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Epidemiologic evidence indicates a causal association between long-term air pollution exposure
and cardiovascular disease (CVD), but the mechanisms underlying this process are not fully
understood. Inflammation in the lungs that spreads to the rest of the body may result in systemic
oxidative stress and inflammation. Subsequently, this inflammatory state may lead to endothelial
dysfunction, atherosclerosis, increased coagulation, and activation of the renin-angiotensin
system. Some studies have utilized measures of subclinical disease or biomarkers to support

these potential mechanisms for the effect of air pollution on the development of CVD.

This analysis investigated the effects of long-term exposure to air pollution, specifically four
pollutants: fine particulate matter (PM2.5), oxides of nitrogen (NOx), nitrogen dioxide (NOz), and
black carbon (BC). This paper examined the association between long-term exposure and the
following novel biomarkers of cardiac stress and inflammation: (1) N-terminal-pro-B-type

natriuretic peptide (NT-proBNP), (2) Pentraxin-3 (PTX3), and (3) Serum Amyloid P (SAP). As a



secondary aim, this paper examined the association between short-term exposures to PM2s and

each of the biomarkers of interest.

Data from a prospective cohort study, the Multi-Ethnic Study of Atherosclerosis and Air
Pollution (MESA Air) in six US cities, were used for this analysis. Likelihood-based
spatiotemporal models were used to calculate air pollution exposures at participant residences.
NT-proBNP was measured at baseline (n=5,597) and again at a follow-up exam (n=4,694),
which was on average three years after baseline. PTX3 and SAP were both measured at the
baseline exam in a subset of participants (n=2,878) selected in equal proportions from each
racial/ethnic group. NT-proBNP and PTX3 were log-transformed for analysis; SAP was modeled

on the natural scale.

No association was found between air pollution and NT-proBNP in a repeated measures analysis,
but an association was observed between air pollution and elevated levels (>125 pg/mL) of NT-
proBNP at Exam 3 among those with a normal NT-proBNP level at baseline (i.e. reflecting
incident cases of sub-clinical cardiac stress and/or sub-clinical heart failure). For a 15 ppb
increase in NO2 exposure, the odds ratio was 1.88 (95% ClI: 1.20, 2.95; p=0.006) and for a 0.7
10° m? increase in BC exposure the odds ratio was 1.72 (95% CI: 1.07, 2.76; p=0.026).
Increased exposure to PM2.s was associated with a 2.5 pg/mL increase in SAP (95% ClI: 0.3, 4.8;
p=0.025), though no associations were found with NOx, NO2, or BC. In cross-sectional analyses,
no association was observed between air pollution and PTX3. No associations were found

between short-term exposure to PM2s and NT-proBNP, PTX3, or SAP.



INTRODUCTION

The scientific literature supports a causal association between air pollution exposure and
cardiovascular disease (CVD),*? with much of this evidence coming from prospective cohort
studies including the Harvard Six Cities Study,® the American Cancer Society (ACS) study,* and
the Women’s Health Initiative Observational Study (WHI-OS).® In the Six Cities study, air
pollution was positively associated with death from lung cancer and cardiopulmonary disease,
with the strongest associations found for exposure to fine particulate matter (PMzs).2 In the ACS
study, exposure to PM2s was associated with 4%, 6%, and 8% increases in all-cause,
cardiopulmonary, and lung cancer mortality, respectively.* In the WHI-OS involving more than
65,000 women in the US, PM2.s exposure was associated with increased risk of cardiovascular
events and death from CVD.> Additional evidence from epidemiologic studies both in the US
and abroad further supports the association between air pollution and CVD.5° However, the
mechanisms underlying this process are not fully understood.*?

There are two hypothesized mechanisms by which air pollution causes CVD. First, air
pollution inhalation may cause inflammation in the lungs that spreads to the rest of the body
Second, exposure may directly affect the autonomic nervous system (ANS).! Both of these
immediate effects can result in systemic oxidative stress and inflammation through the activation
of signaling pathways and interactions with cytokines and innate immunity cells. Subsequent
effects of this general inflammatory state include increased activity of the renin-angiotensin
system (RAS), endothelial dysfunction, increased coagulation, and atherosclerosis.!® RAS is
responsible for maintaining systemic blood pressure and fluid volumes in the body; abnormal

activation of this system can lead to fibrosis, vascular and cardiac hypertrophy, and



vasoconstriction, ultimately resulting in clinical CVD.!! Endothelial dysfunction and increased
coagulation contribute to the development of atherosclerosis and clinical CVD.

Studies of potential mechanisms for air pollution effects include investigation of
biomarkers involved in these various pathways for the development of CvVD. Commonly studied
biomarkers include C-reactive protein (CRP), an acute-phase protein produced in the liver and
released into the bloodstream as part of the inflammatory signaling cascade, and fibrinogen, a
protein involved in blood coagulation. A population-based, prospective cohort study in Germany,
the Heinz Nixdorf Recall Study, found that exposure to PM2.s was associated with both increased
CRP and increased fibrinogen among men.*? A repeated measures analysis in MESA Air, a
prospective cohort study in the US, examined several biomarkers related to inflammation and
endothelial dysfunction, including CRP, Interleukin 6 (IL-6), D-dimer, fibrinogen, and markers
of cellular adhesion. This study found increases in long-term exposure to PM2.s and NOx to be
associated with increased 1L-6 and D-dimer, respectively, though these effect were not observed
for the other blood markers analyzed.*?

Other epidemiologic studies of the mechanism of air pollution effects have focused on
blood pressure, cardiac remodeling, retinal vasculature, or coronary artery calcium. In the Sister
Study, long-term exposures to PM2s and NO2 were associated with increased blood pressure.**
In MESA Air, living close to a roadway was found to be associated with a higher left-ventricular
mass index*® and long-term air pollution exposure was found to be associated with narrower
retinal arteriolar diameters, a measure of impaired vasculature.'® Long-term air pollution
exposure was also found to be associated with progression of coronary artery calcium—a

measure of atherosclerosis—in the MESA Air cohort.!’



This paper builds on the prior literature by examining the impact of air pollution on
biomarkers both involved in the inflammatory pathway and related to cardiac function that have
not yet been investigated, in particular: N-terminal-pro-B-type natriuretic peptide (NT-proBNP),
a marker of cardiac stress, and Pentraxin-3 (PTX3) and serum amyloid P (SAP), markers of

inflammation. Each of these three proteins are described below.

NT-proBNP

The natriuretic hormone proBNP is released from myocardial cells in the ventricles as
demand on the heart increases. The N-terminal of the hormone is cleaved to form two separate
peptides: the biologically active peptide BNP and the biologically inactive peptide NT-proBNP,
both of which can be measured in blood.'® These peptides are produced in response to increased
blood pressure and volume overload. In addition, increased pressure can result in structural
damage to the heart including cardiac hypertrophy, leading to atrial fibrillation (AF) and heart
failure (HF).

The prevalence of HF, when the heart can no longer pump enough blood to meet the
body’s need for blood and oxygen, is estimated to be between 1 and 4% in the general
population.*®2° When weakened contractility of the cardiac muscle prevents the heart from fully
emptying the blood from the ventricle, patients experience HF with reduced ejection fraction
(HFrEF). Such impairment often occurs as a result of myocardial ischemia. In contrast,
thickening and stiffening of the ventricle walls due to hypertension limits the amount of blood
required to fill the ventricle and is characteristic of HF with preserved ejection fraction
(HFpEF).?° The prevalence of preserved ejection fraction as opposed to reduced ejection fraction
is estimated to be up to 70% of HF cases in screened populations.?! An increase in release of

natriuretic peptides is observed in both forms of HF.



NT-proBNP is typically measured in the blood and analyzed using a commercially
available electrochemiluminescent assay.?? While BNP can also be measured, it has a shorter
half-life (18 minutes compared to 118 minutes),'® and is stable in whole blood for only 24 hours
at room temperature with the addition of EDTA, whereas NT-proBNP in whole is stable at room
temperature for 72 hours without any additives.?® BNP is cleared from blood by either binding to
natriuretic peptide receptors or neutral endopeptidases, whereas NT-proBNP is cleared almost
exclusively through the kidney. Both peptides have been found to predict disease state and
prognosis among patients with suspected heart failure.?? These characteristics make NT-proBNP,
as opposed to BNP, favorable for assay in population studies.

Several demographic, physiological, and behavioral characteristics influence NT-proBNP
levels. Age and sex are highly important predictors, with 50-70% higher mean NT-proBNP
levels reported in females, and mean levels almost doubling with each decade of increase in age
in some studies.?*2® Some studies have suggested that NT-proBNP levels are lower among
blacks than among non-Hispanic whites, but the current literature on variation by race/ethnicity
is limited.?”-2° Higher NT-proBNP is associated with higher blood pressure and higher left
ventricular mass index, but lower cholesterol, lower BMI, and lower creatinine clearance.?>%
Higher NT-proBNP has also been found among those reporting lack of regular exercise.?>2

Concentrations of NT-proBNP in the blood are used clinically as an aid in diagnosing HF
by comparison to an age-dependent standard. Previously, 400 pg/mL was used as a common cut-
point in diagnosing HF. However, recent work suggests a lower cut-point than previously
recommended—125 pg/mL—may be appropriate for identifying those with pre-clinical or
potential heart failure, particularly in cases with preserved ejection fraction.'®?! Even mildly

elevated levels of NT-proBNP are associated with an increased risk of AF,*° HF,* stroke,* first



cardiovascular event,®®32 and mortality.2830-32 Additionally, given that NT-proBNP is relatively
easy to measure in blood, several studies have demonstrated the usefulness of this marker in
CVD risk prediction. 323

Effects of air pollution on NT-proBNP have not previously been investigated, though air
pollution has been linked to several relevant clinical outcomes. Short-term exposure to air
pollution has been found to be associated with hospital admissions for heart failure,® AF,* and
HF,%"38 and may be a trigger for these conditions. However, long-term exposure to air pollution
has also been linked to several of these outcomes, including increased blood pressure® and HF,*®
suggesting a role of air pollution in the development of these conditions. Associations between

long-term air pollution exposure and NT-proBNP have not previously been studied.

Pentraxin-3

PTX3 is a member of the pentraxin family of proteins, which also includes the short-
chain pentraxins CRP and SAP. PTX3 is a prototypic long-chain pentraxin which is
differentiated by the length of the amino-terminal domain of the protein.*® Unlike CRP which is
produced in the liver in response to IL-6, PTX3 is produced in a variety of cell types—including
endothelial cells, macrophages, fibroblasts, neutrophils, and epithelial cells—in response to
proinflammatory signals.** After release from these cells, PTX3 binds to the complement
component C1q, activating the classical complement pathway as part of the body’s innate
immune response, which contributes to the creation of a proinflammatory environment.*%4!
PTX3 may be a more useful marker than CRP or SAP as it is produced in cells at the site of
inflammation and thus is more specific to endothelial dysfunction and vascular inflammation.*4?
Specifically, PTX3 is likely related to later stages of atherosclerosis and vascular damage as well

as with coronary plaque vulnerability.*344



Several demographic characteristics and disease states are predictive of PTX3 levels.
PTX3 has been reported to be higher in females and in older patients.*>* PTX3 levels tend to be
elevated in patients with impaired kidney function,*® advanced chronic kidney disease (CKD),
and end-stage renal disease.*” Patients with a variety of infectious disorders including sepsis,
tuberculosis, and dengue, as well as patients with some autoimmune disorders also tend to have
elevated levels of PTX3.% Additionally, lower BMI, lower triglycerides,**“® and lower
cholesterol*® have been observed to be associated with higher PTX3 levels.

PTX3 is associated with both subclinical and clinical CVD outcomes independently of
CRP. When measured within the first day of onset of symptoms of acute MI, PTX3 is a predictor
of mortality.*® PTX3 has been found to be associated with endothelial dysfunction in subjects
with CKD,* greater right ventricular mass,>® higher left ventricular mass index,*® reduced kidney
function,*’ subclinical CVD,>! CVD events,**? incident HF,*® CVD-related mortality,>! and all-
cause mortality.*®> Though air pollution has been linked to several of these clinical outcomes,

no prior studies have investigated the effects of air pollution on PTX3.

Serum Amyloid P

SAP is another member of the pentraxin family, in addition to CRP and PTX3. Similar to
CRP, SAP is a short-chain pentraxin and is produced in the liver. However, unlike CRP, acute
inflammation does not greatly affect levels of SAP.%° SAP is found in amyloid deposits in many
organs, including the liver, spleen, and kidney, and in amyloid-beta plaques in Alzheimer’s
disease.>® In addition to binding to the ligands that are exposed during apoptosis and clearance of
dead cells, SAP binds both high density lipoprotein (HDL) and very low density lipoprotein

(VLDL) with high affinity.>* SAP is also involved in regulating inflammatory responses to



immune complexes.> SAP has been identified in atherosclerotic lesions and been found to
correlate with the severity of those lesions.>®

Lower levels of SAP have been reported among females.>* Levels of SAP in the blood
have been found to be associated with incident angina and myocardial infarction.>® SAP may
represent different aspects of inflammation and the development of atherosclerosis than CRP, but
both the determinants and consequences of elevated SAP levels, particularly as it relates to CVD,
have been less frequently studied. No studies to date have investigated the effect of air pollution

exposure on SAP levels.

Air pollution

The health effects of several different types of air pollutants have been investigated in
epidemiologic studies, including fine particulate matter (PMz25), oxides of nitrogen (NOx),
nitrogen dioxide (NO2), and black carbon (BC). PM2s and NOx are criteria air pollutants,
regulated by the US Environmental Protection Agency’s (EPA) National Ambient Air Quality
Standards (NAAQS).>” These standards are based on the current scientific evidence for human
health and/or environmental effects of the pollutant and are reviewed every five years.

PM2s includes particles that are less than 2.5 micrometers in diameter. These particles are
either directly emitted or formed due to condensation of gaseous emissions in the air. The most
common types of compounds comprising particulate matter (PM) vary, with sulfate compounds
accounting for a larger proportion of the PM mass in the eastern US compared to organic carbon
(OC) in the western part of the country.>® The most light-absorbent type of fine particulate
matter, BC is emitted in the form of soot particles, which also typically contain OC. BC is

produced by combustion of fossil fuels, particularly diesel engines, and biomass burning.



Combustion at higher temperatures tends to produce relatively more BC and, due to the strong
absorption properties of BC, these emissions exacerbate global warming.>®

Oxides of nitrogen are gaseous pollutants and NOz2 is analyzed as an indicator for the
larger group of nitrogen oxides as well as a marker of traffic-related air pollution. Local reactions
with emissions from cars, trucks and buses, power plants, and off-road equipment form NO2.%®
This gaseous pollutant absorbs short blue and green wavelengths of light and transmits the longer
green and red wavelengths, which causes it to appear brown and thus is the pollutant responsible
for the brown color on smoggy days.*® The primary source of NO2 is the oxidation of nitric oxide
(NO) released from combustion, though NO:2 is also produced directly from fossil fuel and
biofuel combustion and biomass burning. Near-roadway environments are a major source of
exposures to NO2 and distance from residence to nearest large roadway has been used in

previous studies as a proxy for traffic-related pollution exposure.

The primary aim of this analysis was to examine the associations between long-term
exposures to several air pollutants and levels of three blood markers. Specifically, this analysis
investigated the effects of PM2s, NOx, NOz2, and light absorption coefficient as a measure of BC,
on (1) NT-proBNP as a marker of cardiac stress, (2) PTX3 as a marker related to the
atherosclerotic process, and (3) SAP as a marker of vascular inflammation. The secondary aim of
this paper was to examine the association between short-term exposures to PMzs and each of

these three biomarkers of interest.



METHODS

Study design and subjects

The Multi-Ethnic Study of Atherosclerosis (MESA) is a large prospective epidemiologic
cohort study designed to investigate risk factors for subclinical CVD and progression to clinical
CVD.®%¢1 participants in MESA were recruited in six regions in the US between 2000 and 2002:
Forsyth County, NC; Northern Manhattan and the Bronx, NY; Baltimore City and Baltimore
County, MD; St. Paul, MN; Chicago and the village of Maywood, IL; and Los Angeles County,
CA. The field centers in each of these six regions used a variety of recruitment strategies. In NC,
Department of Motor Vehicle and Centers for Medicare & Medicaid Services lists were used for
random sampling of all eligible residents in the county, stratified by age and sex. In NY,
participants were recruited from the members, retirees, and spouses listed in the Local 1199
National Benefit Fund roster who lived within selected zip codes and sampling was stratified by
age and sex. In MD, a commercial mailing service’s inventory of residences was used to recruit
participants from selected census tracts along a rapid transit line. In MN, participants were
recruited from four contiguous census tracts in the southern part of the city using the county
assessor’s list of dwellings within those tracts. In IL, four community areas close to
Northwestern University Medical Center or in the village of Maywood provided the source
population for recruitment stratified by age and gender using a list of residences provided by the
City of Chicago Department of Planning and Development. Lastly, in CA, participants were
recruited from within a 15-mile radius from the UCLA medical center using random-digit
dialing, with targeted sampling from census tracts with high proportions of Hispanics or

Chinese-Americans.



The 6,814 participants enrolled in the core MESA cohort were ages 45 to 84 years old at
baseline, from four racial/ethnic groups (white, black, Chinese, and Hispanic), and free of CVD
at the time of recruitment into the study. Eligibility requirements also included speaking English,
Spanish, Cantonese, or Mandarin. Clinical exams including questionnaires, blood draws, and
measurements of subclinical disease were conducted at baseline and at four subsequent time
points during follow-up. This analysis used a subset of the participants in the MESA cohort.
Specifically, participants were included if they had the biomarker of interest measured at the
baseline exam, which occurred between July 2000 and August 2002, and/or at the third exam,
which occurred between March 2004 and September 2005, and if they had measures of air

pollution predicted at their residential address.

Air pollution exposures

MESA Air is an ancillary study to MESA that has investigated relationships between air
pollution exposures and both subclinical atherosclerosis and clinical cardiovascular disease.®?
Estimates of long-term exposures to air pollution were generated for MESA participants from
MESA Air likelihood-based spatiotemporal models.5¢* These models cover regions
approximately 75 kilometers from the center of each metropolitan area in MESA for the years
2000 to 2013. They incorporated regulatory network monitoring data of PM2.5, NOx, and NO2
from the US Environmental Protection Agency (EPA) Air Quality Systems (AQS).

These models also utilized study-specific data from an extensive monitoring campaign
conducted between July 2005 and August 2009 at MESA Air community locations and
participant homes that was completed in order to better characterize within-city variability. PM2s
was measured with active Harvard PEM gravimetric sampling and light-absorbing carbon was

measured on the same filter and analyzed using reflectometry. NO2 and NOx were specifically
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monitored at varying distances from roadways using passive Ogawa samplers in order to better
characterize roadway gradients of these pollutants. Additionally, we generated a large suite of
geographic covariates, performed dimension reduction of these geographic covariates using
partial least squares (PLS) scores, and used these scores as inputs to the modeling process.

Time-varying predictions of outdoor PM2s, NOx, and NO2 from these spatiotemporal
models were used to calculate the annual average concentration of each pollutant at each
participant’s residence over the year prior to the blood draw at which the biomarkers were
measured. This is the exposure metric we are primarily interested in. Predictions of BC were not
time varying because AQS monitors did not use the same methods as the cohort-specific
monitoring and thus this model only characterized spatial variation in exposure. For all
pollutants, participants who moved during the year of interest have exposure estimates that time-
weight concentrations at all reported addresses.

Sensitivity analyses utilized varying exposure periods, including (1) exposure estimates
averaged over the year 2000 for Exam 1 measures and averaged over the year 2004 for Exam 3
measures, (2) year 2000 metrics used for all outcome measures, and (3) individual-level
estimates of PMz.s exposure incorporating information about infiltration and individual time-
location patterns.5®

Short-term exposures to PM2s were calculated for varying periods during the week prior
to either Exam 1 or Exam 3 blood draw, including day of blood draw (day 0), prior day (day 1),
and 2-, 3-, 4-, and 5-day averages. A central-site AQS monitor was used for these exposures, and
thus within-city variability stems from temporal differences rather than spatial ones. To control
for confounding, the short-term PMz2s concentrations were regressed against splines for calendar

time (12 degrees of freedom [df]/year), temperature (6 df/year), and relative humidity (6 df/year),
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and an indicator variable for day of the week. Residuals from this model were used as the
exposure variable in the health-effects models. This procedure is known as pre-adjustment or

pre-whitening and has been shown to be effective in health effects models.®

NT-proBNP

NT-proBNP was measured in 5,597 participants at Exam 1 and 4,694 participants at
Exam 3 as part of an ancillary study. Plasma samples from Exam 1 and Exam 3 that were
previously unthawed or only thawed once were retrieved and shipped for analysis at the same
time. All analyses were performed at a single laboratory (Veteran’s Affairs San Diego
Healthcare System, La Jolla, CA) using the Elecsys 2010 electrochemiluminescence
immunoassay (Roche Diagnostics Corporation, Indianapolis, IN, USA) with an analytic range of

5 to 35,000 pg/mL.2"28

Pentraxin-3
PTX3 was measured in 2,838 participants at Exam 1 as part of an ancillary study to
MESA. All samples were analyzed at a central laboratory (Laboratory for Clinical Biochemistry
Research; University of Vermont) using the PTX3 (human) Detection set (Alexis Biochemicals;
San Diego, CA) with an analytic coefficient of variation of 10.2%.4*°° The limit of detection was

0.075 ng/mL.

Serum Amyloid P

SAP was measured in 2,863 participants at Exam 1 for the same MESA ancillary study at
the same central laboratory as PTX3 (Laboratory for Clinical Biochemistry Research; University
of Vermont). SAP was measured with an in-house ELISA utilizing a monoclonal antibody to
human SAP (Cymbus Biotechnology, Chandlers Ford, UK) as the capture antibody, a rabbit

polyclonal antibody to human SAP (Dako Corporation, Carpinteria, CA) as the primary detection
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antibody and a horseradish peroxidase-conjugated anti-rabbit antibody as the secondary detection
antibody (Jackson Laboratories, West Grove, PA). Purified SAP for a standard was from EMD
Biosciences (Calbiochem; San Diego, CA). SAP purity was certified by the manufacturer as
>99% by immunochemical assay and >95% by sodium dodecylsulfate polyacrylamide gel

electrophoresis. The analytical CV of the SAP assay was 9%.

Covariates

The additional covariates considered in this analysis were age; race/ethnicity (white,
Chinese, black, or Hispanic); sex; individual SES as measured by education (three categories:
less than high school or high school graduate, some college, or at least a bachelor’s degree) and
income (permanent income as the average of the midpoint of reported income category at exams
1 through 3); neighborhood-level SES index;®" health behaviors (smoking [current, former, or
never smoker and number of pack-years], alcohol consumption [yes/no use at baseline], and
physical activity [quartiles of intentional exercise in MET-min/wk]); and CVD risk factors (body
mass index [BMI], waist-hip ratio, total cholesterol, low-density lipoprotein [LDL], systolic
blood pressure, and diabetes [three categories: treated/untreated diabetes, impaired fasting
glucose, or normal fasting glucose as defined by the 2003 American Diabetes Association fasting
blood glucose criteria algorithm]). In sensitivity analyses, we also adjusted for CRP level,
impaired renal function (estimated glomerular filtration rate [eGFR] < 60 mL/min/1.73 m? as a
binary measure of kidney function), season of biomarker measurement, and CVD-related
medication (any of: lipid-lowering medications, hypertension medications, p-blockers, and

diuretics).
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Data analysis

For the repeated measures analysis of NT-proBNP, a multi-level model with a person-
level random intercept was used to account for the within-person correlation of the biomarker.
Associations of known CVD risk factors with NT-proBNP were examined in a repeated
measures model for comparison. Logistic regression was used to assess elevated NT-proBNP at
Exam 3 as a binary outcome among those with a normal NT-proBNP at baseline (i.e. reflecting
potential or subclinical incident heart failure cases). Elevated versus normal was defined as >125
pg/mL and a sensitivity analysis was conducted with elevated NT-proBNP defined as >400
pg/mL. For the cross-sectional analyses of PTX3 and SAP, a linear model was used. Both NT-
proBNP and PTX3 have previously been reported to have a highly skewed distribution in the
MESA cohort and thus were log-transformed for analysis.?”*2 SAP was modeled on the natural
scale. Extreme outliers were identified using histograms and the skewness and kurtosis for each
biomarker and were excluded from each analysis: NT-proBNP >10,000 pg/mL (n=2), PTX3 >10
ng/mL (n=7), and SAP >120 pg/mL (n=11).

A staged modeling approach was used with a minimally-adjusted Model 1 including
individual demographic variables (age at blood draw, race/ethnicity, and sex), recruitment site,
and exam. Model 2 was considered the primary model and included the covariates in Model 1 as
well as individual-level SES (education and income), health behaviors (smoking, alcohol, and
physical activity), neighborhood-level SES, BMI, and waist-hip ratio. Model 3 was further
adjusted for additional potential confounders as well as potential mediators: systolic blood
pressure, total cholesterol, LDL, impaired kidney function, CVD-related medication use, and
diabetes. The same model-staging approach was used for the analysis of short-term PM2s

exposures. In the repeated measures analysis of NT-proBNP, several covariates were allowed to
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vary with time, including age, smoking, physical activity, BMI, and waist-to-hip ratio. In the
analysis of elevated NT-proBNP, age was included in the model as age at baseline; the number
of days between the baseline and the follow-up exam was also included in these models. Results
are presented for increments of increases of exposure that reflect approximately an IQR increase,
though these increments have been rounded to commonly used intervals to facilitate comparisons
with other studies. Estimates are presented for 5 pug/m? increases in PM2.s, 40 ppb increases in
NOx, 15 ppb increases in NOz, and 0.7 10° m* increases in BC.

Effect modification by recruitment site, age at recruitment, race/ethnicity, sex, and BMI
category was explored. A number of sensitivity analyses were also conducted, including using
varying time periods for exposures, adjusting for additional covariates, and applying additional
exclusions for participants included in regression. As stated above, exposures from year 2000
were used for measures at Exam 1 and exposures from year 2004 were used for measures at
Exam 3. In a separate analysis, year 2000 exposures were used for all outcome measures. To
assess time as a potential confounder, we examined the adjustment for exam as a binary variable.
Season of outcome measurement was also added to the model in a sensitivity analysis.
Participants diagnosed with AF or HF were excluded in a separate sensitivity analysis. Lastly,
cross-sectional analyses at Exam 1 and Exam 3 were conducted, as well as cross-sectional
analyses among those less than 65 years old at recruitment and separately among those at least
65 years of age at recruitment. In models of PTX3 and SAP, sensitivity analyses included using
year 2000 exposures, removing adjustment for site from the model, and adjusting for CRP.

In all analyses, an alpha of 0.05 was used to determine statistical significance and all
confidence intervals shown are 95% confidence intervals. All statistical analyses were done

using SAS version 9.4 software (SAS Institute, Inc., Cary, North Carolina).
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RESULTS
NT-proBNP

At Exam 1 and Exam 3, 5,597 and 4,694 participants, respectively, had measures of NT-
proBNP. Of those with a measure at Exam 1, 1,005 participants (19%) did not have a second
measure at Exam 3. Participants without air pollution exposure estimates (n=247 for PMz2s,
n=168 for NOx and NO3, and n=155 for BC, at Exam 1) were excluded because they either lived
outside of the modeling areas or did not have a sufficiently accurate geocode (better than zip
code centroid) during the time period of interest.

This analysis included 40% white, 13% Chinese, 24% black, and 23% Hispanic
participants at baseline; 51% female participants at both exams; and participants were on average
62 years old at Exam 1 and 65 years old at Exam 3 (Table 1). Those included were similar to the
entire MESA Aiir cohort at Exam 1 with regards to sex, race/ethnicity, education, smoking status,
and other cardiovascular risk factors such as BMI and cholesterol. There was a slightly higher
percentage of participants from the recruitment site in Los Angeles, CA (23%) compared to the
entire cohort (19%). The mean time between Exam 1 and Exam 3 was 3.2 years (standard
deviation of 4 months). Covariate data was very complete, with less than 1.5% of participants
missing data for any given covariate.

Downward trends in air pollution over time are evident across recruitment sites (Figure 1)
and in the overall means at Exam 1 and Exam 3 (Table 2). Participants in CA tended to have the
highest exposures to all pollutants and participants in NY tended to have high exposures to NOx,
NOz2, and BC relative to participants at other sites. Short-term PMz2s exposures tended to be
lower at Exam 3 than Exam 1 and on average lower for multiple-day averaging periods

compared to the day-of or day-prior-to the exam. This was likely due to a combination of factors,
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including the fact that the longer averaging periods were more likely to include weekend days
and that participants in St. Paul, MN were more likely to be missing day-of-exam exposures due
to the 1-in-3-day schedule of the AQS monitoring in MN. More low-exposure days and more
participants in low exposure areas included in longer averaging periods likely contributes to
these observed differences in mean short-term exposures by averaging period.

NT-proBNP was skewed at both exams (Table 2). The geometric mean increased from 49
to 62 pg/mL from Exam 1 to Exam 3. Among participants with repeated outcome measures, NT-
proBNP increased by more than 30% in 41% of participants and decreased by more than 30% in
25% of participants, between Exam 1 and Exam 3. The mean NT-proBNP level at Exam 1 was
highest among participants recruited in St. Paul, MN and lowest among those recruited at
Chicago, IL.

In a minimally-adjusted model, NT-proBNP was found to be positively associated with
several demographic characteristics and CVD risk factors, including increased age, being female,
increased systolic blood pressure, hypertension, impaired renal function, and CVD-related
medication use (Table 3). Increased BMI, increased total cholesterol, and impaired fasting
glucose and treated or untreated diabetes were associated with decreased NT-proBNP. Chinese,
black, and Hispanic participants had a lower mean NT-proBNP level than white participants. A
minimally-adjusted model indicated a 12% higher mean NT-proBNP (95% CI: 9%, 15%) at
Exam 3 than at Exam 1. After adjusting for the full suite of other potential confounders,
participants had a 15% higher mean NT-proBNP level (95% CI: 12%, 18%) at Exam 3 than at
Exam 1.

In the repeated measures analysis after adjustment for the confounders in model 2, a 5

ug/m? increase in long-term PM2.s exposure was associated with a 2% decrease (95% CI: -7%,
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4%) in NT-proBNP level (Figure 2). A 40 ppb increase in NOx exposure was associated with a
1% increase (95% CI: -5%, 9%) and a 15 ppb increase in NO2 exposure was associated with a
0.04% decrease (95% ClI: -9%, 9%), in NT-proBNP. An increase of 0.7 10° m™ in BC was
associated with a 4% increase (95% ClI: -6%, 16%) in NT-proBNP, though none of these
associations were significant at the 0.05 level.

Effect modification by site, sex, race/ethnicity, age, and BMI was assessed in the
repeated measures analysis (Table 4). Estimates tended to be negative for participants in MN,
whereas estimates tended to be largest and positive for participants in MD. Effect estimates were
positive among females and those less than 65 years of age at enrollment for exposure to PMzs,
NOx, and NO2, compared to estimates among males and those 65 years or older. Effect estimates
tended to be negative among Chinese, but positive among the other racial/ethnic groups with the
largest effect estimates for the traffic-related air pollutants observed among black participants.
The association between air pollution and NT-proBNP tended to be largest among those in the
overweight category, but smaller among those in the obese category.

Sensitivity analyses investigated varying exposure periods in the repeated measures
model (Table 5). Using the year 2000 and year 2004 averaging periods for air pollution exposure
for Exams 1 and 3, respectively, we estimated increased NT-proBNP with increased exposure
across all pollutants. When year 2000 exposures were assigned for all measures, air pollution
was associated with increased NT-proBNP and the magnitude of the estimated effect was larger.
In model 2 the association with PM2s was borderline significant (p=0.0499), though for other
pollutants the 95% confidence intervals included the null.

Sensitivity analyses for the repeated measures approach also investigated additional

potential confounding and exclusionary criteria (Table 5). Adjusting for age at baseline and days
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of follow-up, yielded very similar results to account for time, compared to time-varying age and
exam number. When exam was removed from the model, effect estimates were highly
statistically significant in the unexpected direction. Results were slightly negative but all 95%
confidence intervals included zero with the removal of adjustment for recruitment site.
Adjustment for the season during which the blood marker was measured did not substantially
change the estimates of effect on NT-proBNP. Exclusion of participants with a diagnosis of AF
or HF (8% and 4% of participants, respectively) yielded similar results. Results were not
statistically significant for effects of PMz.s when exposure estimates were weighted using
individual-level infiltration information and time-location patterns. When NT-proBNP was
modeled on the natural scale, estimates were not statistically significant after adjustment for
confounders (Table 6).

Cross-sectional sensitivity analyses were performed at both Exam 1 and Exam 3 (Table
7). At Exam 1, all pollutants were associated with increased NT-proBNP though the 95%
confidence intervals include the null. For all pollutants except PM2.s, higher exposures were
similarly associated with increased NT-proBNP at Exam 3. For Exam 1, estimates of the increase
of NT-proBNP associated with air pollution tended to be larger among participants who were
less than 65 years old compared to those who were 65 years old or older, at the time of
recruitment into the study. Trends by age at baseline varied across the pollutants at Exam 3.

Aiir pollution was associated with increased odds of elevated NT-proBNP (Figure 3).
There were 509 participants whose NT-proBNP level increased from below to above a cut-point
of 125 pg/mL between Exam 1 and Exam 3. Among those 509 participants with an NT-proBNP
level greater than 125 pg/mL at Exam 3, the mean NT-proBNP level at Exam 1 was 77 pg/mL

(SD 31 pg/mL) and increased on average by 304% to a mean of 224 pg/mL (SD 243 pg/mL) at
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Exam 3. In comparison, those participants whose NT-proBNP levels were below 125 pg/mL at
Exam 3 had a mean NT-proBNP level of 41 pg/mL (SD 30 pg/mL) at Exam 1 and increased on
average by only 79% to a mean of 49 pg/mL (SD 31 pg/mL) at Exam 3. Long-term NO2
exposure was statistically significantly associated with elevated NT-proBNP (OR=1.88; 95% ClI:
1.20, 2.95; p=0.0058). BC was also associated with elevated NT-proBNP (OR=1.72; 95% CI:
1.07, 2.76; p=0.0257). The odds ratios were suggestive of an association for the other pollutants,
but 95% confidence intervals were generally wide and included the null.

This analysis generally produced effect estimates in the same direction within subgroups
defined by site, sex, race/ethnicity, and age at baseline (Table 8). Larger effect estimates were
observed among those in lower BMI categories compared to estimates among obese participants.

Using a cut-point of 400 pg/mL reduced the number of those who experienced an
increase from normal to elevated NT-proBNP to 168 participants (Table 9). Estimates using the
400 pg/mL cut-point were of a similar magnitude as the lower cut-point across all pollutants,
though 95% confidence intervals included the null.

Short-term exposure to PM2.s was not significantly associated with NT-proBNP for any
averaging period (Table 10). Effect estimates were about a 1% increase in NT-proBNP or less
across all exposure periods and none were statistically significant at the 0.05 level. Adjustment

for additional confounders tended to attenuate these estimates.

Pentraxin-3 and Serum Amyloid P

For the cross-sectional analysis at Exam 1 there were 2,838 participants with a measure
of PTX3 and 2,863 participants with a measure of SAP. There were 55 participants with only 1
of either of these biomarkers measured, whereas both biomarkers were measured in the

remaining 2,823 participants. Participants in the cross-sectional analysis without air pollution
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exposure estimates were excluded because they were either living outside of the air pollution
modeling area or did not have a sufficiently accurate geocode (better than zip code centroid)
during the time period of interest. Covariate data was very complete, with less than 3% of
participants missing data for any given covariate.

In the cross-sectional analyses of PTX3 and SAP, 53% of participants were female, the
mean age was 62 years, and the mean BMI was 28 kg/m? (Table 1). For the MESA ancillary
study which measured PTX3 and SAP at Exam 1, participants were specifically selected based
on race/ethnicity and thus there are approximately the same number of participants in each
racial/ethnic group. This selection approach resulted in a subset of participants with a lower
mean income, slightly lower proportion of former smokers, less intentional exercise, and slightly
lower percent with college degree, but similar rates of diabetes, similar mean age, similar mean
cholesterol, and similar mean systolic blood pressure. A larger percentage of this subset was
recruited from Los Angeles, CA (29%) compared to the overall cohort (19%).

No association was observed between any of the four air pollutants of interest and PTX3
levels in the cross-sectional analysis (Figure 4). Estimates were similarly null with individual
PMz2s, exposure estimates from year 2000, and adjustment for CRP level (Table 11). However,
when recruitment site was not included in the model, positive associations were observed
between NOx, NOz2, and BC, and PTXa3.

A5 pg/m3 increase in PM2s was associated with a 2.5 pg/mL increase (95% Cl: 0.3, 4.8;
p=0.0246) in SAP after adjusting for the confounders in model 2 (Figure 5). This association
remained statistically significant after adjustment for CRP level (Table 12). While a consistent

small, but statistically significant association with PM2s was observed across the varying staged
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models, estimates for the other pollutants are not statistically significant at the 0.05 level. No
associations were observed with individual PM2s exposures or year 2000 exposures.
No associations were observed between short-term exposure to PMzs and either PTX3 or

SAP (Table 13).

DISCUSSION

A repeated measures analysis found no association between air pollution and NT-
proBNP. Additional adjustment for potential confounders or mediators tended to attenuate the
effect estimates while sensitivity analyses using varying exposure timeframes suggested a
positive association between air pollution and NT-proBNP. Long-term air pollution exposure
was associated with elevated NT-proBNP at follow-up among those with a normal level at
baseline. In cross-sectional analyses, no association was observed between air pollution and
PTX3. Increased exposure to PM2s was associated with an increase in SAP. No associations
were found between short-term exposure to PMzs and NT-proBNP, PTX3, or SAP.

NT-proBNP serves as a marker of cardiac stress resulting from systemic inflammation,
hypertension, and cardiac remodeling. In this study population, baseline NT-proBNP levels were
associated with incident coronary heart disease (CHD),?® incident AF,®8 and incident HF.?’
Furthermore, racial/ethnic differences in NT-proBNP levels have previously been described in
this population.

Prior literature on determinants of NT-proBNP is relatively scarce. Few studies have
assessed the effect of environmental factors on NT-proBNP with prior work primarily focused
on short-term exposures.®® The role of air pollution as a trigger for acute events is supported by

the close temporal association observed in a meta-analysis of short-term air pollution and heart
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failure.3” The analysis presented builds upon this previous literature by examining the association
between long-term exposure to air pollution and these biomarkers.

In this study population, associations between known CVD risk factors such as BMI and
NT-proBNP were similar in magnitude and exhibited similar trends as those previously reported
in the literature.’82* It has been hypothesized that the substantial difference in NT-proBNP levels
between men and women is related to differences in metabolism, whereas differences in NT-
proBNP by age are likely related to subclinical changes in myocardial structure and/or
function.®® Though no statistically significant associations between air pollution and NT-proBNP
were observed in the repeated measures analysis of this blood marker, using an incidence
approach did find a statistically significant association, and thus there are several important
considerations in the interpretation of these results.

Unlike many studies of NT-proBNP, the MESA cohort is a relatively healthy adult
population with all participants free of CVVD at enroliment in the study. Furthermore, there are
likely important differences between those who are free of clinical CVD at enrollment at age 45
compared to those who are free of clinical CVD and enrolled at age 75. Selection bias due to
differential selection of healthy older adults may impact this repeated measures analysis.
Sensitivity analyses investigating the potential presence of such bias found larger increases in
NT-proBNP among those younger than 65 years old at enrollment, both in a cross-sectional
analysis at Exam 1 and in the repeated measures analysis, compared to those who were at least
65 years old at enroliment.

A second consideration and potential limitation of this analysis is that the year prior to
blood marker measurement may not be the appropriate exposure period for air pollution effects

on NT-proBNP. The year prior to the blood draw was chosen to reflect a long-term air pollution
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exposure, but it may be that the most relevant exposure window to impact cardiac stress and NT-
proBNP levels is longer than or occurs earlier than the year prior to the blood draw. A limitation
of the current study is that the spatiotemporal model predictions do not extend back in time prior
to the year 2000 and thus we cannot average exposure over a longer period prior to Exam 1.
However, using only year 2000 exposures for all outcome measures is suggestive of a positive
relationship between each of the four air pollutants and NT-proBNP.

The relevant exposure window was further explored in an analysis of elevated NT-
proBNP at follow-up, given a normal NT-proBNP at baseline. Year 2000 exposures to NO2 and
BC are estimated to be associated with statistically significantly increased odds of experiencing
an elevation of NT-proBNP level from less than 125 pg/mL at Exam 1 to greater than 125 pg/mL
at Exam 3. Some increase in NT-proBNP might be expected as a result of regression to the mean
after selecting those with low levels at baseline. However, it is unlikely that regression to the
mean is responsible for all increases in NT-proBNP given that the mean increase in the elevated
group was much greater than that in the normal group.

In contrast to the results using a cut-point of 125 pg/mL, estimates of the odds ratio
defining NT-proBNP with a higher a cut-point of 400 pg/mL were not significant. Recent work
has suggested that the common clinical cut-point of 400 pg/mL of NT-proBNP may be too strict
and that a cut-point of 125 pg/mL is likely more appropriate to capture potential cases of HF,
particularly HF with preserved ejection fraction.*® This lower cut-point likely includes a
population with less severe disease who may be less likely to have clinical symptoms of heart
failure. This population is of particular interest as these levels of NT-proBNP at the lower end of
the non-normal spectrum may reflect pre-clinical increases in cardiac stress. These pre-clinical

changes are of particular interest for investigating mechanistic pathways. The strong association
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observed in this population may also be indicative of the mechanism by which these pollutants
influence the disease pathway. With a lower cut-point, the group likely includes more
participants with HF with preserved ejection fraction, which suggests an effect of air pollution on
those pathways, including hypertension and cardiac remodeling.

The strong secular downward trends in air pollution may confound this analysis if time is
not accounted for in the model. Without accounting for time (either by adjustment for age at
baseline and days of follow-up or by adjustment for exam and age at exam), the repeated
measures model produced effect estimates in the unexpected direction. There is a strong
association between time and the exposure, an association between time and the outcome even
after adjustment for all of the other covariates, and a large difference in effect estimates when
adjusting for exam. Time, as reflected in a binary variable for follow-up versus baseline exam,
fulfills the definition of a confounder.

A final consideration in interpretation of this analysis is the large within-person
variability reported in this biomarker. NT-proBNP may vary within an individual over even as
short a period of time as one week, with prior studies indicating up to 25% intra-individual
variation.’®"* This large variability may make it more difficult to detect associations with air
pollution.

Prior literature investigating effects of long-term air pollution exposures on blood
markers has focused on other markers, primarily CRP and fibrinogen.'>3 While both PTX3 and
SAP are proteins in the same family as CRP and are hypothesized to play a causal role in the
inflammatory pathway causing CVD, they may each reflect slightly different components of this
process. SAP has not been well-characterized with regards to CVD and the association between

PMz2s and SAP is a novel finding that requires further confirmation.
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A major strength of this analysis was the use of a sophisticated and well-validated
spatiotemporal air pollution models to calculate long-term exposures. The prospective cohort
study design and collection of extensive covariate information on participants from several
racial/ethnic groups at baseline and follow-up are also strengths of this analysis, as is the large
sample size. Additionally, all samples for a given biomarker were measured at the same
laboratory.

This study also had several limitations. Generalizability of this study may be limited as
participants were required to be free of clinical CVD at recruitment into the study. The
association between air pollution and these biomarkers may vary among those with a history of
heart disease. Large within-person variability in biomarkers such as NT-proBNP may influence
the results or the interpretability of the results. Measures of PTX3 and SAP were only available
at the baseline exam and thus were limited to cross-sectional analyses.

This analysis contributes to the literature investigating the potential mechanism by which
air pollution causes CVD and could be expanded with future analyses. It should be noted that
this is the first study to examine the association between long-term exposure and these
biomarkers. Within the MESA Air cohort, planned future research may expand upon the results
here. The planned addition of NT-proBNP measures at third and fourth follow-up time-points
may allow for additional investigation of trends over time in NT-proBNP and the effect of air
pollution on trajectories of this blood marker. Other future research may include examining the
effects of pollutant mixtures on these biomarkers, assessing longer-term exposure windows, and

replicating these findings in another cohort.
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TABLES & FIGURES

Table 1. Demographics and CVD risk factors for participants with measures of PTX3 or SAP at
Exam 1 or with measures of NT-proBNP at Exams 1 and/or 3, compared to the entire MESA Air

cohort at Exam 1.

PTX3 and/or SAP NT-proBNP MESA Air
cohort
Exam 1 Exam 1 Exam 3 Exam 1
(n=2,878) (n=5,597) (n=4,694) (n=6,814)
n (%) n (%) n (%) n (%)
Female 1,539 (53) 2,882 (51) 2,404 (51) 3,601 (53)
Race/Ethnicity
White 728 (25) 2,217 (40) 1,939 (41) 2,622 (38)
Chinese 720 (25) 742 (13) 597 (13) 803 (12)
Black 713 (25) 1,353 (24) 1,112 (24) 1,893 (28)
Hispanic 717 (25) 1,285 (23) 1,046 (22) 1,496 (22)
Education?
Some college 800 (28) 1,581 (28) 1,351 (29) 1,937 (28)
College graduate 926 (32) 1,971 (35) 1,743  (37) 2,393 (35)
Smoking?
Current 392 (14) 700 (13) 464 (10) 887 (13)
Former 918 (32) 2,055 (37) 2,089 (45) 2,487 (36)
Diabetes®
Impaired fasting glucose 417 (15) 799 (14) 727 (15) 939 (14)
Untreated/treated diabetes 379 (13) 697 (12) 712 (15) 859 (13)
Alcohol use* 1,436 (50) 3,094 (55) 2,685 (57) 3,749 (55)
mean (SD) mean (SD) mean (SD) mean (SD)
Age (yrs) 62 (10) 62 (10) 65 (10) 62 (10)
Income ($1,000/yr) 47 (37) 50 (37) 52 (37) 51 (37)
Pack-years of smoking 10 (20) 11 (21) 11 (21) 11 (21)
Intentional exercise® 1,454 (2,143) 1,548 (2,277) 1,485 (2,061) 1,553 (2,340)
BMI (kg/m?) 279 (5.5) 28.2 (5.5) 28.3 (5.5 28.3 (5.5)
Waist-to-hip ratio 0.93 (0.08) 0.93 (0.08) 0.94 (0.08) 0.93 (0.08)
Total cholesterol (mg/dL) 194 (35) 194 (36) 188 (36) 194 (36)
LDL (mg/dL) 117 (31) 117 (31) 111 (32) 117  (31)
SBP (mmHg) 126 (21) 126 (21) 123 (20) 127 (21)

1Group not shown is high school or less.

2Group not shown is never smokers.
3Group not shown is normal fasting glucose.

4Yes or no at baseline.
5Measured in MET-in/wk.

MET=metabolic equivalent. LDL= low-density lipoprotein. SBP=systolic blood pressure.
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Table 2. Number of participants and mean (standard deviation) of short- and long-term air
pollution concentrations and blood markers for participants with measures of PTX3 or SAP at
Exam 1 or with measures of NT-proBNP at Exams 1 and/or 3.

PTX3 and/or SAP NT-proBNP
Exam 1 Exam 1 Exam 3
(n=2,878) (n=5,597) (n=4,694)
Long-term air paollut|on n mean (SD) n mean (SD) n mean (SD)
concentrations
PMgz5 (ug/m?) 2,750 173 (3.7) 5350 16.8 (3.6) 4532 147 (3.2)
NOx (ppb) 2,787 54.2 (27.7) 5429 50.8 (27.2) 4529 410 (22.1)
NO; (ppb) 2,787 23.1 (9.3 5429 218 (9.1) 4529 195 (8.3)
BC (10°m?) 2,795 0.88 (0.37) 5442 0.83 (0.37) 4541 0.81 (0.37)
ﬁ;ﬁ;i‘i’:@j}fﬂ‘lﬁ[}o”*erm n  mean (SD) n mean (SD) n mean (SD)
Day of exam 2,232 179 (9.2) 4219 177 (9.4) 3,593 154 (7.6)
Day prior to exam 2,159 179 (8.5) 4,076 176 (8.6) 3495 153 (6.9)
2-day average 2,159 18.0 (8.2) 4,076 177 (8.3) 3495 153 (6.6)
3-day average 2,159 18.0 (7.9 4,076 177 (8.0) 3495 153 (6.4)
4-day average 2,683 109 (8.4) 5251 103 (8.6) 4,094 9.7 (7.0
5-day average 2,730 85 (7.6) 5,342 8.0 (7.6) 4,345 7.2 (6.6)
Blood markers © n mean (SD) n mean (SD) n mean (SD)
NT-proBNP (pg/mL) - - - 5597 1025 (250.0) 4,694 137.3 (469.8)
NT-proBNP (GM) ¢ - - - 5597 494 (3.1) 4,694 621 (2.9)
PTX3 (ng/mL) 2,838 22 (1.4 - - - - - -
PTX3 (GM)¢ 2,838 1.9 (1.6) - - - - - -
SAP (pg/mL) 2,863 47.0 (18.6) - - - - - -
SAP (GM)¢ 2,863 43.8 (1.5) - - - - - -

aAnnual average for the year prior to the exam.

dShort-term PM,5 concentrations have been pre-adjusted for calendar time, temperature, relative humidity, and day
of the week to account for temporal confounding.
®High outliers were excluded: NT-proBNP >10,000 pg/mL (n=2), PTX3 >10 ng/mL (n=7), or SAP >120 pg/mL

(n=11).
dGM = geometric mean.
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Figure 1. Boxplots of air pollution exposures for the repeated measures analysis of NT-proBNP
by site and by exam. Exposures for each pollutant—PM..s in pg/m?, NOx in ppb, NO2 in ppb,
and BC in 10°> m* —were calculated for the year prior to the date of the clinical exam at which
the blood draw was done. Note that BC exposures are derived from a spatial-only model and thus
exposure concentrations are shown for Exam 1 only. Boxes extend from the 25" to the 75"
percentile, horizontal bars show the median, whiskers show 1.5 times the interquartile range
below and above the 25" and 75™ percentiles, respectively, and outliers are shown as points.

30



Table 3. Percent difference (95% confidence interval) in NT-proBNP associated with
demographic characteristics and established cardiovascular disease risk factors in a repeated
measures analysis using a minimally-adjusted model.?

. NT-proBNP

CVD Risk Factor % Difference (95% CI)
Age® 30.7 (29.2,32.2)
Female 72.1 (64.2,80.3)
Race/ethnicity®

Chinese -35.2 (-40.6, -29.3)

Black -33.5 (-37.6,-29.3)

Hispanic -19.0 (-24.7,-13.0)
BMI (kg/m?)

25.0-29.9 -15.5 (-19.6,-11.2)

>30.0 -21.9 (-26.3,-17.3)
Systolic blood pressure® 258 (22.3,29.4)
Hypertension 25.2  (20.1, 30.6)
Total cholesterolf -13.6 (-15.6,-11.6)
LDLS -13.0 (-15.0,-11.0)
Diabetes

Impaired fasting glucose -15.1 (-19.2,-10.8)

Treated/Untreated diabetes -6.2 (-11.9,-0.1)
Impaired kidney function” 23.2 (16.6, 30.0)
CVD-related medication use’ 11.7 (7.4,16.3)
Exami 11.8 (9.0, 14.6)
ExamX 147 (11.8,17.7)

aModel adjusted for age at exam, race/ethnicity, sex, site, and exam.

®For a 5-year increase in age.

°Reference group is white participants

dReference group is 18.5-25.0 kg/m?. Results not shown for participants <18.5 kg/m?,

¢For an increase of 30 mmHg.

fFor an increase of 45 mg/dL.

9For an increase of 40 mg/dL.

hDefined as having an eGFR <60 mL/min.

iCVD-related medications, including lipid-lowering medications, hypertension medications, p-blockers, or diuretics.
iReferent group is exam 1.

kKFully-adjusted model included age at exam, race/ethnicity, sex, site, education, income, smoking, alcohol
consumption, physical activity, neighborhood SES, BMI, waist-to-hip ratio, total cholesterol, LDL, diabetes, systolic
blood pressure, impaired kidney function, and CVD-related medication use.
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Figure 2. Percent difference (m) in NT-proBNP level associated with increases in air pollution.
Whiskers show 95% confidence intervals. Estimates are shown for a 5 pg/m? increase in PMzs, a
40 ppb increase in NOx, a 15 ppb increase in NOz, and a 0.7 10° mt increase in BC. Air
pollution exposures are for the year prior to the exam at which the blood was drawn. Model 1 is
adjusted for age at exam, race/ethnicity, sex, site, and exam. Model 2 includes the covariates in
model 1 as well as education, income, smoking, alcohol use, physical activity, neighborhood
SES, BMI, and waist-hip ratio. Model 3 was further adjusted for SBP, total cholesterol, LDL,
diabetes, impaired kidney function, and CVD-related medication use.
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Table 4. Percent difference (95% confidence interval) in NT-proBNP associated with PMzs,
NOx, NO2, and BC, by recruitment site, sex, race/ethnicity, age at study enrollment, or BMI.

% Difference (95% CI) in NT-proBNP

PM2s NOx NO: BC

(per 5 pg/m®) (per 40 ppb) (per 15 ppb) (per 0.7 10° m™)
Recruitment site*?
WFU 54 (-14.6, 30.0) 11 (-27.6,41.1)  -80 (-32.8,26.0) -30.1 (-64.3,37.1)
coL 1.0 (-13.4,17.7) 34 (-10.2,19.0)  -53 (-23.1,16.6)  -35 (-17.4,12.8)
JHU 1.3 (-18.8,26.3) 17.1 (-1.3,38.8) 43.6 (11.6,84.8) 20.3 (-1.2,46.4)
UMN 52 (-16.4,75)  -103 (-39.1,32.1) -11.7 (-35.7,21.2) -20.3 (-50.5, 28.5)
NWU 40 (-6.6,15.8) 75 (-14.8,35.7) 54 (-13.8,28.9)  -9.3 (-37.3,31.2)
UCLA 30 (9.2, 3.6) 12 (-8.7,6.9) 51 (-16.2, 7.4) 32.3 (-1.4,77.4)
Sex?
Male 53 (-11.1,0.8) 03 (-7.7,7.6) -1.4 (-10.6,8.7) 6.9 (-5.0,20.4)
Female 25 (-3.8,9.2) 3.2 (4.3 11.2) 14 (-8.1,11.8) 2.3 (9.0, 14.9)
Race/ethnicity?
White 1.1 (-6.9,9.7) 54 (-4.5,16.4) 43 (-7.1,17.1) 2.5 (-10.0, 16.6)
Chinese 6.1 (-13.1,14)  -131 (-228,-2.2) -122 (-23508)  -138 (-28.9,4.4)
Black 01 (-9.4,10.1) 101 (-0.3,21.5) 10.7 (-3.0, 26.4) 10.8 (-4.6, 28.8)
Hispanic 0.8 (-6.2,8.2) 26 (-5.9,11.9) 46 (-75,183) 114 (-2.8,27.8)
Age?
<65 years 1.3 (-7.0,4.6) 23 (-4.7,9.9) 0.2 (-8.7,9.9) 47 (-6.4,17.1)
>65 years 1.8 (-7.3,4.0) 05 (-6.6,8.1) 0.2 (-9.1,9.5) 42 (-6.9,16.7)
BMI (kg/m?)2
<185 -4.9 (-25.0, 20.6) 12 (-295,452)  -47 (-34.0,375)  -9.4 (-39.8,36.4)
18.5-24.9 02 (-6.8,7.0) 13 (-6.9,10.1) 1.8 (-11.4,8.9) 06 (-11.3,14.0)
25.0-29.9 06 (-6.8,6.1) 36 (-4.1,12.0) 3.1 (-6.6,13.8) 9.3 (-2.8,22.8)
>30.0 50 (-11.5,2.0) 20 (-9.6,6.2) -40 (-13.6,6.7) 04 (-11.3,13.7)

aAll models were adjusted for age, race/ethnicity, sex, recruitment site, exam, education, income, smoking, alcohol
consumption, physical activity, neighborhood SES, BMI, and waist-to-hip ratio.
PWFU=Wake Forest University. COL=Columbia University. JHU=John’s Hopkins University. UMN=University of
Minnesota. NWU=Northwestern University. UCLA=University of California Los Angeles.
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Table 5. Percent difference (95% confidence interval) in NT-proBNP associated with increases in
PM25, NOx, NO2, and BC in repeated measures sensitivity analyses.

% Difference (95% confidence interval) in NT-proBNP

PM2s NOx NO:2 BC
(per 5 pg/m3)? (per 40 pph)? (per 15 pph)? (per 0.7 105 m1)?

Year 2000 and 2004 exposures®

Model 1¢ 6.6 (-1.7,15.6) 3.3 (-2.9,938) 55 (-3.3,15.2) 9.0 (-1.7,20.7)

Model 2¢ 3.6 (-4.6,12.4) 1.2 (-5.2,7.9) 1.3 (-7.4,10.9) 48 (-6.0,16.8)

Model 3¢ 58 (-2.3,14.6) 05 (-5.6,7.1) 1.8 (-6.8,11.2) 48 (-5.7,16.5)
Year 2000 exposures

Model 1 149 (3.0,28.1) 8.6 (1.3,16.4) 121 (1.3,24.1) 10.8 (-0.6, 23.6)

Model 2 11.6 (0.0, 24.6) 59 (-1.8,14.3) 7.4 (-3.5,19.4) 7.3 (-4.5, 20.6)

Model 3 9.3 (-1.8,21.6) 48 (-2.6,12.8) 7.6 (-3.0,19.3) 6.5 (-4.9,19.2)
Adjusting for age at baseline and days of follow-up

Model 1 -06 (-6.0,5.1) 3.6 (-2.8,10.5) 3.9 (-4.8,13.3) 9.0 (-1.6,20.8)

Model 2 -1.6  (-7.0,4.1) 1.8 (-4.9,8.9) 0.1 (-85,9.5) 44 (-6.3,16.4)

Model 3 -16 (-6.9,4.0) 1.2 (-5.3,8.1) 0.4 (-8.0,9.6) 44 (-6.0,16.1)
Without adjustment for exam

Model 1 -12.0 (-15.7,-8.2) -89 (-13.9,-3.7) -109 (-17.7,-3.5) 71 (-3.4,18.7)

Model 2 -13.2  (-16.9,-9.3) -11.8 (-16.8,-6.4) -146 (-21.3,-7.3) 34 (-7.3,15.4)

Model 3 -14.2  (-17.8,-10.5) -13.0 (-17.9,-7.7) -153 (-21.8,-8.2) 3.0 (-7.4,145)
Without adjustment for recruitment site

Model 1 -1.1 (-4.4,23) -0.6 (-4.5,3.4) -15 (-5.8,3.0) -04 (-5.2,4.8)

Model 2 -1.8 (-5.1,1.6) -18 (-5.7,2.3) -26 (-6.9,1.9) -21 (-7.0,3.0)

Model 3 -20 (-5.2,1.3) -0.2 (-4.0,3.8) 0.1 (-4.2,4.6) -0.5 (-5.3,4.6)
Adjusting for season of blood draw?®

Model 1 -1.0 (-6.4,4.7) 3.2 (-3.2,10.0) 3.8 (-4.8,13.2) 9.1 (-15,20.9)

Model 2 21 (-75,3.6) 0.8 (-5.8,7.8) -0.1 (-8.7,9.2) 49 (-5.9,16.9)

Model 3 -25 (-7.7,3.1) 0.0 (-6.4,6.8) 0.0 (-8.3,9.1) 49 (-5.6, 16.6)
Excluding participants with AF or HF"

Model 1 -0.1 (-5.6,5.6) 21 (-4.2,8.8) 2.0 (-6.5,11.1) 8.5 (-2.0,20.2)

Model 2 -1.1 (-6.6,4.6) 0.1 (-6.4,7.0) -16 (-9.9,7.6) 49 (-5.8,16.7)

Model 3 -1.8 (-7.1,3.8) -0.5 (-6.8,6.3) -1.3 (-9.5,7.7) 46 (-5.8,16.1)
Exposures individually weighted using infiltration and time-location patterns

Model 1 -19 (-7.8,4.3) - - -

Model 2 -4.2 (-10.1, 2.0) - - -

Model 3 -39 (-9.7,2.2) - - -

aUnless otherwise specified, air pollution exposures are annual averages for the year prior to the exam at which NT-
proBNP was measured, weighted by residential history.

bAnnual averages of air pollution for the year 2000 were used as the exposure for measures at Exam 1 and annual
averages of air pollution for the year 2004 were used as the exposure for measures at Exam 3.

°Model 1 was adjusted for age at exam, sex, race/ethnicity, site, and exam.

dModel 2 was adjusted for the covariates in model 1, as well as education, income, smoking, alcohol consumption,
physical activity, neighborhood SES, BMI, and waist-to-hip ratio.

®Model 3 was adjusted for all of the covariates in models 1 and 2, as well as total cholesterol, LDL, diabetes, systolic
blood pressure, impaired kidney function, and CVD-related medication use.

fAnnual averages of air pollution for the year 2000 were used as the exposure for participants both at Exam 1 and
Exam 3.

9Season was defined as four categories: January — March, April — June, July — September, and October — December.
h89% of participants were excluded due to a diagnosis of AF and 4% of participants were excluded due to a diagnosis
of HF.
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Table 6. Absolute difference (95% confidence interval) in NT-proBNP (in pg/mL) associated
with increased PM2s, NOx, NO2, and BC, in a repeated measures analysis.

Absolute Difference (95% CI) in NT-proBNP (in pg/mL)

PM:s NOx NO:2 BC
(per 5 pg/m3)? (per 40 ppb)? (per 15 pph)? (per 0.7 10° m1)?
NT-proBNP modeled on the natural scale
Model 1° 10.7 (-14.2, 35.5) 19.7 (-4.8,44.2) 16.8 (-16.3,49.8) 4.7 (-32.2,416)
Model 2 40 (-21.2,29.3) 16.2 (-10.2, 42.6) 8.8 (-25.7,43.3) 5.6 (-44.9,33.8)
Model 3¢ 4.4 (-21.0,29.7) 18.3 (-8.2,44.8) 11.1 (-23.4,455) 2.9 (-42.0,36.2)

aAir pollution exposures are annual averages for the year prior to the exam at which NT-proBNP was measured,
weighted by residential history.

®Model 1 was adjusted for age at exam, sex, race/ethnicity, site, and exam.

°Model 2 was adjusted for the covariates in model 1, as well as education, income, smoking, alcohol consumption,
physical activity, neighborhood SES, BMI, and waist-to-hip ratio.

dModel 3 was adjusted for all of the covariates in models 1 and 2, as well as total cholesterol, LDL, diabetes, systolic
blood pressure, impaired kidney function, and CVD-related medication use.
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Table 7. Percent difference (95% confidence interval) in NT-proBNP associated with increased

PMz2s, NOx, NO2, and BC, in cross-sectional analyses at Exam 1 and Exam 3.

% Difference (95% CI) in NT-proBNP

PM:s NOx NO: BC
(per 5 pg/m3)? (per 40 pph)? (per 15 pph)? (per 0.7 105 m1)?
Exam 1°
Model 14 10.4 (0.4,21.4) 7.8 (-0.4, 16.6) 8.8 (-2.6,21.6) 10.2 (-2.4,24.5)
Model 2¢ 7.7 (-2.2,18.5) 51 (-3.7,14.6) 3.9 (-7.6,16.7) 6.4 (-6.6,21.2)
Model 3f 6.2 (-3.4,16.7) 42 (-4.3,135) 6.2 (-5.3,19.0) 59 (-6.7,20.3)
<65 years old at recruitment °
Model 1 17.7 (2.4,35.3) 152 (3.7,27.9) 122 (-3.5,30.5) 129 (-4.9, 34.0)
Model 2 12.3 (-2.6, 29.6) 111 (-1.1, 24.9) 3.3 (-12.1,21.4) 6.1 (-11.8,27.7)
Model 3 11.0 (-3.6,27.9) 10.4 (-1.6, 23.9) 7.3 (-85,25.8) 55 (-12.0, 26.6)
>65 years old at recruitment
Model 1 3.3 (-9.9,18.4) -1.8 (-13.0,10.8) 3.9 (-11.8,225) 6.0 (-10.8,25.9)
Model 2 3.6 (-9.7,18.8) -2.6 (-14.5,11.0) 4.7 (-11.5,24.1) 43 (-13.1,25.2)
Model 3 24 (-104,17.1) -40 (-155,9.1) 5.0 (-11.0,23.9) 3.1 (-13.7,23.2)
Not lost to follow-up ®
Model 1 125 (1.7, 24.6) 77 (-1.2,17.4) 8.5 (-3.7,22.2) 114 (-2.4,27.2)
Model 2 9.6 (-1.1,21.4) 42 (-5.2,14.4) 3.0 (-9.1,16.7) 8.1 (-6.0,24.4)
Model 3 8.4 (-2.0,19.9) 43 (-5.0,14.4) 50 (-7.1,18.8) 8.0 (-5.9,23.9)
Exam 3 ¢
Model 1¢ -0.7 (-10.7,10.4) 7.4 (-3.6,19.5) 111 (-2.2,26.1) 10.2 (-3.4,25.7)
Model 2¢ -22 (-12.1,8.7) 25 (-8.6,14.8) 47 (-8.2,19.4) 48 (-8.7,20.4)
Model 3 -42 (-13.7,6.4) 0.7 (-10.0,12.6) 4.2 (-8.4,18.5) 41 (-9.2,19.2)
<65 years old at recruitment®
Model 1 -0.1 (-13.4,153) 10.7 (-3.5,27.1) 6.4 (-9.7,25.3) 106 (-7.1,31.7)
Model 2 -2.7 (-15.7,12.4) 39 (-10.4,20.6) -2.3 (-17.6,15.8) 2.6 (-14.7,23.4)
Model 3 -5.0 (-17.7,9.7) 3.3 (-10.8,19.7) -1.1 (-16.5,17.0) 3.9 (-13.4,24.7)
>65 years old at recruitment®
Model 1 -45 (-19.4,13.1) 2.4 (-13.7,215) 165 (-4.8,42.6) 9.6 (-105,34.1)
Model 2 -4.8 (-19.7,12.8) 0.1 (-16.3,19.8) 14.7 (-6.7,41.1) 75 (-12.9,32.7)
Model 3 -7.0 (-21.1,9.8) -3.7 (-19.1,146) 119 (-84,36.7) 3.7 (-155,27.2)

aAir pollution exposures are annual averages for the year prior to the exam at which NT-proBNP was measured.
5There were 5,597 participants included in the cross-sectional analyses at Exam 1: 3,109 participants younger than
65 years of age and 2,488 participants 65 years old or older. 4,592 of the participants at Exam 1 (82%) had a second

measurement of NT-proBNP at follow-up.

“There were 4,694 participants included in the cross-sectional analyses at Exam 3: 2,709 participants who were
younger than 65 years of age at baseline and 1,985 participants who were 65 years old or older at baseline.

dModel 1 was adjusted for age at follow-up exam, sex, race/ethnicity, site.
®Model 2 was adjusted for the covariates in model 1, as well as education, income, smoking, alcohol consumption,
physical activity, neighborhood SES, BMI, and waist-to-hip ratio.
fModel 3 was adjusted for all of the covariates in models 1 and 2, as well as total cholesterol, LDL, diabetes, systolic
blood pressure, impaired kidney function, and CVD-related medication use.
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PM, 5 Odds Ratio [95% CI]

Model 1 —a— 1.57[1.01,244]

Model 2 . 1.53[0.98,2.39]

Model 3 —.— 1.50[0.96.2.35]
NO,

Model 1 (R — 123[091.165]

Model 2 - 127[092.1.74]

Model 3 Pt 129[0.94.1.78]
NO,

Model 1 — : 186[121,288]

Model 2 bm | 1.88[1.20,2.95]

Model 3 : ® | 198[126.3.12]
Black Carbon

Model 1 —.— 1.62[1.03,2.54]

Model 2 e | 1.72[1.07.2.76]

Model 3 e | 1.70[1.05.2.75]

| I | | | |
-1.00 0.00 1.00 2.00 3.00 4.00
Odds Ratio

Figure 3. Odds ratios (m) for association of elevated NT-proBNP level with increases in air
pollution. Whiskers show 95% confidence intervals. Estimates are shown for a 5 pg/m? increase
in PM2s, a 40 ppb increase in NOx, a 15 ppb increase in NO2, and a 0.7 10°> m™ increase in BC.
Air pollution exposures are for the year 2000. Model 1 is adjusted for age at baseline, time
between baseline and the follow-up exam, race/ethnicity, sex, and site. Model 2 includes the
covariates in model 1 as well as education, income, smoking, alcohol use, physical activity,
neighborhood SES, BMI, and waist-hip ratio. Model 3 was further adjusted for SBP, total
cholesterol, LDL, diabetes, impaired kidney function, and CVD-related medication use. This
analysis included 3,652 participants with an NT-proBNP level lower than 125 pg/mL at baseline
and of these participants, 509 had an elevated NT-proBNP at follow-up.
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Table 8. Odds ratios (95% confidence interval) for elevated (defined here as >125 pg/mL) NT-
proBNP associated with PM2s, NOx, NO2, and BC, by recruitment site, sex, race/ethnicity, age at
study enrollment, or BMI.

OR (95% ClI) for elevated NT-proBNP

PM:s NOx NO: BC

(per 5 pg/m®) (per 40 ppb) (per 15 ppb) (per 0.7 10° m™)
Recruitment site®?
WFU 1.07 (0.13, 8.80) 1.68 (0.29, 9.57) 1.29 (0.29,5.72) 2.32 (0.18,30.1)
coL 1.14 (052, 2.50) 1.35 (0.72,2.53) 1.58 (0.54, 4.65) 1.31 (0.66, 2.59)
JHU 10.9 (2.06,57.3) 297 (1.22,7.25) 429 (1.19,15.5) 259 (1.08,6.21)
UMN 1.29 (0.19, 8.61) 2.37 (0.39, 14.4) 2.68 (0.48, 14.9) 0.64 (0.06, 6.52)
NWU 1.82 (0.73,4.51) 1.45 (0.43,4.92) 1.88 (0.69, 5.07) 1.80 (0.33, 9.90)
UCLA 1.26 (0.52, 3.06) 0.99 (0.66, 1.50) 1.64 (0.80, 3.38) 2.29 (0.68,7.75)
Sex?
Female 1.48 (0.92,2.38) 1.26 (0.90, 1.78) 1.86 (1.16, 2.99) 1.62 (0.98,2.70)
Male 1.58 (0.98, 2.54) 1.28 (0.89,1.82) 191 (1.18,3.09) 1.83 (1.09, 3.06)
Race/ethnicity?
White 1.46 (0.85,2.53) 1.28 (0.84, 1.96) 1.62 (0.95,2.77) 1.50 (0.86,2.62)
Chinese 1.89 (0.95, 3.75) 154 (0.81,2.94) 2.65 (1.25,5.65) 257 (1.01, 6.55)
Black 1.45 (0.70, 2.99) 1.18 (0.76, 1.81) 1.67 (0.90, 3.11) 1.74 (0.92, 3.29)
Hispanic 1.42 (0.84, 2.40) 1.25 (0.83,1.88) 1.85 (1.01,3.38) 1.80 (1.00, 3.25)
Age?
<65 years 1.48 (0.94,2.32) 1.16 (0.82,1.63) 1.74 (1.09,2.77) 1.58 (0.96, 2.59)
>65 years 155 (0.99, 2.42) 1.34 (0.97,1.86) 1.99 (1.26,3.14) 1.82 (1.12, 2.96)
BMI (kg/m?)ac
<18.5 211 (1.22,3.65) 2.83 (1.26,6.33) 3.59 (1.62,7.95) 3.75 (1.47,9.53)
18.5-24.9 1.63 (1.03,2.56) 1.43 (1.01, 2.03) 2.06 (1.29,3.27) 1.89 (1.15,3.13)
25.0-29.9 1.56 (1.00, 2.45) 1.35 (0.97,1.88) 197 (1.24,3.13) 1.83 (1.13,2.98)
>30.0 1.39 (0.88,2.19) 0.99 (0.68, 1.43) 1.46 (0.89, 2.40) 1.36 (0.81, 2.29)

aAll models were adjusted for age at baseline, time between baseline and follow-up exam, race/ethnicity, sex,
recruitment site, education, income, smoking, alcohol consumption, physical activity, neighborhood SES, BMI, and

waist-to-hip ratio.

YWFU=Wake Forest University. COL=Columbia University. JHU=John’s Hopkins University. UMN=University of

Minnesota. NWU=Northwestern University. UCLA=University of California Los Angeles.

°P-values for the interaction between air pollution and BMI were 0.065, 0.013, 0.026, and 0.057 for PM_s, NOx,

NOg, and BC, respectively.
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Table 9. Odds ratios (95% confidence interval) for elevated (defined here as >400 pg/mL) NT-
proBNP at Exam 3 associated with increases in PM2s, NOx, NO2, or BC, among those with an
NT-proBNP level within the normal range at Exam 1.

OR (95% CI) for elevated NT-proBNP

PMzs NOx NO:2 BC
(per 5 pg/md) 2 (per 40 ppb) ? (per 15 ppb) ? (per 0.7 10° m1)2
Elevated NT-proBNP defined as >400 pg/mL °
Model 1¢ 1.85 (0.90, 3.78) 1.33 (0.80,2.21) 149 (0.72,3.11) 1.65 (0.82,3.32)
Model 2¢ 2.04 (0.97,4.31) 1.36 (0.79, 2.33) 1.47 (0.69, 3.13) 1.69 (0.81,3.52)
Model 3¢ 1.90 (0.89, 4.08) 1.34 (0.78,2.32) 152 (0.71,3.30) 1.64 (0.77,3.48)

aAir pollution exposures are for the year 2000.

bElevated NT-proBNP defined as NT-proBNP >400 pg/mL. 4,484 participants with an NT-proBNP level lower than
400 pg/mL at baseline were included in this analysis; 168 of those participants had an elevated NT-proBNP level at
follow-up.

°Model 1 was adjusted for age at baseline, time between baseline and the follow-up exam, sex, race/ethnicity, and
site.

dModel 2 was adjusted for the covariates in model 1, as well as education, income, smoking, alcohol use, physical
activity, neighborhood-SES index, BMI, and waist-to-hip ratio.

®Model 3 was adjusted for all of the covariates in models 1 and 2, as well as total cholesterol, LDL, diabetes, systolic
blood pressure, impaired renal function, and CVD-related medication use.
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Table 10. Percent difference (95% confidence interval) in NT-proBNP associated with 5 pg/m?®

increases in short-term PM2 s exposure.
% Difference (95% CI)

in NT-proBNP

Day of exam

Model 1° 0.4 (-0.6,1.5)

Model 2¢ 0.2 (-0.8,1.3)

Model 3¢ 0.2 (-0.8,1.3)
Day prior to exam

Model 1 0.8 (-0.3,2.0)

Model 2 0.7 (-0.5,1.8)

Model 3 05 (-0.6,1.7)
2-day average

Model 1 1.0 (-0.2,2.2)

Model 2 09 (-0.4,21)

Model 3 0.7 (-05,1.9)
3-day average

Model 1 1.2 (-0.1, 2.4)

Model 2 1.0 (-0.2,2.3)

Model 3 08 (-0.4,2.1)
4-day average

Model 1 0.8 (-0.4,20)

Model 2 06 (-0.5,1.8)

Model 3 04 (-0.7,1.6)
5-day average

Model 1 0.6 (-0.6,1.9)

Model 2 05 (-0.8,1.7)

Model 3 0.3 (-0.9,15)

aShort-term PM; 5 concentrations have been pre-adjusted for calendar time, temperature, relative humidity, and day
of the week to account for confounding.

®Model 1 was adjusted for age at exam, sex, race/ethnicity, site, and exam.

°Model 2 was adjusted for the covariates in model 1, as well as education, income, smoking, alcohol consumption,
physical activity, neighborhood SES, BMI, and waist-to-hip ratio.

dModel 3 was adjusted for all of the covariates in models 1 and 2, as well as total cholesterol, LDL, diabetes, systolic
blood pressure, impaired kidney function, and CVD-related medication use.
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PM; 5 % Difference [95% CI]

Model 1 —a— 0[-6.6]
Model 2 1—-——| o B N
Model 3 —a 3[-9.4]
NO,
Model 1 — . 2[3.71
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Model 3 —a— 2TH-3]
NO,
Model 1 Y 5[-2.13]
Model 2 — . | 2[-5.10]
Model 3 . | 1[-6.9]
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Figure 4. Percent difference (m) in PTX3 levels associated with long-term air pollution exposure
in a cross-sectional analysis. Whiskers show 95% confidence intervals. Results are shown for a 5
ug/m? increase in PM2s, a 40 ppb increase in NOx, a 15 ppb increase in NOz, and a 0.7 10° m™?
increase in black carbon (BC). Air pollution exposures are for the year prior to the exam at which
the blood was drawn. Model 1 is adjusted for age at exam, race/ethnicity, sex, and site. Model 2
includes the covariates in model 1 as well as education, income, smoking, alcohol use, physical
activity, neighborhood-level SES, BMI, and waist-hip ratio. Model 3 was further adjusted for
SBP, total cholesterol, LDL, and diabetes.
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Table 11. Percent difference (95% confidence interval) in PTX3 associated with long-term

PMz2s, NOx, NO2, and BC exposure in cross-sectional sensitivity analyses.

% Difference (95% CI) in PTX3

PM2s NOx NO:2 BC

(per 5 pg/md) @ (per 40 ppb) ? (per 15 pph)? (per 0.7 10° m1)2
Year 2000 exposures®
Model 1¢ 16 (-6.2,10.0) 0.3 (-4.5,5.4) 41 (-3.0,11.8) 2.8 (-5.2,11.4)
Model 2¢ 1.1 (-9.0,7.4) 3.1 (-8.4,2.4) 0.8 (-6.7,8.9) -1.6  (-10.0,7.5)
Model 3¢ 21 (-9.9,6.4) -3.6 (-8.8,2.0) 0.3 (-7.8,7.7) 2.6 (-11.0, 6.5)
Adjusted for C-reactive protein (CRP) level
Model 1 0.6 (-6.6,5.8) 1.2 (-3.7,6.4) 47 (-23,12.2) 34 (-4.6,12.0)
Model 2 -1.9 (-8.0,4.7) 2.2 (-7.6,3.5) 1.9 (-5.5,9.9) 0.9 (-9.3,82)
Model 3 -2.6 (-8.8,3.9) 2.8 (-8.3,2.9) 0.9 (-6.5,8.9) -1.9  (-10.2,7.2)
Without adjustment for site
Model 1 -1.1 (-3.7,1.5) 6.4 (3.5,9.3) 9.4 (6.1,12.9) 9.1 (5.2,13.0)
Model 2 -19 (-4.6,0.8) 55 (2.4,8.6) 8.6 (5.1,12.2) 79 (3.9,12.1)
Model 3 -19 (-4.5,0.9) 57 (26,89 8.9 (5.3,12.6) 8.1 (4.0,12.3)
Exposures individually weighted using infiltration and time-location patterns
Model 1 04 (-15,23) - -- -
Model 2 0.2 (-2.2,1.8) - - -
Model 3 04  (-2.4,16) - - -

aExposures are annual averages of air pollution over the year prior to the date of the exam, unless otherwise

specified.
Exposures are annual averages of air pollution during the year 2000.
°Model 1 was adjusted for age at exam, sex, race/ethnicity, site.

dModel 2 was adjusted for the covariates in model 1, as well as education, income, smoking, alcohol consumption,

physical activity, neighborhood SES, BMI, and waist-to-hip ratio.

®Model 3 was adjusted for all of the covariates in models 1 and 2, as well as total cholesterol, LDL, diabetes, and

systolic blood pressure.
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PM; 5 Difference [95% CI]
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Figure 5. Absolute difference (m) in SAP levels (in pg/mL) associated increased annual average
air pollution concentrations. Whiskers show 95% confidence intervals. Results are shown for a 5
ug/m? increase in PM2s, a 40 ppb increase in NOx, a 15 ppb increase in NOz, and a 0.7 10° m™?
increase in black carbon (BC). Air pollution exposures are for the year prior to the exam at which
the blood was drawn. Model 1 is adjusted for age at exam, race/ethnicity, sex, and site. Model 2
includes the covariates in model 1 as well as education, income, smoking, alcohol use, physical

activity, neighborhood-level SES, BMI, and waist-hip ratio. Model 3 was further adjusted for

SBP, total cholesterol, LDL, and diabetes.
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Table 12. Absolute difference (95% confidence interval) in pg/mL of SAP associated with long-
term exposure to PM2s, NOx, NO2, and BC in cross-sectional sensitivity analyses.

Difference (95% CI) in SAP

PM2s NOx NO:2 BC

(per 5 pg/m3)@ (per 40 pph)? (per 15 pph) ? (per 0.7 105 m1)2
Year 2000 exposure estimates®
Model 1¢ -0.3 (-3.1,25) 05 (-2.2,1.2) 0.3 (-2.8,22) 0.5 (-3.4,2.3)
Model 2¢ -1.2 (-4.1,1.6) -1.3 (-3.2,0.6) -1.2 (-3.9,1.4) 1.7 (-4.7,1.4)
Model 3¢ -0.7 (-35,2.2) -1.3  (-3.2,0.6) -0.9 (-35,17) -1.5 (-4.6,15)
Adjusted for C-reactive protein (CRP) level
Model 1 32 (1.0,5.3) 0.2 (-1.5,1.9) 0.2 (-2.2,25) -1.0 (-3.8,1.7)
Model 2 29 (0.7,5.1) -0.1 (-2.1,1.8) -0.2 (-2.8,2.3) 1.7 (-4.7,1.2)
Model 3 29 (0.8,5.1) -0.3 (-2.2,1.6) 0.0 (-25,25) -16 (-4.6,1.3)
Without adjustment for site
Model 1 09 (-0.1,1.9) 0.4 (-0.6,1.4) 0.4 (-0.7,1.6) 0.2 (-1.0,15)
Model 2 1.1 (0.2,2.0) 0.8 (-0.2,1.8) 0.9 (-0.2,2.0) 0.6 (-0.7,1.9)
Model 3 1.0 (0.0,1.9) 0.7 (-0.3,17) 09 (-0.2,2.0) 0.6 (-0.7,1.9)
Exposures individually weighted using infiltration and time-location patterns
Model 1 0.4 (-15,2.3) - - -
Model 2 0.2 (-22,1.8) - - -
Model 3 0.4 (-2.4,1.6) -- - --

aExposure estimates are annual averages for the year prior to the exam, unless otherwise specified.

Exposures are annual averages of air pollution during the year 2000.

°Model 1 was adjusted for age at exam, sex, race/ethnicity, site.
dModel 2 was adjusted for the covariates in model 1, as well as education, income, smoking, alcohol consumption,

physical activity, neighborhood SES, BMI, and waist-to-hip ratio.

¢Model 3 was adjusted for all of the covariates in models 1 and 2, as well as total cholesterol, LDL, diabetes, and

systolic blood pressure.
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Table 13. Percent difference in PTX3 and absolute difference (in pg/mL) in SAP and 95%
confidence intervals, associated with a 5 pg/m? increase in pre-adjusted short-term PM2s

exposure.?
PTX3 SAP
% Difference (95% CI) Absolute difference (95% CI)

Day of exam

Model 1° -0.8 (-1.8,0.3) 0.0 (-0.4,04)

Model 2¢ -0.8 (-1.8,0.3) 0.1 (-0.3,04)

Model 3¢ -0.8 (-1.9,0.3) 0.1 (-0.3,0.4)
Day prior to exam

Model 1 -0.6 (-1.8,0.6) 0.0 (-0.5,04)

Model 2 -0.6 (-1.8,0.6) 0.0 (-0.4,04)

Model 3 -0.7 (-1.9,0.6) 0.1 (-0.3,0.5)
2-day average

Model 1 -0.5 (-1.8,0.7) 0.0 (-0.4,04)

Model 2 -0.5 (-1.8,0.8) 0.1 (-0.3,0.5)

Model 3 -0.6 (-1.9,0.7) 0.1 (-0.3,0.5)
3-day average

Model 1 -0.5 (-1.8,0.8) 0.0 (-0.4,05)

Model 2 -0.5 (-1.8,0.8) 0.1 (-0.3,0.6)

Model 3 -0.6 (-1.9,0.7) 0.1 (-0.3,0.6)
4-day average

Model 1 -0.3 (-1.5,1.0) -0.1 (-0.5,0.3)

Model 2 -0.3 (-1.6,0.9) -0.1 (-0.5,0.4)

Model 3 -04 (-1.7,0.9) -0.1 (-0.5,0.3)
5-day average

Model 1 -0.7 (-2.0,0.6) -0.3 (-0.7,0.2)

Model 2 -0.7 (-2.1,0.6) -0.2 (-0.7,0.2)

Model 3 -0.8 (-2.2,0.5) -0.3 (-0.7,0.2)

aShort-term PM; 5 concentrations have been pre-adjusted for calendar time, temperature, relative humidity, and day
of the week to account for temporal confounding.

®Model 1 was adjusted for age at exam, sex, race/ethnicity, site.

®Model 2 was adjusted for the covariates in model 1, as well as education, income, smoking, alcohol consumption,

physical activity, neighborhood SES, BMI, and waist-to-hip ratio.
dModel 3 was adjusted for all of the covariates in models 1 and 2, as well as total cholesterol, LDL, diabetes, and
systolic blood pressure.
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