991

F-8page
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176 Bronson Ave. ) Offfice: (613) 238 4851
OHaws, Ontarip KIR 5HS ) Fax: (613) 2387098

e-mail: ehughes@mreo2.carelon.ca

Edward Hughes

Current
Principal of Edward Hughes Consulling.

Education .
BA. {(Mathematics) 1965, Rice University, Houston, Texas.
Ph.D. (Mathematics) 1670, University of Wisconsin, Madison,
NRE Postdoctoral Fellowship 1870-71, University of British Columbia, Vancouver.

Areas of Expertise .
Consulling in statistics and applied mathematics.
Development of computational sofiware. ’
Mathematical modelling and simulation in health research, engineering, and econromics.

" Optimization.

Experience
Design and analysis of a cost-of-production survey for the Canadian Egg Marketing Agency.
| Use of survival analysis with ime-dependent covariates, on provincial welfare data, fo evaluate the
effect of a federal-provincial program aimed at reducing walfare spell durations; for the Government
of Manitoba and Human Resources Development Canada. ’

Development of numerical methods and software for a new method of fitiing random-sffects Cox
survival models in epidemiclogy and reliability studies, for the University of Gitawa instilute of
Population Health,

Development of numerical metheds and stetistical estimation software (random-effects binomial
modeis) for a study of the effects of traffic-related air poliution oh cancer incidence, for the McGill
University Department of Medicine.

Statistical analysis using the IMDB database fo evaluate the *poinis” system for screening potential
immigrants, for Citizenship and Imrigration Canada. :

Evaluation of survey sampling designs, for Social Development Capada. .

Development of an estimation method in pricing of financial defivatives, for a major Canadian financial-
services firm, ' . .

- Statistical analysis using the IMDB database to study imrigrant business activity, for Citizenship and
Immigratien Canada.

Developrnent of methods for optimal stratum allocation in statistical survey sampling design.

Analysis of a cost-allocation model for the Govetrnment of British Columbia

Siatistical consultant to a major federal study of small-business policy: mainty survey design and

analysis.

Development of sampling schemes for invenlory management in a large warehouse; this work resulted
in & new extension to the method of Dollar-Unit Sampling.

Use of statistical matching methods to evaluate the effect of 2 governmeni-indusiry program, for the
National Research Coungil.

Development of methods for statistical sasmpling and analysis of fime series data on landings at afrports,
1o assess the risk-reduction vaiue of various sefety regulations. i

Developrent of models for optimal R&D taxation incentives.

Development of new Doftar-Unit Sample evaluation methods for the Auditor-Genaral of Canada.

Development of sofiware for rapid solution of farge systems of sparse linear equations.

Estiration of bias in fitling of reliabity models ansing from human infervention in reporting of failures,

Development of software for relizbility and fault-tree analysis,

Pevelopment of nimerical methods for finite-element modelling. .

Numerous projects in finite-element modelling. .

Evaluation of numerical metheds for field batlistic computations. .

Developmant of & new speciral estimation and smoothing method {and assodiated software) for a
special type of radar data acquisition, whith corrects for an error-magnifying distortion in the

acquisition process.
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Previous Positions
Edward Hughes Consuliing started August 1988,
Research Scientist, Ontado Research Foundation, 1984-1988.
Senior Statistical Advisor, Informetrica Lid., Oltawa, 1980-82 and 1983-84.
Mathematician, Deparfiment of Operations Research, Ontario Hydro, 1882-83.
Assistant Professor of Mathematics, Carleton University, Ottarwa, 1971-1980.

Professional Activities
More than twenty-five talks, seminars, and refereed arficles in various areas of statistics, appled
' mathematics, and computation,
Statistical Society of Ottawa: President, 1886-87 and 2008-07.
Mernber, Statistical Sodlety of Canada, American Statistical Associafion.
Affiiate Sclentist, Institute of Population Health, University of Ottawa, from March 2003,

Selected Publications ' o ‘
D. Rofand Thomas, Edward Hughes and Brupo D. Zumbo (1998): “On Variable Importance in Linear

Regression™; Social indicators Research; v. 461 253-275.

Edward Hughes, Renjun Ma, Daniel Krewski, Richard 7. Burneft (2000): “Computationaf Algorithm For A
Poieson Modeliing Approach To Random Effects Cox Medels”: Technical report 342, October 2000, Labora-
jory for Research in Statistics and Proébablity, Carleton University, Otlawa. A later version is submitted for

publication.
Richard T. Burnett, Michael Jerrett, Renjun Ma, Edward Mughes, C. Arden Pope li], Daniel Krewski (2008}
0 the Use of Spafial Survival Models to Examing the Asseciafion between Long-Term Exposure io

Ammbient Air Poflution and Mortality in the American Cancer Society Cohort”; Spedial symposium Particulate
Alr Pollution and Health, Air and Wasle Management Association Annuat Meeting, June 2008,
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Zev Ross

ZevRoss Spatial Analysis
303 Fairmount Ave — Jthaca, NY 14850
607.277-0004; zev({@zevross,CoM |

Eduacation:

M.S. Natural Resources, Minor Biological Statistics; Cometll University, 2003
Thesis - Mapping Disease: A Geostatistical Analysis of Cafifornia Breast Cancer Rates

B.A. Environmental Studies, Minor Anthropology; Oberlin College, 1995

Work Experience:.

President . {May 03-Present)
ZevRoss Spatial Analysis; lihaca, NY

s Developed statistical models to predict nitrogen dioxide levels using traific and jand use
patterns in San Diego County for the California Department of Health Services.

o Modeled lung function and respiratory symptoms in Juarez, Mexico as a function of air
pollugion and land use using mixed models for the Centers for Disease Control. :

»  Devejoped scripts in SQL to search morg than 100,000 free-text biopsy reports for pathologic
keywords and generated statistical models to analyze identified cancer cases from veterinary
clinics in New York State for the Sprecher Institute for Comparative Cancer Research.

o Contracted by the University of Southern California, Depariment of Preventive Medicine to
develop models to predict fine particulate matter levels in New York City as part of 2
reanalysis of an American Cancer Society study of air pollution and mortality.

s Used geostatistics, cluster analysis and geographic information systems (GIS) to identify
hotspots of arsenic contamination in Bangladesh for Cornefl University.

e Contracted by California’s Office of Environmental Health Hazard Assessment to refine
estimates of exposure to air poliution in Alameda County, California as part of the East Bay
Children’s Respiratory Health Study.

» Developed logistic models to predict new housing based on physiographic and sociosconomic
factors for the Institute for Resource Information Systemns in order to identify development
pressures on critical vertebrate habitat in New York’s Hudson Valley.

e Produced maps and calculated demographics for the Comell Institute for Economic and Social
Research and the City of Ithaca Board of Edueation as part of the City of Ithaca elementary
school redistricting process.

e Generated maps and developed spatial stetistical models to identify causes of farmland loss in
arban areas nationwide for the Cornell Univessity Department of Development Sociology.

Graduate Research Assistant - : (Jan a1-May 03}
Department of Natural Resources, Cornell University; Ithaca, N Y

»  Analyzed spatial patterns in more than 170,000 breast cancer incidences in California using
spatial statistics, Monte Carlo simulation and GIS.

s  One of a limited number of non-California based researchers to be granted permission to work
with California Cancer Registry data.
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Surnmner Research Assistant . {May 02-Aug 02}
Environmental Health !nvestigations Branch, Cal. Dept. of Heaith Services; Oakland, CA

e (ompieted exposure assessment project evaluating the potential for predicting niﬁ-ogen
dioxide levels using Jand use variables such as traffic density and levels of industriafization.

» Used spatial statistics to identify geographic patterns in incidences of breast and testicular
cancer.

Analyst , . (Mar 95-Sep 00)
Environmental Working Group; San Francisco, CA
» Lead anthor and researcher of widely-distributed statewide studies on lead poisoning,
pesticides and indoor air quality. These studies prompted af least 50 articles and editorials in
major California newspapers including the Los Angeles Times and two front page Sacramento
Bee stories. These studies were also cited by state legislators in decisions to increase funding
for the state lead program and to provide funds for indoor air quality research.
o  Collected and analyzed state and federal environmental hazard databases including US EPA’s
. Toxics Release Inventory data and California’s multi-million record Pesticide Use Reporting
data. .

Toxics Policy Advocate (May 68-Mar %)
California Public inferest Ressarch Group; San Francisco, CA
o Lead author and researcher on two statewide pesticide studies leading to more than 50
newspaper articles and editorials and 30 television stories. :
o Wrote draft legislation on environmentally healthy schools {passed by California Senate and
Assembly, vetoed by Governor Davis). -

Conservation Programs Coordinator {dul 96-May 98}
River Alliance of Wisconsin; Madison, W!

s Researched, wrote and designed reports on river restoration, acid mine pollution and dam
removal. : ‘
Research on alternatives to road salt cited by the Néw York Times and Chicago Tribune.
Testified and spoke at legislative and public meetings.

. Conservation Fellow | {Juf 96-May 98)
American Rivers; Wasfington, DC

»  Wrote and researched reports, legal briefs and press releases on the effects of hyd-ropower and
mining on river resources. .

Awards and Honors:
» Environmental Systems Research Institute Conservation Award (2004)

e City of Ithaca Natural Areas Commission {Appointment by the Mayor in 2003)
e Doris Duke Conservation Fellowship (2002) -
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Ross Z, Duxbury J, DeGloria S, Paul D, 2006, Potential for arsenic contamination of rice in Bangladesh:
spatial anabysis and mapping of high risk areas. International Journal of Risk Assessment and Management
6(6): 298-315.

Ross Z, English P, Scalf R, Gunier R, Smorodinsky 5, Wall 8, Jerrett M. 2006. Nitrogen dioxide prediction
in Southern California using land use regression modeling: potential for environmental health analyses.
Journal of Exposure Science and Environmental Epidemiology 16: 106-114.

pfeffer M, Francis J, Ross Z. 2006, Fifty years of farmland change: Urbanization, population growth and the
changing farmi economy. In WA Kandel & DL Brown (eds.), Population Change and Rural Society: 103-
129.- - ‘ .

Under Review

Ross Z, Ito X, Tempalski B, Thurston G, Jerrett M. 2006. A land use regression for predicting fine
pariiculate matter concentrations in the New York City region. Atmespheric Environment.

Ir Prep for 2007 . ‘ ‘
Waller I, Wang Y, Ross Z. Spatjal analysis of Anasazi sites in Black Mesa, Arizona.

Waller L, Ross Z. Quantifying the impact of uncertain locations in tests of focused clustcring: another look
at leukemia and TCE sites in upstate NY.

Somberg L, Smorodinsky S, Scalf R, Gunier R, English P, Ross Z. 2006. Assessment of exposure to traffic .
poliution: effects misclassification by six methods.

Reports and Briefs:

Ross, Z. 2004. Undersianding Breast Cancer Rates. Comeil University College of Veterinary Medicine,
Program on Breast Cancer and Environmental Risk Factors; Ithaca, NY.

Ross, Z. 2003, Mapping Disease: Deciphering Geographic Patterns From Cholera to Breost Cancer.
Comell University College of Veterinary Medicine, Program on Rreast Cancer and Environmental Risk
Factors; Ithaca, NY.

Ress, 2., Walker, B and Wiles, R. 2000, Lead Astray: California’s Broken Promise o Protect Kids from
Lead Peisoning. Environmental Working Group; Washington, DC.

Ross, Zand Walker, B. 2000. Uncontrolled LUSTs: Leaking Fuel Storage Tanks Threaten Water, Bul State
Lets Ol Companies Off the Hook. Environmental Working Group; Washingion, DC. ’

Ress, Z and Walker, B. 2000. An H Wind: Methy! Bron;z‘a'e Use Near California Sehools. Environmental
Working Group; Washingtor, DC.

Ross, Z and Walker, B. 1999, Reading, Writing and Risk: Air Poilution Inside California’s Portable
Classrooms. Environmental Working Group; Washington, DC.

Ross, Z. 1999, Toxic Fraud: Deceptive Advertising by Pest Control Cbmpam’es. California Public Interest -
Research Group and Californfans for Pesticide Reform; San Francisco, CA.

Ress, Z and Kaplan, 1. 1998. Polsoning the Air: Airborne Pesticides in Californin. California Public Interest
Research Group and Californians for Pesticide Reform; San Francisco, CA.

Gray, S, Ross, Z and Walker, B. 2001, Every Breath You Take: Airborne Pesticides in the San Jogquin
'Vallep. Environmental Working Group; Washington, DC.
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Zev Ross, Curriculum Vitae. September 2006. EXH!B?ZET’?:QSMOES&?%

Smith, V, Coequyt, J and Ross, Z. 2000, Clean Water Report Card: Water quality permitting in s, Page 83 of 87
gets a fuiling grade. Friends of the Earth and Environmental Working Group; Washington, DC, -

i

Coequyt, J, Wiles, R and Ross, Z. 1999. Above the Law: How California’s Major Air Polluters Get Away
With If. Environmental Working Group; Washington, DC,

Kaplan, J, Ross, Z and Walker, B. 1999, As You Sow: Toxic Waste in California Home and Farm
Fertilizers. California Public Interest Research Group and Erivironmental Working Group; San Francisco,

CA.

)
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FProvide the following information for the key persormel i the order Tisted for Form Page?2 Page 84 of 87
Follow this format for each person. DO NOT EXCEED FOUR PAGES.

NAME : POSITION TITLE

George D. Thurston Associate Professor
EDUCATION,/ TRAINING (Begin with bucealnsreate or other initial professional educetion, sudt os nursing, and inchiede postdoctorsl training,)
INSTITUTION AND LOCATION DEGREE YEARS | FIELD OF STUDY
. (tfopplicable}
Brown University, Providence. RT BB, 1974 Fnviron. Bngineerine
- Brown Universitv. Providence, RI AB. 1974 Environ. Studies
Harvard University, Cambridge, MA ‘ MBS, 1978 Envirom. Health Sd.-
Harvard University, Cambridee, MA : - 5ch. 1983 Environ. Health Sci.

A. Positions and Honors

Positions and Employment ) . ‘

10741977 Engineer, Hittran Associates, Inc., Energy and Environmental Systemns Department, Columbia, MD

1978-1982 Researcher, Harvard University School of Public Health, Dept. of Environ. Health, Boston, MA

1082-1984 Research Fellow, Harvard University, Kennedy School of Government, Health & Envirorunental
Policy Center, Cambridge, MA

1984-3687 Research Assistant Professor, Department of Environmental Medicine, New York University School
of Medicine, New York, NY

1987.1693 Assistant Professor, Department of Environmental Medicine, New York University School of
Medicine, New York, NY ‘

1993-pres  Assodiate Professor {Tenured), Department of Environmental Medicine, New York University

. School of Medicine, New York, NY ,

1995-pres  Director, Community Outreach and Education Program, NIEHS Center of Excellence, New York
University School of Medicine, New York, NY .

2002-pres  Deputy Director, NYU-EPA. Particulate Matter Center, NYU School of Medicine, New York, NY

Other Experience and Professional Memberships

Arnerican Thoracic Society (Environ. and Occup. Health Program Committee)

International Society for Environmental Epidemiology :

Indernational Society of Exposure Analysis {Associate Editor: J. Exp. Anal. Environ. Epidemiol. (1993-present)

National Academy of Sciences, Comumittee on Health Effects of Waste Incineration {1/95-1/2000)'

ATS/ALA National Air Conservation Commission Member (1997-2000); Chairman, Health and
Environmental Impact Assessment Panel, Joint Canadian Industry/Government Study of Sulphur in

Gasoline and Diesel Fuels (9/96-6 /97

B. Selected peer-reviewed publications

Thurston, G.D, and Laird, N. Letters: Tracing aerosol pollution. Science 227:1406-1408 (1985). -

Thurston, G.D. and Spengler, J.D. A quantitative assessment of source contributions to inhalable particulate
matter in metropolitan Boston, MA. Atmos. Environ. 19:9-25 (1985).

Ozkaynak, H. and Thurston, G.D. Associations between 1980 U.S. mortelity rates and alternative measures of
airborne particle concentration. Risk Anal. 7:449-460 (1987). _

Spektor, D.M., Lippmans, M., Lioy, P.J., Thurston. G.D., Citek, K, James, D.J, Bock, N., Speizer, EE., and
Hayes, C. Effects of ambient czone on respiratory function in active normal children. Am. Rev. Respir. Dis.
137:313-320 (1988). .

Lippmann, M. and Thurston, G.D. Exposure assessment - Input into risk assessment. Axch. Environ. Health
43:113-123 (1988). :

Spekior, D.M., Lippmann, M., Thurston, G.D,, Lioy, P.J., Stecko, J., O'Connor, G., Garshick, E., Speizer, EE.,
and Hayes, C. ‘Effects of ambient ozone on respiratory function in healthy adult exercising outdoors. Am.
Rev. Respir. Dis. 138:821-828 (1988). :

Thugston, G.D, Ito, K., Lippmann, M., and Hayes, C. Re-examination of London mortality in relation to
exposure to acidic aerosols during 1962-1973 winters. Environ. Health Perspect. 79:73-82 (1989).

Spektor, D.M., Hofmeister, V.A., Artaxo, P., Brague, J., Echelar, ., Nogueira, D.P., Hayes, C., Thurston, G.D.,
and Lippmann, M. Effects of heavy industrial pollution on respiratory fancton in the children of Cubatao,
Brazil: A prefiminary report. Environ. Health Perspect. 94:51-54 (1991). ‘
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Spektor, D.M., Thurston, G.D., Mao, J., He, D., Hayes, C., and Lippmann, M. Agreement No. 06-332
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Thuzston, G.D. and Ozkaynak, F. Letters: Air pollution and mortality. Science 225:382-383 (194Page 85 of 87

Thurston, G.DD., D'Souza, N, Lippmann, M., Bartoszek, M., and Fine, J. Associations between summer haze air
poltution and asthma exacerbations: A pilot camp study. Am. Rev. Respir. Dis. 145:A429 (1992). .

Thurston, G.D., Ito, K, Kinney, P., and Lippmann, M. A multi-year study of air pollution and respiratory
hospital admissions in three New York State metropolitan areas: Results for 1988 and 1989 sumumers. }
Expos. Anal. Environ. Epidemiol. 2:429-450 (1992).

Tto, K., Thurston, G.D., Hayes, C., and Lippmann, M. Associations of London, England daily mortality with
particulate matter, sulfur ‘Gioxide, and acidic aerosol pollution. Arch. Environ. Health 48:213-220 (1993). ‘

Thurston, G.D., Ito, K., Lippmann, M., and Bates, D.V. Respiratory hospital admissions and summertime haze
air poliution in Toronto, Ontario: Consideration of the role of acid aerosols. Environ. Res. 65:271-290 (1994).

Kinney, P.L., Ito, K., and Thurston, G.D. A sensitivity analysis of mortality/PM10 associations in Los Angeles.
Inhal. Toxicol. 7:59-69 (1995). o :

Thurston, G.D. and Kinney, P.L. Air pollution epidemiology: Considerations in ime-series modeling. Inhal.
Toxicol. 7:71-83 (1995). ‘ : :

Tto, K. and Thurston, G. Daily PM10/ mortality associations: An investigation of at-risk subpopulations. J.
Expos. Anal. Environ. Epidemiol. 6:79-96 (1996).

. Thurston, G.DD. A citical review of PM10-mortality time-series. ]. Expos. Anal. Environ. Epid.. 6:3-22 (1996).

Kinney, P.L., Thuzston, G.D. and Raizenne, M. The effects of ambient ozone on lung function in children: A
reanalysis of six sumuner camp studies. Environ. Health Perspect. 104:170-174 (1996).

Thurston, G.D., Lippmanz, M., Scott, M.B., and Fine, .M. Summestime haze air pollution and children with
asthma. Am. J. Respir. Crit. Care Med. 155:654-660 (1997). .

Cassino, C., Ito, K., Bader, L, Ciotoli, C., Thurstonn, G, and Reibman, J. Cigarette smoking and ozone-
associated emergency department use for asthma by adults in New York Gity. Am. J. Respir. Crit. Care
Med. 159:1773 (1999). . : ‘ ‘

Gwymn, RC,, Bumett, R.T., and Thugston, G.D. A time-series analysis of addic particulate matter and daily
mortality and morbidity in the Buffalo, New York, region. Environ. Health Perspect. 108(2):125-133 (2000).

Cifuentes, L., Borja-Aburto, V., Gouveia, N., Thurston, G., and Davis, D. Assessment of the urban air

. pollution benefits of global warming mitigation: Santiago, Se Paulo, Mexico City, and New York City.
Fnviron. Health Perspect. 109, Supplement 3:419-425 (2001).

Thurston, G.D. and Ito K. Epidemiological studies of acute ozone exposures and mortality. J. Expo. Anal

7 Environ. Bpidemiol. 11(4):286-294 {2001). ‘

Gwynn, R.C. and Thusston, G.D. The burden of air pollution: Impacts in racial minorities. Environ. Health

Perspect. 109 Suppl 4501-506 (2001). .

Cifuentes, L., Borja-Aburto, V.H., Gouveia, N., Thurston, G., and Davis, D11, Climate change. Hidden health
benefits of greenhouse gas mitigation. Science 293(5533):1257-1259 (2001).

Pope, C.A. 11I, Burmnett, R.T., Thun, M.J., Calle, EE, Krewski, D., Ito, K, and Thurston, G.D. Lung cancer,
cardiopulmonary mertality and long-term exposure to fine particulate air pollution. J. Am. Med. Assoc.
(AMA) 287(9):1132-1141 (2002).

Chen LC, Thurston G. World Trade Center Cough. Lancet. 2002 Dec;360 Suppl:s37-38.

Thurston GD, Chen LC, Risk communication in the aftermath of the World Trade Center disaster, Am ] Ind
Med. Dec;42(6):543-4 (2002).

De Leon SF, Thurston GD, Ito K. Contribution of respiratory disease to nonrespiratory mortality associations
with air pollution. Am J Respix Crit Care Med. Apr 15;167(8):1117-23 (2003).

Thurston GD and Bates DM, Air Pollution as an Underappreciated Cause of Asthma Symptoms, 2003,
(editorial). JAMA, 290:14, pp 1915-1916 (2003).

Pope CA, Burnett R, Thurston, GD, Thun M, Calle E, Krewski, D, Godleski, J. Cardiovascular Mortality and
Long-Term Exposure to Particulate Air Pollution: Bpidemiological Evidence of General Pathophysiological
Pathways of Disease. Circulation. Jan 6;1{}9(1):7113-‘7 {(2004). -

Trasande L and Thuzston, GD. The role of air pollution in asthma and other pediatric morbidities. ] Allergy
Clin Irmmunol. 2005 Apr;115{4):689-99. '

Thurston GD, Ito K, Mar T, Christensen WF, Eatough DJ, Henry RC, Xim E, LadenF, Lall R, Larson TV, Lin H,
Neas L, Pinto J, Stdlzel M, Suh H, and Hopke, PK. Workshop on the Source Apportionment of Particulate
Matter Health Effects: Inter-Comparison of Results and Implications. Environ Health Perspect.
Dec;113(12):1768-74 (2005).

Jerrett M, Burnett RT, Mz R, Pope CA 3rd, Krewski D, Newbold XB, Thurston G, Shi Y, Finkelstein N, Calle
EE, Thun MJ. Spatial analysis of air pollution and mortality in Los Angeles. Bpidemiology. 2005

Nov;16(6):727-36.
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BIOGRAPHICAL SKETCH
NAME POSITION TITLE
Pope. C- Arden T . Professor of Economics, BYU
EDUCATION
Institntion Degree Year Graduated Fields of Study
Brigham Voung University B.S. 1978 Ag.Econ/English
Jows State University M.8. 1981 Economics
Towa State University Ph.D, 1981 Economics/Satistics
A. POSITIONS and BONORS
Positions and Employment .
1980-1982 Rescarch Assosiale/Staff Economist, Department of Economics, Center for Agriculiural and Rural
Developmen, lowa State Univessity. ]
1982-1984 Assistant Professor, Department of Agricultural Economics, Texas A & M University.
1984-1588 Assistant/Associate Professor, Agricultural Economics Depastment, Brigham Young University.
1988-1994 Associate Professor, Economics Department, Brigham Young University.
19921993 Visiting Scientist, Envirommental Epidemiclogy Program, Department of Environmental Health,

Harvard School of Puble Health, Harvard Usniversity.
1 904 ~present Full Professor, Ecoromics Department, Brigham Young University.

Selected Honers -

1986 Crestive Achievement Award, College of Biology and Agriculture, Brigham Y oung University.

199271993 TPH Fellow, Environmental Health and Public Policy, Harvard University.

1995 Kesl G. Maeser, Excellence in Resezrch and Creative Arts Award, Brigham Y oung Unijversity.

1997 Clarence Olds Sappington Memorial Lecturer, American College of Oceupational and
Envirenmental Medicine. .

2000 " Sigme Xi Lectorer Award, Sigma Xi Scientific Research Society, Brigham Young University
Chapter. N

2001 Thomas T. Mercer Joint Prize, The American Association for Aerosol Research, and The
international Society for Aerosols in Medicine.

2004 Utah Governor’s Medal for Science & Technology

2005 Mary Lon Fulton Professorship, Brigham Young University.

2006 Karl G. Mageser Distinguished Faculty Lecturer, Brigham Young University.

B.SELECTED RESEARCH PUBLICATIONS

Pope CA TII. Respiralory disease assotiated with community air pollution and a steel mill. The American Journal of
Public Health T9{1989):623-628. . .

Pope CA 1. Respiratory hospital admissions associated with PM , pollution in Utah, Salt Lake, and Cache Valleys.
Archives of Environmental Health 46(19913:90-97, '

Pope CA T, Dockery DW, Spengler JD, Raizenne ME. Respiratory health and PM  polistion: a daily fime series
analysis, American Review of Respiratery Disease 144(1991):668-674. ‘

Pope CA {11, Schwartz I, Ransora MR, Daily mortality and PM,g Pollution in Utah Valley. Archives of

) Environmental Health 47(19922:21 1217, . :

Pope CA TIL, Dockery DW. Avute health effects of PM ;, poliation on symptomatic and asymplomatic children.
American Review of Respiratory Disease 145{1982):1123-1128.

Ransom MR, Pope €A 111, School absences and BM 5 pollution in Utah Valiey. Ervironmental Research
58¢19923:204-219. )

Pope CA 11} Kanner RE. Acute effects of PM , pollution on pulmonary function of smokers with mild io moderate
COPD. American Review of Respiratory Disease 147(1993):1336-1340. )

Pope CA V11, Xu X, Passive cigarette smoks, coal heating, end respiratory symptoms of never-smoking women in
China. Environmental Health Perspectives 101{3993):314-316.

Dockery DW, Pope CA i Xu X, Spengler JD. Ware TH, Fay ME, Ferfis BG, Spiezer FE, An association between
ajr polution and mortality in six U.S. cities. The New Englond Jonrnal of Medicine 329(199301753-59.

Beckett WS, Pope CA Ti, Xu X, Christiant DC. Women's respiratory health in the cotton textile industry: an analysis
of work-relaied respiratory symploms in 973 non-smoking female workers. Qcenpational and
Envirenmenlal Medicine, SE{1994):14-38. .

Pope CA 111, Thunr MJ. Namboodirl MM, Daockery DW, Evans J§, Speizer FE. Heath CW. Particulate air pollution
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as a predictor of mortality in a prospective study of U.8. adults. American Journal of Respiratory and
Critical Care Medieine 151(1995):669-674.

Saldiva PHN, Pope CA 111 Schwartz J, Dockery DW, Lichtenfels AJ, Salge IM, Barore I, Bohm GM. Air pollution
and mortzlity in elderly people: a time series study in Szo Paulo, Braz:i Archives of Environmental Health
50(1995):159-163.

Pope €A 111, Kalkstein LS. Synoptic weather moéelmg and estimates of the exposure response relationship between
daily mortality and particulate air pollution. Envirommental Health Perspeciives 104{1996):414-420.

Pope CA TT1. Adverse health effects of air pollution in 2 nonsmoking population. Toxicology 111{1996):149-155.

Pope-CA TII, Schwartz J. Time series for the analysis of pulmonary health data. American Journal of Respiratory
and Critical Care Medicine 154(1996):8229-5233.

" Souza MB. Saldiva PHN, Pope CA I, Capslozzi VL. Resp:ratory changes due to long—!erm exposure to urban
levels of air pollution: a histopathelogicst study in humans. Chest F13(1998):1312-1318.

Hoek G, Dockery DW, Pope CA I, Neas L, Roemer W, Brunekreef B. Assotiation betwesn PM,;, and decrements
in peak expiralory flow rales in children: reanalysxs of data from five panel studies. Exropean Respiratory
Journal 11{19983:1307-131 1.

Gold DR. Damokosh Al Pope CA IT1, Dockery DW, MeDonnell WF. Serrano P, Retama A, Casuilejos M.
Particulate and ozone pollutant effects on the respiratory function of children in southwest Mexico City.
Epidemiology 10(1999):8-16.

Pope CA Ifl, Dockery DW, Kanner RE, Villegzs GM, Schwartz §. Oxygen saturation, pulse Tate, and particulate air
pollution: a daily time-series panel study. American Journal of Resprra:ar;v and Critical Care Medicine
159(1999):365-372.

Pope CA I Hill RW, Vitlegas GM. Particulate air pollution and daily mortality on Utab’s Wasatch front.
Environmenial Health Perspectives 107(1999):567-573.

Pope CA TII Verrier R1L, Lovett EG, Larson AC, Raizenne ME, Kanner RE, Schwartz J, Villegas GM, Gold DR,
Dockery DW. Heart rate variability associated with particulate air poliution, American Heart Journal
138(1999):890-89%.

Pope CA TII. Epidemiclogy of fine particulate air pollution and husman health: biolegical mechanisms and who's at
risk? Enviroamental Health Perspectives 108, suppl 4(2000%:713-723.

Peled R, Bibi H. Pope CA 11, Shiachi PNR, Scharif 5. Differences i» lung function among school children in
communities in Israel, Archives of Eivironmental Health SE(1%2001):89-95.

Pope CA TIL, Eatough DI, Gold DR, Pang ¥, Nielsen KR, Math . Vesier RL, Kanner RE. Acute exposure to
environmental tobacce smoke and heart rate variability. Environmental Health Ferspectives
109{2001):711-716.

Pope CA TIT, Particulate air poliution. c- reactive protein, and cardiac risk. Eurepean Heart Journal
22(200t%:1149-1150.

Pope CA TII, Burnett RT, Thua MJ, Calle EE, Krewski I, fto X, Thursten GD. Lung cancer, cardiopulmonary
mortality and long-term expesure to fine particulate air pollution. Journal of the American Medical
Association 287(200211132-1141.

Peters A, Pope CA TI1. Cardiopulmonary mortality and air pollution, Lancet 360 (2002):1184.

Pope CA I, Burnett RT, Thurston G, Thua MJ, Calie EE., Krewski D, Godleski J).- Cerdiovascular morlahly and
fong-term exposure to particulate aiy pollution: epidemiological evidence of general pathophysrologrcai
pathways of disease. Circulation 109(20043:71-77.

Pope CA IIT, Hansen ML. Long RW, Nielsen KR, Eatough NL, Wilson WE, Eatough D). Ambient particulate air
poliution. heart rate variability, and blood maskers of inflammation in a panel of elderly subjects.
Environmental Health Perspectives 1 12(2004)'339—345

Pope CA 1Il. Alr polluhon and health: good news and bad, New England JaztmalofMedmne 351(2004):1132-

. 1134,

Pope CA 1L Air pollutwn In: Coronary Heart Disease Epidemiology: From Aetielogy ta Public Health 2™
edition, Eds. Marmot MG, Elliott P. Oxford University Press, 2005, pp 480-494,

Jerrett M. Bumnett RT, M4 R, Pope CA HI, Krewski D, Newbold KB, Thurston G, Shi Y. Finkelstein N, Calle EE,
“Thunr MJ. Spatial znalysis of air pollution and mortality in Los Angeles. Epidemiclogy 16(2005):727-736.

Pope CA TI1, Dockery DW. 2006 Critical Review—Health effects of fine particulate air poliution: Lmes that connect.
Journal of the Air & Waste Management Association 36{2006}:709-742.

Pope CA 71, Muhlestein JB, Thomas H. Renlund DG, Anderson JL, Home BD. Ischemic beart diseass events
triggered by shori-term exposuye to f' ine particulate air poliution: characterization of patient risk.
Circulation {in press),

CARB CPRA 2010-01-25a 000169



	01
	02
	03
	04
	05
	06



