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Abstract

Given recent slowing of declines in national all-cause, heart disease, and stroke mortality,
examining spatiotemporal distributions of coronary heart disease (CHD) death rates and
trends can provide data critical to improving the cardiovascular health of populations. This
paper documents county-level CHD death rates and trends by age group, race, and gender
from 1979 through 2017. Using data from the National Vital Statistics System and a Bayes-
ian multivariate space-time conditional autoregressive model, we estimated county-level
age-standardized annual CHD death rates for 1979 through 2017 by age group (35-64
years, 65 years and older), race (white, black, other), and gender (men, women). We then
estimated county-level total percent change in CHD death rates during four intervals (1979—
1990, 1990-2000, 2000—-2010, 2010—2017) using log-linear regression models. For all inter-
vals, national CHD death rates declined for all groups. Prior to 2010, although most counties
across age, race, and gender experienced declines, pockets of increasing CHD death rates
were observed in the Mississippi Delta, Oklahoma, East Texas, and New Mexico across
age groups and gender, and were more prominent among non-white populations than
whites. Since 2010, across age, race, and gender, county-level declines in CHD death rates
have slowed, with a marked increase in the percent of counties with increasing CHD death
rates (e.g. 4.4% and 19.9% for ages 35 and older during 1979—-1990 and 2010-2017,
respectively). Recent increases were especially prevalent and geographically widespread
among ages 35-64 years, with 40.5% of counties (95% CI: 38.4, 43.1) experiencing
increases. Spatiotemporal differences in these long term, county-level results can inform
responses by the public health community, medical providers, researchers, and communi-
ties to address troubling recent trends.
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Introduction

In 2017, coronary heart disease (CHD) was the underlying cause of over 360,000 deaths in the
United States (US), representing about 60% of heart disease deaths [1, 2]. Despite the stagna-
tion in national heart disease death rates since 2010 [3, 4], national coronary heart disease
(CHD) death rates have continued to decline [1]. This recent decline occurs following a long
period of differences in CHD mortality trends by age, race, gender, and geography. National
trends in CHD mortality by race and gender diverged in the 1970s [5, 6], with slower declines
for blacks than whites and for women than men. In the 1990s, declines in CHD mortality slo-
wed among younger adults, but accelerated in older adults [7, 8]. Since 2000, CHD death rates
continued decline, with evidence of stagnation of declines in younger women [9].

However, national trends in CHD mortality may obscure critical differences among US
counties [10-12]. Although heart disease and CHD death rates have historically declined more
slowly in the southern United States [6, 11-13], recent increases in heart disease death rates
have been spread throughout the country, especially among adults ages 35-64 [10, 11]. Given
this geographic variation and recent slowing of national heart disease death rates [1, 3, 4, 10],
fully documenting the spatiotemporal distributions of CHD death rates and trends can provide
public health professionals, clinicians, researchers, and communities with data critical to
improving the cardiovascular health of populations. Therefore, this paper documents county-
level CHD death rates and trends by age group, race, and gender from 1979 through 2017.

Methods
CHD mortality data

For US residents ages 35 and older, we obtained county-level annual counts of CHD deaths
from the National Vital Statistics System of the National Center for Health Statistics (NCHS)
from 1979-2017. Over this study period, the classification of race and ethnicity changed
nationally and within states, restricting our study population to black, white, or other [14].
Hispanic ethnicity was not recorded on death certificates from all states for the duration of the
study period. We included deaths for which the underlying cause of death was CHD according
to the 9th, and 10th revisions of the International Classification of Diseases (ICD) (ICD-9:
410-414, 429.2; ICD-10: 120-125). This definition of ICD codes permitted a consistent com-
parison of CHD deaths across this 39 year period [15].

The unit of analysis was the county. Given changes in county definitions during the study
period (e.g., the creation of new counties), a single set of 3,115 counties based on the most
recent county definitions was used for the entire study period. We used NCHS bridged-race
estimates for annual county-level populations [16].

Estimating death rates

We estimated US county-level CHD death rates for the years 1979 through 2017 using a Bayes-
ian multivariate space-time conditional autoregressive model. With this model, we estimated
rates for each year and county by age group (ages 35 and older, ages 35-64, and ages 65 and
older), race (black, white, other), and gender (men, women). Rates for race and gender
included only individuals aged 35 years and older. Adults aged 35 and older comprise 99.7% of
CHD deaths. Additionally, the age groups included in this analysis have recently experienced
similar county-level trends in heart disease and stroke mortality and have been identified as
key populations by national initiatives that seek to prevent cardiovascular disease events [10-
12,17, 18].
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Details of this model have been previously described [19] and used to model heart disease,
heart failure, and stroke death rates [11, 12, 17]. This model is based on the popular Besag-
York-Mollié conditional autoregressive model for spatially-referenced count data [20] and
incorporates correlation across space, time, and demographic groups. By iteratively estimating
parameters and borrowing strength from neighbors, these models generate more precise, reli-
able rates even in the presence of small case counts and small populations [19, 21]. We fit this
model with a Markov chain Monte Carlo (MCMC) algorithm using user-developed code in
the R programming language. All death rates were age-standardized to the 2000 standard US
population using 10-year age groups.

Specifically, we modeled Y, the number of deaths due to heart disease in county i and age
group k during year t from a population of size n;,, using a Poisson distribution of the form
Yii~Pois(nixdirs), where A;, denotes the heart disease mortality rate. To model A, we assume
In(24,) ~ N(By, + Zy,, 13), where By, is a random intercept for each group for each year with a
vague N(0,100) prior, Zy, is a spatiotemporal random effect that incorporates correlation
between groups, and 7} is a variance parameter with a weakly informative gamma prior [22].

To account for these various sources of dependence, we model Z, using a multivariate
space-time conditional autoregressive (MSTCAR) model [19], a special case of the multivariate
CAR model of Gelfand and Vounatsou [23]. This MSTCAR model shrinks the random effects
for each county toward the values in neighboring counties. Similarly, temporal structure is
accounted for within the MSTCAR model by shrinking estimates toward adjacent years using a
standard autoregressive order 1 (AR(1)) model with a beta prior. Finally, correlations between
groups are estimated via an unstructured covariance matrix with an inverse Wishart prior [22].

We ran the MCMC algorithm with four chains for 6000 iterations, diagnosing convergence
via trace plots for many of the model parameters and discarding the first 3000 iterations as
burn-in. We generated estimates based on posterior medians, and 95% credible intervals were
obtained by taking the 2.5- and 97.5-percentiles from the thinned post-burn-in samples.

Estimating trends in death rates

For each demographic group within each county, we measured temporal trends by estimating
percent change in CHD death rates using log-linear regression on time-series samples from the
posterior distributions of the Bayesian model. To account for potential nonlinearity in trends,
we calculated average annual percent change across four intervals: 1979-1990, 1990-2000,
2000-2010, and 2010-2017. These intervals roughly represent decades, with the last interval
representing a period during which long term national declines in heart disease rates were inter-
rupted and many counties experienced increasing heart disease death rates [3, 4, 10, 11].

Suppression criteria. For data for a given demographic group within a given county to be
included, estimated rates were required to be reliable (i.e. the width of the credible interval
must be less than the point estimate) and to have an annual population greater than 100 people
for all years (1979-2017). This suppression criteria ensured that we only reported reliable rates
in sufficiently large populations and that the same set of counties was used for the entire study
period for each demographic group.

Results
National CHD death rates and trends

Between 1979 and 2017, national CHD death rates for all age, race, and gender groups declined
substantially (Table 1). For all groups, national declines accelerated in the 2000s, but slowed
during 2010-2017.
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Table 1. National age-standardized CHD death rates and annual percent change in CHD death rates by year, race, gender, and age group, United States, 1979-

2017.
Age group
Ages 35 and Ages 35-64
older
CHD death rate (per 100,000) (95% CI)
1979 662.4 (660.8, 160.1 (159.2,
664.1) 161)
1990 487.5 (486.2, 104.3 (103.6,
488.8) 105)
2000 364.7 (363.7, 74.8 (74.3,75.4)
365.7)
2010 221.6 (220.9, 52.2 (51.8, 52.6)
222.3)
2017 181.1 (180.5, 47.2 (46.9, 47.6)
181.7)
Annual percent change (%) (95% CI)
1979- -4.0 (-4.2,-3.7) -3.0(-3.2,-2.7)
1990
1990- -3.3(-3.6,-3.0) -2.8 (-3.0, -2.6)
2000
2000~ 3.6(-3.8,-3.4) | -5.1(-5.4, -4.8)
2010
2010- -1.4(-1.5,-1.3) -2.8(-3.2,-2.5)
2017

https://doi.org/10.1371/journal.pone.0235839.t001

Race (Ages 35 and older) Gender (Ages 35 and older)
Ages 65 and older White Black Other Men Women
2191.5(2185.2, 668.3 (666.5, 615.4 (609.8, 376.6 (363.1, 887.8 (884.7, 499.4 (497.5,
2197.8) 670.1) 621.1) 390.1) 891) 501.3)
1654.0 (1649.2, 487.7 (486.3, 520.9 (516.2, 272.9 (265.2, 640.9 (638.4, 378.9 (377.5,
1658.8) 489.0) 525.5) 280.6) 643.3) 380.3)
1247.0 (1243.3, 362.4 (361.4, 425.9 (422.2, 220.3 (2154, 471.2 (4694, 286.2 (285.1,
1250.7) 363.5) 429.6) 225.2) 473.1) 287.3)
737.3 (734.7,739.9) 221.5(220.7, 255.5 (252.9, 139.3 (136.4, 294.9 (293.6, 165.7 (164.9,
222.2) 258.1) 142.2) 296.1) 166.5)
588.6 (586.4, 590.7) 182.4 (181.8, 203.9 (201.8, 109.4 (107.4, 247.2 (246.1, 128.7 (128.1,
183.1) 205.9) 111.4) 248.2) 129.4)
-2.8(-3.0, -2.5) -3.0(-3.3,-2.8) -1.7 (-2.1,-1.4) -2.0(-2.8,-1.2) -3.2(-3.4,-2.9) -2.7(-3.0, -2.4)
-2.7(-2.9,-2.5) -2.8(-3.1,-2.6) -2.1(-2.5,-1.8) -2.2(-2.7,-1.8) -3.0(-3.2,-2.8) -2.7(-2.9,-2.4)
-5.4(-5.7,-5.1) -5.0(-53,-47) | -53(-5.7,-49) | -4.7(-5.0,-43) | -4.8(-5.1,-4.5) | -5.6(-5.9,-5.2)
-3.2(-3.6,-2.8) -2.7(-3.1,-2.4) -3.1(-3.5,-2.7) -3.3(-4.2,-24) -2.5(-2.8,-2.1) -3.5(-3.9,-3.2)

County-level CHD death rates and trends by age group

The median county-level CHD death rates for each age group declined by roughly 3-fold from
1979 to 2017 (Table 2, Fig 1). In 1979, the spatial distributions of the highest CHD death rates
differed across age groups, with the highest rates for ages 35-64 being concentrated in a band
stretching from Kentucky and West Virginia through the Atlantic Coast and the highest rates
for ages 65 and older being concentrated from Illinois through New York (Fig 2). By 2017, the
geographic patterns for the two age groups were more similar, with the highest rates extending
from West Virginia through New Mexico. One notable exception to these similar geographic
patterns was a concentration of high CHD death rates in 2017 along the south Atlantic coast
observed for ages 35-64 but not ages 65 and older.

Prior to 2000, all age groups experienced strong, widespread declines in CHD death rates,
with few counties experiencing increasing death rates (Table 2, Fig 3, Fig 4). However, in
2000-2010, this pattern changed for ages 35-64, with some counties experiencing increases
(11.3% of counties (95% CI: 9.7, 12.5)). In 2000-2010, most counties for ages 65 and older con-
tinued to decline, with only 1.1% of counties (95% CI: 0.8, 1.6)) experiencing increases. In
2010-2017, both age groups in many counties experienced increasing rates (40.5%, 95% CI:
38.4,43.1 and 16.0%, 95% CI: 14.7, 17.2 for ages 35-64 and 65 and older, respectively). Prior
to 2000, the geographic distributions of trends were similar for ages 35-64 and ages 65 and
older (Fig 5). Slower declines and the few counties with increasing rates were concentrated in
New Mexico, Oklahoma, and the Mississippi Delta for both ages 35-64 and 65 and older.
However, after 2000, the geographic patterns for these age groups diverged, with increases
becoming geographically widespread among ages 35-64 and remaining rare for ages 65 and
older.
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Table 2. County-level distributions of age-standardized CHD death rates and annual percent change in CHD death rates by year, race, gender, and age group,
United States, 1979-2017.

Age group Race (Ages 35 and older) Gender (Ages 35 and older)
Ages 35 and Ages 35-64 | Ages 65 and older White Black Other Men Women
older
Number of 3114 3108 3097 3114 1594 857 3111 3106
counties
Median CHD death rate (per 100,000) (25th and 75th percentiles)
1979 624.9 (555.3, 155.3 (134.0, 2033.5 (1812.0, 631.3 (561.0, 605.5 (526.2, 242.7 (186.4, 850.7 (758.1, 450.5 (393.4,
697.5) 182.2) 2275.0) 707.0) 697.4) 328.6) 944.3) 514.5)
1990 466.1 (411.2, 105.9 (88.5, 1556.1 (1369.0, 467.3 (411.5, 509.6 (440.2, 241.9 (195.2, 625.6 (553.1, 348.5 (301.3,
524.9) 126.9) 1746.7) 525.2) 584.3) 312.3) 702.3) 398.8)
2000 352.2(297.8, 78.8 (63.8, 98.2) 1177.5 (1001.7, 352.8 (298.2, 404.3 (345.2, 196.3 (157.5, 466.9 (398.9, 267.6 (220.1,
409.9) 1368.0) 408.0) 477.6) 259.7) 532.0) 318.4)
2010 224.1 (187.4, 58.3 (46.4, 76.3) 719.7 (605.8, 222.8 (186.6, 242.0 (202.1, 131.3 (104.4, 302.9 (256.8, 163.4 (133.5,
269.5) 863.8) 269.0) 294.6) 175.4) 356.1) 202.4)
2017 193.1 (159.5, 55.8 (42.1, 74.0) 604.8 (507.9, 192.3 (159.7, 205.3 (167.4, 103.3 (83.4, 266.0 (222.3, 132.1 (106.7,
233.7) 724.1) 233.5) 254.8) 145.7) 314.9) 165.1)
Median annual percent change (%) (25th and 75th percentiles)
1979-1990 -2.8(-3.6,-1.9) | -3.7(-4.5,-2.7) -2.6 (-3.5,-1.7) -2.9(-3.7,-2.0) -1.7 (-3, -0.3) 0.1(-1.4,1.6) -29(-3.7,-2.1) | -2.5(-3.4,-1.5)
1990-2000 -2.8(-3.7,-1.9) | -3.0(-3.9,-2.0) -2.7(-3.7,-1.8) -2.8(-3.7,-19) | -2.3(-34,-1.2) | -2.1(-3.6,-0.8) | -2.9(-3.7,-2.1) | -2.6(-3.7,-1.5)
2000-2010 -4.6 (-5.6,-3.4) | -3.0(-4.2,-1.6) -4.9 (-6.0, -3.8) -4.5(-5.6,-3.4) | -5.1(-6.4,-3.8) | -4.2(-5.6,-3.0) | -4.4(-5.3,-3.3) | -4.9(-6.1,-3.6)

2010-2017 -2.1(-3.4,-0.8) | -0.7 (-2.1,0.8) -2.5(-3.8,-1.1) -2.2(-3.4,-0.8) | -2.3(-3.8,-0.8) |-2.8(-4.1,-1.5) |-1.9(-3,-0.6) -29(-44,-1.2)
https://doi.org/10.1371/journal.pone.0235839.t002

County-level CHD death rates and trends by race

Across the study period, the distributions of county-level rates for blacks and whites, ages 35
and older, were similar (Table 2, Fig 1). On average, blacks had the highest CHD death rates,
followed by whites, with other races having the lowest rates. The highest rates for whites and
blacks exhibited similar spatiotemporal trends, with the highest CHD death rates starting in
the Northeast in 1979 and moving to a band stretching across Texas, Arkansas, and Louisiana
by 2017 (Fig 6).

Compared to whites, the distributions of trends for blacks and other races have shifted
from having slower declines and some counties with increasing rates during 1979-1990 to hav-
ing similar distributions of percent change since 2010 (Table 2, Fig 3). Likewise, the percent-
ages of counties experiencing increases was higher among blacks and other races compared to
whites prior to 2010, but there was no difference after 2010 (Table 2, Fig 4) (20.0% (95% CI:
18.7, 21.8), 20.6% (95% CI: 18.8, 23.7), 17.4% (95% CI: 13.2, 25.1) for whites, blacks, and other
races, respectively). Prior to 2000, for blacks and whites, the slowest declines and increases
were concentrated in counties stretching across East Texas, Oklahoma, and the Mississippi
Delta (Fig 7). However, during 2010-2017, the geographic patterns of slow declines and
increases were widespread for all races.

County-level CHD Death Rates and Trends by Gender

By gender, the distributions of county-level death rates were almost completely distinct in
1979, but the overlap of the distributions increased over time (Table 2, Fig 1). The geographic
patterns of high CHD death rates were similar for both genders, with the highest rates initially
stretching from Illinois through New York and ending the study period in a band from West
Virginia through New Mexico (Fig 8).

Distributions of percent change were similar across genders prior to 2000, but shifted after
2000 such that, on average, men declined more quickly than women (Table 2, Fig 3). Likewise,
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prior to 2010 increasing county-level CHD death rates were more common among women
but were recently more common among men (Fig 4). The geographic patterns of trends for
both genders were similar for all time periods (Fig 9).

Discussion

Using a spatiotemporal Bayesian model, we estimated county-level CHD death rates and
trends over an uninterrupted 39-year period. These methods permitted the examination of
trends in counties across the United States by age, race, and gender, including counties with
small populations and small numbers of deaths. These results provide detailed documentation
of county-level patterns of CHD death rates and trends that have been masked by previous
national analyses [1, 5-8].
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Across age group, race, and gender, the highest CHD disease death rates became concen-
trated in a band stretching from West Virginia through east Texas. The similarities in these
patterns across demographic groups highlight the importance of place with respect to the bur-
den of CHD mortality [6, 24]. By documenting these patterns through maps, this paper pro-
vides critical information for understanding the geographic patterns of CHD death rates for
each demographic group.

Between 1979 and 2017, county-level CHD death rates declined substantially across age,
race, and gender. However, even during this period of broad national declines, non-white pop-
ulations, working age adults, and counties in the Mississippi Delta, Oklahoma, East Texas, and
New Mexico experienced increases. Recently, these patterns have broadened such that declines
have slowed across all age, race, and gender groups and have begun to increase in counties
across the country.

The evolution of these trends over time by age, race, and gender suggests potential drivers
of these changes. The pattern of trends by age group, with stagnating and increasing trends ini-
tially concentrated among ages 35-64, but recently common across age groups, suggests a
birth cohort effect in which younger people have lived with CHD risk factors for more of their
lives [11, 25, 26]. A similar pattern has been previously observed for deaths due to all diseases
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of the heart [11]. Additionally, the early pattern of trends by race, with county-level increases
and slow declines initially concentrated in non-white populations prior to 2000, supports prior
work on the timing of declines in CHD mortality among non-white populations. Although
national declines in CHD mortality began in the 1960s, strong declines in CHD mortality
among non-white populations were delayed by roughly a decade[25, 27-29]. These delayed
declines could account for the large proportion of counties with increasing death rates for
other races before 1990 [29]. Finally, the differences by gender, with initial increases in CHD
death rates being rare but more prevalent among women while recent increases are more com-
mon and more prevalent among men, may reflect established gender differences in CHD risk
factors, prevention, treatment, and health behaviors and changes in these factors over time
[30-33].

Additionally, the temporal evolution of county-level geographic patterns demonstrates the
influence of both traditional risk factors and social determinants of health. Across all demo-
graphic groups, increases and slow declines prior to 2010 were concentrated across the South
in the Mississippi Delta, east Texas and Oklahoma. Although this geographic pattern is similar
to that of traditional risk factors like obesity and diabetes, it also aligns with the geographic pat-
terns of many social determinants of health like poverty, health insurance coverage, and educa-
tional attainment [34-36].

Within the context of recent increases in other cardiovascular disease outcomes, including
deaths due to stroke, all diseases of the heart, and heart failure [1, 3, 4, 8, 17, 37-39],
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Fig 5. Annual percent change in county-level CHD death rates by year and age group, United States, 1979-2017.
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documenting these recent county-level increases in CHD death rates provides key information
that can inform responses by communities, public health professionals, clinicians, and
researchers. For communities, these county-level data are critical to enhancing their
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Fig 7. Annual percent change in county-level CHD death rates by year and race, ages 35 and older, United States, 1979-2017.
https://doi.org/10.1371/journal.pone.0235839.9007

understanding of their health landscape and provide data to improve advocacy for health
promotion.

For the public health and medical communities, our results identify where responses to the
recent troubling trends are most needed [40]. These responses could address CHD prevention
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ranges are shown in Table 2.
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and treatment among younger adults, especially given this group’s increasing prevalence of
cardiovascular disease risk factors [41]. Also, the public health and medical communities
could benefit from defining and implementing structural interventions to address place-based
characteristics (e.g., social determinants of health, the built environment, policies) [42-44],
which are critical given the role of these characteristics in establishing individual-level cardio-
vascular disease risk factors [24, 35, 36, 45]. Finally, these mortality data also point to the need
for greater surveillance of CHD, including its incidence, risk factors, and data to support geo-
graphic analyses [46].

In addition to robust public health and clinical responses to these recent increases, addi-
tional research is needed to better understand these local trends in CHD death rates. First, our
county-level estimates (see supplement for data) could be used to investigate local drivers of
changing CHD death rates. Nationally, primary prevention accounts for 50% of the declines in
CHD mortality from 1980 through 2000, with secondary prevention accounting for the other
50% [47]. However, these relative contributions are likely to vary geographically and over
time, especially in light of the geographic variations in the slowing, plateauing, and increasing
trends in CHD death rates observed in this study. Additionally, the locations and populations
in which early slower declines and increases were concentrated suggest the importance of
looking upstream to social factors, economic factors, and policies that can subsequently drive
changes in proximal biological and behavioral risk factors and, eventually, changes in CHD
death rates [48-50].

A key strength of this study is its application of a fully Bayesian spatiotemporal model to
national surveillance data. By borrowing statistical strength across adjacent counties, demo-
graphic groups, and years, this model estimated precise, reliable rates, even in counties with
small numbers of deaths, thereby permitting the inclusion of more counties than would be
possible with other methods [21]. Additionally, this analysis used national vital statistics data
that included all recorded deaths over an uninterrupted time period, allowing the comparison
of rates and trends over demographic groups and time. Finally, by using linear regression
within the Bayesian results, our percent change estimates account for imprecision in underly-
ing CHD death rates.

Temporal changes in the definition of CHD on the death certificate and initial absence of
ethnicity classifications represent key limitations of this long-term spatiotemporal analysis.
Our study was limited to beginning in 1979 because of poor comparability ratios for CHD
deaths prior to ICD-9 [51]. However, even within this period with consistency in comparabil-
ity rations, misclassification of CHD on death certificates presents another possible limitation.
Although there have been few studies of temporal trends in differential misclassification by
demographic groups, especially with respect to recent changes in CHD mortality trends, past
work has found lower accuracy of CHD as a cause of death in older adults [52]. However, this
misclassification is unlikely to fully explain the observed trends. Also, although the length of
the study allowed the examination of long-term trends, it limited the ability to examine trends
for Hispanic ethnicity or for races other than black and white because Hispanic ethnicity was
routinely collected on death certificates only after 1996 [14].

Conclusion

In this analysis of county-level CHD death rates from 1979 through 2017, we documented spa-
tiotemporal differences over age, race, and gender in both the level of the CHD death rates and
their trends. Specifically, county-level increases in CHD death rates were uncommon prior to
2010, but were common and widespread after 2010 across age, race, and gender, especially
among working age adults. These county-level results can inform critical responses by the
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public health community, medical providers, researchers, and communities to address trou-
bling recent trends.

Supporting information
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(ZIP)

Acknowledgments

The findings and conclusions in this report are those of the authors and do not necessarily rep-
resent the official position of the Centers for Disease Control and Prevention.

Author Contributions

Conceptualization: Adam S. Vaughan, Linda Schieb, Michele Casper.
Data curation: Adam S. Vaughan.

Formal analysis: Adam S. Vaughan.

Investigation: Adam S. Vaughan.

Methodology: Adam S. Vaughan, Linda Schieb.

Project administration: Michele Casper.

Resources: Adam S. Vaughan.

Supervision: Michele Casper.

Validation: Adam S. Vaughan.

Visualization: Adam S. Vaughan.

Writing - original draft: Adam S. Vaughan.

Writing - review & editing: Adam S. Vaughan, Linda Schieb, Michele Casper.

References

1. Sidney S, Quesenberry CP Jr., Jaffe MG, Sorel M, Go AS, Rana JS. Heterogeneity in national U.S. mor-
tality trends within heart disease subgroups, 2000-2015. BMC Cardiovasc Disord. 2017; 17(1):192.
Epub 2017/07/20. https://doi.org/10.1186/s12872-017-0630-2 PMID: 28720073; PMCID:
PMC5516392.

2. Benjamin EJ, Muntner P, Alonso A, Bittencourt MS, Callaway CW, Carson AP, et al. Heart Disease and
Stroke Statistics—2019 Update: A Report From the American Heart Association. Circulation. 2019; 139
(10). https://doi.org/10.1161/cir.0000000000000659 PMID: 30700139

3. Sidney S, Quesenberry CP Jr., Jaffe MG, Sorel M, Nguyen-Huynh MN, Kushi LH, et al. Recent Trends
in Cardiovascular Mortality in the United States and Public Health Goals. JAMA Cardiol. 2016; 1
(5):594-9. Epub 2016/07/21. https://doi.org/10.1001/jamacardio.2016.1326 PMID: 27438477.

4. MaJ, Ward EM, Siegel RL, Jemal A. Temporal Trends in Mortality in the United States, 1969-2013.
Jama. 2015; 314(16). https://doi.org/10.1001/jama.2015.12319 PMID: 26505597

5. Sempos C, Cooper R, Kovar MG, McMillen M. Divergence of the Recent Trends in Coronary Mortality
for the Four Major Race-Sex Groups in the United States. AJPH. 1988; 78(11):1422-7.

6. Gillum RF, Mehari A, Curry B, Obisesan TO. Racial and geographic variation in coronary heart disease
mortality trends. BMC Public Health. 2012; 12:410. https://doi.org/10.1186/1471-2458-12-410 PMID:
22672746

7. Ford ES, Capewell S. Coronary Heart Disease Mortality Among Young Adults in the U.S. From 1980
Through 2002. Journal of the American College of Cardiology. 2007; 50(22):2128-32. https://doi.org/
10.1016/j.jacc.2007.05.056 PMID: 18036449

PLOS ONE | https://doi.org/10.1371/journal.pone.0235839  July 7, 2020 16/19


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0235839.s001
https://doi.org/10.1186/s12872-017-0630-2
http://www.ncbi.nlm.nih.gov/pubmed/28720073
https://doi.org/10.1161/cir.0000000000000659
http://www.ncbi.nlm.nih.gov/pubmed/30700139
https://doi.org/10.1001/jamacardio.2016.1326
http://www.ncbi.nlm.nih.gov/pubmed/27438477
https://doi.org/10.1001/jama.2015.12319
http://www.ncbi.nlm.nih.gov/pubmed/26505597
https://doi.org/10.1186/1471-2458-12-410
http://www.ncbi.nlm.nih.gov/pubmed/22672746
https://doi.org/10.1016/j.jacc.2007.05.056
https://doi.org/10.1016/j.jacc.2007.05.056
http://www.ncbi.nlm.nih.gov/pubmed/18036449
https://doi.org/10.1371/journal.pone.0235839

PLOS ONE

Trends in county-level coronary heart disease death rates

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

Wilmot KA, O’Flaherty M, Capewell S, Ford ES, Vaccarino V. Coronary Heart Disease Mortality
Declines in the United States From 1979 Through 2011: Evidence for Stagnation in Young Adults,
Especially Women. Circulation. 2015; 132(11):997—1002. Epub 2015/08/26. https://doi.org/10.1161/
CIRCULATIONAHA.115.015293 PMID: 26302759; PMCID: PMC4828724.

Chen Y, Freedman ND, Albert PS, Huxley RR, Shiels MS, Withrow DR, et al. Association of Cardiovas-
cular Disease With Premature Mortality in the United States. JAMA Cardiol. 2019. Epub 2019/10/17.
https://doi.org/10.1001/jamacardio.2019.3891 PMID: 31617863; PMCID: PMC6802055.

Vaughan AS, Ritchey MD, Hannan J, Kramer MR, Casper M. Widespread recent increases in county-
level heart disease mortality across age groups. Ann Epidemiol. 2017; 27(12):796-800. Epub 2017/11/
11. https://doi.org/10.1016/j.annepidem.2017.10.012 PMID: 29122432; PMCID: PMC5733620.

Vaughan AS, Schieb L, Quick H, Kramer MR, Casper M. Before the here and now: What we can learn
from variation in spatiotemporal patterns of changing heart disease mortality by age group, time period,
and birth cohort. Soc Sci Med. 2018; 217:97—105. Epub 2018/10/10. https://doi.org/10.1016/j.
socscimed.2018.09.045 PMID: 30300762; PMCID: PMC6211179.

Vaughan AS, Quick H, Schieb L, Kramer MR, Taylor HA, Casper M. Changing rate orders of race-gen-
der heart disease death rates: An exploration of county-level race-gender disparities. SSM Popul
Health. 2019; 7:100334. Epub 2018/12/26. https://doi.org/10.1016/j.ssmph.2018.100334 PMID:
30581967; PMCID: PMC6299149.

Casper M, Kramer MR, Quick H, Schieb LJ, Vaughan AS, Greer S. Changes in the Geographic Patterns
of Heart Disease Mortality in the United States: 1973 to 2010. Circulation. 2016; 133(12):1171-80.
Epub 2016/03/24. https://doi.org/10.1161/CIRCULATIONAHA.115.018663 PMID: 27002081; PMCID:
PMC4836838.

Mays VM, Ponce NA, Washington DL, Cochran SD. Classification of race and ethnicity: implications for
public health. Annu Rev Public Health. 2003; 24:83—110. Epub 2003/04/02. https://doi.org/10.1146/
annurev.publhealth.24.100901.140927 PMID: 12668755; PMCID: PMC3681827.

Anderson RN, Minifio AM, Hoyert DL, Rosenberg HM. Comparability of Cause of Death Between ICD—
9 and ICD-10: Preliminary Estimates. National Vital Statistics Reports. 2001; 49(2):1-31. PMID:
11381674

National Center for Health Statistics. US Census populations with bridged race categories 2017 [5/10/
2018]. Available from: www.cdc.gov/nchs/nvss/bridged_race.htm.

Hall EW, Vaughan AS, Ritchey MD, Schieb L, Casper M. Stagnating National Declines in Stroke Mortal-
ity Mask Widespread County-Level Increases, 2010-2016. Stroke. 2019; 50(12):3355-9. Epub 2019/
11/07. https://doi.org/10.1161/STROKEAHA.119.026695 PMID: 31694505.

Wright JS, Wall HK, Ritchey MD. Million Hearts 2022: Small Steps Are Needed for Cardiovascular Dis-
ease Prevention. JAMA. 2018; 320(18):1857—8. Epub 2018/09/08. https://doi.org/10.1001/jama.2018.
13326 PMID: 30193304.

Quick H, Casper M, Waller LA. A multivariate space-time model for analysing county level heart disease
death rates by race and sex. Journal of the Royal Statistical Society Applied Statistics Series C. 2017;
67:291-304. https://doi.org/10.1111/rssc.12215

Besag J, York J, Mollié A. Bayesian image restoration, with two applications in spatial statistics. Annals
of the Institute of Statistical Mathematics. 1991; 43(1):1-20.

Vaughan AS, Kramer MR, Waller LA, Schieb LJ, Greer S, Casper M. Comparing methods of measuring
geographic patterns in temporal trends: an application to county-level heart disease mortality in the
United States, 1973 to 2010. Ann Epidemiol. 2015; 25(5):329-35 e3. Epub 2015/03/18. https://doi.org/
10.1016/j.annepidem.2015.02.007 PMID: 25776848; PMCID: PMC4397179.

Waller LA, Carlin BP, Xia H, Gelfand AE. Hierarchical Spatio-Temporal Mapping of Disease Rate. Jour-
nal of the American Statistical Association. 1997; 92(438):607-17.

Gelfand AE, Vounatsou P. Proper multivariate conditional autoregressive models for spatial data analy-
sis. Biostatistics. 2003; 4:11-5. https://doi.org/10.1093/biostatistics/4.1.11 PMID: 12925327

Harper S, Lynch J, Smith GD. Social determinants and the decline of cardiovascular diseases: under-
standing the links. Annu Rev Public Health. 2011; 32:39-69. Epub 2011/01/12. https://doi.org/10.1146/
annurev-publhealth-031210-101234 PMID: 21219168.

Kramer MR, Valderrama AL, Casper ML. Decomposing Black-White Disparities in Heart Disease Mor-
tality in the United States, 1973—-2010: An Age-Period-Cohort Analysis. Am J Epidemiol. 2015; 182
(4):302—12. Epub 2015/07/23. https://doi.org/10.1093/aje/kwv050 PMID: 26199382; PMCID:
PMC4528952.

Pearson-Stuttard J, Guzman-Castillo M, Penalvo JL, Rehm CD, Afshin A, Danaei G, et al. Modeling
Future Cardiovascular Disease Mortality in the United States: National Trends and Racial and Ethnic
Disparities. Circulation. 2016; 133(10):967—78. Epub 2016/02/06. https://doi.org/10.1161/
CIRCULATIONAHA.115.019904 PMID: 26846769; PMCID: PMC4783256.

PLOS ONE | https://doi.org/10.1371/journal.pone.0235839  July 7, 2020 17/19


https://doi.org/10.1161/CIRCULATIONAHA.115.015293
https://doi.org/10.1161/CIRCULATIONAHA.115.015293
http://www.ncbi.nlm.nih.gov/pubmed/26302759
https://doi.org/10.1001/jamacardio.2019.3891
http://www.ncbi.nlm.nih.gov/pubmed/31617863
https://doi.org/10.1016/j.annepidem.2017.10.012
http://www.ncbi.nlm.nih.gov/pubmed/29122432
https://doi.org/10.1016/j.socscimed.2018.09.045
https://doi.org/10.1016/j.socscimed.2018.09.045
http://www.ncbi.nlm.nih.gov/pubmed/30300762
https://doi.org/10.1016/j.ssmph.2018.100334
http://www.ncbi.nlm.nih.gov/pubmed/30581967
https://doi.org/10.1161/CIRCULATIONAHA.115.018663
http://www.ncbi.nlm.nih.gov/pubmed/27002081
https://doi.org/10.1146/annurev.publhealth.24.100901.140927
https://doi.org/10.1146/annurev.publhealth.24.100901.140927
http://www.ncbi.nlm.nih.gov/pubmed/12668755
http://www.ncbi.nlm.nih.gov/pubmed/11381674
http://www.cdc.gov/nchs/nvss/bridged_race.htm
https://doi.org/10.1161/STROKEAHA.119.026695
http://www.ncbi.nlm.nih.gov/pubmed/31694505
https://doi.org/10.1001/jama.2018.13326
https://doi.org/10.1001/jama.2018.13326
http://www.ncbi.nlm.nih.gov/pubmed/30193304
https://doi.org/10.1111/rssc.12215
https://doi.org/10.1016/j.annepidem.2015.02.007
https://doi.org/10.1016/j.annepidem.2015.02.007
http://www.ncbi.nlm.nih.gov/pubmed/25776848
https://doi.org/10.1093/biostatistics/4.1.11
http://www.ncbi.nlm.nih.gov/pubmed/12925327
https://doi.org/10.1146/annurev-publhealth-031210-101234
https://doi.org/10.1146/annurev-publhealth-031210-101234
http://www.ncbi.nlm.nih.gov/pubmed/21219168
https://doi.org/10.1093/aje/kwv050
http://www.ncbi.nlm.nih.gov/pubmed/26199382
https://doi.org/10.1161/CIRCULATIONAHA.115.019904
https://doi.org/10.1161/CIRCULATIONAHA.115.019904
http://www.ncbi.nlm.nih.gov/pubmed/26846769
https://doi.org/10.1371/journal.pone.0235839

PLOS ONE

Trends in county-level coronary heart disease death rates

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

45.

Wing S, Hayes C, Heiss G, John E, Knowles M, Riggan W, et al. Geographic variation in the onset of
decline of ischemic heart disease mortality in the United States. Am J Public Health. 1986; 76
(12):1404-8. Epub 1986/12/01. https:/doi.org/10.2105/ajph.76.12.1404 PMID: 3777286; PMCID:
PMC1646984.

Sempos C, Cooper R, Kovar MG, McMillen M. Divergence of the recent trends in coronary mortality for
the four major race-sex groups in the United States. Am J Public Health. 1988; 78(11):1422—7. Epub
1988/11/01. https://doi.org/10.2105/ajph.78.11.1422 PMID: 3177717; PMCID: PMC1350232.

Vaughan AS, Quick H, Pathak EB, Kramer MR, Casper M. Disparities in Temporal and Geographic Pat-
terns of Declining Heart Disease Mortality by Race and Sex in the United States, 1973—-2010. J Am
Heart Assoc. 2015; 4(12). Epub 2015/12/17. https://doi.org/10.1161/JAHA.115.002567 PMID:
26672077; PMCID: PMC4845281.

Roeters van Lennep JE, Westerveld HT, Erkelens DW, van der Wall EE. Risk factors for coronary heart
disease: implications of gender. Cardiovasc Res. 2002; 53(3):538—49. Epub 2002/02/28. https://doi.
org/10.1016/s0008-6363(01)00388-1 PMID: 11861024.

Khamis RY, Ammari T, Mikhail GW. Gender differences in coronary heart disease. Heart. 2016; 102
(14):1142-9. Epub 2016/04/30. https://doi.org/10.1136/heartjnl-2014-306463 PMID: 27126397.

Shah T, Palaskas N, Ahmed A. An Update on Gender Disparities in Coronary Heart Disease Care. Curr
Atheroscler Rep. 2016; 18(5):28. Epub 2016/04/01. https://doi.org/10.1007/s11883-016-0574-5 PMID:
27029220.

O’Neil A, Scovelle AJ, Milner AJ, Kavanagh A. Gender/Sex as a Social Determinant of Cardiovascular
Risk. Circulation. 2018; 137(8):854—64. Epub 2018/02/21. https://doi.org/10.1161/CIRCULATIONAHA.
117.028595 PMID: 29459471.

Slack T, Myers CA, Martin CK, Heymsfield SB. The geographic concentration of US adult obesity preva-
lence and associated social, economic, and environmental factors. Obesity. 2014; 22(3):868—-74. Epub
2013/05/01. https://doi.org/10.1002/0by.20502 PMID: 23630100.

Patel SA, Ali MK, Narayan KM, Mehta NK. County-Level Variation in Cardiovascular Disease Mortality
in the United States in 2009—2013: Comparative Assessment of Contributing Factors. Am J Epidemiol.
2016; 184(12):933—42. Epub 2016/11/20. https://doi.org/10.1093/aje/kww081 PMID: 27864 183.

Cunningham SA, Patel SA, Beckles GL, Geiss LS, Mehta N, Xie H, et al. County-level contextual factors
associated with diabetes incidence in the United States. Ann Epidemiol. 2018; 28(1):20-5 e2. Epub
2017/12/14. https://doi.org/10.1016/j.annepidem.2017.11.002 PMID: 29233722; PMCID:
PMC5807217.

Yang Q, Tong X, Schieb L, Vaughan A, Gillespie C, Wiltz JL, et al. Vital signs: Recent trends in stroke
death rates—United States, 2000-2015. MMWR. 2017; 66(35):933-9. https://doi.org/10.15585/mmwr.
mm6635e1 PMID: 28880858

Shiels MS, Chernyavskiy P, Anderson WF, Best AF, Haozous EA, Hartge P, et al. Trends in premature
mortality in the USA by sex, race, and ethnicity from 1999 to 2014: an analysis of death certificate data.
The Lancet. 2017; 389(10073):1043-54. https://doi.org/10.1016/s0140-6736(17)30187-3 PMID:
28131493

Murphy SL, Xu J, Kochanek KD, Arias E. Mortality in the United States, 2017. Hyattsville, MD: National
Center for Health Statistics, 2018.

Gupta R, Wood DA. Primary prevention of ischaemic heart disease: populations, individuals, and health
professionals. Lancet. 2019; 394(10199):685-96. Epub 2019/08/27. https://doi.org/10.1016/S0140-
6736(19)31893-8 PMID: 31448740.

George MG, Tong X, Bowman BA. Prevalence of Cardiovascular Risk Factors and Strokes in Younger
Adults. JAMA Neurol. 2017; 74(6):695—703. Epub 2017/04/11. https://doi.org/10.1001/jamaneurol.
2017.0020 PMID: 28395017; PMCID: PMC5559660.

Adler NE, Glymour MM, Fielding J. Addressing Social Determinants of Health and Health Inequalities.
JAMA. 2016; 316(16):1641-2. Epub 2016/10/27. https://doi.org/10.1001/jama.2016.14058 PMID:
27669456.

Brown AF, Ma GX, Miranda J, Eng E, Castille D, Brockie T, et al. Structural Interventions to Reduce and
Eliminate Health Disparities. Am J Public Health. 2019; 109(S1):S72-S8. Epub 2019/01/31. https://doi.
org/10.2105/AJPH.2018.304844 PMID: 30699019; PMCID: PMC6356131.

YiH, Taylor LA, Tan AX, Coyle CE, Ndumele C, Rogan E, et al. Leveraging the Social Determinants of
Health: What Works? Plos One. 2016; 11(8). https://doi.org/10.1371/journal.pone.0160217 PMID:
27532336

Gebreab SY, Davis SK, Symanzik J, Mensah GA, Gibbons GH, Diez-Roux AV. Geographic variations
in cardiovascular health in the United States: contributions of state- and individual-level factors. J Am
Heart Assoc. 2015; 4(6):e001673. Epub 2015/05/29. https://doi.org/10.1161/JAHA.114.001673 PMID:
26019131; PMCID: PMC4599527.

PLOS ONE | https://doi.org/10.1371/journal.pone.0235839  July 7, 2020 18/19


https://doi.org/10.2105/ajph.76.12.1404
http://www.ncbi.nlm.nih.gov/pubmed/3777286
https://doi.org/10.2105/ajph.78.11.1422
http://www.ncbi.nlm.nih.gov/pubmed/3177717
https://doi.org/10.1161/JAHA.115.002567
http://www.ncbi.nlm.nih.gov/pubmed/26672077
https://doi.org/10.1016/s0008-6363(01)00388-1
https://doi.org/10.1016/s0008-6363(01)00388-1
http://www.ncbi.nlm.nih.gov/pubmed/11861024
https://doi.org/10.1136/heartjnl-2014-306463
http://www.ncbi.nlm.nih.gov/pubmed/27126397
https://doi.org/10.1007/s11883-016-0574-5
http://www.ncbi.nlm.nih.gov/pubmed/27029220
https://doi.org/10.1161/CIRCULATIONAHA.117.028595
https://doi.org/10.1161/CIRCULATIONAHA.117.028595
http://www.ncbi.nlm.nih.gov/pubmed/29459471
https://doi.org/10.1002/oby.20502
http://www.ncbi.nlm.nih.gov/pubmed/23630100
https://doi.org/10.1093/aje/kww081
http://www.ncbi.nlm.nih.gov/pubmed/27864183
https://doi.org/10.1016/j.annepidem.2017.11.002
http://www.ncbi.nlm.nih.gov/pubmed/29233722
https://doi.org/10.15585/mmwr.mm6635e1
https://doi.org/10.15585/mmwr.mm6635e1
http://www.ncbi.nlm.nih.gov/pubmed/28880858
https://doi.org/10.1016/s0140-6736(17)30187-3
http://www.ncbi.nlm.nih.gov/pubmed/28131493
https://doi.org/10.1016/S0140-6736(19)31893-8
https://doi.org/10.1016/S0140-6736(19)31893-8
http://www.ncbi.nlm.nih.gov/pubmed/31448740
https://doi.org/10.1001/jamaneurol.2017.0020
https://doi.org/10.1001/jamaneurol.2017.0020
http://www.ncbi.nlm.nih.gov/pubmed/28395017
https://doi.org/10.1001/jama.2016.14058
http://www.ncbi.nlm.nih.gov/pubmed/27669456
https://doi.org/10.2105/AJPH.2018.304844
https://doi.org/10.2105/AJPH.2018.304844
http://www.ncbi.nlm.nih.gov/pubmed/30699019
https://doi.org/10.1371/journal.pone.0160217
http://www.ncbi.nlm.nih.gov/pubmed/27532336
https://doi.org/10.1161/JAHA.114.001673
http://www.ncbi.nlm.nih.gov/pubmed/26019131
https://doi.org/10.1371/journal.pone.0235839

PLOS ONE

Trends in county-level coronary heart disease death rates

46.

47.

48.

49.

50.

51.

52,

Goff DC Jr., Brass L, Braun LT, Croft JB, Flesch JD, Fowkes FG, et al. Essential features of a surveil-
lance system to support the prevention and management of heart disease and stroke: a scientific state-
ment from the American Heart Association Councils on Epidemiology and Prevention, Stroke, and
Cardiovascular Nursing and the Interdisciplinary Working Groups on Quality of Care and Outcomes
Research and Atherosclerotic Peripheral Vascular Disease. Circulation. 2007; 115(1):127-55. Epub
2006/12/21. https://doi.org/10.1161/CIRCULATIONAHA.106.179904 PMID: 17179025.

Ford ES, Ajani UA, Croft JB, Critchley JA, Labarthe DR, Kottke TE, et al. Explaining the decrease in U.
S. deaths from coronary disease, 1980-2000. N Engl J Med. 2007; 356(23):2388—-98. Epub 2007/06/
08. https://doi.org/10.1056/NEJMsa053935 PMID: 17554120.

Zajacova A, Montez JK. Macro-level perspective to reverse recent mortality increases. The Lancet.
2017; 389(10073):991-2. https://doi.org/10.1016/s0140-6736(17)30186-1

Marmot M. Social causes of the slowdown in health improvement. J Epidemiol Community Health.
2018; 72(5):359-60. Epub 2018/03/04. https://doi.org/10.1136/jech-2018-210580 PMID: 29500311.

Rodgers A, Woodward A, Swinburn B, Dietz WH. Prevalence trends tell us what did not precipitate the
US obesity epidemic. The Lancet Public Health. 2018; 3(4):e162—e3. https://doi.org/10.1016/S2468-
2667(18)30021-5 PMID: 29501260

Klebba AJ, Scott JH. Estimates of Selected Comparability Ratios Based on Dual Coding of 1976 Death
Certificates by the Eighth and Ninth Revisions of the International Classification of Diseases. Monthly
Vital Statistics Report. 1980; 28(11):1-19.

Lloyd-Jones DM, Martin D, Larson MG, Levy D. Accuracy of death certificates for coding coronary heart
disease as the cause of death. Annals of Internal Medicine. 1998; 129:1020-6. https://doi.org/10.7326/
0003-4819-129-12-199812150-00005 PMID: 9867756

PLOS ONE | https://doi.org/10.1371/journal.pone.0235839  July 7, 2020 19/19


https://doi.org/10.1161/CIRCULATIONAHA.106.179904
http://www.ncbi.nlm.nih.gov/pubmed/17179025
https://doi.org/10.1056/NEJMsa053935
http://www.ncbi.nlm.nih.gov/pubmed/17554120
https://doi.org/10.1016/s0140-6736(17)30186-1
https://doi.org/10.1136/jech-2018-210580
http://www.ncbi.nlm.nih.gov/pubmed/29500311
https://doi.org/10.1016/S2468-2667(18)30021-5
https://doi.org/10.1016/S2468-2667(18)30021-5
http://www.ncbi.nlm.nih.gov/pubmed/29501260
https://doi.org/10.7326/0003-4819-129-12-199812150-00005
https://doi.org/10.7326/0003-4819-129-12-199812150-00005
http://www.ncbi.nlm.nih.gov/pubmed/9867756
https://doi.org/10.1371/journal.pone.0235839

