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Household air pollution (HAP) exposure is recognized as a major health concern in
areas relied on residential burning of solid fuels for cooking and heating. However,
previous study has focused on mortality across time and reported changes in age-
specific mortality globally but failed to distinguish cohort from period effects. Therefore,
this study aimed to differentiate the relative contributions of period and cohort effects to
overall time trends of HAP-attributable stroke mortality between the most presentative
East and South Asia countries. Data were obtained from the Global Burden of Disease
(GBD) database. The age, period, and cohort effects were estimated using the age-
period-cohort (APC) model. The overall age-standardized mortality rates (ASMRs) of
stroke in China decreased by 39.8% compared with 35.8% in India, while stroke
subtypes in both the sexes and countries showed consecutive significant declines from
1990 to 2019. The age-specific and cohort-specific HAP-attributable stroke mortality
declined over time in China and India. By APC analysis, substantially increasing age
effects were presented for stroke and subtypes from 25 to 84 years. China had a
rapid reduction in the independent period and cohort effects. Also, the risk of death
for subarachnoid hemorrhage (SAH) had the most striking decline for both sexes in
period and cohort effects. Reductions of India were less favorable than China, but the
independent period and cohort effects progressively decreased during the entire period
for both the sexes. Males experienced a slightly higher mortality risk than females in both
countries. Although prominent reductions were observed in HAP-attributable stroke and
subtypes mortality during the past 30 years, China and India still suffered uneven HAP-
attributable stroke burden. Thus, it is of high significance to introduce advanced solid
fuels replace technology and knowledge regarding clean fuel use.
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INTRODUCTION

Household air pollution (HAP), which mainly refers to
exposure to particulate matter with an aerodynamic diameter
less than or equal to 2.5 µm (PM2.5), is recognized as a
major health concern in areas relied on residential burning
of solid fuels for cooking and heating (GBD 2016 Risk
Factors Collaborators, 2018). Almost 3 billion people are
counted on the traditional use of solid fuels to heat or
cook globally. China and India still have approximately 32
and 55% of the population using solid fuels during everyday
life (Cohen et al., 2017). Previous research studies denoted
Asia leads the world in HAP-oriented deaths and HAP
risk-oriented health problems have mainly occurred in low-
and middle-income countries (LMICs) (Hystad et al., 2019;
GBD 2019 Risk Factors Collaborators, 2020).

As one of the non-communicable diseases, stroke has
become the second leading cause of deaths in 2019, which
caused approximately 101 million cases and 6.55 million deaths
worldwide (Roth et al., 2020). Stroke could be divided into
three main pathologic types: ischemic stroke (IS), intracerebral
hemorrhage (ICH), and subarachnoid hemorrhage (SAH)
(Hisham and Bayraktutan, 2013). Each was caused by distinct
underlying vascular pathologies. SAH poses a threaten on
relatively young people, while IS and ICH are more common
in middle-aged and elderly people (Feigin et al., 2005). Having
more than one-third of the population of the world, China
and India experience heavy personal, social, and financial costs
of stroke, in the context of having a high burden stroke risk
and rapidly evolving demography, lifestyles, and economies
(Anderson and Chaturvedi, 2018). In 2019, stroke caused
2.2 million deaths in China, which accounted for 20.7% of
total deaths and represented the first leading cause of deaths;
whereas it caused 0.7 million deaths in India, accounting
for 7.5% of total deaths and representing the third leading
cause of deaths.

Household air pollution has been confirmed as one of
the primary risk factors of stroke mortality in the countries
heavily depending on solid fuels (Yu et al., 2018, 2020).
A 10-µg/m3 increment in HAP was associated with 4–
6% increase in overall mortality, 10% rise in cardiovascular
disease prevalence, particularly among susceptible populations
(Burnett et al., 2018; Xue et al., 2019). Over past years,
a body of epidemiological research studies has reported
that long-term HAP exposure was related to induction and
progression of certain cardiovascular events. Likewise, it may
escalate mortality of stroke, coronary artery disease, and
acute myocardial infarction (Bruce et al., 2000; Balmes, 2019;
Liu et al., 2021).

However, the previous study has focused on mortality across
time and reported changes in age-specific mortality globally but
failed to distinguish cohort from period effects (Lu et al., 2021).
Meanwhile, there is no research clearly exploring the temporal
trend of IS, ICH, and SAH. Therefore, we decomposed the
independent effects of age, period, birth cohort by age-period-
cohort (APC) model with an intrinsic estimator (IE) algorithm.
Differentiating the relative contributions of period and cohort

effects to overall time trends between the most presentative East
and South Asia countries assists in determining the success of
earlier policy interventions and identifying future targets. This
study uses data between 1990 and 2019 from the GBD 2019
and concentrates on comparing the HAP-attributable stroke
and subtypes mortality over the last three decades in China
and India. This study could consolidate the body of evidence
on existing disparities, changes, and hurdles in stroke research
studies in LMICs.

MATERIALS AND METHODS

Contributed by the IHME, the GBD 2019 aims to quantify
the comparative magnitude of health loss due to diseases,
injuries, and risk factors by age, sex, and geographies for
specific points in a series of time (GBD 2015 Mortality and
Causes of Death Collaborators, 2016). All anonymized data
have been publicly available at the website of the Institute for
Health Metrics and Evaluation (IHME) and can be accessed
online1. The informed consent was reviewed and approved
by the University of Washington Institutional Review Board.
It used DisMod-MR 2.1, a Bayesian meta-regression tool,
as the primary method of estimation to ensure consistency
between rates of incidence, prevalence, remission, and cause
of deaths for each condition and provided a comprehensive
annual estimation of global, regional, and national incidence,
prevalence, mortality for causes of deaths and risk factors in
204 countries and territories from 1990 to 2019 (GBD 2019
Risk Factors Collaborators, 2020). The advantage of the GBD
approach is that consistent methods are applied to critically
appraise available information on each condition, making this
information comparable and systematic; to estimate results from
countries with incomplete data; and to report on the burden of
disease with standardized metrics.

Data Sources
The attributable burden of stroke data in China and India
was obtained from the GBD 2019. Stroke was diagnosed and
defined based on the WHO clinical criteria and the International
Statistical Classification of Diseases. Stroke subtypes such as IS,
ICH, and SCH events were classified using the tenth revision of
the International Classification of Diseases and Injuries (ICD-
10). The original data of stroke mortality in China population
were mainly from the Cause of Deaths Reporting System of
the Chinese Centers for Disease Control and Prevention (CDC)
and Disease Surveillance Points (DSPs), which considered to
be nationally representative (Zhou et al., 2016). Indian stroke
mortality database was composed of vital registration (VR),
verbal autopsy (VA), registry, survey, police, and surveillance
data (Jha et al., 2006). The processed data was then to generate
estimates of each quantity of interest by age, sex, location,
and year. The modeling standardization was done using the
Cause of Deaths Ensemble model (CODEm), spatiotemporal
Gaussian process regression (ST-GPR), and DisMod-MR. The

1http://ghdx.healthdata.org/gbd-results-tool
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calculation formula for age-standardized mortality rate (ASMRs)
is as follows:

ASMRs =

∑
Age composition of standard group population

×Age specific mortality

Age composition of standard population

In the GBD study, HAP was defined as individual exposure
to PM 2.5 due to the use of solid fuels and was assessed
according to data of indoor solid fuel consumption and
indoor PM 2.5 concentrations monitor (GBD 2016 Risk Factors
Collaborators, 2018). Data were obtained from the standard
multi-countries survey series such as Demographic and Health
Surveys (DHS), Living Standards Measurement Surveys (LSMS),
Multiple Indicator Cluster Surveys (MICS), and World Health
Surveys (WHS), as well as country-specific survey series such
as China Monitoring Survey and South Asia General Household
Survey (GBD 2019 Risk Factors Collaborators, 2020). Population
attributable fraction (PAF) was defined as if the exposure of
a certain risk factor was reduced to the theoretical minimum
exposure level in a certain population, the proportion of related
diseases or deaths in the population would reduce (Burnett et al.,
2014). In this study, the exposure level associated with minimum
risk, known as the theoretical minimum risk exposure level, for
HAP was between 2.4 and 5.9 µg/m3 (Yasin et al., 2019). The
stroke mortality attributable to HAP was estimated based on
defining PAF through combining the distribution of exposure to
HAP with exposure-risk estimates at each level of exposure:

PAF =
∑n

i Pi(RRi − 1)∑n
i Pi (RRi − 1)+ 1

where Pi is the percentage of the population exposed to level
i of HAP, n is the total number of exposure level. RRi is the
relative risk at exposure level i, which was estimated as the
Integrated Exposure Response function of exposure based on 81
published systematic reviews, the specific methods are outlined in
a previous study (GBD 2019 Risk Factors Collaborators, 2020).

Attributable deaths (ADs) were computed by multiplying the
PAFs and the number of the deaths for stroke (N) (GBD 2017
Causes of Death Collaborators, 2018):

AD = PAF ∗ N

The age-standardized rate of HAP-ADs was calculated by the
world standard population (Rudd et al., 2020).

Therefore, we obtained the population, mortality number,
ASMRs data of HAP-attributable stroke, and the subtypes
diseases in China and India from GBD 2019. Ethical approval was
not needed for this study because there was no direct involvement
of human subjects.

Statistical Analyses
The APC model is a prevalently statistical model to extract
information hidden in mortality which implies the death
risks experienced by the population in a current year and
the accumulation of health risks since birth (Cao et al.,
2019). Typical statistical analysis could not decompose these

death risks and health risks when estimating mortality. The
APC model is used for long-term trend studies such as
social changes, disease causes, aging, population process, and
dynamic research (Yang et al., 2008). As the relationship
between age, period, and cohort is perfectly linear (i.e., birth
cohort = period-age), there is collinearity between age, period,
and cohort (Robertson et al., 1999). Like previous studies,
this study circumvents this problem by producing estimable
APC parameters and functions without imposing arbitrary
constraints on model parameters (Rosenberg and Anderson,
2011; Bell, 2020). Through the IE approach, the APC model
performed by the freely available R-based tool from the US
National Cancer Institute is designed to address the collinearity
in APC model, and the detailed methodological information
is described in former research (Rosenberg et al., 2014).
The core operation code of R-based tool is accessible on
GitHub.2

In a typical APC model, the age and period intervals must
all be equal, i.e., 5-year age groups should be used with 5-
year calendar periods. Therefore, the mortality and population
data are arranged into 11 consecutive 5-year age groups from
25–29 (median, 27) to 75–79 years old (median, 82 years), six
consecutive 5-year periods from 1990–1994 (median, 1992) to
2015–2019 (median, 2017), and 17 consecutive cohorts from
born in 1910–1914 (median, 1912) to 1990–1994 (median, 1992).
The reference groups in all the APC analyses are the central
age group, period, or birth cohort in each interval. The fitted
APC model estimates some useful parameters and functions in
this study: (1) net drift is expressed as the annual percentage
change of mortality, with the adjustments of the period and
cohort effects; (2) local drift represents the average annual
percentage changes in mortality over time across different age
groups; (3) longitudinal age curve indicates the fitted longitudinal
age-specific rates in the reference cohort adjusted for period
deviations; (4) the period (or cohort) rate ratios (RRs) would
be the relative risk adjusted for age and nonlinear effects in
a period (or cohort) vs. the reference. For conducting APC
analysis, the mortality and population data are arranged into
consecutive 5-year periods from 1990 to 2019 and successive
5-year age intervals from 25–29 to 75–79 years old. The Wald
chi-squared tests are adopted for estimation on the significance
of the estimable functions. A general linear model is used to
evaluate the interaction effect between sex and birth cohort or
the significance of the slope of relative risks for period and cohort
effect. P < 0.05 was considered as statistically significant. All the
statistical tests are 2-sided.

RESULTS

National Trends in Household Air
Pollution-Attributable Stroke Mortality
Figure 1 shows downward trends in HAP-attributable mortality
across subtypes of stroke between China and India. From
1990 to 2019, the ASMRs of HAP-attributable stroke in China

2https://github.com/CBIIT/nci-webtools-dceg-age-period-cohort
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FIGURE 1 | Trends in the age-standardized mortality rates (ASMRs) of household air pollution (HAP)-attributable stroke subtypes in China (A) and India (B) from
1990 to 2019. Error bars represented the 95% CIs for the HAP-attributable stroke mortality.

decreased by 39.8% compared with 35.8% in India. In 1990,
the ASMRs of HAP-attributable ICH, IS, and SAH in Chinese
(44.6 per 100,000, 16.4 per 100,000, and 8.3 per 100,000 in
males; 28.1 per 100,000, 14.0 per 100,000, and 8.6 per 100,000
in females) were higher than its counterparts (19.6, 12.4, and
2.7 in males; 18.8, 10.9, and 3.0 in females) in India. However,
in 2019, the ASMRs of these three subtypes (4.4, 3.5, and 0.4
in males or 3.4, 2.9, and 0.3 in females) in Chinese reduced
to almost the same level as its counterparts (5.2, 3.7, and
0.7 in males or 5.7, 3.7, and 0.8 in females) in India. For
subtypes of stroke, over the past 30 years, HAP-attributable
ICH had the highest ASMRs among all the subtypes of stroke,
followed by IS and SAH, and the sex disparity on the ASMRs
shrunk with time.

Age-Specific Mortality for Household Air
Pollution-Attributable Stroke and
Subtypes
Age-specific mortality of HAP-attributable stroke and subtypes
by period across China and India are shown in Tables
A1–A8, which presented the increased mortality with age
group and a declining trend in mortality between 1910–
1914 and 1990–1994 (P < 0.01 for all). The reduction of
HAP-attributable ICH mortality was most marked for both
countries. As shown in Supplementary Figure 1, China had
a more obvious decreased trend of HAP-attributable stroke
mortality across birth cohorts than India, indicating a relatively
lower mortality risk in the cohort born recently in China
(P < 0.01 for all).

Age, Period, and Cohort Effects on
Household Air Pollution-Attributable
Stroke Mortality
Substantial reductions in HAP-attributable stroke mortality
were observed in the overall net drifts across the whole
study period with a −7.0% (95% CI, −7.2 to −6.9%) change
(Figure 2A). Mortality reductions were less evident in India
[−3.8% (95% CI, −3.9 to −3.6%)]. Percent change per year
(local drifts) was always below 0 in all the age groups for
both the sexes and countries, indicating a decreasing trend
in HAP-attributable stroke mortality across the study period
(Figure 2A). For Indians, people aged over 40 experienced
an accelerated reduction in mortality, whereas the greatest
improvements on stroke were seen in Chinese aged 55–60
years (−7.5%/year). Age effects (Figure 2B) indicated upward
trends in both the countries, with rates in India increasing
rapidly in the later years of life (over 55 years old). Period
and cohort effects tended to illustrate a monotonic decline in
both countries. For India, the period effects had seen fewer
improvements than China over the last 30 years (Figure 2C).
The decline for HAP-attributable mortality appeared stagnant
after the progressive improvement in Indians born before
1940 (Figure 2D).

Age, Period, and Cohort Effects on
Household Air Pollution-Attributable
Stroke Subtypes Mortality
The local drifts and net drifts of stroke subtypes for males and
females in China and India are shown in Table 1. All the local
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FIGURE 2 | Parameter estimates of age, period, and cohort effects on HAP-attributable stroke mortality rate in China and India from 1990 to 2019. (A), local drifts
with net drifts for HAP-attributable stroke mortality. Net drifts were depicted as colored dashed lines with black dashed lines representing their 95% CIs. Error bars
represented the 95% CIs for the local drift values (some were too narrow to show). (B), fitted longitudinal age curves of HAP-attributable stroke mortality (per
100,000 person-years) and the corresponding 95% CIs. (C), the rate ratios (RRs) of each period compared with the reference (2000–2004) adjusted for age and
nonlinear cohort effects and the corresponding 95% CI. (D), the RRs of each cohort compared with the reference (cohort 1950–1954) adjusted for age and nonlinear
period effects and the corresponding 95% CI.

drifts and net drifts in both the countries were represented by
negative values, which mean improvements in subtypes of stroke
mortality. No matter China or India, the improvements were the
most obvious in SAH, whereas modest in IS. Local drifts of these
three subtypes in China indicated considerable improvements,
especially in those aged over 50 years with SAH (<−11%/year
for males and females). Even though the progress in controlling
mortality of stroke subtypes in India was not striking as in
China, mortality reductions in India were evenly in every subtype
(around−3 to−5%/year).

Figure 3 presents the estimates for age, period, and cohort
effects for subtypes of stroke. The risks of HAP-attributable
ICH and IS deaths increased markedly with age in China
(Figure 3A) and India (Figure 3D), with ICH higher than IS
in the same age group; India had the slowest growth for HAP-
attributable SAH deaths across all age groups compared with
the gradual decline in China. Period effects for HAP-attributable
SAH deaths in China dropped steeply with age, implying a
noticeable improvement in HAP-attributable SAH mortality
(Figure 3B). In contrast, downward trends for stroke subtypes
in India kept at almost the same pace (Figure 3E), with equal
improvements in HAP-attributable ICH, IS, and SAH mortality.
For cohort effects (Figures 3C,F), the most striking reductions
(reducing from 91.24 in 1915–1919 to 0.02 in 1990–1994 birth

cohorts for males and 108.20–0.01 for females) were seen in
HAP-attributable SAH in China. Nevertheless, the drop of HAP-
attributable SAH across cohorts in India appeared not much
greater than ICH and IS. In brief, compared to China, fewer
improvements in mortality of HAP-attributable ICH and IS were
gained in India.

For the results of the Wald tests (Table 2), besides all the
values of local drifts and net drifts, the period and cohort RRs
were statistically significant (P < 0.01) for males and females in
both the countries.

DISCUSSION

This study comprehensively estimated on temporal trends in
stroke and subtypes deaths attributable to long-term exposure
to HAP in China and India. We found the trends of the
ASMRs in stroke in China decreased by 39.8% compared
with 35.8% in India, while stroke subtypes in both sexes
and countries showed consecutive significant declines from
1990 to 2019. The age-specific and cohort-specific HAP-
attributable stroke mortality declined over time in China and
India. The substantially increasing age effects were presented
for stroke and subtypes from 25 to 84 years. China had a
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TABLE 1 | Local drifts and net drifts of household air pollution (HAP)-attributable subtype stroke for males and females in China and India.

Age Local drift (95% CI)

ICH in male ICH in female IS in Male IS in female SAH in male SAH in female

China

25–29 −4.68 ± 1.06 −8.38 ± 2.49 −5.36 ± 1.18 −8.48 ± 2.47 −8.04 ± 1.28 −10.55 ± 2.20

30–34 −4.94 ± 0.63 −8.08 ± 1.47 −5.17 ± 0.69 −7.87 ± 1.49 −8.45 ± 0.85 −10.30 ± 1.37

35–39 −5.36 ± 0.45 −8.00 ± 1.02 −5.20 ± 0.46 −7.39 ± 1.02 −8.98 ± 0.62 −10.32 ± 0.96

40–44 −5.78 ± 0.31 −7.94 ± 0.66 −5.37 ± 0.29 −7.04 ± 0.66 −9.64 ± 0.44 −10.65 ± 0.64

45–49 −6.11 ± 0.24 −7.81 ± 0.48 −5.49 ± 0.20 −6.80 ± 0.45 −10.35 ± 0.35 −11.14 ± 0.49

50–54 −6.47 ± 0.19 −7.78 ± 0.39 −5.62 ± 0.15 −6.70 ± 0.34 −11.09 ± 0.30 −11.78 ± 0.41

55–59 −6.84 ± 0.18 −7.69 ± 0.34 −5.82 ± 0.12 −6.57 ± 0.28 −11.65 ± 0.27 −12.24 ± 0.38

60–64 −6.77 ± 0.15 −7.19 ± 0.29 −5.69 ± 0.09 −6.10 ± 0.21 −11.89 ± 0.24 −12.31 ± 0.32

65–69 −6.63 ± 0.14 −6.89 ± 0.36 −5.52 ± 0.08 −5.74 ± 0.16 −11.98 ± 0.23 −12.48 ± 0.31

70–74 −6.45 ± 0.15 −6.67 ± 0.27 −5.31 ± 0.08 −5.42 ± 0.15 −12.02 ± 0.24 −12.72 ± 0.32

75–79 −6.36 ± 0.19 −6.47 ± 0.32 −4.99 ± 0.10 −5.04 ± 0.18 −12.04 ± 0.29 −12.77 ± 0.37

Net Drift (95%CI) −6.13 ± 0.15 −7.57 ± 0.33 −5.46 ± 0.14 −6.65 ± 0.32 −10.67 ± 0.21 −11.59 ± 0.32

India

25–29 −4.12 ± 1.34 −5.11 ± 1.68 −3.43 ± 2.28 −4.29 ± 2.23 −4.17 ± 0.47 −4.44 ± 0.80

30–34 −3.30 ± 0.74 −4.17 ± 1.11 −2.77 ± 1.30 −3.36 ± 1.50 −3.75 ± 0.29 −3.90 ± 0.50

35–39 −2.95 ± 0.53 −3.32 ± 0.82 −2.48 ± 0.94 −2.52 ± 1.16 −3.54 ± 0.22 −3.47 ± 0.37

40–44 −2.82 ± 0.41 −2.81 ± 0.62 −2.34 ± 0.69 −1.91 ± 0.89 −3.55 ± 0.18 −3.30 ± 0.29

45–49 −3.21 ± 0.32 −2.97 ± 0.49 −2.62 ± 0.51 −1.94 ± 0.69 −3.91 ± 0.16 −3.55 ± 0.24

50–54 −3.57 ± 0.25 −3.01 ± 0.39 −2.90 ± 0.37 −1.94 ± 0.53 −4.24 ± 0.14 −3.74 ± 0.21

55–59 −4.06 ± 0.22 −3.66 ± 0.33 −3.31 ± 0.28 −2.63 ± 0.40 −4.59 ± 0.13 −4.16 ± 0.20

60–64 −4.60 ± 0.19 −4.04 ± 0.28 −3.91 ± 0.20 −3.12 ± 0.29 −4.93 ± 0.14 −4.44 ± 0.20

65–69 −4.92 ± 0.20 −4.27 ± 0.28 −4.28 ± 0.16 −3.56 ± 0.23 −5.16 ± 0.14 −4.67 ± 0.20

70–74 −4.94 ± 0.23 −4.47 ± 0.32 −4.34 ± 0.16 −3.87 ± 0.20 −5.30 ± 0.18 −4.92 ± 0.25

75–79 −5.07 ± 0.33 −4.80 ± 0.44 −4.49 ± 0.22 −4.23 ± 0.27 −5.51 ± 0.27 −5.24 ± 0.36

Net Drift (95% CI) −3.88 ± 0.19 −3.71 ± 0.28 −3.27 ± 0.32 −2.83 ± 0.39 −4.37 ± 0.09 −4.07 ± 0.14

rapid reduction in the independent period and cohort effects.
Also, the risk of death for SAH declined the most strikingly
for both sexes in period and cohort effects. Reductions of
India were less favorable than China, but the independent
period and cohort effects progressively decreased during the
entire period for both males and females. Our analyses
uncovered that the risks of stroke death attributable to
HAP have been lessened in China and India. This may be
because solid fuels were not a habit of usage for household
cooking or heating in recent years, so the danger of death
for stroke and subtypes attributable to particulate matter
exposure was minimized.

One of the interesting findings was related to the fact that
India and China were once highly dependent on fossil fuels which
was the dangerous risk factor affecting the health of people.
HAP is possible to induce the same or stronger adverse effects
on the cerebrovascular system in human subjects compared to
outdoor air pollution because humans spend approximately 90%
of their time in indoor environments (Klepeis et al., 2001).
According to the documented scientific statement from the
American Heart Association, the particulate matter released from
the combustion of solid flues can trigger acute cardiovascular
events, possible biological mechanisms include systemic vascular
oxidative stress response, endothelial dysfunction, and plaque
formation (Naeher et al., 2007; Brook et al., 2010). In addition,

particulate matter can directly penetrate the blood-brain barrier
and be translocated into the brain, the potential neurotoxicity
cannot be ignored (Mondal et al., 2018; Munzel et al., 2018).
More importantly, particles in HAP could be active or have
an interaction effect with other risk factors of stroke, such as
increasing the incidence of hypertension (Chen et al., 2014;
Giorginia et al., 2016).

The combustion of solid fuels for household cooking or
heating is the most crucial source of particulate matter exposure.
As reported, ambient particulate levels in HAP frequently exceed
100 times the WHO-recommended safety level for sustained
periods and account for the majority of personal particulate
matter exposure (Warburton et al., 2018). The HAP-attributable
stroke mortality increasing with age in China and India might
be positively related to more time exposure to HAP and
accumulated more harmful particles in the body (Liu et al.,
2018; Johnson et al., 2019). Age has been proved as the most
important demographic risk factor in stroke, which means
stroke burden increases in the elderly (Wang et al., 2017).
However, in this study, both the age-specific and cohort-
specific HAP-attributable stroke mortality declined since the
early period/cohort (Supplementary Tables 1–8). It reflected
a transition in epidemiology—the reduction in the risk of
premature mortality from HAP-attributable stroke occurs in
China and India gradually.
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FIGURE 3 | Parameter estimates of age, period, and cohort effects on HAP-attributable subtype stroke mortality rate in China and India from 1990 to 2019. (A,D),
fitted longitudinal age curves of HAP-attributable intracerebral hemorrhage (ICH), ischemic stroke (IS), and subarachnoid hemorrhage (SAH) mortality (per 100,000
person-years) in China and India. (B,E), the RRs of each period compared with the reference (2000–2004) adjusted for age and nonlinear cohort effects in China and
India. (C,F), the RRs of each cohort compared with the reference (cohort 1950–1954) adjusted for age and nonlinear period effects in China and India.

TABLE 2 | Statistical parameters for overall- and age-specific annual percent changes in age-period-cohort models.

Diseases Sex All local drifts = net drift Net drifts = 0 All period RR = 1 All cohort RR = 1

Wald-tests P-value Wald-tests P-value Wald-tests P-value Wald-tests P-value

China

Stroke Both 137.3485604 <0.01 8649.532817 <0.01 9013.963929 <0.01 22881.21897 <0.01

ICH M 72.65870701 <0.01 5939.333484 <0.01 6651.207252 <0.01 14359.03473 <0.01

F 38.12767925 <0.01 1838.893599 <0.01 2008.893295 <0.01 5106.562975 <0.01

IS M 124.5439019 <0.01 5159.615002 <0.01 5732.312388 <0.01 34384.30819 <0.01

F 108.8991544 <0.01 1524.820089 <0.01 1731.674717 <0.01 8879.088998 <0.01

SAH M 155.2198119 <0.01 8711.955452 <0.01 9970.935547 <0.01 15530.55206 <0.01

F 49.86183869 <0.01 4438.086611 <0.01 5101.162039 <0.01 9308.21867 <0.01

India

Stroke Both 71.29796406 <0.01 1677.724833 <0.01 1858.038624 <0.01 3983.693117 <0.01

ICH M 118.1123193 <0.01 1517.318872 <0.01 1756.05248 <0.01 4052.151654 <0.01

F 47.75939131 <0.01 630.3353324 <0.01 694.9914619 <0.01 1679.767505 <0.01

IS M 77.9751195 <0.01 396.8159417 <0.01 691.0998631 <0.01 4390.200821 <0.01

F 67.11861967 <0.01 197.387432 <0.01 318.7866217 <0.01 2059.51138 <0.01

SAH M 222.0716851 <0.01 8221.62568 <0.01 8376.434625 <0.01 10100.76599 <0.01

F 89.74361995 <0.01 2919.571988 <0.01 3018.314219 <0.01 4134.929831 <0.01

The transition in HAP-attributable stroke mortality is also
proved by the period or cohort effects change. China had
relatively higher ASMRs than India in the early period. In

parallel to the APC analysis, the period and cohort effects
in China and India peaked in 1990. Moreover, HAP ranked
at 2 in all risk factors attributable to stroke mortality
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(Supplementary Figure 2) and ranked at 1 in all environmental
risk factors attributable to stroke mortality in both China and
India (Supplementary Figure 3), which is consistent with studies
by the IHME (Roth et al., 2020). As the clean policies continue
to advance, initiatives such as replacing solid fuels with liquefied
petroleum gas, introducing liquefied petroleum gas into the
low-income household, or targeted and innovative subsidies
for clean household energy potentially help India achieve the
WHO air quality standards within homes (India State-Level
Disease Burden Initiative Air Pollution Collaborators, 2019).
Likewise, the Chinese National Improved Stove Program and
the substitution campaign on household solid fuels substantially
mitigate the HAP-attributable stroke burden in recent periods
and cohort groups (Edwards et al., 2007). In addition to reduce
the use of fossil fuels, the air filtration has been reported that it
could be part of a comprehensive strategy to improve indoor air
quality and cardiopulmonary health (Chuang et al., 2017). The
previous study has reported that houseplants removed particulate
air pollution, so the use of houseplants is suggested to be a
possible and practical air-purifying system for indoor air quality
(Claudio, 2011; Wang et al., 2014). Also, economic improvement
has expanded the healthcare coverage and enhanced medical
technology. These measures are favorable to control indoor
personal particulate matter exposure. In this context, besides the
monotonously downward period and cohort effects in India from
1990 to 2019, HAP ranked at 5 in all risk factors attributable
to stroke mortality (Supplementary Figure 2) and ranked at 2
in all environmental risk factors attributable to stroke mortality
(Supplementary Figure 3) in India (Supplementary Figure 3).
Therefore, ranks of HAP were down to 12 in all risk factors
(Supplementary Figure 2) and to 2 in all environmental
risk factors attributable to stroke mortality (Supplementary
Figure 3) in China in 2019. As a result, China and India are
on the track to meet the United Nation 2025 targets of a 25%
reduction in risk of premature mortality from cardiovascular
diseases (WHO, 2013).

Another interesting finding in this study was that despite
the proportions of HAP-attributable IS, ICH, and SAH in
a total of stroke deaths changed, the HAP-attributable ICH
deaths remained the dominant role in the subtypes of stroke
from 1990 to 2019. Consistent with other studies (Jiang et al.,
2020), the period and cohort effects on HAP-attributable ICH
were greater than that on IS, which may be mainly explained
by the difference between the mechanism of HAP exposure
on ICH and IS. HAP-attributable ICH mortality was linked
to blood pressure increasing, oxidative stress promoting, and
inflammation, while the HAP-attributable IS mortality was
connected to atherosclerosis (Suwa et al., 2002; Araujo, 2011).
Albeit, this study denoted the HAP-attributable SAH was
relatively rare, it had the highest risk of death among subtypes
of stroke in China and India according to period and cohort
effects. Unlike India, the HAP-attributable SAH in China proved
far more lethal than ICH or IS before 2002 and in those born
before 1940. HAP-attributable SAH mortality was associated with
blood pressure. Elevated blood pressure is likely to be associated
with cerebrovascular rupture, especially for people with high
systolic blood pressure (Muller et al., 2019). By reason SAH may

contribute to sudden deaths before the patients receive medical
attention, it was the most lethal subtype of stroke in the period
when stroke management was undeveloped (Feigin et al., 2005).

For sex disparity, the previous study suggested the possibility
of a greater risk of death in males with stroke but better survival
in females (Roth et al., 2020). However, we found that stroke
mortality attributable to HAP was slightly higher in males than
females in most age groups and periods. The risk factors of
stroke, like alcohol use or tobacco, are more prevalent in males
(Fullerton et al., 2008; Meng et al., 2019); these risk factors
may have interactive effects on HAP and increase the stroke
mortality of males. Yet females spend more time cooking or
staying in the kitchen with higher HAP concentrations than
other household places (Zhang and Smith, 2007). Given that
females tend to be more highly exposed, the sex difference is less
pronounced for HAP.

According to the latest World Bank classification (Tian et al.,
2018), China has experienced incredibly rapid economic growth
and has reached an upper-middle-income level; while India has
reached a lower-middle-income level. Though fuels for cooking
have declined in India, about 56% of Indians are still exposed to
HAP from solid fuels (Hay et al., 2017). Furthermore, marked
variations on the frequency of solid fuels use still exist in
different states. The underdeveloped areas, especially Bihar, Uttar
Pradesh, Rajasthan, and Jharkhand, have the highest level of
HAP (Dandona et al., 2017). In China, particularly in western,
central, and north-eastern China, most rural residents rely
heavily on solid fuels, and clean energy technology has been slow
to penetrate (Chen et al., 2018). For these reasons, this study
suggested that the uneven HAP exposure in the population of
China and India and the existed gaps between recommended
goals and the current situation should be called attention on.

The general limitations exist in this study: first, the data used
in the study were extracted from the latest GBD study. There
are certain deviations in the completeness and accuracy of stroke
deaths. Although the GBD 2019 adopts numerous adjustments
and corrections to the source, collation, and evaluation of the
stroke mortality attribute to HAP to enhance data accuracy
and comparability, completely refraining from data inaccuracy
thoroughly seemed impossible. Second, in GBD 2019, data of the
subdivisional region in China and India are not included. Hence
the trends in different provinces, states, or urban and rural areas
are not clear. Third, like other studies based on a population
level, ecological fallacy might occur because the study might not
focus on the individual level. Studies in the future should consider
shortages in our research and avoid them.

CONCLUSION

Although prominent reductions were observed in HAP-
attributable stroke and subtypes mortality during the past 30
years, China and India still suffered uneven HAP-attributable
stroke burden. With a rapid reduction in HAP-attributable stroke
mortality across all age groups over time and a relatively lower
risk of death in recently born cohorts, China on behalf of the
successful epidemic transition. Meanwhile, the risk of death for
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SAH declined the most strikingly for both sexes in period and
cohort effects. Progress of India in curbing HAP-attributable
stroke burden was less outstanding, but the independent period
and cohort effects gradually decreased during the entire period
for both sexes. Specifically, males and elder groups are the high-
risk populations for stroke mortality attributable to HAP, but
mortality in females cannot be ignored, either. Thus, it is of
high significance to introduce advanced solid fuels to replace
technology and knowledge regarding clean fuel use.
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