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ORIGINAL RESEARCH

Geographic Variation in Mortality of Acute 
Myocardial Infarction and Association  
With Health Care Accessibility in Beijing, 
2007 to 2018
Jie Chang, MD*; Qiuju Deng, MD, PhD*; Piaopiao Hu, MD; Moning Guo, MD; Feng Lu, PhD; Yuwei Su, MSE; 
Jiayi Sun, MD; Yue Qi , MD, PhD; Ying Long , PhD; Jing Liu , MD, PhD

BACKGROUND: Little is known about geographic variation in acute myocardial infarction (AMI) mortality within fast- developing 
megacities and whether changes in health care accessibility correspond to changes in AMI mortality at the small- area level.

METHODS AND RESULTS: We included data of 94 106 AMI deaths during 2007 to 2018 from the Beijing Cardiovascular Disease 
Surveillance System in this ecological study. We estimated AMI mortality for 307 townships during consecutive 3- year peri-
ods with a Bayesian spatial model. Township- level health care accessibility was measured using an enhanced 2- step floating 
catchment area method. Linear regression models were used to examine the association between health care accessibil-
ity and AMI mortality. During 2007 to 2018, median AMI mortality in townships declined from 86.3 (95% CI, 34.2– 173.8) to 
49.4 (95% CI, 30.5– 73.7) per 100 000 population. The decrease in AMI mortality was larger in townships where health care 
accessibility increased more rapidly. Geographic inequality, defined as the ratio of the 90th to 10th percentile of mortality in 
townships, increased from 3.4 to 3.8. In total, 86.3% (265/307) of townships had an increase in health care accessibility. Each 
10% increase in health care accessibility was associated with a −0.71% (95% CI, −1.08% to −0.33%) change in AMI mortality.

CONCLUSIONS: Geographic disparities in AMI mortality among Beijing townships are large and increasing. A relative increase 
in township- level health care accessibility is associated with a relative decrease in AMI mortality. Targeted improvement of 
health care accessibility in areas with high AMI mortality may help reduce AMI burden and improve its geographic inequality 
in megacities.
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Ischemic heart disease is a leading cause of death 
worldwide.1 Acute myocardial infarction (AMI) is a se-
rious manifestation of ischemic heart disease and is 

potentially fatal in the absence of appropriate interven-
tion.2 Information on how mortality varies geographically 
at the small- area level could inform targeted and equita-
ble health policies toward the goal of improving popula-
tion health for all.3 Prior studies in developed countries 

have found small- area variation in AMI mortality within 
cities and have highlighted priorities for intervention ef-
forts4– 7; however, limited data are available for developing 
countries.

Beyond identifying geographic variation in AMI 
mortality, exploring factors associated with areas that 
have high mortality may provide important insights 
into strategies to control the disease burden. Access 
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to health care is one of the most important social de-
terminants of cardiovascular health.8 Previous studies 
have used driving time or distance to a hospital as in-
dicators of health care accessibility and reported the 
adverse effects of a longer driving time/distance to 
the hospital on AMI mortality.9,10 However, the driving 
time/distance does not take into account health care 
demand volume and health care supply capacity. A 
cross- sectional study using the 2- step floating catch-
ment area method, which incorporates the interaction 
between health care demand and supply, explored 
the association between access to cardiac diagnos-
tic testing and acute coronary syndrome mortality.11 
However, whether changes in health care accessibility 
correspond to changes in AMI mortality at the small- 
area level, which could provide benchmarks for future 
health policy decisions, remains unclear.

Health care accessibility is potentially crucial in pop-
ulous cities. Beijing, China’s capital, is one of the most 
populous megacities in the world. In the past decade, 
this city has experienced rapid population growth and 
improved health care.12 However, the high quality of 
health care resources greatly varies among different 
areas, and most high- quality health resources cluster 
in urban areas of the city.13 With its highly heteroge-
neous health care environments, Beijing provides an 
ideal setting to investigate the geographic variations in 

AMI mortality at a finer spatial resolution and to evalu-
ate their association with health care accessibility.

In this study, using data on AMI deaths extracted 
from the Beijing Cardiovascular Disease Surveillance 
System (BCDSS) from 2007 to 2018, we quantified 
geographic variations in AMI mortality at the township 
level in Beijing. Furthermore, we examined whether 
changes in health care accessibility are associated 
with changes in AMI mortality at this spatial scale.

METHODS
The data used in this study were obtained from the 
Beijing Municipal Health Big Data and Policy Research 
Center and cannot be shared publicly, given institu-
tional regulations and data confidentiality agreements. 
These data may be requested by researchers from the 
above data holder authorities for research purposes. 
The analytic methods can be reproduced based on the 
details provided in this article, and the statistical analy-
sis code is available upon request. The corresponding 
author (J.L.) has full access to all of the data used in 
the study and takes full responsibility for its integrity 
and the data analysis. The study was approved by the 
ethics review committee of Beijing An Zhen Hospital, 
Capital Medical University, with a waiver of informed 
consent (2021139X).

Study Setting
Beijing covers a total area of 16 410 km2 and comprises 
6 districts located in the city’s urban core and 10 dis-
tricts in periurban areas (Figure  S1). Districts can be 
further divided into townships, the smallest administra-
tive unit in China. We conducted a geographic anal-
ysis at the township level. The number of townships 
in Beijing varied from 317 to 333 between 2007 and 
2018. Given the changing administrative boundaries of 
some townships over time and to ensure consistency 
between each township population and the township 
boundaries, we combined some townships to ensure 
stable units of analysis over the study period, giving 
a stable number of townships (n=307) for the analy-
sis (Table S1). The median permanent population of a 
township was 33 903, with 10th and 90th percentile 
populations of 10 614 and 86 895, respectively.

Data Sources
We identified AMI deaths in Beijing using the BCDSS, 
which links routinely collected records in the Beijing 
Hospital Discharge Information System and the Beijing 
Vital Registration Monitoring System using personal 
identification information. The Hospital Discharge 
Information System of the Beijing Municipal Health 
Big Data and Policy Research Center covers admis-
sions to all secondary-  and tertiary- level hospitals in 

CLINICAL PERSPECTIVE

What Is New?
• Using citywide small- area data from Beijing, we 

found that acute myocardial infarction mortal-
ity and its change over time varied considerably 
across townships.

• A relative increase in township- level health care 
accessibility is associated with a relative de-
crease in acute myocardial infarction mortality.

What Are the Clinical Implications?
• Our findings advance the understanding of re-

gional health disparities within rapidly develop-
ing megacities.

• Localized policy actions aimed at improving 
health care accessibility in areas with high acute 
myocardial infarction mortality may help reduce 
acute myocardial infarction mortality and im-
prove its geographic inequality in megacities.

Nonstandard Abbreviations and Acronyms

BCDSS Beijing Cardiovascular Disease 
Surveillance System
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Beijing.14 The Vital Registration Monitoring System of 
the Beijing Center for Disease Prevention and Control 
covers all deaths in Beijing.15 Deaths from AMI were 
identified according to the underlying cause of death 
using International Classification of Diseases, Tenth 
Revision (ICD- 10) codes I21 to I22 (acute myocardial 
infarction and subsequent myocardial infarction).4 
Additionally, 2738 AMI deaths that were identified in 
the Hospital Discharge Information System but not 
in the Vital Registration Monitoring System were also 
included in our study. Finally, a total of 94 106 AMI 
deaths between 2007 and 2018 among permanent 
Beijing residents aged ≥35 years were included in this 
analysis. The diagnosis of AMI in the BCDSS has been 
validated, as described in Data  S1. Information on 
the residential address for each AMI death was ob-
tained from the BCDSS. To protect patient privacy, the 
number of the smallest unit for the address, such as 
the apartment number, was deleted in the database. 
Patient addresses were geocoded to latitude and lon-
gitude coordinates and then geographically aggre-
gated within townships.

Annual population data from 2007 to 2018 by sex 
at the township level were extracted from the statistical 
yearbooks for districts issued by the Beijing Municipal 
Bureau Statistics. This resulted in the study analyses 
being performed using township as the sampling unit 
and not individuals. Because population data stratified 
by age and sex are only reported at the district level, 
the township population by age and sex was estimated 
by applying the district level population distributions. 
The population estimation method has been described 
in our previous study, which also used the population 
distributions of the district- level spatial unit to estimate 
population distributions of the township- level spatial 
unit.16

Health Care Accessibility Index
Health care accessibility at the township level was 
measured using an enhanced 2- step floating catch-
ment area method based on a Gaussian function. This 
method incorporates the interaction between health 
care supply and potential demand.17 The Gaussian 
function is adopted to model the distance- decay effects 
as suggested in an existing study,17 which assumes 
that even within the same catchment area (maximum 
service area of a hospital), people would give prefer-
ence to closer hospitals over hospitals that are farther 
away, and with longer driving time to a hospital, the 
less likely the hospital will be selected. The enhanced 
2- step floating catchment area method measures ac-
cessibility in 2 steps. The first step is calculation of the 
supply- to- demand ratio within a driving time threshold 
(maximum service area of each hospital). The second 
step involves summing the supply- to- demand ratios 

of all hospitals within the driving time threshold of 
each township. In line with previous research, we set 
the number of hospital beds as the health care sup-
ply capacity.17 The demand size refers to the number 
of township populations covered by hospital service 
areas. The health care accessibility value is equal to 
the number of hospital beds per 1000 population. 
We also used the number of health care personnel as 
the health care supply capacity in sensitivity analysis. 
Details of the enhanced 2- step floating catchment area 
method are described in Data S2. We further divided 
hospitals into percutaneous coronary intervention 
(PCI) hospitals and non- PCI hospitals and measured 
PCI- hospital accessibility and non– PCI- hospital ac-
cessibility. Hospitals in the BCDSS that reported per-
forming PCI for patients with AMI were considered PCI 
hospitals.

Covariates
Socioeconomic factors included average per capita 
disposable income from 2015 to 2018 at the district 
level obtained from the statistical yearbook,18 the pro-
portion of the population with a high school education 
or above at the township level, and the proportions of 
unemployed and of married people in the population 
at the district level extracted from the 2010 population 
census.19 Cardiovascular risk factors at the district level 
included the prevalence of hypertension, diabetes, hy-
percholesterolemia, and smoking in 2008, 2011, 2014, 
and 2017 (Table S2).

Statistical Analysis
Calculation of AMI Mortality at Township Level

AMI mortality estimates in small areas such as town-
ships may be unstable owing to small numbers of 
deaths. We aggregated AMI deaths and populations 
into four 3- year periods (2007– 2009, 2010– 2012, 
2013– 2015, and 2016– 2018) to ensure sufficient num-
bers of events for stable estimates at fine scale. Then, 
township AMI mortality was estimated separately for 
men and women, each age group (35– 64 years, 65 to 
79 years, and ≥80 years), and each 3- year period, using 
the Bayesian spatial model. The model, known as the 
Besag, York, and Mollie model,20 where information is 
shared locally (ie, among adjacent townships) through 
spatially structured random effects with a conditional 
autoregressive prior and globally through spatially un-
structured Gaussian random effects. This approach 
balances overly unstable within- township estimates 
and overly simplified aggregate large- area estimates 
that mask small- area variation. Details of the model are 
described in Data S3.

Age- standardized mortality rates for men and 
women were calculated by the direct standardization 
method using the Beijing population obtained from 
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the 2010 national population census as the standard 
population. The corresponding weights were 82.9%, 
14.0%, and 3.1% for the age groups of 35 to 64, 65 to 
79, and ≥80 years for standardization, respectively. In 
addition, age-  and sex- standardized mortality rates for 
the total population were also calculated through the 
direct standardization method using the 2010 Beijing 
population as the standard population. Age and sex 
categories for standardization included men and 
women aged 35 to 64, 65 to 79, and ≥80 years, with 
corresponding weights of 43.1%, 6.6%, and 1.4% for 
the 3 age groups in men, and 39.8%, 7.4%, and 1.7% 
for those in women, respectively. We reported the 
posterior mean and 95% CI of AMI mortality for each 
township. We measured the geographic inequalities in 
AMI mortality among townships using the ratio of the 
90th to 10th percentiles of AMI mortality in townships, 
according to the literature.21 To match the period of 
AMI mortality, we calculated the township health care 
accessibility for the corresponding 3- year period from 
2007 to 2018.

Analyses of Association Between Health Care 
Accessibility and AMI Mortality

A mixed linear model accounting for longitudinal data 
was used to explore the association between township 
health care accessibility and AMI mortality, including a 
random intercept of townships. The estimated coef-
ficients (β) and corresponding 95% CIs were reported. 
Three models were constructed. Model 1 was univari-
ate. Model 2 was adjusted for the prevalence of hyper-
tension, diabetes, hypercholesterolemia, and smoking. 
Model 3 was further adjusted for the proportion of 
married in the population, the proportion of the popula-
tion with a high school education or above, per capita 
disposable income, and proportion of unemployed in 
the population.

Linear regression models were fitted with per-
centage change in AMI mortality from 2007 to 2018 
as the dependent variable and percentage change in 
health care accessibility from 2007 to 2018 as inde-
pendent variables to assess the association between 
the changes in health care accessibility and changes 
in AMI mortality.

Two sensitivity analyses were performed to check 
robustness of the results. First, we measured geo-
graphic inequality in AMI mortality among townships 
using the coefficient of variation. We calculated the co-
efficient of variation because it uses the full distribution 
of township mortality rates to measure the amount of 
geographic inequality rather than relying on the tails 
of the distribution to calculate the disparity ratio.22 A 
large coefficient of variation indicates more inequalities 
in AMI mortality among townships. Second, we used 
the number of health care personnel instead of hospital 

beds as the health care supply capacity to calculate 
health care accessibility and further evaluated the as-
sociation of health care accessibility with AMI mortality.

Data analyses were performed using R software, 
version 4.0.0 (R Foundation for Statistical Computing, 
Vienna, Austria), and ArcGIS software, version 10.5 
(ESRI, Redlands, CA). A 2- sided value P<0.05 was 
considered statistically significant.

RESULTS
Temporal Trends in AMI Mortality
A total of 94 106 AMI deaths occurred among perma-
nent residents of Beijing aged ≥35 years between 2007 
and 2018, with 45.1% women. At the township level, 
the mean age of patients with AMI during 2007 to 2018 
was 74.8 years (SD, 2.4; range 67.2– 80.2 years). After 
age and sex standardization, the median AMI mortality 
declined from 86.3 (95% CI, 34.2– 173.8) to 49.4 (95% 
CI, 30.5– 73.7) per 100 000 population from 2007 to 
2018, a relative decline of 42.8%. The median mortal-
ity rate decreased 38.8% for men, from 98.9 (95% CI, 
60.2– 150.6) to 60.5 (95% CI, 32.4– 100.8) per 100 000 
population, and the rate for women decreased 47.3%, 
from 70.6 (95% CI, 46.1– 100.8) to 37.2 (95% CI, 24.8– 
53.2) per 100 000 population (Table 1).

Geographic Patterns and Inequality in 
AMI Mortality
In 2007 to 2009, townships with high AMI mortality 
(in the top decile) were scattered throughout periur-
ban areas of Beijing, whereas townships with low AMI 
mortality (in the bottom decile) were concentrated in 
urban core areas. In 2016 to 2018, townships with high 
AMI mortality were highly clustered in southwestern 
and northeastern periurban areas, whereas town-
ships with low AMI mortality remained predominantly 
in urban core areas, with some emerging in northern 
periurban areas. For men and women, the geographic 
patterns in AMI mortality were similar to those of the 
general population during the study period (Figure 1). 
The geographic patterns of AMI mortality from 2010 
to 2015 are shown in Figure S2. For men, the highest 
proportion of deaths was observed in those aged 65 
to 79 years (median [interquartile range {IQR}], 38.4% 
[35.3%– 42.4%]), followed by those aged ≥80 years 
(median [IQR], 33.5% [26.8%– 40.8%]) and those aged 
35 to 64 years (median [IQR], 26.9% [21.5%– 33.0%]). 
For women, the highest proportion of deaths was ob-
served in those aged ≥80 years (median [IQR], 50.4% 
[44.1%– 57.7%]), followed by those aged 65 to 79 years 
(median [IQR], 38.7% [34.2%– 43.8%]) and those aged 
35 to 64 years (median [IQR], 10.0% [5.8%– 14.6%]; 
Figure S3). In addition, the geographic patterns in AMI 
mortality by different age and sex groups during 2007 
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to 2018 were also presented in Figure S4 through S7. 
AMI mortality increased with age. For all age and sex 
groups, the geographic patterns in AMI mortality were 
similar to those of the general population for the cor-
responding study period.

Geographic inequality, defined as the ratio of the 
90th to 10th percentiles of AMI mortality in townships, 
increased from 3.4 in 2007 to 2009 to 3.8 in 2016 to 
2018. An increase in geographic inequality was also 
observed in men (3.4 to 3.6) and women (3.8 to 4.2).

Geographic Patterns Within Changes in 
AMI Mortality

From 2007 to 2018, 90.9% (279/307) of townships in 
Beijing experienced a decline in mortality. Furthermore, 
25.7% (79/307) of townships declined by ≥50%, 
and more townships experienced a decline of ≥50% 
(35.8%) for women than men (20.9%). Townships with 
a rapid decline in mortality were located in the south-
eastern and northern periurban areas of Beijing, and 
the geographic patterns within these changes were 
similar for men and women (Figure 2).

Association Between Health Care 
Accessibility and AMI Mortality
Townships with high health care accessibility were 
predominantly in urban core areas during the study 
period (Figure 3 and Figure S8). An increase in health 
care accessibility was widely observed in Beijing, with 
86.3% (265/307) of townships experiencing an in-
crease in health care accessibility from 2007 to 2018. 
Large increases were clustered in southeastern periur-
ban areas and were also observed in northern periur-
ban areas (Figure 4). Similar geographic patterns were 
observed for PCI- hospital accessibility and non– PCI- 
hospital accessibility (Figures S9 and S10).

Using univariate analysis, township- level health 
care accessibility was negatively associated with AMI 
mortality (β, −12.47 [95% CI, −14.00 to −10.95]). The 
regression coefficient value was also robust to adjust-
ments for cardiovascular risk factors (β, −10.96 [95% 
CI, −12.68 to −9.23]). After further adjustment for so-
cioeconomic factors, associations were attenuated 
but remained directionally consistent (β, −6.47 [95% 
CI, −9.03 to −3.90]). Furthermore, this association was 
observed in both PCI- hospital accessibility- specific 
and non– PCI- hospital accessibility- specific analyses 
and was robust to all adjustments. In the fully adjusted 
analyses, both PCI- hospital accessibility (β, −9.95 
[95% CI, −13.76 to −6.41]) and non– PCI- hospital ac-
cessibility were negatively associated with AMI mortal-
ity (β, −8.37 [95% CI, −13.70 to −3.03]; Table 2).

We also explored the association between longitu-
dinal changes in health care accessibility and changes 
in AMI mortality. After adjusting for cardiovascular risk Ta
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factors, every 10% increase in health care accessibil-
ity was significantly associated with a −0.88% (95% CI, 
−1.28% to −0.49%) change in AMI mortality. After fur-
ther accounting for socioeconomic factors, the effect 
estimates remained directionally consistent and stable 
(β, −0.71% [95% CI, −1.08% to −0.33%]). Furthermore, 
a relative increase in PCI- hospital accessibility and 
non– PCI- hospital accessibility was significantly asso-
ciated with a relative decrease in AMI mortality in the 
fully adjusted analyses (β, −0.53% [95% CI, −0.96% to 
−0.11%]; and β, −0.35% [95% CI, −0.51% to −0.19%], 
respectively; Table 3).

Sensitivity Analyses
The increase in geographic inequality in AMI mortal-
ity among townships during the study period was also 

observed in the sensitivity analyses when using the co-
efficient of variation to measure geographic inequality 
(Table S3). The association of health care accessibil-
ity with AMI mortality was similar to the main analy-
ses when using the number of health care personnel 
instead of hospital beds as the health care supply ca-
pacity to calculate health care accessibility (Tables S4 
and S5).

DISCUSSION
Main Findings
Using citywide data from Beijing, we found that nine- 
tenths of townships experienced a decrease in AMI 
mortality over the past decade. However, the size of 
the decline in AMI mortality varied considerably across 

Figure 1. Deciles of age- standardized mortality of acute myocardial infarction (AMI) in Beijing residents aged ≥35 years at 
township level, 2007 to 2018.
The left map shows the mortality of AMI at the beginning of the study period (2007– 2009), and the right map shows the mortality at the 
end of the study period (2016– 2018). The green, blue, and red maps indicate the mortality in the total population, men, and women, 
respectively. A darker color indicates a higher mortality.
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townships; large and increasing geographic inequali-
ties (a >3- fold difference) in AMI mortality were ob-
served. Improvements in health care accessibility were 
widely observed in Beijing townships. Furthermore, 
township- level health care accessibility was negatively 
associated with AMI mortality, and a relative increase 
in health care accessibility was associated with a rela-
tive decrease in AMI mortality.

Comparisons With Other Studies
Prior studies from developed countries have iden-
tified geographic inequalities in AMI mortality at 
the small- area level within cities.4– 7 Consistent with 
previous research, we also found substantial geo-
graphic disparities in AMI mortality at high spatial 
resolution in Beijing. To the best of our knowledge, 
small- area geographic variations in AMI mortality 
have not been studied previously within populous, 
fast- developing megacities. Research conducted 
at the province level (with Beijing as a province) in 
China has shown that the geographic inequality in 
ischemic heart disease mortality was 2.8 in 2016.23 
The level of inequality in AMI mortality (a 3.8- fold dif-
ference in 2016– 2018) among Beijing townships was 
greater than that of ischemic heart disease mortal-
ity among Chinese provinces.23 Our study revealed 

within- city variation in China that may be masked by 
city- level averages.

Our findings showed that township- level health care 
accessibility was negatively associated with AMI mortal-
ity. These findings are concordant with previous studies 
that highlight the adverse effects of poor health care ac-
cessibility on AMI mortality at the block group level in the 
United States10 and the secondary medical service area 
level24 and prefecture level25 in Japan. Furthermore, our 
study adds to these findings in that a relative increase 
in health care accessibility was longitudinally associated 
with a relative decrease in AMI mortality.

Interpretation of Results
The geographic variations in AMI mortality observed in 
our study may be attributed to variations in the preva-
lence of risk factors and levels of health care. In Beijing, 
the prevalence of risk factors tends to be higher where 
AMI mortality is high. For example, the Beijing Adult 
Tobacco Survey showed that the prevalence rate of 
smoking in 2019 was 19.2% among urban residents and 
24.7% among periurban residents,26 which may partly 
be associated with the lower AMI mortality in urban 
townships than in periurban townships. Moreover, re-
cent studies found a higher prevalence of risk factors 
(eg, hypertension, diabetes, and higher body mass 

Figure 2. Percentage changes in age- standardized mortality of acute myocardial infarction (AMI) in Beijing residents aged 
≥35 years at township level, 2007 to 2018.
The percentage change shows the relative change in the mortality of AMI from the beginning of the study period (2007– 2009) to the 
end of the period (2016– 2018). Blue indicates a decrease in mortality, and red indicates an increase in mortality. The histogram shows 
the distribution of the percentage change in the mortality of AMI for all townships.
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index) in the districts of Fangshan (in southwestern pe-
riurban areas) and Pinggu (in northeastern periurban 
areas) compared with the average prevalence among 
residents of Beijing as a whole.27– 32 Geographic vari-
ations in AMI mortality might also be explained by the 
variations in health care across Beijing. The accessibil-
ity to health care is low in the southwestern and north-
eastern parts of Beijing, where AMI mortality is high.

After adjusting for changes in the prevalence of 
cardiovascular risk factors, we found that a relative 
increase in health care accessibility was associated 
with a relative decrease in AMI mortality. In this study, 
the increase in health care accessibility may be owing 
to the shortening of access time or an increase in the 
ratio of supply (hospital bed or health personnel) to de-
mand (population). First, a shorter access time to hos-
pitals among patients with AMI is related to decreased 
total ischemic time, which is critical to lowering the risk 
of death.33 In regard to the potential biological mecha-
nism for this association, patients with AMI who have 
shorter ischemic times may have more myocardium 
that can be salvaged.34 Second, patients living in areas 
with a greater health care supply may be more likely to 
receive care in a hospital; prior studies have demon-
strated that a greater health care resource supply is 
associated with lower mortality.35,36

Implications
The findings of our study have several implications. 
Previous research has reported that a lack of data on 
health inequalities and a subsequent lack of aware-
ness of their existence are barriers to the design and 
implementation of policies to reduce inequalities.37 Our 
findings showed substantial geographic disparities 
in AMI mortality within Beijing, which can serve as a 
benchmark to examine these gaps in other rapidly de-
veloping megacities. Such information can be valuable 
for governments and health authorities to achieve the 
Health for All goal of the World Health Organization.3

Importantly, our findings showed that a relative in-
crease in health care accessibility was associated with 
a decrease in AMI mortality. Understanding these as-
sociations is critical for identifying strategies to reduce 
the AMI mortality burden. This helps to support priority 
setting and to guide policymakers in allocating health 
care resources. Additionally, half of all AMI deaths occur 
out of the hospital,2 and thus, areas with high mortality 
should also focus on efforts such as prehospital edu-
cation, including early recognition of AMI symptoms. 
Finally, a prior study observed similarities between the 
geographic patterns in AMI, stroke, and atrial fibrilla-
tion.38 Targeted allocation of health resources in areas 
identified as hotspots, which are initiated by decision 

Figure 3. Deciles of health care accessibility in Beijing at township level, 2007 to 2018.
The left and right maps show health care accessibility at the beginning of the study period (2007– 2009) and the end of the study period 
(2016– 2018), respectively. A darker color indicates a higher health care accessibility.D
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makers, would be beneficial for controlling the total 
cardiovascular burden in megacities.

Strengths and Limitations
To our knowledge, this was the first study to explore 
geographic variations in AMI mortality within rapidly 
developing megacities. Our study included citywide 
data on all AMI deaths in Beijing, which minimized 
the risk of selection bias. Furthermore, health care 

accessibility was measured using the enhanced 
2- step floating catchment area method, which in-
corporates the interaction between health care de-
mand and supply and access time to provide a more 
comprehensive measure of health care accessibility. 
Finally, this study provides the first evidence of an as-
sociation between relative increases in health care 
accessibility and decreases in AMI mortality at the 
township level.

Figure 4. Percentage changes in health care accessibility in Beijing at township level, 2007 to 2018.
The percentage change shows the relative change in health care accessibility from the beginning of the study period (2007– 2009) 
to the end of the study period (2016– 2018). Blue indicates a decrease in health care accessibility, and red indicates an increase in 
health care accessibility. The histogram shows the distribution of percentage changes in health care accessibility for all townships. 
NA indicates that the percentage changes in health care accessibility cannot be estimated, as the health care accessibility value of 
these townships is 0 at the beginning of the study period (2007– 2009).
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Table 2. Association Between Health Care Accessibility and Mortality of Acute Myocardial Infarction Among Beijing 
Townships

Accessibility

Model 1 Model 2 Model 3

β (95% CI) P value β (95% CI) P value β (95% CI) P value

Total accessibility −12.47 (−14.00 to −10.95) <0.001 −10.96 (−12.68 to −9.23) <0.001 −6.47 (−9.03 to −3.90) <0.001

PCI- hospital 
accessibility

−18.51 (−20.81 to −16.21) <0.001 −15.94 (−18.41 to −13.47) <0.001 −9.95 (−13.76 to −6.41) <0.001

Non– PCI- hospital 
accessibility

−25.43 (−29.30 to −21.57) <0.001 −20.70 (−25.33 to −16.08) <0.001 −8.37 (−13.70 to −3.03) <0.001

Model 1: not adjusted. Model 2: adjusted for prevalence of hypertension+prevalence of diabetes+prevalence of hypercholesterolemia+prevalence of 
smoking. Model 3: model 2+proportion of married+proportion of population with high school education or above+per capita disposable income+proportion of 
unemployed. PCI indicates percutaneous coronary intervention.
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This study had several limitations. First, our study 
included only administrative data, and it lacks compre-
hensive clinical data on AMI and treatment information. 
However, adjusting for cardiovascular risk factors and 
socioeconomic factors may have accounted for some of 
the variation in treatment among different areas. Second, 
there is the potential for misclassification caused by coding 
errors on causes of death. However, the diagnostic infor-
mation in the BCDSS has been previously validated using 
the World Health Organization’s Monitoring Trends and 
Determinants in Cardiovascular Disease criteria based on 
chart reviews, showing that the data quality is reasonably 
good.39 Third, this study, as with all observational eval-
uations, may be affected by unmeasured confounders 
or incomplete statistical adjustment for measured con-
founders that may have impacted the results and that 
future investigations should consider. Finally, township as 
the sampling unit means that the study design is prone 
to ecological fallacy. Thus, the study findings need to be 
interpreted with caution; we cannot determine causality 
owing to the ecological nature of the study.

CONCLUSIONS
Although AMI mortality has decreased substantially dur-
ing the past decade in Beijing, geographic inequalities in 
AMI mortality among townships are large and increas-
ing. A relative increase in township- level health care ac-
cessibility is associated with a relative decrease in AMI 
mortality. Policy efforts aimed at improving health care 
accessibility in areas with high mortality may help re-
duce AMI mortality and improve its geographic inequal-
ity in megacities. Further studies in other developing 
countries or regions are needed to validate our findings.
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Supplemental Methods 

 

Data S1. Validation of the Diagnosis of Acute Myocardial Infarction in the Beijing Cardiovascular 

Disease Surveillance System 

The diagnoses in the Beijing Cardiovascular Disease Surveillance System have been previously 

validated, with “almost perfect” or “substantial” agreement (Kappa statistic range: 0.725 to 0.880) 

between the International Classification of Diseases code-based diagnoses in the system and clinical 

diagnoses in the original hospital charts. The positive predictive values of acute myocardial infarction 

diagnosis in the system were 94.4% and 87.9% in comparison with the criteria of the World Health 

Organization’s Monitoring Trends and Determinants in Cardiovascular Disease (WHO-MONICA) 

project and the Third Universal Definition of acute myocardial infarction, respectively. The 

corresponding negative predictive values were 96.1% and 97.0%, respectively.39 
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Data S2. Enhanced Two-Step Floating Catchment Area Method 

The enhanced two-step floating catchment area (E2SFCA) method is formulated as follows:17 

 

Step 1: for each hospital (j), 

 

Step 2: for each township (i), 

 

Gaussian function, 

 

In the first step, for each hospital location (supply point) j, all township locations (demand point) 

k that are within the catchment area (a threshold of driving time (𝑡0)) of hospital j are searched and the 

supply-to-demand ratio 𝑅𝑗 is calculated, where 𝑡𝑘,𝑗 is the driving time between township centroid k 

and hospital j, and 𝑡0 is the size of the catchment area of hospitals, i.e., the threshold of driving time 

for the range of hospital services. 𝐷𝑘 is the demand size (population size) in township k whose 

centroid falls within the catchment area (𝑡𝑘,𝑗 ≤ 𝑡0), and 𝑆𝑗 is the capacity of supply at hospital j. 

𝑊(𝑡𝑘,𝑗, 𝑡0) is the distance-decay function, and the Gaussian function is adopted to model the 

distance-decay effects, as suggested in existing studies,17 which assumes that even within the same 

catchment area, people would give preference to closer hospitals than further ones, and the longer the 

driving time, the less likely the hospital is selected. 

In the second step, for each township's location i, all hospital locations j that are within the 

catchment area (𝑡𝑖,𝑗 ≤ 𝑡0) from location i are searched, and the supply-to-demand ratios of all 

hospitals located in the catchment area of township i are summed to obtain the accessibility 𝐴𝑖 at 

township location i. 𝑡𝑖,𝑗 is the driving time between township centroid i and hospital j. In this step, 

attenuation of the supply is also considered; therefore, the distance-decay function 𝑊(𝑡𝑖,𝑗, 𝑡0) is 

applied. A larger value of 𝐴𝑖 indicates better health care accessibility at a location. 

Chinese hospitals are classified as belonging to one of three levels: tertiary, secondary, or 

primary. Primary hospitals provide basic medical, prevention, rehabilitation, and health care services 
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to communities.40 Secondary and tertiary hospitals provide medical treatments for patients with acute 

myocardial infarction (AMI). We further excluded specialized hospitals that do not have the ability to 

treat cardiovascular diseases, such as stomatology hospitals, cancer hospitals, psychiatric hospitals, 

and similar hospitals. Therefore, the E2SFCA model was used to measure the health accessibility of 

secondary and tertiary hospitals with the ability to treat cardiovascular diseases. Consistent with a 

previous related study on hospital accessibility in Beijing, the threshold time to measure accessibility 

was set to 60 minutes for secondary hospitals and 90 minutes for tertiary hospitals.13 For the driving 

time between the hospital and township centroid, we computed the driving time in a motor vehicle 

along the road network between each township–hospital pair using a web mapping application 

program interface.41 The number of hospital beds as the supply capacity for hospitals in the model, 

referring to previous studies,17 was sourced from the Beijing Municipal Health Big Data and Policy 

Research Center of each hospital. The formula for the health care accessibility value is equal to the 

number of hospital beds per 1000 population. 

 

Code executed by R 

# Enhanced Two-Step Floating Catchment Area Method 

# Step 1: calculate the supply-to-demand ratio R 

library(tidyverse) 

library(readxl) 

data <-read_excel("F:/time_data.xlsx", sheet = "Sheet1") 

data$time_cj <- data$time / 60 

pop_data <- read_excel("F:/pop_data.xlsx", sheet = "Sheet1") 

data <- merge(data, pop_data, by = c("ID", "Year")) 

data$threshold <- ifelse(data$Hospital_level == "secondary", 60, 90) 

data <- data %>% filter(time_cj <= threshold) 

data$decay_1 <- exp(-0.5 * data$time_cj / data$threshold * data$time_cj / data$threshold) - exp(-0.5) 

data$decay <- data$decay_1 / (1 - exp(-0.5)) 

data$total_pop_decay <- data$total_pop * data$decay 
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data_sum <- aggregate(data$total_pop_decay, by = list(data$weiyi_ID, data$Year), FUN = sum) 

names(data_sum) <- c("weiyi_ID", "Year", "total_pop_decay") 

bed_data <- read_excel("F:/bed_data.xlsx", sheet = "Sheet1") 

data_sum <- merge(data_sum, bed_data, by = c("weiyi_ID", "Year"), all.x = TRUE) 

data_sum$R_bed <- data_sum$Actual_beds / data_sum$total_pop_decay 

data_sum <- data_sum[, !(names(data_sum) %in% c("total_pop_decay", "Actual_beds"))] 

# Step 2: calculate the health care accessibility 

data_2 <- read_excel("F:/time_data.xlsx", sheet = "Sheet1") 

data_2$time_cj <- data_2$time / 60 

data_2 <- merge(data_2, data_sum, by = c("weiyi_ID", "Year"), all.x = TRUE) 

data_2$threshold <- ifelse(data_2$Hospital_level == "secondary", 60, 90) 

data_2 <- data_2 %>% filter(time_cj <= threshold) 

data_2$decay_1 <- exp(-0.5 * data_2$time_cj / data_2$threshold * data_2$time_cj / data_2$threshold) 

- exp(-0.5) 

data_2$decay <- data_2$decay_1 / (1 - exp(-0.5)) 

data_2$R_bed_decay <- data_2$R_bed * data_2$decay 

data_2_sum <- aggregate(cbind(data_2$R_bed_decay), by = list(data_2$Year, data_2$ID), FUN = sum) 

names(data_2_sum) <- c("Year", "ID", "R_bed_decay") 

ID_data <- read_excel("F:/ID_data.xlsx", sheet = "Sheet1") 

data_2_sum <- merge(data_2_sum, ID_data, by = c("ID", "Year"), all = TRUE) 

for (i in 1:ncol(data_2_sum)){ 

  data_2_sum[,i][is.na(data_2_sum[,i])] <- 0 

} 

data_2_sum <- data_2_sum %>% rename(Access_bed = R_bed_decay) 

data_2_sum$Access_bed_thou <- data_2_sum$Access_bed * 1000 

data_2_sum <- data_2_sum[, !(names(data_2_sum) %in% c("Access_bed"))] 

data_2_sum_wide <- reshape(data_2_sum, idvar = "ID", timevar = "Year", direction = "wide") 
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Data S3. Bayesian Spatial Model 

 

The model is expressed as follows:  

 

 

 

where 𝐷𝑒𝑎𝑡ℎ𝑠𝑑, 𝑃𝑜𝑝𝑢𝑙𝑎𝑡𝑖𝑜𝑛𝑑, and 𝑚𝑑  are the number of deaths, population size, and mortality rate, 

respectively, for township d for each period–sex–age group. α0 is the common intercept. The terms b 

and h are components of the Besag–York–Mollié (BYM) model and are described in detail 

elsewhere.20 Briefly, the random effects denoted by b were assumed to follow conditional 

autoregressive distributions that allow for smoothing rates of adjacent townships. The random effects 

denoted by h were assumed to follow independent mean zero normal distributions. In the BYM 

model, the estimated AMI mortality rate in each township is influenced by its own data and by the 

data of neighboring townships through spatially structured random effects with a conditional 

autoregressive prior distribution as well as globally through a spatially unstructured normal prior 

distribution. 

 

Code executed by R 

 

inits <- list ( 

  list(tau.b = 0.5, tau.h = 0.2, alpha =0), 

  list(tau.b = 1.0, tau.h = 1.0, alpha =1.0)) 

parameters <- c("estimate") 

library("R2OpenBUGS") 

sim <- bugs(data, inits, parameters, model.file = "C:/PATH/ BUGS.txt", 

n.chains = 2, n.iter = 15000, n.thin = 100, n.burnin=12000, codaPkg = FALSE, debug= 

TRUE,DIC=TRUE, bugs.seed=8) 

 

𝐷𝑒𝑎𝑡ℎ𝑠𝑑  ~ 𝑃𝑜𝑖𝑠𝑠𝑜𝑛(𝑚𝑑 . 𝑃𝑜𝑝𝑢𝑙𝑎𝑡𝑖𝑜𝑛𝑑) 

𝑙𝑜𝑔(𝑚𝑑) = α0 
+ 𝑏𝑑 + ℎ𝑑 
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Code executed by BUGS 

 

model { 

    for (i in 1 : N) { 

 

   # Likelihood 

                              Events [i] ~ dpois(estimate [i]) 

     estimate [i]<- rate [i]*population [i] 

     log(rate [i]) <- alpha + b [i] + h [i] 

 

   # prior on unstructured random effects 

                                   h [i] ~ dnorm(0, tau.h) 

  

    } 

 

   # prior distribution for spatial random effects: 

 

                                b [1 : N] ~ car.normal(adj[], weights[], num[], tau.b) 

  

   # Other priors: 

    alpha  ~ dflat()     

    tau.b  ~ dgamma(0.5, 0.0005) 

    sigma.b <- sqrt(1 / tau.b) 

    tau.h  ~ dgamma(0.5, 0.0005) 

    sigma.h <- sqrt(1 / tau.h) 

   }  
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Table S1. Townships Combined to Ensure Historically Stable Units of Analysis. 

Townships Name of Combined townships 

Qingyuan township, Gaomidian township Qingyuan/Gaomidian township 

Xingjiekou township, Shichahai township Xingjiekou/Shichahai township 

Lugouqiao township, Lugouqiaodiqu township Lugouqiao/Lugouqiaodiqu township 

Huaxiang township, Xincun township Huaxiang/Xincun township 

Nanyuan township, Nanyuandiqu township, Nanyuan/Nanyuandiqu township 

Changxindian township, Changxindianzhen township Changxindian/Changxindianzhen township 

Huairou township, Quanhe township, Longshan township Huairou/Quanhe/Longshan township 

Houshayu township, Tianzhu township, Konggang township Houshayu/Tianzhu/Konggang township 

YiZhuang township, Yinghai township, Boxing township, Ronghua township YiZhuang/Yinghai/Boxing/Ronghua township 

Xiangyang township, Dongfeng township, Yingfeng township, Xingcheng 

township 

Xiangyang/Dongfeng/Yingfeng/Xingcheng township 

Dongxiaokou township, Tiantongyuannan township, Tiantongyuanbei township, 

Huoying township 

Dongxiaokou/Tiantongyuannan/Tiantongyuanbei/Huoying township 

Huilongguan township, Longzeyuan township, Shigezhuang township, Shahe 

township 

Huilongguan/Longzeyuan/Shigezhuang/Shahe township 
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Lucheng township, Luyuan township, Zhongcang township, Yongshun township, 

Tongyun township 

Lucheng/Luyuan/Zhongcang/Yongshun/Tongyun township 
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Table S2. Covariates and Definitions. 

Covariates Definitions 

Socioeconomic status  

Proportion of the married population The proportion of married population in the total population at the district level 

in 2010 

Proportion of the population with a high school education or above The proportion of population with a high school education or above in the total 

population at the township level in 2010 

Per capita disposable income Per capita disposable income at the district level from 2015 to 2018 

Proportion of the unemployed The proportion of unemployed population in the total population at the district 

level in 2010 

Cardiovascular risk factors  

Prevalence of hypertension In the survey of Beijing Chronic Disease and Risk Factors Surveillance, the 

proportion of population with hypertension in the surveyed population at the 

district level in 2008, 2011, 2014 and 2017 

Prevalence of diabetes In the survey of Beijing Chronic Disease and Risk Factors Surveillance, the 

proportion of population with diabetes in the surveyed population at the district 

level in 2008, 2011, 2014 and 2017 
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Prevalence of hypercholesterolemia In the survey of Beijing Chronic Disease and Risk Factors Surveillance, the 

proportion of population with hypercholesterolemia in the surveyed population at 

the district level in 2008, 2011, 2014 and 2017 

Prevalence of smoking In the survey of Beijing Chronic Disease and Risk Factors Surveillance, the 

proportion of population with smoking in the surveyed population at the district 

level in 2008, 2011, 2014 and 2017 

    Percentage change in prevalence of hypertension In the survey of Beijing Chronic Disease and Risk Factors Surveillance, the 

percentage change in prevalence of hypertension at the district level from 2008 

to 2017 

Percentage change in prevalence of diabetes In the survey of Beijing Chronic Disease and Risk Factors Surveillance, the 

percentage change in prevalence of diabetes at the district level from 2008 to 

2017 

Percentage change in prevalence of hypercholesterolemia In the survey of Beijing Chronic Disease and Risk Factors Surveillance, the 

percentage change in prevalence of hypercholesterolemia at the district level 

from 2008 to 2017 

Percentage change in prevalence of smoking 

 

 

 

  

In the survey of Beijing Chronic Disease and Risk Factors Surveillance, the 

percentage change in prevalence of smoking at the district level from 2008 to 

2017 

D
ow

nloaded from
 http://ahajournals.org by on June 12, 2023



Table S3. Coefficient of Variation in the Mortality of Acute Myocardial Infarction by Township in Beijing, 2007–2018. 

 2007–2009 2010–2012 2013–2015 2016–2018 

Total 0.58 0.65 0.61 0.66 

Men 0.55 0.61 0.58 0.62 

Women 0.65 0.74 0.68 0.75 
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Table S4. Association Between Health Care Accessibility and Mortality of Acute Myocardial Infarction Among Beijing Townships* 

 Model 1  Model 2  Model 3 

 β (95% CI) P value  β (95% CI) P value  β (95% CI) P value 

Total accessibility −7.13 (−7.98 to −6.29) < 0.001  −6.56 (−7.53 to −5.58) < 0.001  −4.49 (−5.97 to −3.00) < 0.001 

PCI hospital accessibility −10.34 (−11.59 to −9.09) < 0.001  −9.16 (−10.54 to −7.78) < 0.001  −6.43 (−8.73 to −4.13) < 0.001 

Non-PCI hospital accessibility −17.11 (−19.43 to −14.79) < 0.001  −15.78 (−18.69 to −12.88) < 0.001  −9.10 (−12.45 to −5.75) < 0.001 

*Number of health care personnel was used as the health care supply capacity to calculate health care accessibility. 

Model 1: not adjusted. 

Model 2: adjusted for prevalence of hypertension + prevalence of diabetes + prevalence of hypercholesterolemia + prevalence of smoking. 

Model 3: model 2 + proportion of married + proportion of population with high school education or above + per capita disposable income + proportion of 

unemployed. 

Abbreviations: β, regression coefficient; CI, confidence interval; PCI, percutaneous coronary intervention. 
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Table S5. Association Between Percentage Changes in Health Care Accessibility and Percentage Change in Mortality of Acute Myocardial Infarction 

Among Beijing Townships* 

 Model 1  Model 2  Model 3 

 β (95% CI) P value  β (95% CI) P value  β (95% CI) P value 

Per 10% increase         

Total accessibility 0.01%  

(−0.17% to 0.20%) 

0.889  −0.68% 

 (−1.02% to −0.35%) 

< 0.001  −0.55%  

(−0.88% to −0.23%) 

0.001 

PCI hospital accessibility –0.32%  

(−0.67% to 0.03%) 

0.077  −0.24%  

(−0.59% to 0.12%) 

0.191  −0.21%  

(−0.56% to 0.15%) 

0.252 

Non-PCI hospital accessibility −0.21%  

(−0.33% to −0.10%) 

< 0.001  −0.32%  

(−0.43% to −0.21%) 

< 0.001  −0.25%  

(−0.35% to −0.14%) 

< 0.001 

*Number of health care personnel was used as the health care supply capacity to calculate health care accessibility. 

Model 1: not adjusted. 

Model 2: adjusted for percentage change in prevalence of hypertension + percentage change in prevalence of diabetes + percentage change in prevalence of 

hypercholesterolemia + percentage change in prevalence of smoking. 

Model 3: model 2 + proportion of married + proportion of population with high school education or above + per capita disposable income + proportion of 

unemployed. 

Abbreviations: β, regression coefficient; CI, confidence interval; PCI, percutaneous coronary intervention.
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Figure S1. Townships in Urban Cores and Peri-Urban Areas of Beijing. 
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Figure S2. Deciles of Age-Standardized Mortality of Acute Myocardial Infarction in Beijing Residents Aged ≥ 35 Years at Township Level, 2010–

2015. 
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The green, blue, and red maps indicate the mortality in the total population, men, and women, respectively. A darker color indicates a higher mortality.
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Figure S3. Proportion of the Number of Deaths by Age Groups at Township Level in Beijing, 2007–2018. 

 

 

A darker color indicates a higher mortality.  
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Figure S4. Deciles of the Mortality of Acute Myocardial Infarction by Age–Sex Groups at Township Level in Beijing, 2007–2009. 

 

The blue and red maps show the acute myocardial infarction mortality in men and women, respectively. A darker color indicates a higher mortality. 
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Figure S5. Deciles of the Mortality of Acute Myocardial Infarction by Age–Sex Groups at Township Level in Beijing, 2010–2012. 

 

The blue and red maps show the acute myocardial infarction mortality in men and women, respectively. A darker color indicates a higher mortality. 

  

D
ow

nloaded from
 http://ahajournals.org by on June 12, 2023



Figure S6. Deciles of the Mortality of Acute Myocardial Infarction by Age–Sex Groups at Township Level in Beijing, 2013–2015. 

 

The blue and red maps show the acute myocardial infarction mortality in men and women, respectively. A darker color indicates a higher mortality. 
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Figure S7. Deciles of the Mortality of Acute Myocardial Infarction by Age–Sex Groups at Township Level in Beijing, 2016–2018. 

 

The blue and red maps show the acute myocardial infarction mortality in men and women, respectively. A darker color indicates a higher mortality. 
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Figure S8. Deciles of Health Care Accessibility in Beijing at Township Level, 2010–2015. 

 

A darker color indicates a higher health care accessibility. 
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Figure S9. Deciles of Health Care Accessibility in Beijing by Percutaneous Coronary Intervention Hospital and Non-Percutaneous Coronary 

Intervention Hospital at Township Level, 2007–2018. 

 

A darker color indicates a higher health care accessibility. Abbreviations: PCI, percutaneous coronary intervention.  
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Figure S10. Percentage Changes in Health Care Accessibility in Beijing by Percutaneous Coronary Intervention Hospital and Non-Percutaneous 

Coronary Intervention Hospital at Township Level, 2007–2018. 

 

The percentage change shows the relative change in health care accessibility from the beginning of the study period (2007–2009) to the end of the study 

period (2016–2018). Blue indicates a decrease in health care accessibility, and red indicates an increase in health care accessibility. The histogram shows the 

distribution of percentage changes in health care accessibility for all townships. 

NA indicates that the percentage changes in health care accessibility cannot be estimated, as the health care accessibility value of these townships is zero at 

the beginning of the study period (2007–2009). Abbreviations: PCI, percutaneous coronary intervention. 
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