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Effects of a coal to clean heating policy on acute myocardial
infarction in Beijing: a difference-in-differences analysis

Martha Lee*, Jie Chang*, Qiuju Deng, Piaopiao Hu, Honor Bixby, Sam Harper, Guofeng Shen, Shu Tao, Moning Guo, Feng Lu, Jill Baumgartner,
Jing Liv

Summary

Background In 2015, the Chinese Government launched the coal to clean heating policy (CHP), designed to improve
air quality and health in China. The CHP banned household coal burning and provided subsidies for clean electric or
gas-powered heating for millions of peri-urban and rural households. We aimed to investigate whether the CHP
affected the incidence of acute myocardial infarction in Beijing townships.

Methods In this quasi-experimental study, we obtained township data on acute myocardial infarction hospital
admissions and deaths, exposure to the CHP (yes vs no), and a range of covariates for periods before (Jan 1, 2013, to
Dec 31, 2014) and after the CHP began (Jan 1, 2016, to Dec 31, 2017; and Jan 1, 2018, to Dec 31, 2019). The policy was
gradually rolled out across villages, and townships in our study were considered exposed to the policy in periods when
more than 50% of their villages were assigned into the CHP. We estimated the effect of the CHP on township
incidence of acute myocardial infarction for all adults (aged =35 years) and separately for sex and older adults (aged
=65 years) using a difference-in-differences approach that accommodates the progressive roll-out of the policy.

Findings Of 307 townships in Beijing, we excluded 156 (51%) urban townships where most villages had central
heating and were thus ineligible for the CHP. Of the 151 peri-urban and rural Beijing townships considered eligible
for the CHP, 75 (50%) townships were exposed to the CHP by the end of 2017 and 92 (61%) by the end of 2019. We
estimated an overall reduction of 6-6% (95% CI —12-3 to —0-8) in the incidence of acute myocardial infarction from
before to after roll-out of the CHP in exposed townships relative to those not exposed to the policy, with some evidence
of larger effects in women (-11-7% [-19-0 to —4-1%)]), older adults (-10-7% [-17-4 to -3-6%)]), and in townships
exposed for longer (-3-5% [-9-5 to 2-8%)] after <2 years and —9-7% [-18-3 to —0-5%)] after 2—4 years).

Interpretation Our results provide among the first empirical evidence of possible cardiovascular benefits from
a household clean energy policy, and support efforts to implement and assess such policies in China and globally.

Funding Wellcome Trust, the Canadian Institutes for Health Research, and the National Natural Science Foundation
of China.

Copyright © 2024 The Author(s). Published by Elsevier Ltd. This is an Open Access article under the CC BY 4.0
license.

Introduction

Cardiovascular disease is the leading cause of death in
China, accounting for approximately two of every
five deaths in 2019 and imposing large economic and
social burdens.' Acute myocardial infarction is a common
and serious form of cardiovascular disease that is often
fatal. Mortality from acute myocardial infarction in China
has increased by five times over the past two decades,'
making prevention of acute myocardial infarction a public
health priority.

An estimated 1-1 million (24%) of China’s 4-6 million
cardiovascular deaths in 2019 were attributed to air
pollution and use of solid fuels (eg, biomass and coal)
for cooking and heating.? Short-term exposure to air
pollution is associated with cardiovascular deaths and
non-fatal events including acute myocardial infarction,
and long-term exposure further increases risk of cardio-
vascular mortality.’ The use of solid fuel stoves is also
associated with increased blood pressure and higher risk
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of cardiovascular mortality,* with several randomised
trials showing that switching to clean fuel for cooking
has a protective effect on blood pressure in older adults.’
Collectively, these studies indicate that policies to reduce
household solid fuel use might offer a powerful opportu-
nity to reduce a population’s cardiovascular disease
burden.®

In 2015, the Chinese Government launched an ambitious
rural clean heating policy (CHP) to reduce air pollution
emitted from coal-burning stoves and boilers in northern
China (appendix p 2). Coal combustion comprised over
70% of household heating energy in northern China
before the CHP, contributing to high exposures to
household air pollution® and around 30% of wintertime
outdoor air pollution.” Between 2017 and 2021, the CHP
progressively transitioned over 36 million coal-burning
households to more efficient electric or gas-powered
heating by banning residential coal burning and subsidis-
ing the costs of replacement heaters and electricity.”"
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Research in context

Evidence before this study

Previous studies have established air pollution and household
use of solid-fuel stoves as risk factors for cardiovascular mortality
and non-fatal cardiovascular events, although evidence on the
effects of solid-fuel use is scarcer. Many countries have
implemented household energy policies and programmes to
replace solid-fuel stoves with less polluting alternatives. Such
policies are potentially important for cardiovascular health;
however, there is little empirical evidence for the cardiovascular
benefits of clean energy transition beyond some randomised and
non-randomised cookstove intervention studies showing
protective effects on blood pressure. We searched PubMed for
articles published from inception to Dec 12, 2023, reporting on
the cardiovascular effects of household energy policies or
programmes, using the search terms (“household fuel use” OR
“coal” OR “fuel use”) AND (“quasi-experiment” OR “evaluation
study” OR “program evaluation” OR “policy evaluation”). We also
searched the peer-reviewed literature using the names of policies
listed in the WHO Household Energy Policy Repository. We
retrieved four relevant studies. Residential wood-burning or
coal-burning regulations or bans were associated with fewer
cardiovascular hospitalisations in California, USA (although this
study did not control for secular changes in health), and with
reduced cardiovascular mortality in Tasmania, Australia; but no
changes in cardiovascular mortality were observed in Ireland
following a residential coal ban. In northern China, a cohort
analysis of data from 8524 adults across 11 cities where the clean
heating policy (CHP) was piloted and 21 cities not included in the
pilot found no difference in physician-diagnosed cardiovascular
disease in pilot versus non-pilot cities. However, this study was
limited by a short follow-up period (1 year) and by possible
confounding by other city-level health-related policies or
programmes.

Whether this large-scale energy policy yielded health
benefits remains an important and unresolved question.
We therefore studied the effects of the CHP on township
incidence of acute myocardial infarction in Beijing from
2013 to 2019 using a difference-in-differences (DiD)
approach with multiple time periods.

Methods

Study design and participants

Beijing, the capital of China, covers a large geographical
area (16410 km?) with a densely populated and developed
urban core that is surrounded by satellite towns and rural
agricultural areas. The city’s 16 administrative districts are
further divided into townships that contain rural and
urban villages. Winters are dry and cold (January average
—3-9°C),” thus requiring indoor room heating. Most urban
Beijing households are connected to central heating and
use portable electric-powered heaters, whereas peri-urban
and rural households historically relied on coal-fuelled and
raw biomass-fuelled heaters and cookstoves.”

Added value of this study

We investigated whether implementation of northern China’s
CHP, one of the most ambitious clean household energy policies
to date, affected the incidence of acute myocardial infarction in
Beijing townships. Unlike the few previous assessments of
household energy policies, our quasi-experimental design
better controls for potential biases from secular trends and for
potential confounding by time-varying risk factors for acute
myocardial infarction that could evolve differently in townships
implementing or not implementing the CHP.

Our findings indicate a potential benefit of the CHP on the
incidence of acute myocardial infarction in townships adopting
the CHP, with some evidence of larger effects among women,
older adults, and townships adopting the CHP for longer. This
study makes an important contribution to the evidence on
household energy interventions, which is comprised of
observational studies assessing cardiovascular outcomes for
users of different fuel and stove types and a few small-scale
cookstove intervention studies that assessed subclinical
cardiovascular endpoints such as blood pressure.

Implications of all the available evidence

Household solid-fuel use was responsible for an estimated

23 million global deaths in 2019, including over a million
cardiovascular deaths. Provision of clean household energy is

a potential intervention to reduce cardiovascular burden in
settings where household solid-fuel use is common. Our study’s
findings support the conclusions of the small number of
randomised and non-randomised intervention studies showing
a protective effect of clean cookstoves on blood pressure in
older women, and provides a methodologically robust
contribution to the studies (mostly in high-income countries)
showing cardiovascular benefits of household energy policies.

We used a quasi-experimental design to measure the
effect of the CHP on the incidence of acute myocardial
infarction in Beijing townships, the highest spatial reso-
lution for which acute myocardial infarction data were
available. We excluded townships in the urban core or
satellite towns where most villages would be ineligible
for the CHP because they accessed central heating
(appendix p 2). The protocol for acquisition and analysis
with acute myocardial infarction data was approved by
the ethics review committee at Beijing An Zhen Hospital,
Capital Medical University (2021139X).

CHP participation

We obtained a list of villages (n=2509) that were enrolled
into the CHP between 2015 and 2019 along with
year of participation from the College of Urban
and Environmental Sciences at Peking University and
matched values to a geolocated database of all Beijing
villages obtained from the China National Bureau of
Statistics (appendix p 2). We calculated the proportion
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Figure 1: Study timeline

of enrolled villages in each township and time period,
and created a binary inclusion variable that considered
eligible townships as exposed to the CHP if most of their
villages (>50%) were enrolled into the policy in a given
time period, and as not exposed to the CHP otherwise
(figure 1).

Incidence of acute myocardial infarction
The outcome of interest for this analysis was township-
level incidence of acute myocardial infarction (ie, the
number of acute myocardial infarction events per
100000 population in each study period) among
permanent residents aged 35 years and older. Acute
myocardial infarction events for the years 2007-19 were
extracted from the Beijing Cardiovascular Disease
Surveillance System, which records all out-of-hospital
deaths for acute myocardial infarction and secondary-
level and tertiary-level hospital admissions, along with
patient age, sex, date of onset, and residential address
(appendix p 2). Diagnosis was based on principal
discharge diagnoses or underlying cause of death with
ICD-10 codes 121-22 (acute myocardial infarction and
subsequent myocardial infarction). Population data were
obtained from district statistical yearbooks. We calculated
age-standardised and sex-standardised rates using the
2010 Beijing population as the reference (appendix p 3).
We fitted Bayesian spatial models to estimate township-
level incidence of acute myocardial infarction for all
adults and separately by sex and for older adults (aged
=65 years) for time periods before (Jan 1, 2013, to
Dec 31, 2014) and after the introduction of the CHP
(Jan 1, 2016, to Dec 31, 2017, and Jan 1, 2018, to
Dec 31, 2019) for 307 townships, using methods described
in the appendix (p 3) and published elsewhere.”
Additionally, we estimated the acute myocardial infarc-
tion rates for Jan 1, 2007, to Dec 31, 2008; Jan 1, 2009, to
Dec 31, 2010; and Jan 1, 2011, to Dec 31, 2012, to assess
temporal trends by eventual CHP exposure cohort before
the policy was implemented. We pooled acute myocardial
infarction events over 2 years to create more stable
estimates for less-populated townships and sex—age
subgroups. We excluded 2015, the pilot year of the CHP,
because only 18 villages were exposed to the policy and
no townships met our definition of CHP exposure (ie,
more than 50% of villages in the CHP). We did not sepa-
rately estimate township incidence of acute myocardial
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infarction for adults aged 35-64 years because events
were less common in this age range and evidence of
pre-policy parallel trends was weak.

Covariates

We created a database of covariates that are established
risk factors for acute myocardial infarction.®*" Pre-
implementation socioeconomic variables from the 2010
national census included the proportion of the popula-
tion in each township working in agriculture, having
completed secondary school education or higher, and
unemployed. We also obtained time-varying data on
township prevalence of tobacco smoking, obesity, and
hypercholesterolaemia; variability in annual and winter-
time outdoor temperature; health-care access; and
exposure to a retired coal-burning power plant during
the study period (appendix p 4). Most of the Beijing popu-
lation is of Han Chinese ethnicity (96%) according to the
2010 census, so ethnicity was not included as a covariate.

Statistical analysis

We calculated the means (SD) and medians (IQR) of
acute myocardial infarction incidence and covariates for
groups over time. We used a DiD analysis for staggered
CHP roll-out to compare the incidence of acute myocar-
dial infarction in townships considered exposed to the
CHP with the incidence of acute myocardial infarction in
townships considered as not exposed (appendix p 6).*
Briefly, these methods allow for the estimation of causal
effects (under specific assumptions) of CHP changes
enacted at the group level by comparing the change in
acute myocardial infarction incidence over time in CHP-
exposed townships with the change in townships not
exposed to the policy, under an assumption that, in the
absence of the CHP, the counterfactual path of acute
myocardial infarction incidence in exposed townships is
the same as the observed path of acute myocardial infarc-
tion incidence in unexposed townships. We used the
approach introduced by Callaway and Sant’Anna® for
DiD with multiple time periods. This approach allows for
the effect of the CHP to vary over time (ie, the effect of
the CHP on health might change with duration of
exposure), which allowed us to estimate the dynamic
average treatment effect on the treated (ie, the ATT),
which is a contrast of the post-intervention outcomes in
townships exposed to the policy with the counterfactual
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Figure 2: Township exposure to the clean heating policy in Beijing
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estimate of outcomes in the same population in the
absence of the policy, where we estimate the effect of the
policy by length of CHP exposure (ie, group-time effects
after <2 years and 2—4 years of exposure) and an overall
ATT that aggregates the dynamic group-time effects.”
Although we primarily focused on the overall (aggregate)
ATTs, we also used omnibus joint F-tests and tests of
interaction to assess whether evidence sufficed to reject
the assumption of equality across CHP exposure cohorts
and sex—age groups.

We conducted the DiD analyses with and without
covariates for all adults and separate sex-age groups
using a doubly robust estimation that combines outcome
regression with inverse probability weighting to calculate
propensity scores that attempt to balance pre-CHP covari-
ates between townships exposed and not exposed to the
CHP and thus reduce the likelihood of confounding
(appendix p 5).° The covariate-adjusted DiDs included
township prevalence of employment in agriculture,
unemployment, completion of secondary school educa-
tion or higher, tobacco smoking, and obesity; variability
in annual daily outdoor temperature; health-care access;
and exposure to a retired coal-fired power plant.

Township incidence of acute myocardial infarction was
log-transformed to better approximate a normal distribu-
tion; thus, the ATT estimates are presented as the
percentage change in incident acute myocardial infarc-
tion, calculated as (exp[coef]—1)*100. To incorporate the
uncertainty from small-area estimation of township
acute myocardial infarction, we generated the 95% Cls
for the ATTs by doing each DiD analysis 6000 times
using the 6000 random draws of township incidence
rates of acute myocardial infarction from the posterior
distributions of the Bayesian model used to estimate

acute myocardial infarction.” We report the medians of
the distributions of the upper and lower 95% Cls values
calculated from all 6000 runs.

Sensitivity analyses and robustness checks
We ran several alternate specifications of the models to
assess the robustness of our results. First, we tested the
effect of small changes to township acute myocardial
infarction estimation including age-standardisation with
smaller age groups (3549, 50-64, 65-79, and =80 years),
age-stratified analysis for older ages when acute myocardial
infarction is most common (65-79 years and =80 years),
pooling acute myocardial infarction events over 2-year
periods starting in November, which better aligns with the
Nov 15 start of the heating season, and by pooling events
over l-year periods for older adults (aged =65 years), to
potentially better temporally align with the timing of
CHP implementation. Second, we assessed the influence
of outliers by excluding two townships with especially high
incidence of high acute myocardial infarction that were
visually identified using boxplots. Third, we excluded
four townships not implementing the CHP that appeared
to mostly comprise urban villages that were ineligible for
roll-out of the CHP. Fourth, we used a more distinct speci-
fication of CHP exposure that defined “exposure to the
policy” as more than 70% of villages enrolled into the CHP
and “not exposed to the policy” as less than 30% of villages
exposed to the CHP, which excluded 60 townships with
30-70% of villages in the CHP from the analysis. Finally,
we additionally adjusted for township prevalence of hyper-
cholesterolaemia, which could potentially be a confounder
or along the casual pathway,” and for variability in heating-
season temperature rather than annual.

All analyses were done in R (version 4.2.2), using the
R20penBUGS and did packages.

Role of the funding source

The funders of the study had no role in study design,
data collection, data analysis, data interpretation, or
writing of the report.

Results

Of 307 townships in Beijing in 2010, we excluded 156 (51%;
appendix p 2) urban townships where most villages had
central heating and were thus ineligible for the policy. Our
final sample of 151 CHP-eligible peri-urban and rural
townships represents 29% (5-7 million) of Beijing’s 2010
population (20-0 million) and nearly all of Beijing’s cen-
sus-designated rural population (2-8 million).

Among the 151 eligible townships, the median propor-
tion of villages exposed to the CHP by Dec 31, 2019, was
65% (IQR 30-89; appendix p 6). 75 townships were con-
sidered as exposed to the CHP by the end of 2017 and 92
by the end of 2019 (figure 1). Most townships included in
the CHP were near the urban core and in the southeast-
ern plains, with fewer in the western and northern areas
of Beijing (figure 2).
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Unexposed (n=59)

Exposed in 2016-17 (n=75) Exposed in 2018-19 (n=17)

Incidence of acute myocardial infarction (events per 100 000 population)

Population working in agriculture
Population with secondary school education or higher

Population currently smoking

Population with obesity*

28 kg/m”. tTotal cholesterol at least 6-22 mmol/L. $December to February.

81% (70—88)
Population unemployed 4% (4-6
24% (19-29)
25% (22-32)
23% (21 25)

Adults aged =35 years 266 (225-350) 325 (277-383) 248 (224-286)
Men 327 (280-439) 406 (356-487) 309 (291-380)
Women 192 (161-247) 226 (198-283) 177 (158-223)

Adults aged =65 years 854 (694-1064) 1034 (878-1267) 798 (728-1015)
Men 890 (773-1053) 1147 (927-1382) 907 (673-1026)
Women 836 (641-1086) 939 (829-1262) 794 (652-1006)

78% (73-83) 79% (65-82)
4% (4-4) 4% (4-4)
27% (24-32) 28% (23-47)
24% (21-28) 31% (20-32)

(4~
(
(
21% (18-25) 23% (21-24)
(4-
9(

Population with hypercholesterolaemiat o( % (6-8) % (4-8)
Health-care access (number of hospital beds per 1000 individuals) -4.(0-3-3-0) -4 (1.7-31) 1-2-3.5)
Annual variability in daily outdoor temperature, °C 11-4 (11:3-11-6) 11-6 (11-5-117) 11-4 (113-11-6)
Heating season variability in daily outdoor temperature, °C 3(31-3:4) -0 (3:0-3-2) 3-2(31-3:4)

Data are median (IQR). Townships were considered exposed to the clean heating policy if over 50% of their villages were enrolled into the policy, and otherwise as unexposed.
Means (SDs) are provided in the appendix (p 12). Means (SDs) and medians (IQRs) across the post-exposure periods are provided in the appendix (pp 12-13). *BMI at least

Table: Township characteristics in the pre-exposure period (2013-14), by eventual clean heating policy exposure group

Log-transformed mean and median township
incidence of acute myocardial infarction for all adults
and for different sex-age groups followed similar
temporal trends by CHP exposure cohort in the 8 years
before the CHP, supporting the key assumption of the
DiD analysis that similar pre-CHP trends would have
persisted over time in the absence of the CHP (appendix
p 7). In the 2013-14 pre-CHP period, the median
incidence of acute myocardial infarction was highest in
townships exposed to the policy in 2016-17, followed by
townships not exposed to the CHP, and finally in those
exposed to the CHP in 2018-19 (table; appendix p 8).
The distributions of covariates were similar across
exposure cohorts, although townships not exposed to
the CHP tended to have lower health-care access and
educational attainment than exposed townships (table;
appendix p 9). Time-varying covariates followed similar
temporal trends, except for the township prevalence of
obesity and smoking, where initial differences between
exposure cohorts converged over time (appendix
pp 9, 12-14).

The DiD models without covariates showed consistent
decreases in the incidence of acute myocardial infarction
in townships included in the CHP, although the
estimated effects and precision varied across sex—age
groups (figure 3). In the DiD models with covariates, we
estimated an overall reduction of 6:6% (95% CI
-12-3 to —0-8) in the township incidence of acute
myocardial infarction between the pre-exposure and
post-exposure periods relative to townships not exposed
to the CHP (figure 3). The distributions of the lower
(2-5th) and upper (97-5th) CIs from all 6000 iterations of
each DiD statistical model generally followed a normal
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A DiD analysis with covariates
All adults aged 235 years —.—
Men aged =35 years —.—.—
Women aged >35 years — — !
All adults aged =65 years ——
Men aged =65 years !
Women aged =65 years :

DiD analysis without covariates

ATT

T
-30 -20 -10 0 10 20 30 -20

ATT

Figure 3: Average treatment effect on the treated of the clean heating policy on incidence of acute myocardial

infarction (events per 100 000 individuals) in Beijing townships for included adults and by sex and age

groups

Coefficients represent the overall ATTs and 95% Cls. Dichotomous exposure variable representing townships with
over 50% of villages exposed to the clean heating policy. The overall ATT estimates aggregate the dynamic
group-time effects and are presented as the percent change in acute myocardial infarction incidence, calculated as
(exp(coef) - 1)*100 to account for the log-transformed outcome. ATT=average treatment effect on the treated.

DiD=difference in differences.

distribution (appendix pp 10-11), indicating that our use
of the median values represents their central tendencies.

We observed larger effects of the CHP on acute
myocardial infarction incidence in women than men for
all adults (-11-7% [95% CI -19-0 to —4-1%] vs —3-3%
[-9-5 to 3-3]; p value for heterogeneity between men
and women=0-090) and in older adults (-10-7%
[-17-4 to —-3-6]; p value for heterogeneity between men
and women aged =65 years=0-30). We also observed
alarger CHP effect in older men (aged =65 years) than in
all men aged at least 35 years (-7-3% [-14-3 to 0-1] vs
~3.3%[-9-5 to 3-3)).

The dynamic group-time specification showed a greater
reduction in acute myocardial infarction incidence for
townships exposed to the CHP for longer (figure 4),
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Time exposed to the policy

Figure 4: Dynamic group-time ATT of the clean heating policy on incidence
of acute myocardial infarction (events per 100 000 individuals) in Beijing
townships for all adults and by sex and age groups

Results from covariate-adjusted difference-in-differences analyses. Dots show
the ATT after less than 2 years of exposure and after 2-4 years of exposure; bars
show 95% Cls. F statistics and p values for joint tests of equality across cohort
and time ATT estimates without covariates are 12.5 and <0-0001 for all adults,
65 and 0-0017 for men, and 23-6 and <0-0001 for women, respectively. With
covariates, the F statistics and p values for joint tests of equality across cohort
and time ATT estimates are 9-1 and <0-0001 for all adults, 4-6 and 0-010 for
men, and 15:5 and <0-0001 for women, respectively. Dichotomous exposure
variable representing townships with over 50% of villages exposed to the clean
heating policy. The overall ATT estimates aggregate the dynamic group-time
effects and are presented as the percent change in acute myocardial infarction
incidence, calculated as (exp(coef) - 1)*100 to account for the log-transformed
outcome. ATT=average treatment effect on the treated.

where the ATT was -3-5% (95% CI -9-5 to 2-8) for
townships exposed to the CHP for less than 2 years and
-9-7% (-18-3 to —0-5) for those exposed to the CHP for
2—4 years in models with covariates.

All results from our sensitivity analyses were consist-
ent with our findings of a CHP benefit on the incidence
of acute myocardial infarction in the main analysis
(appendix p 15), although the magnitude of the effects
and their precision differed slightly. Age-stratified
analysis showed similar acute myocardial infarction
effects for adults aged 65-79 years (-8-9% [95% CI
-16-1 to -1-2]) and 80 years and older (-10-9%
[-25-1 to 1-0]). Estimating 2-year acute myocardial
infarction rates starting in November, to better tempo-
rally match the Nov 15 start of the heating season,
resulted in similar magnitudes and more precise
estimates for all adults (-5-7% [-10-6 to —0-6]). Using
more conservative thresholds and additionally adjusting
for hypercholesterolaemia resulted in smaller ATTs than

in the main analysis (-8-1% [-17-9 to 2-5] and -5-1%
[-10-9 to 0-8] for all adults, respectively). The use of
single-year acute myocardial infarction estimates for
older adults (aged =65 years) resulted in a small decrease
in estimates and greater uncertainty compared with the
main analysis (-7-3% [-18-6 to 5-3]), potentially due to
greater instability in the acute myocardial infarction
estimates in less-populated townships.

Discussion

We found a reduction of 6-6% in the incidence of acute
myocardial infarction in townships where over 50% of
villages were participating in the CHP, indicating
a potential cardiovascular benefit of the CHP averaged
over the entire peri-urban and rural Beijing population.
Some evidence of larger acute myocardial infarction
benefits of the CHP was detected in women versus men,
older adults (aged =65 years), and in townships exposed
to the CHP for longer. Similarly, the effects of the CHP
on acute myocardial infarction in adults aged 65 years or
older (the age group in which two-thirds of acute myo-
cardial infarction events occurred) was 1-6 times larger
than the estimated effect of the CHP in all adults.
The observed acute myocardial infarction benefits of the
CHP persisted across multiple sensitivity analyses.
Overall, our population-based study indicates that
policies promoting clean energy transition, specifically
clean heating, might provide a measurable cardiovascu-
lar benefit.

To our knowledge, this is the first study to empirically
investigate the population-based health effects of
northern China’s ambitious and large-scale CHP, and
one of few studies globally to estimate the health effects
of a household energy policy.”® Our results are timely, as
they are synchronous with ongoing and planned clean
energy policies in China and other countries in a global
effort to “ensure access to affordable, reliable, sustaina-
ble, and modern energy for all” (Sustainable Development
Goal 7), and respond to a call-to-action from global cardi-
ovascular societies for studies that inform targeted
pollution-reducing strategies to reduce cardiovascular
disease.® On the basis of the observed effects of the
CHP on acute myocardial infarction, we estimate that
770 (95% CI 88-1528) acute myocardial infarction events
avoided can be attributed to the CHP in Beijing in
2018-19, with an additional 366 (44-682) events avoided
if all eligible townships had been exposed to the CHP.

The few previous evaluations of household energy
policies, mostly in high-income countries, have similarly
indicated some health benefit. Residential wood-burn-
ing regulations were associated with reductions in
cardiovascular hospitalisations (-7%) in California’s
San Joaquin Valley (USA),” and with reduced cardi-
ovascular (-17-9%) and respiratory (-22-8%) mortality
in Launceston (TAS, Australia),” although neither
study fully controlled for secular trends in health—ie,
temporal trends resulting from long-term changes in
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health risk profiles. Most relevant to our study are
two assessments of coal-replacement policies. Small
decreases in chronic lung diseases (-3-0% to —1-1%)
were observed in a multi-city cohort of 8524 Chinese
adults in cities where the CHP was piloted, compared
with adults in cities not in the pilot. By contrast with our
results, the study observed no change in physician-
diagnosed cardiovascular diseases, potentially due to
a post-policy period of just 1 year or confounding by
other city-wide air quality and health-related policies.”
In a population-based study in Ireland, reductions in
respiratory mortality were observed after a domestic
coal heating ban, but no effect was found for cardiovas-
cular mortality after accounting for secular changes in
health.? Our study provides a methodologically robust
contribution to these previous studies through our
controlled, before-and-after, DiD design and 4-year post-
implementation assessment period.

Randomised trials of less-polluting cookstoves further
support the cardiovascular benefits of transitioning from
solid fuel to more efficient household stoves in our study.
In Guatemala, a chimney cookstove intervention lowered
exposure to air pollution and reduced the occurrence of
non-specific ST-segment depression, an indicator of
health conditions including myocardial ischaemia, in
women (aged 38-84 years).” That same intervention
study and randomised trials in Nigeria and Ghana
resulted in observed reductions in systolic blood pressure
(-3-7 mm Hg to -1-3 mm Hg) in women assigned
randomly gas, ethanol, or improved combustion biomass
stoves, and are supported by non-randomised, controlled,
intervention studies in Nicaragua and Bolivia (systolic
blood pressure reductions ranging from —5-9 mm Hg to
-5-5mm Hg).* By contrast, a multi-country randomised
trial did not observe a protective effect of gas stoves on
gestational blood pressure,* although the participants
were pregnant women and younger (mean age 25 years)
than in studies showing a cardiovascular benefit of inter-
vention (mean age 28-53 years).’ These trials had a short
duration (2-3 years) and sample sizes that were smaller
than what is required to assess clinical endpoints such as
acute myocardial infarction, or to assess the shorter-term
versus longer-term health effects of an intervention, as
we did in this study.

We were unable to investigate the mechanisms through
which the CHP reduces acute myocardial infarction in
this study. This heating-focused policy appears to have
accelerated transition to clean energy for both heating
and cooking in Beijing,” which could affect well estab-
lished acute myocardial infarction risk factors, such as
household and outdoor air pollution and indoor tempera-
ture.*? Panel studies in the Beijing region attributed
a 5-6 pg/m3 reduction in outdoor PM, , to the CHP, but
did not assess indoor air quality.”* A cross-sectional
study observed warmer indoor temperatures (mean
difference 1-4°C) in households exposed to the CHP
compared with households in nearby villages not exposed
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to the CHP."” Household heating in winter is central to
daily life, and the CHP might affect behavioural risk
factors for acute myocardial infarction such as diet,
physical activity, or sleep. Understanding the mecha-
nisms through which the CHP affects health is an
opportunity for future investigation.

We found consistently larger acute myocardial infarc-
tion benefits of the CHP in women. Women in China
tend to spend more time indoors than men, which could
result in greater benefits from a new household (indoor)
stove.” This difference could also be attributable to the
higher rate of tobacco smoking in Chinese men (50-8%)
versus women (1-9%).” Continued tobacco smoking
might mask the comparatively small environmental
benefit of a new heater, a hypothesis supported by an
observational study in China that found smaller associa-
tions between solid fuel use and cardiovascular mortality
in smokers than in non-smokers.” By contrast, a wood
stove change-out in Launceston, Australia, reduced
cardiovascular mortality in men only (-17-9% [95% CI
—30-6 to —2-8]).” Our rural Beijing context differs consid-
erably from urban Australia, hindering the identification
of the exact causes for the differences in findings.
Behavioural factors (eg, time spent indoors or time spent
near household heaters) related to exposure to the inter-
vention could differ by gender in these two settings, and
national smoking rates among men in Australia (around
10%) are much lower than those in Beijing.”

Our results indicate that older adults in our study
might have benefited more from the CHP than younger
adults, supporting previous findings in the San Joaquin
Valley, where the cardiovascular benefits of a wood-
burning ban were limited to adults aged 65 years and
older.” Older adults are more susceptible to vascular
responses from changes in environmental factors
because of the gradual decline in physiological processes
over time and their higher prevalence of cardio-respiratory
diseases.””” They are also more likely to stay at home
than working-age adults,” which could affect their
duration of exposure to an indoor intervention.

Reductions in acute myocardial infarction incidence
were larger in townships exposed to the CHP for longer
in our study, which could be influenced by several factors.
Households might require time to adapt to using the
new heaters or possibly finish burning any stored solid
fuel, and thus only later experience the full benefits of
intervention. Exposure to PM, ; over a timespan of years
increases cardiovascular risk by a larger magnitude than
exposure over days or months, suggesting that the acute
myocardial infarction benefits of an air pollution policy
might accrue over time.* Also, some observed group-
time effects might be an artifact of our township-level
CHP variable, where the percentage of exposed villages
in a township can only increase over time. Among the
cohort of townships considered exposed to the CHP by
2016-17 in our study, we observed a 5% average increase
in the proportion of villages with the CHP in 2018-19.
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Additionally, use of 2-year periods meant that many
townships considered exposed to the CHP in 2016-17
were not assigned into the policy for the entire first post-
exposure period, but were so for the second period. This
error in exposure measurement potentially biases our
estimates towards the null more for the first post-expo-
sure period than the second.

Our DiD approach was subject to several assumptions.
We assumed that anticipation of the CHP did not differ
between exposure groups. It was generally known that
the CHP would start in areas with updated electricity
grids near the urban core and gradually expand into
more remote areas of Beijing. Outside of those geograph-
ical parameters, some villages were directly assigned to
the CHP whereas others applied and were selected by the
local government, but villages were generally unaware
whether they would be selected for the CHP.* We also
cannot entirely rule out the possibility that other policies
differentially affected acute myocardial infarction by
exposure group, which could lead to over-estimation or
under-estimation of the effects. Beijing implemented
many rural development and air quality measures (eg,
traffic restrictions and retiring coal-burning power
plants) that could potentially affect health.” To our
knowledge, none of these measures followed the same
spatiotemporal patterns of the CHP or would have dif-
ferentially affected villages included in the CHP versus
those not included. Major motor vehicle restrictions and
coal-burning boiler replacements were implemented
before the CHP, and thus should not affect our results.
The proportion of townships near retired coal-fired
power plants in the post-exposure period was slightly
higher in townships exposed to the CHP than townships
not exposed, and we were able to adjust for exposure to a
retired plant in our analysis. We excluded urban
townships with the assumption that most of their villages
had central heating and were ineligible for the CHP.
Urban-core townships are also more likely to be affected
by trafficrelated policies, further justifying their
exclusion. Finally, our analysis assumes that, in
the absence of the CHP, the trends in acute myocardial
infarction incidence in townships exposed to the CHP
versus not would have remained the same over time.
Although we cannot verify this assumption, we observed
similar trends in acute myocardial infarction incidence
across exposure groups in the 8 years before the CHP
and did our analysis using a combination of regression
adjustment and inverse probability weights, all of which
improves the credibility of this assumption.

Strengths of our study include the population-based
assessment of a large-scale household energy policy using
a quasi-experimental design that controlled for secular
trends in health and important covariates. We estimated
acute myocardial infarction incidence from both hospital-
ised cases and out-of-hospital deaths obtained from a
high-quality surveillance system covering all of Beijing.
Our sensitivity analyses demonstrated that our findings

remained consistent across many different analytical
decisions. But this study also has several limitations to
consider when interpreting our results. First, we defined
exposure to a village-level policy at the township level to
match the available spatial resolution of acute myocardial
infarction data. Townships considered exposed to the
CHP in our study thus included villages that were not in
the policy and vice versa, which is most likely to be non-
differential misclassification and would usually bias
estimates towards the null. Applying a more conservative
definition of exposure to the CHP in a sensitivity analysis
produced larger ATTs. Second, the outcome of interest in
this study (township incidence rate of acute myocardial
infarction) was estimated with assumptions about its
spatial structure that could potentially bias the estimates
of acute myocardial infarction in either direction.
However, any resulting error is not likely related to
implementation of the CHP and would thus most likely
decrease our precision in estimating the effects of the
CHP on acute myocardial infarction. Future studies
might consider individual-level analyses to reduce error
in both CHP exposure and outcome assessments. Third,
although our township-level CHP exposure variable
might capture some village-level spillover effects of the
CHP (eg, improved outdoor air quality), such effects
remain possible and would likely bias our results towards
the null. Finally, our main analysis defined exposure to
the CHP on the basis of the proportion of villages
assigned into the CHP by the second year of each 2-year
calendar period, meaning that some acute myocardial
infarction cases could have occurred before villages
installed their CHP-subsidised heat pumps, which would
most likely bias our results towards the null. Estimating
acute myocardial infarction from November to October
rather than calendar year to better temporally align with
the start of the heating season in November showed
similar overall ATTs. Among older adults, single-year
acute myocardial infarction estimation still showed an
effect of the CHP on acute myocardial infarction but with
smaller estimates, potentially due to the greater instabil-
ity of the acute myocardial infarction estimates in
less-populated townships.

Our population-based study provides some of the first
empirical evidence of cardiovascular benefits attributable
to a household energy policy. China has shown an excep-
tional capacity to implement clean energy policies that
provide more efficient household stoves and fuel to
hundreds of millions of households™ at a cost and scale
that could be challenging to replicate in many settings.
Still, the results of our study, combined with those of
several trials of clean cookstoves and many observational
studies of air pollution and cardiovascular outcomes,
indicate that even smaller-scale interventions might
provide a health benefit, and should thus motivate the
continued investment in clean household energy in
China and other countries that rely on solid fuel for
household heating and cooking.

www.thelancet.com/planetary-health Vol 8 November 2024



Articles

Contributors

ML, JC, JB, and JL conceptualised and designed the study, with
methodological input from QD, PH, HB, and SH. Data were collated
and curated by ML, JC, GS, ST, QD, PH, JB, and JL. ML and JC
preformed data analysis and prepared the original manuscript, and

JB and JL supervised and acquired funding for the research. All authors
were involved in the revision of the final manuscript. No medical writers

or editors were involved in the generation of this manuscript. Only JC,
QD, PH, MG, FL, and JL had full access to data on acute myocardial
infarction hospitalisation and deaths due to the Beijing Municipal
Health Big Data and Policy Research Center’s regulations and the data

confidentiality agreement. All investigators had full access to other study

data. JC and JL verified the acute myocardial infarction and health

accessibility data. ML and JB verified all other study data. ML, JC, JL, and
JB had the final responsibility for the decision to submit for publication

with approval from all authors.

Declaration of interests
We declare no competing interests.

Data sharing

The individual patient data used for this study were obtained from the
Beijing Municipal Health Big Data and Policy Research Center and
cannot be shared publicly given institutional regulations and data
confidentiality agreements. However, data may be requested by
researchers from the above data holder authorities for research

purposes. The analytical methods can be reproduced based on the details

provided in this Article, and the statistical code is available on GitHub
(https://github.com/mlee725/Code-for-difference-in-differences-
analysis-for-policy-effect-on-AMI-.git).

Acknowledgments

We thank Alexandra M Schmidt for input on the methodology and
Aaron Cohen for comments on an early draft. The authors are grateful
for the data from the Beijing Chronic Disease and Risk Factors

Surveillance and their data collection teams for their support. This work
is supported by the Pathways to Equitable Healthy Cities grant from the
Wellcome Trust (209376/Z/17/Z), the Canadian Institutes for Health
Research (PJT148697 and PJT159477), and the National Natural Science
Foundation of China (82073635, 82103962).

References

1

10

Hu S-S. Report on cardiovascular health and diseases in China 2021:

an updated summary. | Geriatr Cardiol 2023; 20: 399-430.

Global Burden of Disease Collaborative Network. Global burden of
disease study 2019 (GBD 2019). Seattle, USA: Institute for Health
Metrics and Evaluation, 2020.

Rajagopalan S, Al-Kindi SG, Brook RD. Air pollution and
cardiovascular disease: JACC state-of-the-art review.

J Am Coll Cardiol 2018; 72: 2054-70.

Adekoya A, Tyagi SK, Duru CN, Satia I, Paudyal V, Kurmi OP.
Effects of household air pollution (HAP) on cardiovascular diseases
in low- and middle-income countries (LMICs): a systematic review
and meta-analysis. Int ] Environ Res Public Health 2022; 19: 9298.
Onakomaiya D, Gyamfi ], Iwelunmor J, et al. Implementation of
clean cookstove interventions and its effects on blood pressure in
low-income and middle-income countries: systematic review.

BM] Open 2019; 9: 026517,

Brauer M, Casadei B, Harrington RA, Kovacs R, Sliwa K. Taking a
stand against air pollution—the impact on cardiovascular disease:
a joint opinion from the World Heart Federation, American College
of Cardiology, American Heart Association, and the European
Society of Cardiology. Glob Heart 2021; 16: 8.

Shen G, Xiong R, Tian Y, et al. Substantial transition to clean
household energy mix in rural China. Natl Sci Rev 2022; 9: nwac050.
Yun X, Shen G, Shen H, et al. Residential solid fuel emissions
contribute significantly to air pollution and associated health
impacts in China. Sci Adv 2020; 6: eaba7621.

Liu J, Mauzerall DL, Chen Q, et al. Air pollutant emissions from
Chinese households: a major and underappreciated ambient
pollution source. Proc Natl Acad Sci USA 2016; 113: 7756-61.
Barrington-Leigh C, Baumgartner J, Carter E, Robinson BE, Tao S,
Zhang Y. An evaluation of air quality, home heating and well-being
under Beijing’s programme to eliminate household coal use.

Nat Energy 2019; 4: 416-23.

www.thelancet.com/planetary-health Vol 8 November 2024

11

16

17

18

20

21

22

23

24

25

26

27

28

29

30

31

32

Dispersed Coal Management Research Group. China dispersed coal
management report 2023. Beijing, China: Institution of Energy,
2023.

Liu X, Kong D, Fu ], et al. Association between extreme
temperature and acute myocardial infarction hospital admissions in
Beijing, China: 2013-2016. PLoS One 2018; 13: €0204706.

Chang J, Deng Q, Guo M, et al. Trends and inequalities in the
incidence of acute myocardial infarction among Beijing
townships, 2007-2018. Int | Environ Res Public Health 2021;

18: 12276.

Li X, Wu C, Lu J, et al. Cardiovascular risk factors in China:

a nationwide population-based cohort study. Lancet Public Health
2020; 5: e672-81.

Zhang N, Cao P, Zhao L, Wang L, Shao W, Li R. Effect of
temperature fluctuations in cold seasons on acute myocardial
infarction hospitalisations in northeast China: a retrospective
observational cohort study. BMJ Open 2023; 13: e073528.

Callaway B, Sant'Anna PH. Difference-in-differences with multiple
time periods. J Econom 2021; 225: 200-30.

McGuinn LA, Schneider A, McGarrah RW, et al. Association of
long-term PM, ; exposure with traditional and novel lipid measures
related to cardiovascular disease risk. Environ Int 2019;

122: 193-200.

Burns J, Boogaard H, Polus S, et al. Interventions to reduce
ambient air pollution and their effects on health: an abridged
Cochrane systematic review. Environ Int 2020; 135: 105400.

Yap P-S, Garcia C. Effectiveness of residential wood-burning
regulation on decreasing particulate matter levels and
hospitalizations in the San Joaquin Valley Air Basin.

Am J Public Health 2015; 105: 772-78.

Johnston FH, Hanigan IC, Henderson SB, Morgan GG. Evaluation
of interventions to reduce air pollution from biomass smoke on
mortality in Launceston, Australia: retrospective analysis of daily
mortality, 1994-2007. BM] 2013; 346: e8446.

Wen H, Nie P-y, Liu M, et al. Multi-health effects of clean residential
heating: evidences from rural China’s coal-to-gas/electricity project.
Energy Sustain Dev 2023; 73: 66-75.

Dockery DW, Rich DQ, Goodman PG, et al. Effect of air pollution
control on mortality and hospital admissions in Ireland.

Res Rep Health Eff Inst 2013; 176: 3-109.

McCracken |, Smith KR, Stone P, Diaz A, Arana B, Schwartz J.
Intervention to lower household wood smoke exposure in
Guatemala reduces ST-segment depression on electrocardiograms.
Environ Health Perspect 2011; 119: 1562-68.

Ye W, Steenland K, Quinn A, et al. Effects of a liquefied petroleum
gas stove intervention on gestational blood pressure:
intention-to-treat and exposure-response findings from the
HAPIN trial. Hypertension 2022; 79: 1887-98.

Niu J, Chen X, Sun S. China’s Coal Ban policy: clearing skies,
challenging growth. J Environ Manage 2024; 349: 119420.

Song C, Liu B, Cheng K, et al. Attribution of air quality benefits to
clean winter heating policies in China: combining machine
learning with causal inference. Environ Sci Technol 2023;

57: 17707-17.

Duan X, Zhao X Wang B, Chen Y, Cao S. Highlights of the Chinese
Exposure Factors Handbook (Adults). London: Academic Press,
2015.

Zhang M, Yang L, Wang L, et al. Trends in smoking prevalence in
urban and rural China, 2007 to 2018: findings from 5 consecutive
nationally representative cross-sectional surveys. PLoS Med 2022;
19: €1004064.

Yu K, Qiu G, Chan K-H, et al. Association of solid fuel use with risk
of cardiovascular and all-cause mortality in rural China. JAMA 2018;
319: 1351-61.

Greenhalgh E, Bayly M, Jenkins S, Scollo MM. 1.3 Prevalence of
smoking—adults. Melbourne: Cancer Council Victoria, 2024.

Xu M, Zhang S, Xie Y. Impacts of the clean residential combustion
policies on environment and health in the Beijing-Tianjin-Hebei
area. ] Clean Prod 2023; 384: 135560.

Zhang JJ, Smith KR. Household air pollution from coal and
biomass fuels in China: measurements, health impacts, and
interventions. Environ Health Perspect 2007; 115: 848-55.

€932



	Effects of a coal to clean heating policy on acute myocardial infarction in Beijing: a difference-in-differences analysis
	Introduction
	Methods
	Study design and participants
	CHP participation
	Incidence of acute myocardial infarction
	Covariates
	Statistical analysis
	Sensitivity analyses and robustness checks
	Role of the funding source

	Results
	Discussion
	Acknowledgments
	References


