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Abstract: 
Background: Evidence indicates that air pollution contributes to cardiopulmonary mortality. There is ongoing debate regarding the
size and shape of the pollution-mortality exposure-response relationship. There are also growing appeals for estimates of pollution-
mortality relationships that use public data and are based on large, representative study cohorts.

Objectives: Our goal was to evaluate fine particulate matter air pollution ([PM.sub.2.5]) and mortality using a large cohort that is
representative of the U.S. population and is based on public data. Additional objectives included exploring model sensitivity,
evaluating relative effects across selected subgroups, and assessing the shape of the [PM.sub.2.5]-mortality relationship.

Methods: National Health Interview Surveys (1986-2014), with mortality linkage through 2015, were used to create a cohort of
1,599,329 U.S. adults and a subcohort with information on smoking and body mass index (BMI) of 635,539 adults. Data were linked
with modeled ambient [PM.sub.2.5] at the census-tract level. Cox proportional hazards models were used to estimate [PM.sub.2.5]-
mortality hazard ratios for all-cause and specific causes of death while controlling for individual risk factors and regional and urban
versus rural differences. Sensitivity and subgroup analyses were conducted and the shape of the [PM.sub.2.5]-mortality relationship
was explored.

Results: Estimated mortality hazard ratios, per 10 [micro]g/[m.sub.3] long-term exposure to [PM.sub.2.5], were 1.12 (95% CI: 1.08,
1.15) for all-cause mortality, 1.23 (95% CI: 1.17, 1.29) for cardiopulmonary mortality, and 1.12 (95% CI: 1.00, 1.26) for lung cancer
mortality. In general, [PM.sub.2.5]-mortality associations were consistently positive for all-cause and cardiopulmonary mortality
across key modeling choices and across subgroups of sex, age, race-ethnicity, income, education levels, and geographic regions.

Discussion: This large, nationwide, representative cohort of U.S. adults provides robust evidence that long-term [PM.sub.2.5]
exposure contributes to cardiopulmonary mortality risk. The ubiquitous and involuntary nature of exposures and the broadly observed
effects across subpopulations underscore the public health importance of breathing clean air. https://doi-
org.proxy.lib.umich.edu/10.1289/EHP4438

Full Text: 
Introduction

Epidemiological and related evidence implicates exposure to fine particulate matter ([PM.sub.2.5], particles <2.5 [micro]m in
aerodynamic diameter) air pollution as contributing to cardiopulmonary disease (Brook et al. 2010), lung cancer (Hamra et al. 2014),
and infant mortality (Woodruff et al. 2006). Recent reports indicate that air pollution is also an important contributor to the global
burden of disease (GBD 2015 Risk Factors Collaborators 2016; Cohen et al. 2017). [PM.sub.2.5] is largely generated (directly and
indirectly) by the combustion of coal, diesel, gasoline, biofuels, and related high-temperature processes. [PM.sub.2.5] contains highly
complex mixtures of particles, including soot, organics, nitrates, sulfates, and related chemicals that can penetrate deeply into the
lungs.

Cohort studies have evaluated mortality risk associated with long-term exposure to [PM.sub.2.5] air pollution in the United States
(Dockery et al. 1993; Pope et al. 2002, 2015, 2018; Miller et al. 2007; Puett et al. 2011; Lipsett et al. 2011; Lepeule et al. 2012; Hart
et al. 2015; Thurston et al. 2016; Jerrett et al. 2017; Di et al. 2017; Parker et al. 2018), Canada (Crouse et al. 2015; Villeneuve et al.
2015; Pinault et al. 2016, 2017), Europe (Carey et al. 2013; Cesaroni et al. 2013; Beelen et al. 2014; Fischer et al. 2015; Bentayeb et
al. 2015), and Asia (Tseng et al. 2015; Yin et al. 2017). A recent meta-analysis (Vodonos et al. 2018) indicated that these studies
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provide compelling evidence that long-term exposure to [PM.sub.2.5] contributes to increased risk of mortality. Study and cohort
differences, however, make it difficult to estimate the overall mortality impacts representative of the entire U.S. adult population. For
example, the pioneering Six Cities Study (Dockery et al. 1993; Lepeule et al. 2012) was designed to evaluate pollution-related effects
in a representative cohort of adults--but a small cohort representing only six cities. The larger and more geographically representative
American Cancer Society, Cancer Prevention Study II (ACS CPS-II) cohort (Pope et al. 2002, 2015; Jerrett et al. 2017) observed
statistically robust [PM.sub.2.5]-mortality associations, but the cohort overrepresented affluent, white, well-educated adults and the
associations were smaller. Studies of other cohorts have been restricted to postmenopausal women in urban areas (Miller et al.
2007), health professionals (Puett et al. 2011; Hart et al. 2015), school teachers (Lipsett et al. 2011), or the elderly (Thurston et al.
2016). The largest cohort used to study [PM.sub.2.5]-mortality associations included nearly 70 million U.S. Medicare beneficiaries (Di
et al. 2017) and observed statistically robust [PM.sub.2.5]-mortality associations. The Medicare cohort, however, included only elderly
adults, was unable to analyze specific causes of death, and had limited ability to directly control for smoking status.

The primary objective of the present analysis was to evaluate cause-specific [PM.sub.2.5]-mortality associations in a large,
contemporary, nationally representative cohort of U.S. adults based on open-use public data. Additional objectives included
evaluating modeling sensitivity; exploring relative effects across age, sex, race-ethnicity, smoking status, education levels, and other
subgroups; and flexibly assessing the shape of the [PM.sub.2.5]-mortality relationship.

Methods

Study Subjects and Data Access

Study subjects comprised individuals 18-84 y of age living in the contiguous United States who were interviewed between 1986 and
2014 as part of the National Health Interview Surveys (NHIS) and who were linked to the National Death Index (NDI) through 2015.
The NHIS includes annual cross-sectional household surveys administered by the National Center for Health Statistics (NCHS) that
provide representative samples of the civilian non-institutionalized U.S. population (NCHS 2015, 2018a). Restricted-use NHIS files
with geographic data allowed for linking ambient pollution estimates at the census-tract level. Mortality follow-up information through
31 December 2015 was available from restricted-use NHIS files linked with the NDI, as described elsewhere (NCHS 2018b). The
present analysis was based on two constructed NHIS cohorts, referred to as the full cohort and the subcohort. The full cohort
consisted of 1,599,329 adults with available information for age, sex, race-ethnicity, income, marital status, educational attainment,
census tract, estimated ambient pollution exposure, interview date, mortality status, and date of death (if deceased). Analyses were
also performed on a subcohort of 635,539 respondents from the full cohort for whom body mass index (BMI) and smoking status data
were also available.

Changes in the NHIS questionnaire across survey years (NCHS 2018a) necessitated harmonization of several key variables. Marital
status, educational attainment, race, and Hispanic origin were reported relatively consistently during this time period, allowing simple
changes to be made to create consistent categories. Because BMI was not directly available for those interviewed from 1986-1996, it
was calculated using reported height and weight. The most substantive harmonization involved adjusting household income variables
for inflation, using the Consumer Price Index with 2015 as a base year. Individuals whose income was reported as being within a
range (e.g., $35,000-50,000) were assigned the mean of the range (e.g., $42,500), whereas those whose income was reported as
being over a certain threshold (e.g., >$75,000) were assigned the threshold value (e.g., $75,000). These income values were
adjusted for inflation, and uniform income categories were assigned to individuals based on their estimated inflation-adjusted
household income.

Procedures for informed consent and data collection and linkage of the NHIS files were approved by the NCHS. The construction of
analytic data files and the analyses of the restricted-use data were conducted in compliance with procedures that assured that
subjects remained de-identified. Statistical analyses were conducted at the NCHS Research Data Center (RDC) in Hyattsville, MD,
and research output was reviewed to ensure no disclosure risk to NHIS survey respondents. Because research reported in this
manuscript uses publicly accessible data that are de-identified, it is not subject to federal regulations on protection of human research
subjects.

Air Pollution Concentrations

Nationwide regulatory monitoring for [PM.sub.2.5] started in 1999. Primary air pollution estimates employed here are annual-average
[PM.sub.2.5] concentrations for 17 y (1999-2015), derived from regulatory monitoring data and constructed in a universal kriging
framework; these were estimated by partial least squares from hundreds of geographic variables, including land use, population, and
satellite-derived estimates of land use and air pollution. Holdout cross-validation (CV) indicated good model performance (10fold CV-
R2: 0.78-0.90). Detailed description, documentation, and evaluation of this modeling approach has been provided elsewhere (Kim et
al. 2018). Modeled air pollution estimates for [PM.sub.2.5] (and other criteria pollutants) are freely accessible at the Center for Air,
Climate, and Energy Solutions website (https://www.caces.us/).

In this study, annual [PM.sub.2.5] concentrations were estimated for 2000 and 2010 U.S. Census block centroids in the contiguous
United States with nonzero population. Population-weighted annual averages were calculated for all 17 y for each 2000 and 2010
U.S. Census tract. Individuals were assigned air pollution concentrations based on their census tract of residency at the time of the
survey, using year-2000 U.S. Census tracts for individuals surveyed from 1986 through 2010 and year-2010 U.S. Census tracts for
those surveyed from 2011 through 2014. For primary analyses, [PM.sub.2.5] exposures were assigned to all cohort members as
census-tract level average concentrations of [PM.sub.2.5] over the 17 y with regulatory monitoring and modeled [PM.sub.2.5]
estimates (1999-2015).

To explore sensitivity to differences in exposure window and because the cohort included individuals who were surveyed prior to the



17-y (1999-2015) exposure window, census-tract level mean [PM.sub.2.5] concentrations were also estimated for a longer, 28-y
(1988-2015) exposure window using back-casted, imputed [PM.sub.2.5] estimates for 1988-1998. Nationwide regulatory monitoring
of PM1o (particles <10 [micro]m in aerodynamic diameter) began in 1988. Annual-average [PM.sub.10] concentration estimates for
each census tract for 1988-2015 were modeled using the universal kriging modeling framework used to estimate [PM.sub.2.5] as
noted above (Kim et al. 2018; https://www.caces.us/). Back-casted [PM.sub.2.5] concentrations were imputed at the census-tract
level for each year from 1988 through 1998 by multiplying the census tract's mean [PM.sub.2.5]:[PM.sub.10] ratio for 1999-2003 with
that year's modeled [PM.sub.10] concentration (as illustrated in Figure S1). Mean concentrations of [PM.sub.2.5] over the 28-y
exposure window (1988-2015) were estimated using imputed data from 1988-1998 and primary modeled data from 1999-2015.
Although there was a downward trend in estimated [PM.sub.2.5] concentrations over time, the primary estimated 17-y (1999-2015)
mean [PM.sub.2.5] concentrations were highly correlated with both imputed mean [PM.sub.2.5] concentrations from 19881998 (r =
0.90) and mean concentrations of [PM.sub.2.5] over the 28-y exposure window (1988-2015) (r = 0.97) in the full cohort.

Statistical Methods

Adjusted hazard ratios (HRs) and 95% confidence intervals (CIs) relating relative morality risk associated with a 10-[micro]g/[m.sup.3]
increase of ambient [PM.sub.2.5] were estimated using predetermined Cox proportional hazards (CPH) regression models. Two
variations of the CPH model were used. First, in order to account for NHIS's complex, stratified, multistage sample design, complex
CPH models were estimated using eligibility-adjusted sample weights (to account for oversampling) from the 2015 NHIS Linked
Mortality File (NCHS 2018b) with stratification by sampling strata and clustering by primary sampling units (to more accurately
estimate standard errors) using the SURVEYPHREG procedure in SAS (version 9.3; SAS Institute Inc.). Second, basic CPH models,
which did not account for complex survey design (using PHREG procedure in SAS version 9.3), were estimated as part of extended
sensitivity and stratified analyses.

Survival times, in days, were calculated with date of interview treated as beginning of follow-up. End of follow-up was date of death
for those who died; censored survival times, for survivors, were the end of mortality follow-up (31 December 2015). [PM.sub.2.5]-
mortality HRs were estimated for different cause-of-death groupings. Deaths prior to 1999 were coded using the ninth revision of the
International Statistical Classification of Diseases, Injuries, and Causes of Death (ICD-9); deaths from 1999 on were coded using the
tenth revision (ICD-10) (NCHS 2018b). Deaths coded under ICD-9 guidelines were recoded into comparable ICD-10-based cause-of-
death groups. Cause-of-death groupings used in this analysis include cardiopulmonary disease subdivided by cardiovascular disease
(I00-I09, I11, I13, I20-I51), cerebrovascular disease (I60-I69), chronic lower respiratory disease (J40-J47), and influenza/ pneumonia
(J09-J18); cancers (C00-C97) with a focus on lung cancer (C33-C34); and all other or unknown causes of death. For analysis of
specific cause-of-death groupings, censored survival times for the deceased were dates of death for any other cause of death.

[PM.sub.2.5] was included as a continuous variable in the CPH models. Models controlled for combinations of age, sex, and race-
ethnicity. In basic CPH models, all 536 strata of 1-y age group, sex, and race-ethnicity were given their own baseline hazard (by
including them in the STRATA statement of SAS, PHREG). Because of modeling and computational constraints, in complex CPH
models, age, sex, and race-ethnicity were controlled for by including 104 variables indicating all interactive combinations of 13 age
ranges (18-24 y, and each subsequent 5-y age groups), sex, and race-ethnicity as covariates in the model. Both complex and basic
CPH models controlled for additional covariates by including indicator variables for levels of income inflation-adjusted to 2015
($0-35,000; $35,000-50,000; $50,000-75,000; >$75,000); education levels (less than high school graduate, high school graduate,
some college, college graduate, more than college graduate); marital status (married, divorced, separated, never married, widowed);
rural versus urban, as defined by the U.S. Census Bureau (2018); U.S. census regions (Northeast, Midwest, South, West); and
survey years (for each of the 29 survey years, 1986-2014). For analysis using the sub-cohort, indicator variables for smoking status
(never, current, former) and BMI (<20, 20-25, 25-30, 30-35, >35kg/[m.sup.2]) were also included in the models.

Sensitivity analyses were conducted by comparing [PM.sub.2.5]-mortality HR estimates for complex and basic CPH models, analysis
based on the full and subcohorts, and a series of models that, in a stepwise fashion, progressively added variables to the models. For
the primary analyses, [PM.sub.2.5] exposures were assigned as the mean concentrations of [PM.sub.2.5] over the 17 y with
regulatory monitoring and modeled [PM.sub.2.5] estimates (1999-2015). [PM.sub.2.5]-mortality HRs were also estimated using a
longer, 28-y exposure window (1988-2015) that included back-casted, imputed [PM.sub.2.5] based on [PM.sub.2.5]:[PM.sub.10]
ratios. In addition, [PM.sub.2.5]-mortality HRs were estimated using the primary 17-y exposure period and restricting the analysis to
only cohort members who were surveyed and followed up during this period. Subgroup analyses, using basic CPH models, were
performed across three age groups (18-64, 65-75, >75 y at time of NHIS interview), sex, race-ethnicity, smoking status, BMI ranges,
income level, marital status, urban-rural designation, census region, and 3 survey year groups.

The shape of the [PM.sub.2.5]-mortality relationship was also explored using an integrated modeling approach that fit a class of
flexible algebraic concentration-response functions, as documented elsewhere (Nasari et al. 2016). Briefly, a class of flexible
functions was constructed by defining transformations of concentration as the product of either a linear or log-linear function of
concentration multiplied by a logistic weighting function--allowing for flexible but monotonically nondecreasing concentration response
functions. The estimation method was based on a routine that fit models within the class of concentration-response functions and
selected the best fitting model.

Results

A detailed summary of unweighted baseline characteristics for the full cohort of 1,599,329 subjects (267,204 deaths) and the
subcohort of 635,539 subjects (106,385 deaths) is presented in Table 1. Figure 1 illustrates modeled [PM.sub.2.5] air pollution data
for 1999-2015 at the 2010 census-tract level. Mean ambient 1999-2015 [PM.sub.2.5] concentrations for both the full and subcohort
was 10.7 [micro]g/[m.sup.3] with a range of 2.5 to 19.2 [micro]g/[m.sup.3].



Estimated adjusted HRs (and 95% CIs) associated with a 10-[micro]g/[m.sup.3] increase of [PM.sub.2.5] for various causes of death
using both the full and subcohorts and using the full complex CPH model are provided in Table 2. Elevated long-term exposure to
[PM.sub.2.5] was associated with elevated risk of all-cause, cardiopulmonary, cardiovascular, cerebrovascular, influenza pneumonia,
cancer, and lung cancer mortality. Estimated HRs for key covariables (for all-cause, cardiopulmonary, and lung cancer mortality) in
the model using the subcohort and the complex CPH model are presented in Table S1. In addition to [PM.sub.2.5] exposure and, as
expected, higher mortality risks were associated with lower income, marital status other than married, lower education, being
underweight or obese, and smoking (see Table S1).

Figure 2 illustrates the model sensitivity analysis (corresponding numeric data for these results are presented in Table S2). Estimated
[PM.sub.2.5]-mortality HRs were not sensitive to cohort selection or modeling choices. Estimated [PM.sub.2.5]-mortality HRs were
nearly the same for the full and subcohort and when using complex versus basic CPH models. The 95% CIs were slightly wider for
the complex CPH models. After controlling for combinations of age, sex, and race-ethnicity, there was only marginal attenuation of
the [PM.sub.2.5] -mortality HRs with additional covariates in the models. Controlling for rural versus urban or U.S. census region had
minimal impact on the estimated [PM.sub.2.5]-mortality HRs. Controlling for survey year by including 29 survey year indicator
variables in the model also had minimal impact on the estimated [PM.sub.2.5]-mortality HRs. The estimated [PM.sub.2.5]-mortality
HRs were somewhat attenuated when a 28-y exposure window (1988-2015) using back-casted, imputed [PM.sub.2.5] (for
1988-1998) was used. The estimated [PM.sub.2.5]-mortality HRs, however, were larger when using the primary 17-y exposure period
and restricting the analysis to cohort members who were surveyed during this period.

Figure 3 illustrates the results from the stratified or subgroup analyses using the basic CPH model (corresponding numeric data for
these results are presented in Table S3). In each stratification, the models controlled for all other covariates. Results were nearly
identical for males and females, and there were no consistent or coherent differences across strata for race-ethnicity, BMI, income,
marital status, urban-rural designation, or survey year. For all-cause mortality, the HR was larger for relatively younger subjects (<65
y of age at the time of the survey). HRs were generally larger for never-smokers (especially for lung cancer). Estimated [PM.sub.2.5]-
mortality associations for all-cause mortality were positive for all census regions, with the largest HRs in the Midwest.

The shape of the estimated concentration-response relationship between [PM.sub.2.5] and all-cause and cardiopulmonary mortality,
using the subcohort, controlling for all covariates including smoking and BMI, and using the flexible modeling approach (Nasari et al.
2016) is illustrated in Figure 4. For all-cause mortality there was some evidence of a flatter response relationship at the lower
concentrations (less than ~8 [micro]g/[m.sup.3]). For cardiopulmonary mortality, the fit was nearly linear.

Discussion

This study observed, in a large, representative, contemporary cohort of U.S. adults, that long-term exposure to [PM.sub.2.5] air
pollution was associated with elevated risks of early mortality. Statistical models used to estimate [PM.sub.2.5]-mortality HRs were
predetermined and a priori model results are fully presented. Estimated [PM.sub.2.5]-mortality HRs were statistically robust and not
highly sensitive to key modeling choices. The increased mortality risk was primarily associated with cardiopulmonary mortality,
including cardiovascular, cerebrovascular, and influenza/pneumonia. [PM.sub.2.5] air pollution was also associated with lung cancer
mortality in never-smokers. With regard to respiratory disease, [PM.sub.2.5] air pollution was associated with influenza/pneumonia
but not chronic lower respiratory disease, a finding that was also observed in the U.S. ACS CPS-II cohort (Pope et al. 2004).

Overall results of this study are comparable to other key studies. For example, in this analysis a 10-[micro]g/[m.sup.3] long-term
elevation in [PM.sub.2.5] was associated with an estimated all-cause mortality HR of approximately 1.12 (95% CI: 1.08, 1.15). The
estimated HR from this NHIS cohort is smaller than the HR estimates observed in the Six Cities cohort (Dockery et al. 1993; Lepeule
et al. 2012) (1.14; 95% CI: 1.07, 1.22) or the 2001 Canadian Census Health and Environment Cohort (Pinault et al. 2017) (1.15; 95%
CI: 1.12, 1.17) but it is larger than estimates from the ACS CPS-II cohort (Pope et al. 2002, 2015; Jerrett et al. 2017) (1.07; 95% CI:
1.06, 1.09) and the U.S. Medicare cohort (Di et al. 2017) (1.073; 95% CI: 1.071, 1.075).

Two previous efforts to evaluate mortality effects of [PM.sub.2.5] air pollution using NHIS data have been made (Parker et al. 2018;
Pope et al. 2018). The first (Parker et al. 2018) used 1997-2009 NHIS data with mortality follow-up through 2011 with a focus on
evaluating effects of [PM.sub.2.5] on heart disease mortality by race and ethnicity. The second (Pope et al. 2018) used public-use
NHIS data to conduct the analysis using fully publicly available data and in preparation for the current analysis at the NCHS RDC
using the more extensive limited-use data. The analysis was limited to the 1986-2001 NHIS survey years with mortality followup
through 2011. Restricted geographic information available in the public-use data allowed only for inclusion of individuals who resided
in large metropolitan areas, and [PM.sub.2.5] exposures could only be assigned at the metropolitan statistical area level. Both studies
observed positive [PM.sub.2.5]-mortality associations for all-cause and cardiovascular disease mortality, but with less statistical
precision. For example, a 10-[micro]g/[m.sup.3] long-term elevation in [PM.sub.2.5] was associated with an estimated all-cause
mortality HR of approximately 1.08 (95% CI: 1.01, 1.16) and 1.06 (95% CI: 1.01, 1.11) for the two studies, respectively.

This study has several important strengths: a) It was based on representative samples of U.S. adults with high-quality and well-
documented survey design and methods, survey interviews, and data quality management. Survey respondents represented a range
of values for demographics (e.g., age, sex, race-ethnicity, income, education) and geographies (urban/rural, U.S. Census region). b)
This constructed NHIS cohort was large, providing substantial statistical power. c) [PM.sub.2.5]-mortality HRs could be estimated for
all-cause mortality and for mortality from various relevant cause-of-death groupings. d) The analysis could control for key individual
risk factors, including smoking status in the subcohort. Interestingly, with control for age, sex, race-ethnicity, income, education,
marital status, BMI, rural versus urban, census regions, and survey years, the estimated [PM.sub.2.5]-mortality HRs were not
sensitive to the inclusion of smoking status in the models. This finding is suggestive that analyses of administrative cohorts without
smoking data, such as the U.S. Medicare cohort (Di et al. 2017) or the Canadian Census Health and Environment Cohort (Pinault et
al. 2017), can be informative. e) The positive [PM.sub.2.5]-mortality associations for all-cause and cardiopulmonary mortality were not



highly sensitive to cohort selection or modeling choices. f Ambient air pollution estimates are publicly available at the census-tract
level throughout the continental United States, including both urban and rural areas. g) The NHIS files, with mortality follow-up and
geographic information that allows for linking with air pollution data, are generally available for research purposes; NHIS manages the
limited-use files to ensure no disclosure risk to survey respondents.

A primary limitation of this study, as in all air pollution studies, is the lack of direct measures of individual lifetime pollution exposures.
Long-term [PM.sub.2.5] exposures must be estimated using available ground-based monitoring of ambient concentrations, land use
regression, and related modeling. Furthermore, although the study cohort used survey data from 1986-2014 (29 y) and mortality
follow-up from 1986-2015 (30 y), and although cohort subjects were exposed to air pollution in their lives prior to being surveyed,
monitoring networks for [PM.sub.2.5] did not exist prior to 1999. Therefore, modeled air pollution data are only available for
1999-2015 (17 y). Back-casted, imputed [PM.sub.2.5] for 1988-1998 indicate that [PM.sub.2.5] exposures were higher prior to 1999,
but the imputed pre-1999 [PM.sub.2.5] concentrations were highly correlated with the [PM.sub.2.5] concentrations from 1999-2015--
suggesting that the 17-y mean [PM.sub.2.5] concentrations are partially indicative of longer-term exposures. The generally declining
pollution levels and the high spatial correlation across the time periods could result in scaling bias, but the direction of that bias is
largely dependent upon the relevant exposure window. There was some sensitivity to the [PM.sub.2.5]-mortality association when the
exposure window was extended with back-casted [PM.sub.2.5] data or when the analysis was restricted to subjects followed up only
during the 17-y period with reliable modeled [PM.sub.2.5] data--yet positive and somewhat comparable associations were still
observed. In addition, exposure assignment does not account for subjects moving during the follow-up period. It may be presumed
that exposure measurement error would likely bias the [PM.sub.2.5]-mortality estimates to the null, but the potential for higher
[PM.sub.2.5] concentrations prior to 1999 and the potential of compression of the exposure distribution, as a result of exposure
modeling, make it difficult to determine the overall direction of bias.

Another limitation of this--and all observational studies--is the potential of residual confounding because of some unknown,
unmeasured, or inadequately controlled-for risk factor that is associated with mortality while also correlated with ambient air pollution
exposures. This analysis controlled for age, sex, and raceethnicity along with various key individual risk factors and other factors such
as urban/rural, geographic regions, and survey years. Although the estimated [PM.sub.2.5]-mortality HRs were reasonably consistent
across modeling choices and covariates included in the models, there remains the possibility of residual confounding.

In conclusion, this study substantially expands the evidence that long-term exposure to fine particulate matter air pollution contributes
to risk of mortality--especially cardiopulmonary and lung cancer mortality. These results are uniquely based on a large, nationwide,
representative cohort of U.S. adults. [PM.sub.2.5]-mortality associations are observed widely across subgroups of sex, age, race,
ethnicity, income and education levels, and broad geographic regions. The estimated excess risks from exposure to [PM.sub.2.5] air
pollution to any given individual are certainly not as large as several other individual risk factors such as cigarette smoking, poverty,
or obesity (see Table S1). However, given the ubiquitous and involuntary nature of [PM.sub.2.5] exposures and given the impact on
burden of disease (Cohen et al. 2017), these results are of substantial public health importance.
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Caption: Figure 1. Average concentrations of [PM.sub.2.5] pollution ([micro]g/[m.sup.3]) by 2010 U.S. Census tracts in the continental
United States, 1999-2015. [PM.sub.2.5], particulate matter <2.5 [micro]m in aerodynamic diameter.

Caption: Figure 2. Illustration of model sensitivity analysis. Hazard ratios (and 95% CIs) associated with 10 [micro]g/[m.sup.3]
[PM.sub.2.5] estimated from various models are presented. Gray and black symbols indicate models that use the full cohort and
subcohort, respectively. Diamonds indicate complex CPH models that control for the complex survey design, whereas circles indicate
models that use the basic CPH models. Cause-of-death groupings are based on ICD-10 codes. Cardiopulmonary disease includes
cardiovascular disease (I00-I09, I11, I13, I20-I51), cerebrovascular disease (I60-I69), chronic lower respiratory disease (J40-J47),
and influenza and pneumonia (J09-J18). Lung cancer includes C33-C34. CI, confidence interval; CPH, Cox proportional hazards
(regression model); HR, hazard ratio; [PM.sub.2.5], particulate matter <2.5 [micro]m in aerodynamic diameter; ICD-10, International
Statistical Classification of Diseases, Injuries, and Causes of Death, Tenth Revision.

Caption: Figure 3. Illustration of stratified analysis for the subcohort. Hazard ratios (and 95% CIs) associated with 10
[micro]g/[m.sup.3] [PM.sub.2.5] estimated from the basic CPH model are presented by sex, race-ethnicity, age, smoking status, BMI,
income, education, marital status, rural/urban, census regions, and survey years. All stratified estimates are adjusted for remaining
covariates. Cause-of-death groupings are based on ICD-10 codes. Cardiopulmonary disease includes cardiovascular disease (I00-
I09, I11, I13, I20-I51), cerebrovascular disease (I60-I69), chronic lower respiratory disease (J40-J47), and influenza and pneumonia
(J09-J18). Lung cancer includes C33-C34. BMI, body mass index; CI, confidence interval; CPH, Cox proportional hazards (regression
model); HR, hazard ratio; [PM.sub.2.5], particulate matter <2.5 [micro]m in aerodynamic diameter; ICD-10, International Statistical
Classification of Diseases, Injuries, and Causes of Death, Tenth Revision.

Caption: Figure 4. Estimated concentration-response associations between [PM.sub.2.5] and all-cause (A) and cardiopulmonary (B)
mortality using the subcohort and basic CPH model with the flexible modeling approach, adjusting for age, sex, race-ethnicity,
income, education, marital status, urban versus rural, census regions, survey year, smoking status, and BMI. The optimal nonlinear
models are presented as solid lines with 95% uncertainty bounds (shaded area). Cause-of-death groupings are based on ICD-10
codes. Cardiopulmonary disease includes cardiovascular disease (I00-I09, I11, I13, I20- I51), cerebrovascular disease (I60I69),
chronic lower respiratory disease (J40-J47), and influenza and pneumonia (J09-J18). BMI, body mass index; CI, confidence interval;
CPH, Cox proportional hazards (regression model); HR, hazard ratio; ICD-10, International Statistical Classification of Diseases,
Injuries, and Causes of Death, Tenth Revision; [PM.sub.2.5], particulate matter <2.5 [micro]m in aerodynamic diameter.

Caption: Figure S1. Illustration of approach to estimate back-casted, imputed [PM.sub.2.5] from 1988-1998. Black circles indicate
modeled annual mean [PM.sub.2.5] concentrations for the 17 years (1999-2015) with regulatory monitoring data for [PM.sub.2.5]
estimated using the universal kriging modeling framework. Black squares indicate modeled annual mean [PM.sub.10] concentrations
for the 28 years (1988-2015) with regulatory monitoring data for [PM.sub.10] also estimated using the universal kriging modeling
framework. Grey circles indicate the back-casted, imputed [PM.sub.2.5] estimated from 1988-1998 based on modeled [PM.sub.10]
and census -tract mean [PM.sub.2.5]/[PM.sub.10] ratios for 1999-2003. This back-casting approach was used for each census tract
separately. For simple illustration, this figure presents averages across all census tracts (urban and rural) in the contiguous U.S.
(average [PM.sub.2.5]/[PM.sub.10] ratio for 1999-2003 was 0.58).

Table 1. Baseline unweighted characteristics of the full and subcohorts created from U.S. National Health Interview
Surveys from 1986-2014 with mortality follow-up through 2015. Variable Full cohort Subcohort Total number in cohort
1,599,329 635,539 Total deaths 267,204 106,385 Cardiopulmonary (a) 106,796 43,195 Cardiovascular 70,506 28,345
Cerebrovascular 15,502 6,297 Chronic lower 14,770 6,156 respiratory Influenza/pneumonia 6,018 2,397 Cancers (a) 68,202
26,453 Lung cancers 18,770 7,420 All other or unknown 92,206 36,737 Sex (%) Male 47.15 44.54 Female 52.85 55.46 Age [y
(mean)] 43.9 45.3 Race-ethnicity (%) Non-Hispanic white 66.77 67.51 Hispanic 15.37 14.08 Non-Hispanic black 13.00 14.01
All other or unknown 4.86 4.40 Income (inflation adjusted to 2015) (%) $0-35,000 30.71 38.04 $35,000-50,000 15.39 15.47
$50,000-75,000 20.43 18.79 >$75,000 33.47 27.71 Marital Status (%) Married 60.72 49.57 Divorced 9.27 14.06 Separated 2.51
3.59 Never married 22.02 24.31 Widowed 5.48 8.47 Education (%) <High school graduate 19.46 18.63 High school graduate
32.42 30.37 Some college 25.63 27.10 College graduate 14.06 15.03 >College graduate 8.42 8.87 Urban/rural (%) Urban 76.57
77.64 Rural 23.43 22.36 U.S. Census region (%) Northeast 18.81 18.08 Midwest 22.89 23.71 South 35.28 35.74 West 23.02
22.46 BMI [kg/[m.sup.2] (%)] <20 -- 7.28 20-25 -- 36.37 25-30 -- 33.80 30-35 -- 14.43 >35 -- 8.12 Smoking (%) Never --
53.76 Current -- 23.90 Former -- 22.34 [PM.sub.2.5] (mean, SD, 10.7, 2.4, 2.5-19.2 10.7, 2.4, 2.5-19.2 range) (b) Note:
The data were complete for all variables listed for each cohort. For the subcohort, subjects also had complete data for
BMI and smoking status. --, data not available; BMI, body mass index; [PM.sub.2.5], particulate matter <2.5 [micro]m in



aerodynamic diameter); SD, standard deviation. (a) Cause-of-death groupings are based on International Statistical
Classification of Diseases, Injuries, and Causes of Death, Tenth Revision (ICD-10) codes and include cardiopulmonary
disease subdivided by cardiovascular disease (I00-I09, I11, I13, I20-I51), cerebrovascular disease (I60-I69), chronic
lower respiratory disease (J40-J47), and influenza and pneumonia (J09-J18); cancers (C00-C97); and lung cancer (C33-C34).
(b) Mean modeled 1999-2015 [PM.sub.2.5] exposure for cohort subjects based on census tract of residence at time of
survey. Table 2. Estimated hazard ratios (95% CIs) associated with 10 [micro]g/[m.sup.3] [PM.sub.2.5] for different
causes of death using both the full and subcohorts using the complex CPH model. Cause of death (a) Full cohort Hazard
ratio 95% CI All cause 1.13 1.11, 1.16 Cardiopulmonary 1.24 1.20, 1.29 Cardiovascular 1.30 1.25, 1.36 Cerebrovascular
1.27 1.16, 1.39 Chronic lower respiratory 0.93 0.85, 1.03 Influenza/pneumonia 1.47 1.27, 1.71 Cancers 1.14 1.09, 1.19
Lung cancer 1.08 0.99, 1.18 Other or unknown cause 1.02 0.99, 1.06 Cause of death (a) Subcohort Hazard ratio 95% CI All
cause 1.12 1.08, 1.15 Cardiopulmonary 1.23 1.17, 1.29 Cardiovascular 1.28 1.21, 1.36 Cerebrovascular 1.26 1.11, 1.43
Chronic lower respiratory 0.95 0.82, 1.09 Influenza/pneumonia 1.41 1.13, 1.76 Cancers 1.15 1.08, 1.22 Lung cancer 1.12
1.00, 1.26 Other or unknown cause 0.99 0.94, 1.05 Note: Adjusted for age, sex, race, income, education, marital status,
urban versus rural, census regions, survey year and the complex NHIS survey design. The subcohort was additionally
adjusted for smoking status and BMI. BMI, body mass index; CI, confidence interval; CPH, Cox proportional hazards
(regression model); NHIS, National Health Interview Surveys; [PM.sub.2.5], particulate matter <2.5 [micro]m in
aerodynamic diameter). (a) Cause-of-death groupings are based on International Statistical Classification of Diseases,
Injuries, and Causes of Death, Tenth Revision (ICD-10) codes and include cardiopulmonary disease subdivided by
cardiovascular disease (I00-I09, I11, I13, I20- I51), cerebrovascular disease (I60-I69), chronic lower respiratory
disease (J40-J47), and influenza and pneumonia (J09-J18); cancers (C00-C97); and lung cancer (C33- C34). Table S1.
Estimated hazard ratios (and 95% CIs) for all-cause, cardiopulmonary, and lung cancer mortality for key variables using
the sub-cohort and the full complex CPH model. All Causes of Cardiopulmonarya Death Hazard 95% CI Hazard 95% CI Ratio
Ratio [PM.sub.2.5] (x10 [micro]g/ 1.12 1.08-1.15 1.23 1.17-1.29 [m.sup.3]) Income $ 0-35,000 1.59 1.55-1.63 1.77
1.70-1.84 $ 35-50,000 1.34 1.31-1.371.46 1.40-1.52 $ 50-75,000 1.19 1.16-1.22 1.26 1.21-1.31 $ 75,000+ 1.00 -- 1.00 --
Marital Status Married 1.00 -- 1.00 -- Divorced 1.12 1.10-1.15 1.12 1.09-1.16 Separated 1.16 1.11-1.21 1.21 1.13-1.29
Never Married 1.25 1.22-1.28 1.30 1.24-1.36 Widowed 1.11 1.09-1.13 1.14 1.11-1.18 Education < High School grad 1.00 --
1.00 -- High School grad 0.88 0.87-0.89 0.86 0.84-0.88 Some College 0.83 0.82-0.85 0.83 0.80-0.86 College grad 0.72
0.70-0.74 0.69 0.66-0.72 >College grad 0.68 0.66-0.70 0.64 0.60-0.67 Urban/Rural Urban 1.00 -- 1.00 -- Rural 0.97
0.96-0.99 0.99 0.96-1.01 Region Northeast 0.94 0.92-0.96 0.91 0.87-0.94 Midwest 0.97 0.95-0.99 0.94 0.91-0.97 South 1.06
1.04-1.08 1.05 1.01-1.08 West 1.00 -- 1.00 -- BMI <20 1.38 1.35-1.42 1.47 1.41-1.54 20-25 1.00 -- 1.00 -- 25-30 0.96
0.94-0.97 0.98 0.96-1.01 30-35 1.11 1.08-1.13 1.18 1.14-1.21 >35 1.52 1.47-1.56 1.80 1.73-1.88 Smoking Never 1.00 -- 1.00
-- Current 2.16 2.12-2.21 2.39 2.32-2.46 Former 1.32 1.30-1.35 1.38 1.35-1.42 Lung Cancer (a) Hazard 95% CI Ratio
[PM.sub.2.5] (x10 [micro]g/ 1.12 1.00-1.26 [m.sup.3]) Income $ 0-35,000 1.34 1.23-1.46 $ 35-50,000 1.20 1.09-1.32 $
50-75,000 1.11 1.03-1.21 $ 75,000+ 1.00 -- Marital Status Married 1.00 -- Divorced 1.05 0.97-1.13 Separated 1.03
0.89-1.19 Never Married 0.88 0.79-0.98 Widowed 1.06 0.98-1.15 Education < High School grad 1.00 -- High School grad 0.82
0.77-0.88 Some College 0.73 0.67-0.79 College grad 0.59 0.53-0.66 >College grad 0.46 0.41-0.53 Urban/Rural Urban 1.00 --
Rural 1.02 0.96-1.09 Region Northeast 1.04 0.96-1.13 Midwest 1.14 1.05-1.24 South 1.24 1.14-1.34 West 1.00 -- BMI <20
1.38 1.26-1.51 20-25 1.00 -- 25-30 0.80 0.75-0.85 30-35 0.80 0.73-0.87 >35 0.69 0.60-0.80 Smoking Never 1.00 -- Current
15.11 13.70-16.66 Former 4.90 4.44-5.42 Note: All models were adjusted for age, sex, race, income, education, marital
status, urban versus rural, census regions, survey year, smoking status, BMI and the complex NHIS survey design. (a)
Cause-of-death groupings are based on International Statistical Classification of Diseases, Injuries, and Causes of
Death, Tenth Revision (ICD-10). Cardiopulmonary disease includes cardiovascular disease (I00-I09, I11, I13, I20-I51),
cerebrovascular disease (I60-I69), chronic lower respiratory disease (J40-J47), and influenza and pneumonia (J09-J18).
Lung cancer includes C33-C34. Table S2. Results of model sensitivity analysis comparing hazard ratios (and 95% CIs) for
full and sub-cohorts, for complex versus basic CPH models, for models with progressively added control variables, and for
alternative exposure and survey periods. All Causes of Death Cohort Hazard 95% CI Ratio Complete Complex CPH Model Full
1.13 1.11-1.16 Complete Basic CPH Model Full 1.13 1.11-1.15 Complete Complex CPH Model Sub 1.12 1.08-1.15 Complete Basic
CPH Model Sub 1.13 1.09-1.16 Excluding smoking and BMI Sub 1.12 1.09-1.15 Basic CPH Model, control Full 1.18 1.16-1.20
for age, sex, race Basic CPH Model, Sub 1.18 1.15-1.21 control for age, sex, race + smoking status Sub 1.17 1.13-1.20 +
BMI Sub 1.16 1.13-1.20 + income Full 1.20 1.18-1.22 Sub 1.17 1.14-1.20 + education Full 1.17 1.15-1.19 Sub 1.15 1.12-1.18
+ marital status Full 1.15 1.13-1.17 Sub 1.14 1.11-1.17 + urban/rural Full 1.13 1.11-1.15 Sub 1.12 1.09-1.16 + region
Full 1.14 1.12-1.16 Sub 1.14 1.10-1.17 + indicators for each Full 1.13 1.11-1.15 survey year (Complete Sub 1.13 1.09-1.16
Basic CPH Model) Basic CPH model; Full 1.10 1.08-1.11 Mean [PM.sub.2.5] 1988-2015 (1988-1998 imputed); Sub 1.09 1.07-1.12
Survey years 1986-2014 Basic CPH model; Full 1.22 1.18-1.27 Mean PM25 1999-2015; Survey years 1999-2014 Sub 1.17
1.11-1.23 Cardiopulmonary Cohort Hazard 95% CI Ratio Complete Complex CPH Model Full 1.24 1.20-1.29 Complete Basic CPH
Model Full 1.24 1.20-1.27 Complete Complex CPH Model Sub 1.23 1.17-1.29 Complete Basic CPH Model Sub 1.24 1.19-1.30
Excluding smoking and BMI Sub 1.24 1.18-1.29 Basic CPH Model, control Full 1.31 1.27-1.34 for age, sex, race Basic CPH
Model, Sub 1.33 1.27-1.39 control for age, sex, race + smoking status Sub 1.31 1.26-1.37 + BMI Sub 1.31 1.26-1.37 +
income Full 1.33 1.30-1.37 Sub 1.32 1.27-1.38 + education Full 1.30 1.26-1.33 Sub 1.29 1.24-1.35 + marital status Full
1.27 1.24-1.31 Sub 1.27 1.22-1.33 + urban/rural Full 1.26 1.22-1.29 Sub 1.26 1.20-1.32 + region Full 1.27 1.20-1.31 Sub
1.28 1.22-1.34 + indicators for each Full 1.24 1.20-1.27 survey year (Complete Sub 1.24 1.19-1.30 Basic CPH Model) Basic
CPH model; Full 1.17 1.14-1.19 Mean [PM.sub.2.5] 1988-2015 (1988-1998 imputed); Sub 1.17 1.13-1.21 Survey years 1986-2014
Basic CPH model; Full 1.31 1.23-1.39 Mean PM25 1999-2015; Survey years 1999-2014 Sub 1.23 1.13-1.33 Lung Cancer Cohort
Hazard 95% CI Ratio Complete Complex CPH Model Full 1.08 0.99-1.18 Complete Basic CPH Model Full 1.09 1.01-1.17 Complete
Complex CPH Model Sub 1.12 1.00-1.26 Complete Basic CPH Model Sub 1.12 1.00-1.25 Excluding smoking and BMI Sub 1.09
0.97-1.22 Basic CPH Model, control Full 1.23 1.16-1.32 for age, sex, race Basic CPH Model, Sub 1.22 1.10-1.35 control for
age, sex, race + smoking status Sub 1.16 1.05-1.29 + BMI Sub 1.17 1.05-1.29 + income Full 1.27 1.19-1.35 Sub 1.18
1.06-1.30 + education Full 1.20 1.13-1.28 Sub 1.14 1.02-1.26 + marital status Full 1.19 1.11-1.27 Sub 1.14 1.03-1.26 +
urban/rural Full 1.14 1.07-1.22 Sub 1.17 1.05-1.30 + region Full 1.10 1.03-1.18 Sub 1.11 1.00-1.24 + indicators for each
Full 1.09 1.01-1.17 survey year (Complete Sub 1.12 1.00-1.25 Basic CPH Model) Basic CPH model; Full 1.09 1.03-1.15 Mean
[PM.sub.2.5] 1988-2015 (1988-1998 imputed); Sub 1.09 1.00-1.20 Survey years 1986-2014 Basic CPH model; Full 1.13
0.98-1.30 Mean PM25 1999-2015; Survey years 1999-2014 Sub 1.16 0.95-1.41 Note: Cause-of-death groupings are based on
International Statistical Classification of Diseases, Injuries, and Causes of Death, Tenth Revision (ICD-10).
Cardiopulmonary disease includes cardiovascular disease (I00-I09, I11, I13, I20-I51), cerebrovascular disease (I60-I69),
chronic lower respiratory disease (J40-J47), and influenza and pneumonia (J09-J18). Lung cancer includes C33-C34. Table
S3. Results of stratified analysis for the sub-cohort comparing hazard ratios (and 95% CIs) associated with 10 [micro]g/m
[PM.sub.2.5] estimated from the basic CPH model across selected strata of sex, race, age, smoking status, BMI, income,
education, marital status, rural/urban, census regions, and survey years. All stratified estimates are adjusted for
remaining covariates. All Causes of Cardiopulmonary Death Hazard 95% CI Hazard 95% CI Ratio Ratio SEX Male 1.13 1.08-1.17
1.21 1.14-1.29 Female 1.13 1.08-1.17 1.27 1.20-1.35 RACE-ETHNICITY Non-Hispanic White 1.11 1.07-1.15 1.25 1.19-1.32
Hispanic 1.20 1.11-1.30 1.19 1.03-1.37 Non-Hispanic Black 1.15 1.05-1.27 1.26 1.08-1.46 Other/unknown 1.10 0.94-1.28 1.29
1.00-1.67 AGE (at survey year) Age 18-64 1.19 1.15-1.24 1.30 1.21-1.40 Age 65-74 1.08 1.02-1.14 1.23 1.14-1.33 Age 75-84



1.05 0.99-1.11 1.18 1.09-1.28 SMOKING STATUS Never Smoker 1.20 1.15-1.25 1.42 1.32-1.53 Current Smoker 1.09 1.03-1.15
1.16 1.06-1.27 Former Smoker 1.07 1.02-1.12 1.14 1.06-1.23 BMI < 20 1.25 1.12-1.39 1.28 1.09-1.52 20-25 1.10 1.05-1.16
1.23 1.14-1.33 25-30 1.14 1.09-1.20 1.26 1.17-1.36 30-35 1.10 1.01-1.18 1.21 1.07-1.37 > 35 1.16 1.04-1.30 1.31 1.10-1.56
INCOME $0-35,000 1.13 1.08-1.17 1.21 1.14-1.28 $35-50,000 1.15 1.07-1.23 1.33 1.19-1.49 $50-75,000 1.19 1.11-1.29 1.39
1.22-1.57 $75,000+ 1.07 1.00-1.16 1.19 1.05-1.35 EDUCATION < High school graduate 1.15 1.10-1.21 1.19 1.11-1.29 High
school graduate 1.11 1.05-1.16 1.23 1.14-1.33 Some college 1.12 1.04-1.19 1.23 1.11-1.37 College graduate 1.12 1.01-1.25
1.45 1.21-1.73 > College graduate 1.13 1.00-1.28 1.32 1.07-1.63 MARITAL STATUS Married 1.14 1.10-1.19 1.23 1.15-1.31
Divorced 1.19 1.10-1.28 1.43 1.26-1.62 Separated 1.14 0.96-1.36 0.98 0.74-1.29 Never married 1.23 1.12-1.34 1.39
1.18-1.63 Widowed 1.06 1.00-1.12 1.21 1.11-1.31 URBAN-RURAL Urban 1.13 1.10-1.17 1.27 1.20-1.33 Rural 1.10 1.03-1.18 1.15
1.03-1.28 CENSUS REGION Northeast 1.10 1.01-1.19 1.18 1.03-1.34 Midwest 1.27 1.18-1.36 1.46 1.30-1.64 South 1.11
1.04-1.19 1.13 1.03-1.25 West 1.09 1.05-1.14 1.24 1.15-1.32 SURVEY YEAR 1986-1995 1.08 1.04-1.13 1.24 1.17-1.31 1996-2005
1.19 1.14-1.26 1.26 1.16-1.37 2006-2014 1.16 1.06-1.27 1.17 1.01-1.37 Lung Cancer Hazard 95% CI Ratio SEX Male 1.11
0.95-1.29 Female 1.13 0.96-1.33 RACE-ETHNICITY Non-Hispanic White 1.12 0.99-1.28 Hispanic 1.28 0.83-1.96 Non-Hispanic
Black 0.93 0.64-1.34 Other/unknown 0.91 0.48-1.71 AGE (at survey year) Age 18-64 1.15 0.99-1.33 Age 65-74 1.06 0.86-1.30
Age 75-84 1.04 0.77-1.41 SMOKING STATUS Never Smoker 1.77 1.26-2.49 Current Smoker 1.01 0.87-1.17 Former Smoker 1.11
0.91-1.35 BMI < 20 1.30 0.89-1.89 20-25 1.09 0.91-1.29 25-30 1.24 1.02-1.50 30-35 0.99 0.70-1.39 > 35 0.84 0.46-1.56
INCOME $0-35,000 1.03 0.88-1.22 $35-50,000 1.50 1.14-1.97 $50-75,000 1.16 0.87-1.53 $75,000+ 1.00 0.76-1.31 EDUCATION <
High school graduate 1.10 0.90-1.33 High school graduate 1.11 0.92-1.34 Some college 1.14 0.88-1.46 College graduate 1.12
0.72-1.75 > College graduate 1.35 0.78-2.33 MARITAL STATUS Married 1.14 0.97-1.33 Divorced 1.19 0.92-1.55 Separated 1.68
0.87-3.24 Never married 1.18 0.74-1.86 Widowed 0.84 0.65-1.08 URBAN-RURAL Urban 1.12 0.98-1.27 Rural 1.09 0.84-1.40
CENSUS REGION Northeast 0.91 0.67-1.23 Midwest 1.27 0.97-1.66 South 1.10 0.87-1.39 West 1.10 0.92-1.32 SURVEY YEAR
1986-1995 1.05 0.90-1.22 1996-2005 1.24 1.02-1.51 2006-2014 1.15 0.81-1.62 Note: Cause-of-death groupings are based on
International Statistical Classification of Diseases, Injuries, and Causes of Death, Tenth Revision (ICD-10).
Cardiopulmonary disease includes cardiovascular disease (I00-I09, I11, I13, I20-I51), cerebrovascular disease (I60-I69),
chronic lower respiratory disease (J40-J47), and influenza and pneumonia (J09-J18). Lung cancer includes C33-C34.
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