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Abstract

One hypothesized explanation for the recent slowing of declines in heart disease death rates is the
generational shift in the timing and accumulation of risk factors. However, directly testing this
hypothesis requires historical age-group-specific risk factor data that do not exist. Using national
death records, we compared spatiotemporal patterns of heart disease death rates by age group,
time period, and birth cohort to provide insight into possible drivers of trends. To do this, we
calculated county-level percent change for five time periods (1973-1980, 1980-1990, 1990-2000,
2000-2010, 2010-2015) for four age groups (35-44, 45-54, 55-64, 65-74), resulting in eight
birth cohorts for each decade from the 1900s through the 1970s. From 1973 through 1990, few
counties experienced increased heart disease death rates. In 1990-2000, 49.0% of counties for
ages 35-44 were increasing, while all other age groups continued to decrease. In 2000-2010, heart
disease death rates for ages 45-54 increased in 30.4% of counties. In 2010-2015, all four age
groups showed widespread increasing county-level heart disease death rates. Likewise, birth
cohorts from the 1900s through the 1930s experienced consistently decreasing heart disease death
rates in almost all counties. Similarly, with the exception of 2010-2015, most counties
experienced decreases for the 1940s birth cohort. For birth cohorts in the 1950s, 1960s, and 1970s,
increases were common and geographically widespread for all age groups and calendar years. This
analysis revealed variation in trends across age groups and across counties. However, trends in
heart disease death rates tended to be generally decreasing and increasing for early and late birth
cohorts, respectively. These findings are consistent with the hypothesis that recent increases in
heart disease mortality stem from the beginnings of the obesity and diabetes epidemics. However,
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the common geographic patterns within the earliest and latest time periods support the importance
of place-based macro-level factors.
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1. Introduction

Epidemiologic evidence is clear that heart disease incidence and severity are driven by life
course risk factors including smoking, hypertension, and obesity, especially when those risk
factors occur in childhood and early adulthood (LIoyd-Jones et al., 2006; Reilly and Kelly,
2011). As the duration of exposure to these risk factors lengthens and occurs earlier in life,
individuals are put at higher risk of incident heart disease and, ultimately, of death resulting
from heart disease.

Higher individual-level risks of heart disease mortality resulting from life course exposures
are then reflected in population-level surveillance data as higher heart disease death rates.
Following over forty years of declines, heart disease death rates have leveled or increased in
recent years (Sidney et al., 2016; Wilmot et al., 2015). One hypothesized explanation for the
recent change in trends is a shift in the life-stage timing and accumulated experience of risk
factors that differ across generations and birth cohorts (Ford and Capewell, 2007; Lloyd-
Jones, 2016; Olshansky et al., 2005; Sidney et al., 2016). For example, the emergence of the
‘obesity epidemic’ in the 1980’s represented the beginning of a population shift in a key risk
factor such that obesity was prevalent younger in life and experienced for longer times than
preceding generations (Flegal et al., 2012; Ford et al., 2003; Hales et al., 2017; Imes and
Burke, 2014; Mitchell et al., 2011). Similar national increases have occurred for metabolic
syndrome, hypertension, and diabetes (Egan et al., 2010; Ford et al., 2004; Harris et al.,
1998; Mainous et al., 2007). However, the health consequences of the shifting prevalence of
these risk factors across generations are delayed, taking years to manifest as increased heart
disease mortality (Flegal et al., 2012; Ford et al., 2003; Hales et al., 2017; Imes and Burke,
2014; Twig et al., 2016). Consequently, directly testing the hypothesis that recent
unfavorable changes in heart disease mortality result from differences in lifetime exposure to
risk factors (such as obesity and diabetes) requires historical age-group-specific risk factor
prevalence data. These surveillance data are simply not available for the populations or
geography necessary to respond.

In the absence of historical risk factor data, age-group-specific surveillance data may
provide indirect insight into the potential roles of risk factors as drivers of trends in heart
disease death rates. With surveillance data (which are typically reported by age group), we
can define birth cohorts (and corresponding cohort-related life course exposures) as
combinations of age groups in sequential calendar years. Although birth years are reported
in vital statistics and are appropriate for use in age-period-cohort analysis of cross-sectional
rates (Kramer et al., 2014), their use in calculating change in rates leads to algebraically
overlapping age groups within birth cohorts and overlapping birth cohorts with age groups.
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In turn, this overlap means that age group and birth cohort effects in trends cannot be
separated. However, by holding one group fixed (e.g. age group), age group and birth
cohort-specific results may be interpreted simultaneously, rather than individually. While
individuals within each birth cohort are certainly not identical, birth cohorts may share
average life course risk factor exposures, and thus serve as proxies for population-level life
course exposure data.

Through this approach, we may then examine the consistency of mortality trends across time
periods, age groups, and birth cohorts, allowing this statistical method to indirectly support
or refute hypothesized population-level drivers of changing death rates. First, the similarity
of trends in age group-specific death rate within a given time period may indicate macro-
level factors that similarly influence all age groups (Rodgers et al., 2018). Although more
distal than traditional risk factors, macro-level factors have been found to strongly influence
heart disease death rates and should not be ignored (Cunningham et al., 2017; Harper et al.,
2011; Marmot, 2018; Patel et al., 2016; Rodgers et al., 2018; Zajacova and Montez, 2017).
Secondly, similarity of patterns of death rate trends within birth cohorts and across time
periods and age groups may indicate cohort-specific exposures, such as traditional heart
disease risk factors. These traditional risk factors (e.g. obesity, diabetes) have been found to
be strongly associated with birth cohorts (Reither et al., 2009) and, therefore, have been
hypothesized to be the cause of recent increases in heart disease mortality (Ford and
Capewell, 2007; Lloyd-Jones, 2016; Olshansky et al., 2005; Sidney et al., 2016).

Examining only national trends may mask geographic and population variation in both heart
disease death rates and trends over time (Casper et al., 2016), including many counties that
have experienced increasing heart disease death rates since 2010 (Vaughan et al., 2017).
Thus, incorporating county-level data permits examination of geographic variation in the age
and cohort specific patterns of heart disease death rates. These geographic patterns may then
provide additional support to the roles of socioeconomic and environmental factors that
could influence trends in heart disease mortality.

Therefore, this analysis leveraged county-level age-group-specific heart disease mortality
data to examine spatiotemporal patterns of trends in heart disease death rates by calendar
time, age group, and birth cohorts. Through this method, we then interpret these results to
suggest potential drivers of recent increases in county-level heart disease mortality, including
both proximate biologic and behavioral risk factors as well as macro-level social
determinants of health.

2. Methods

2.1. Heart disease mortality data

The study population for this analysis included US residents, ages 35 through 74, stratified
by four age groups (35-44, 45-54, 55-64, 65-74). We obtained annual counts of heart
disease deaths per county per age group from 1973 through 2015 from the National Vital
Statistics System (NVSS) of the National Center for Health Statistics (NCHS). Deaths from
heart disease were defined as those for which the underlying cause of death was “diseases of
the heart” according to the 8th, 9th, and 10th revisions of the International Classification of
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Diseases (ICD) (ICD-8: 390-398, 402, 404, 410-429; ICD-9: 390-398, 402, 404-429;
ICD-10: 100-109, 111, 113, 120-151). Comparability ratios between ICD versions are close to
one, indicating consistency of this definition over the study period (Anderson et al., 2001;
Klebba and Scott, 1980). As data for 1972 were based on a 50% sample of deaths, use of
this continuous time period (1973-2015) ensures that all data examined are based on a
census of deaths in the United States.

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 3098 counties from the contiguous
lower 48 states based on the most recent county definitions was used for the entire study
period. We used NCHS estimates for annual county-level populations (National Center for
Health Statistics, 2016).

2.2. Estimated heart disease death rates

We estimated age group-specific, county-level heart disease death rates using a previously
described Bayesian multivariate space-time conditional autoregressive model (Quick et al.,
2018, 2017). By borrowing strength both spatially and temporally, as well as between age
groups, these models generate precise, reliable rates even in the presence of small case
counts and small populations (Quick et al., 2017; Vaughan et al., 2015). We fit this model
with a Markov chain Monte Carlo (MCMC) algorithm using user-developed code in the R
programming language. This code, and an example of its use, may be found here: https://
sites.google.com/site/harryg/code. We estimated national and county-level heart disease
death rates for each age group as the medians of the posterior distributions defined by the
MCMC iterations.

More 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 nj, using a Poisson distribution of
the form Y, ~ Pois(njxt vik), where A jxrdenotes the heart disease mortality rate. To model

N jk, We assume ln(,ll.k t)NN(ﬂkz +Z, r,%) where By;is a random intercept for each group for

each year with a vague N(0,100) prior, Zjis a spatiotemporal random effect that
incorporates correlation between groups, and r,% is a variance parameter with a weakly

informative gamma prior (Waller et al., 1997).

To account for these various sources of dependence, we model Zj;using the multivariate
space-time conditional autoregressive (MSTCAR) model of Quick et al. (2018). A special
case of the multivariate CAR (MCAR) model of (Gelfand and Vounatsou, 2003), our
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 an approach similar to 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 (Waller et
al., 1997).

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
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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.

2.3. Calculating annual percent change

We estimated relative annual percent change in county-level heart disease death rates for five
time periods (1973-1980, 1980-1990, 1990-2000, 2000-2010, 2010-2015) using Poisson
regression including all years within each interval. Using relative change, rather than
absolute change, allowed results to be compared across age groups and time periods. These
comparisons would not be possible when using absolute change because of large variation in
heart disease death rates across age groups and over time. This method permitted all rates to
inform estimates of percent change, which is not true when calculating percent change using
differences in rates between the beginning and end of each time period. Using the specified
intervals allowed us to account for potential non-linearity in trends and to make consistent
comparisons across counties. We restricted the last interval to recent years (2010-2015),
because during this time period national rates began to plateau and many county-level rates
were increasing (Sidney et al., 2016; Vaughan et al., 2017; Wilmot et al., 2015).

Following estimation of rates described in the previous section, separate regression models
were run for each county using rates for all years within each time period for each MCMC
iteration. Specifically, for MCMC iteration m, county i, and age group k at year t, the
Poisson model was /m(njxs Ajktm) = Boikm + Bikem Year + In(Njxy), where njgs Ajxsm represents
the estimated number of heart disease deaths. The annual percent change was then
calculated as 100(€% 4, —1). We then used the median across all MCMC distributions as
the estimated percent change for each combination of county, age group, and time period.

2.4. Birth cohorts

The birth cohorts were defined using combinations of the five time periods and four age
groups noted above (Fig. 1). Given 10-year age groups and 10-year time periods, some
combinations of age groups and time periods have identical distributions of possible birth
years (e.g. ages 65-74 dying in 2000-2010, ages 55-64 dying in 1990-2000, and ages 45—
54 dying in 1980-1990 were all born between the years of 1926 and 1945, with 80% of
possible birth years being in the 1930s), leading to 14 unique groups of birth years (Fig. 1).
However, as some of these 14 groups have largely overlapping birth years, we reduced these
groups of birth years into eight birth cohorts based on birth decades from the 1900s through
the 1970s. This simplification can be seen in Fig. 1 with slightly different groups of birth
years (shown in the boxes) being included in a single birth cohort (represented on the
diagonals).

3. Results

3.1. National trends in heart disease death rates

Overall, national heart disease death rates declined for all four age groups (Fig. 2). The
flattening of national declines, which was observed for all age groups, began earlier in
calendar time for younger age groups. Compared to earlier intervals, decreases in heart
disease death rates in the most recent interval (2010-2015) were markedly slower or had
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reversed for all age groups (annual percent change of —0.2% (95% ClI: -0.5, 0.2), —0.3%
(-0.6,-0.1), 0.4% (0.1, 0.7), —0.8% (-1.3, —0.2) for ages 35-44, 45-54, 55-64, 65-74,
respectively) (Table 1).

3.2. Geographic patterns in county-level heart disease death rates

At the county level, spatial patterns of heart disease death rates varied across age groups in
1973, but were similar in 2015 (Fig. 3). In 1973, the highest death rates were concentrated in
the Southern Atlantic Coast and Appalachia amongst the three youngest age groups, but this
geographic pattern spanned the Atlantic Coast, including the Northeast, for ages 65-74.
Over time, the concentration of the highest rates for age groups 35-44 and 45-54 moved
westward from the Southern Atlantic Coast to the Deep South. For age groups 55-64 and
65-74, the highest rates moved from the Atlantic Coast to the Deep South.

3.3. Trends in county-level heart disease death rates within age groups

Patterns of changing heart disease death rates within age groups (and across time periods
and birth cohorts) are indicated by looking down the columns in Table 1 and Fig. 4. For ages
35-44, increasing heart disease death rates were rare in 1973-1980 (0.8% of counties) and
1980-1990 (5.2%), but common in the following time periods (49.0% in 1990-2000, 31.6%
in 2000-2010, 52.3% in 2010-2015). For ages 45-54, few counties experienced increases
prior to 2000, but increases were common after 2000 (30.4% in 2000-2010, 58.5% in 2010-
2015). For ages 55-64 and 65—74, increases were rare until the last interval (2010-2015)
(69.1% and 42.0% for ages 55—-64 and 65—74, respectively).

3.4. Trends in county-level heart disease death rates within calendar time periods

The experiences of different age groups within a given calendar period are indicated by
looking across the rows in Table 1 and Fig. 4. From 1973 through 1990, all four age groups
had few counties experiencing increased heart disease death rates (Table 1). Counties with
increases showed similar geographic patterns in 1973-1980 and 1980-1990 for all age
groups and were primarily concentrated in Mississippi, Alabama, Missouri, and New
Mexico (Fig. 4). However, beginning in the 1990s, the patterns began to differ across age
groups. In 1990-2000, almost half of counties (49.0%) for ages 35-44 were increasing,
while all other age groups continued to experience broad decreases. In 2000-2010, while
widespread increases in death rates for ages 35-44 continued, heart disease death rates for
ages 45-54 also began to exhibit widespread increases (30.4% of counties). By the end of
the study period (2010-2015), all four age groups showed widespread increases in heart
disease death rates. In this time period, ages 65-74 exhibited the smallest proportion of
counties with increasing heart disease death rates (42.0%) and the smallest magnitudes of
increases (median of —0.3% and interquartile range (IQR) of —1.4 to 0.8).

3.5. Trends in county-level heart disease death rates within birth cohorts

The life course experience of each approximate birth cohort can be observed by looking
down the diagonals in Table 1 and Fig. 4 and at the rows in Fig. 5. Birth cohorts from the
1900s through the 1930s experienced consistently decreasing heart disease death rates in
most counties, with very few counties experiencing increases for the duration of the period
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of observation. Similarly, most counties experienced decreases for the 1940s birth cohort,
with the exception of 2010-2015, when the increases were concentrated in the south-central
United States. The life course experience of the 1940s birth cohort differs from prior cohorts
(those born in the 1930s and earlier) who saw declines across their life course and from
subsequent cohort (those born in the 1950s and later) who saw increases across their life
course. Counties with decreasing rates were the exception for the birth cohorts in the 1950s,
1960s, and 1970s, when increases were common for all age groups and years and were
geographically widespread. Increases in the 1950s birth cohort, which began in the 1990s,
were initially concentrated in the Midwest before moving to the rest of the country.

4. Discussion

In this analysis, we examined county-level trends in age group-specific heart disease death
rates from 1973 through 2015 over short calendar time periods. Prior to 1990, all age groups
generally experienced similar declines, and increases were confined to similar parts of the
country. However, after 1990, age-group specific county-level trends started to diverge, with
marked increases in 35-44 year olds. By 2010-2015, all age groups were increasing in large
numbers of counties. These counties were broadly distributed across the country, and not
confined only to those with high heart disease death rates.

By considering the consistency of trends by birth cohorts, differences in the timing of
national plateaus in heart disease mortality across age groups were clarified. Birth years
from the 1900s through the 1930s showed consistent declines across all age groups and time
periods in almost all counties. Birth years in the 1940s showed increases in a large
proportion of counties only in the most recent time interval (2010-2015); birth years from
the 1950s through the 1970s showed increasing heart disease death rates for all time periods
and age groups in large proportions of counties. Previous work has shown strong cohort
effects in national heart disease mortality through 1999 and 2010, with increased mortality
beginning at the national level in those born in the late 1950s (Kramer et al., 2014; Pearson-
Stuttard et al., 2016; Yang, 2008). Our observed county-level variation suggests that in many
counties individuals born in the 1940s have also experienced increased heart disease
mortality, which has been masked in the observed national increases.

In the absence of local, aggregate risk factor data from across the life course, results from
our analytic method lend support to hypothesized drivers of changing heart disease death
rates (Ford and Capewell, 2007; Harper et al., 2011; Lloyd-Jones, 2016; Marmot, 2018;
Olshansky et al., 2005; Rodgers et al., 2018; Sidney et al., 2016; Zajacova and Montez,
2017). The observed patterns across both age and birth cohorts suggest that both proximal
risk factors and social determinants may have driven changes in heart disease death rates at
different times. First, the consistency of trends in county-level changes in heart disease
mortality that we observed within birth cohorts across age groups support the hypothesized
role of worsening life course proximal risk factors (e.g. obesity, diabetes) in recent increases
in heart disease death rates (Ford and Capewell, 2007; Lloyd-Jones, 2016; Olshansky et al.,
2005; Sidney et al., 2016). This hypothesis is further supported by the differences between
birth cohorts in terms of the observed heart disease mortality trends and in the previously
documented timing and duration of exposure to the obesity and diabetes epidemics.
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Nationally, the prevalence of obesity began to increase in the late 1970s and, roughly 15
years later in the early 1990s, the prevalence and incidence of diabetes also began to increase
(Geiss et al., 2014; Wang and Beydoun, 2007). Those who died recently (between 2010 and
2015) between ages 45-64 were in early adulthood at the beginning of increases in obesity
prevalence and were middle-aged when diabetes prevalence began to increase. Those who
died at ages 35-44 during the recent increases of 2010-2015 lived their entire lives
coincident to increasing national obesity prevalence and their entire adult lives coincident to
increasing national diabetes prevalence (Geiss et al., 2014; Wang and Beydoun, 2007). Our
use of county-level data supports this circumstantial evidence and provides additional
evidence that would be missing from a national analysis. Widespread increases in heart
disease death rates began in the 1990s in ages 35-44 and were concentrated in the Midwest.
Similarly, obesity prevalence was highest and had begun to increase during this same time
period and in the same region (Hearne et al., 2004; Segal et al., 2017).

However, birth cohort differences in proximal risk factors may not fully explain either the
national slowing of heart disease mortality or cardiovascular disease burden (Preston et al.,
2018; Roth et al., 2018) or the consistency of age group-specific trends within calendar time
periods. Our observed changes in the heart disease mortality trends represent fundamental
shifts in the distributions of heart disease and its proximal risk factors. As such, other macro-
level forces acting across the population must be considered (Rodgers et al., 2018; Rose,
1985). In our study, the common patterns across age groups within the two earliest time
periods and the single most recent time period reinforce the importance of place-based
macro-level factors. Early in the study period, the few counties that experienced increases
were concentrated in a similar set of counties in the Deep South across age groups.
Likewise, the widespread, common experience of increasing heart disease death rates across
age groups from 2010 through 2015, which includes the interruption of declines for those
born in the 1940s, may illustrate potential effects of recent economic or dietary changes that
impact Americans across the country, independent of geography (Chetty et al., 2016;
Gebreab et al., 2015; Harper et al., 2011; Rodgers et al., 2018; Sloop et al., 2018; Strumpf et
al., 2017).

With the recent local increases in heart disease death rates and insight into historical
differences by birth year, calendar time period, and place, continued monitoring of local
trends is vital. In addition to reporting data by age group, explicitly reporting mortality and
other data (e.g. diabetes and obesity prevalence) by birth years may help public health
practitioners and researchers more directly document, examine, and understand these trends,
rather than indirectly relying on combinations of age groups and years of death. Finally,
these findings suggest the need for enhanced primary and secondary prevention at younger
ages, with a particular focus on life course risk factors. Given the widespread nature of
recent increases in heart disease death rates, these efforts should not be geographically
restricted to places with already high heart disease death rates.

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 and
years, this model estimates rates that are more precise than other statistical methods, even in
counties with small numbers of deaths (Vaughan et al., 2015), thereby permitting the

Soc Sci Med. Author manuscript; available in PMC 2019 November 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Vaughan et al.

Page 9

inclusion of all counties. Additionally, this analysis used national vital statistics data that
includes all recorded deaths. Finally, by using Poisson regression within the Bayesian
results, our estimates of percent change account for imprecision in the heart disease death
rates for all included years.

A limitation of this study is our definition of birth cohorts. In a traditional age-period-cohort
analysis, the period is a single year, allowing for the calculation of unique, non-overlapping
age groups and birth cohorts (Kramer et al., 2014). However, since this analysis was
concerned with changes over time, either age groups or birth cohorts were algebraically
required to overlap. Since surveillance data are typically reported by age groups, we chose to
use non-overlapping age groups, which then necessitated overlapping birth cohorts. Despite
this, the overlap is limited (Fig. 1). An additional limitation is that the underlying cause of
death reported on death certificates may be misclassified. However, their use for surveillance
at the aggregate level is valid (Coady et al., 2001). Local variation in reporting heart disease
as the underlying cause of death represents a potential source of bias, but using the broad
ICD category (diseases of the heart) rather than subgroups or specific diagnoses reduces
potential misclassification (Coady et al., 2001; lves et al., 2009).

In summary, this analysis of historical and recent trends in county-level heart disease death
rates revealed variation in the trends across age groups and across counties, but relative
consistency in the trends by birth cohorts. These findings are consistent with the hypothesis
that recent increases stem from the beginnings of the obesity and diabetes epidemics.
Additionally, the similarity of geographic patterns in both historical and recent trends in
heart disease death rates across age groups, which were not observed in prior time periods or
uniformly across birth cohorts, provide insight into the potential role of macro-level factors
in driving these changes.
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Fig. 4.
Annual county-level percent change in heart disease mortality by age group (columns), time

period (rows), and birth cohort (diagonals), United States, 1973-2015.
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Fig. 5.
Annual county-level percent change in heart disease mortality by age group (columns) and

birth cohorts (rows), United States, 1973-2015.
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