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BACKGROUND
Limited data suggest that household air pollution from cooking and 
heating with solid fuel (i.e., coal and biomass) stoves may contribute 
to the development of hypertension and vascular damage.

METHODS
Using mixed-effects regression models, we investigated the associations 
of household air pollution with blood pressure (BP) and vascular function 
in 753 adults (ages 40–79  years) from 3 diverse provinces in China. We 
conducted repeated measures of participants’ household fuel use, per-
sonal exposure to fine particulate air pollution (PM2.5), BP, brachial–femoral 
pulse wave velocity (bfPWV), and augmentation index. Ultrasound images 
of the carotid arteries were obtained to assess intima–media thickness 
(CIMT) and plaques. Covariate information on sociodemographics, health 
behaviors, 24-h urinary sodium, and blood lipids was also obtained.

RESULTS
Average estimated yearly personal exposure to PM2.5 was 97.5  µg/
m3 (SD: 79.2; range: 3.5–1241), and 65% of participants cooked with 
solid fuel. In multivariable models, current solid fuel use was associ-
ated with higher systolic (2.4 mm Hg, 95% CI: −0.4, 4.9) and diastolic 
BP (1.4  mm Hg, 95% CI: −0.1, 3.0) and greater total area of plaques 
(1.7 mm2, 95% CI: −6.5, 9.8) compared with exclusive use of electricity 
or gas stoves. A 1 − ln(µg/m3) increase in PM2.5 exposure was associ-
ated with higher systolic (1.5 mm Hg, 95% CI: 0.2, 2.7) and diastolic BP 

(1.0 mm Hg, 95% CI: 0.4, 1.7) and with greater CIMT (0.02 mm, 95% 
CI: 0.00, 0.04) and total area of plaques (4.7 mm2, 95% CI: −2.0, 11.5). 
We did not find associations with arterial stiffness, except for a lower 
bfPWV (−1.5 m/s, 95% CI: −3.0, −0.0) among users of solid fuel heaters.

CONCLUSIONS
These findings add to limited evidence that household air pollution 
is associated with higher BP and with greater CIMT and total plaque 
area.

GRAPHICAL ABSTRACT
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High blood pressure (BP) is the leading cause of death, 
responsible for 10.8 million premature deaths in 2019 
worldwide.1 In China, 250 million people live with hyper-
tension, which is responsible for 24% of China’s deaths and 
14% of disability-adjusted life years.2 Urban air pollution 
shows strong and consistent associations with high BP 
and the development of cardiovascular disease in studies 
mostly conducted in high-income cities.3,4 Less under-
stood is whether household air pollution from biomass 
and coal (i.e., solid fuel) stoves also contributes to hyper-
tension and vascular damage, their underlying preclinical 
conditions, and the exposure–response relationships be-
tween them.5

Over 2.5 billion people globally and 600 million Chinese3 
use solid fuel cookstoves and heaters that emit air pollution 
into homes and communities. Several cohort studies indi-
cate that the primary use of a solid fuel stove increases the 
risk of mortality and nonfatal cardio-respiratory events by 
7%–19%.5 These studies are supported by analyses showing 
higher BP and greater carotid intima–media thickness 
(CIMT) in women using wood-burning cookstoves,6–8 and 
that switching to less-polluting stoves lowers BP.9 However, 
despite widespread exposure to household air pollution, 
there remain very few exposure–response studies10 and even 
fewer that included men,5 which form a significant know-
ledge gap for policy.

Leveraging repeated measurements from the INTERMAP 
China Prospective (ICP) study,11 a geographically diverse 
cohort in rural and peri-urban villages, we investigated 
associations of estimated yearly exposure to fine particulate 
matter <2.5 microns (PM2.5) with the severity of arterioscle-
rosis and vascular disease, as measured by BP, arterial stiff-
ness, CIMT, and carotid plaque features. We also assessed 
whether adults using solid fuel stoves at present and over the 
previous 2 decades had greater vascular damage than adults 
using only gas or electric (i.e., clean fuel) stoves.

METHODS

Study population

The ICP Study is an ongoing longitudinal study to in-
vestigate the nutritional and environmental risk factors 
for cardiovascular disease, including BP and vascular 
function.11 It is an extension of the INTERMAP study, a 
1996 investigation of nutrient intake and BP in 839 adults 
aged 40–59  years that lived in 17 villages in northern 
(Beijing and Shanxi) and southern (Guangxi) China.12 In 
2015, we recontacted 680 of the surviving INTERMAP 
study participants and enrolled 574 into the ICP Study 
(participation rate: 84%).11 An additional 208 adults ages 
40–59  years (i.e., same ages as INTERMAP participants 
in 1996)  were randomly selected from village lists and 
enrolled into the study (participation rate: 86%) to ensure 
sufficient sample size as some INTERMAP participants 
had died or moved away. Participants lived in rural and 
peri-urban villages that were within 20–30 km of urban 
areas, and provided written informed consent. Study 
protocols received ethics committee approvals from all in-
vestigator institutions.

Data collection

Participants attended village clinics on up to 7 occasions 
during a total of 6 data collection campaigns across our study 
sites that took place between August 2015 and November 
2016. We conducted at least 1 winter and summer campaign 
in the northern sites to capture seasonal differences, which 
resulted 1 full campaign in Guangxi and 2 full campaigns 
in Beijing and Shanxi. A full campaign consisted of 2 days 
of data collection, including repeated measurements of BP. 
During the first clinic visit in each campaign, staff verbally 
administered individual and household questionnaires 
to participants. During the second and third clinic visits 
in each campaign, we repeatedly measured participants’ 
anthropometrics, exposure to air pollution, BP, and arte-
rial stiffness, and collected 24 hours urine for biochemistry. 
Ultrasound images of the carotid arteries and whole blood 
samples were obtained once in June (Shanxi), September 
(Beijing), and November (Guangxi) of 2016 (Supplementary 
Figure S1 online). The images were collected at the same 
time as other study measurements in Beijing and Guangxi, 
and in a separate third reduced data collection campaign in 
Shanxi where BP and surveys were also conducted. Details 
about measurements are provided below and published in a 
study protocol.11

Current and historical household fuel use and intensity 
of use

We developed visual libraries of stoves and fuels for each 
site that were used to collect information on both current and 
historical fuel use during the first clinic visit. For each stove 
pictured, participants indicated whether they had used it 
during the past 20 years and, if so, answered questions about 
the years (in 5-year intervals) and frequency of use, stove 
location in the home, and fuel. Stove-fuel categories were 
combined with reported use data to construct fuel-based ex-
posure metrics (Table 1). Cookstoves refer to devices used 
for household cooking or water boiling activities, whereas 
heating stoves are those primarily used for space heating 
during winter.13

Personal exposure to air pollution

We measured personal exposure to PM2.5 for up to 96 
hours in 2 seasons to estimate seasonal and yearly exposures 
(Table 1). Participants wore waist packs with air samplers 
that collected PM2.5 on PTFE filters. In a random 80% 
subsample, we monitored compliance in wearing the air 
samplers by placing pedometers (HJ-321 Tri-Axis, Omron, 
Japan) inside the waist packs. Filters were analyzed for mass 
at the Wisconsin State Laboratory of Hygiene. Details on 
PM2.5 measurement are published elsewhere.11,14

Cardiovascular outcomes

We assessed 9 outcomes that reflect different domains of 
vascular disease: (i) brachial systolic and (ii) diastolic BP, 
representative of systemic vascular resistance; (iii) brachial–
femoral pulse wave velocity (bfPWV), a direct measure of 
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central and peripheral arterial stiffness, (iv) augmentation 
index (AIx), which measures wave reflection and indirectly 
measures arterial stiffness; (v) CIMT, a marker associated 
with systemic atherosclerosis; (vi) total area of plaques in 
the carotid artery, a measure of the presence and severity of 
carotid atherosclerosis; and (vii) plaque grayscale median 
(GSM), where lower GSM indicates greater instability.15–18

Following at least 5-min of quiet rest, BP was measured 
on the participant’s right arm at least 3 times using an au-
tomated oscillometric device (Omron HEM-907). Up to 5 
measurements were taken if the difference between the last 2 
was >5 mm Hg. BP was taken on 2 consecutive days during 
each measurement campaign, except for Shanxi’s third 
campaign which had only 1  day of BP measurement due 
to study logistics. The average of the last 2 measurements 
from consecutive days of each campaign was used for sta-
tistical analysis, preserving season-specific BP and arterial 
stiffness variations. Hypertension was defined as use of 
antihypertension medication, or systolic (≥140  mm Hg) 
and/or diastolic (≥90 mm Hg) BP. Up to 6 measurements, 3 
per campaign, of bfPWV and AIx (Vicorder, Smart Medical, 
UK) were taken in the supine position with cuffs around the 
participant’s right upper arm and right upper thigh.

Measurements of CIMT and carotid artery plaques were 
conducted by a single technician in B-mode ultrasonog-
raphy using a portable Mindray Z6 Ultrasound and 7–10 
MHz linear array transducer. At least 3 images of the far wall 
of 3 10-mm segments of the bilateral carotid artery were 
obtained for both arteries, i.e., 18 images total.18 A  clini-
cian analyzed each image offline using an automated soft-
ware (Carotid Analyzer Vascular Research Tools 6, Medical 
Imaging Applications, Coralville) to assess CIMT, total area 
of plaques, and GSM, and the average of all measurements 

was used for statistical analysis. A plaque was defined as a 
localized thickness of CIMT ≥1.5 mm or a focal raised le-
sion of ≥0.5  mm, and at least 3 images were obtained. 
Plaques were measured by manually tracing the perimeter 
and computing their cross-sectional area. Blood pressure, 
ultrasound measurements, and image-based analyses were 
conducted by staff who were blinded to the participants’ ex-
posure status.

Covariates

Staff administered individual and household 
questionnaires in each campaign to obtain information on 
household income and sociodemographics and assessed in-
dividual cardiovascular risk factors. Serum specimens were 
collected once and processed in a centralized testing facility 
for lipids, and 24-hour urine samples were collected twice in 
each campaign and analyzed for sodium. Anthropometrics 
were measured in each campaign using a height ruler at-
tached to a mechanical scale and SECA measuring tapes.

Statistical analysis

Mixed-effects regression models with participant- and 
village-specific random intercepts were used to estimate 
associations between household air pollution, measured by 
fuel use and exposure to PM2.5, and outcomes with repeated 
measures (BP, bfPWV, AIx). These models account for the lack 
of independence between repeated measurements in the same 
participant and between participants in the same village. Cross-
sectional models with village-specific random intercepts were 
conducted for outcomes with single measurements (CIMT, 
total plaque area, GSM). Known and suspected confounders 

Table 1.  Household air pollution exposure variables and their descriptionsa

Variable Description

Household fuel use and intensity of use

1.Current fuel for cooking Any use of solid fuel cookstoves  
Exclusive use of clean fuel cookstoves (reference)

2.Current fuel for heating (northern China) Any use of solid fuel heating stoves  
Exclusive clean fuel heating stoves (reference)  
No heating stovesb

3.Current intensity of indoor solid fuel stove use Number of indoor solid fuel stove-use days in the past year, continuous

4.Long-term intensity of indoor solid fuel stove use Number of indoor solid fuel stove-use years in the past 20 years, continuous

Exposure to air pollution

5.Seasonal personal exposure to PM2.5 (µg/m3) Gravimetric analysis of 2 consecutive 24-hour personal PM2.5 
measurements collected in the heating or nonheating season, continuous. 
Repeated measures were used in the analysis.

6.Yearly personal exposure to PM2.5 (µg/m3) Time-weighted average of season-specific measurements of PM2.5 
exposure based on the assumption of 7 nonheating months and 5 heating 
months, continuous. Time weighted measures were used in the analysis.

aClean fuel stoves included those powered by gas or electricity and solid fuel stoves included those powered by coal, wood, crop residues, 
or other forms of biomass.

bThis group was excluded from the analysis given the small sample size.
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included in the final models were age, age, sex, household in-
come, waist circumference, height (AIx, bfPWV), smoking 
status, secondhand smoke exposure, alcohol consumption, 
physical activity, 24-h urinary sodium (BP, bfPWV, AIx), time 
of BP measurement (PM2.5 models), and total/HDL cholesterol 
ratio.19 Waist circumference and body mass index were highly 
correlated (r = 0.8); thus, we adjusted only for waist circumfer-
ence which was a stronger confounder. We did not adjust for 
outdoor temperature because it was strongly correlated with 
PM2.5. We also did not adjust for previous diagnosis of diabetes 
or hypertension in the main analysis given that they could be 
confounders or along the causal pathway.

Seasonal measurements of PM2.5 were time-weighted (7 
nonheating and 5 heating months) to estimate average yearly 
exposure for models predicting CIMT and plaque features. 
Homogeneity of variance and normality assumptions were 
evaluated by residual vs. fitted plots and QQ plots. Data were 
inspected to determine if participants with missing variables 
were systematically different from rest of the study popula-
tion based on other information collected, and found that the 
missing variables appeared to be missing at random. We handled 
missing variables with multiple imputation for income (n = 87), 
lipids (n = 107), urinary sodium (n = 26), waist circumference 
(n = 16), and body mass index (n = 17) (Supplementary Table S1 
online). Median village- and campaign-specific values were used 
for participants missing the time of BP measurement (n = 29).

We assessed effect modification for variables previously 
shown to modify air pollution-vascular associations in-
cluding by sex, age, antihypertensive medication use, and 
geographic region for all outcomes and by season for BP and 
arterial stiffness. Sensitivity analyses included (i) limiting 
fuel use analyses to indoor stoves; (ii) excluding participants 
with self-reported diabetes, which could be a confounder or 
along the causal pathway; (iii) adjusting for heating fuel in 
models with cooking fuel as the exposure and vice versa; and, 
(iv) adjusting for hypertension status in models of arterial 
stiffness, CIMT, and plaque features since high BP could be a 
confounder or along the causal pathway. Statistical analyses 
were conducted in R (www.r-project.org, v. 1.2.1335).

RESULTS

Characteristics of the study population

At the time of the first survey, participants were 40–79 years 
old (median = 63 years), 55% female, and 23% were current 
tobacco smokers (Table 2). Exclusive users of clean fuel, on 
average, had higher education and income, were more likely 
to smoke, less likely to regularly engage in physical activity, 
and more likely to report taking antihypertensive medication 
and have diabetes compared with solid fuel users. Current 
exclusive users of clean fuel had lower personal exposures 
to PM2.5 than current users of solid fuel cookstoves [mean 
(SD): 91.7 (63.0) vs. 100.6 µg/m3 (86.4)].

Over half (52%) of the participants had hypertension, 
72% of whom reported taking antihypertensive medication. 
Mean BP and brachial–femoral PWV were higher in winter 
(Table 3). Blood pressure (P = <0.01) and AIx (P = <0.01), 
but not bfPWV (P = 0.16), differed across provinces. CIMT 
was greater in northern participants compared with those 

in Guangxi (P  =  0.02). Nearly 75% of participants with 
CIMT measurement had at least 1 carotid plaque (P < 0.01). 
Sex and province-specific demographics are provided in 
Supplementary Table S2 online. During the study period, 7 
participants reported diagnoses of incident coronary heart 
disease and 5 reported having a stroke.

Exposure to solid fuel stove use and PM2.5

Most participants cooked with solid fuel (65%), and 82% 
of northern participants heated with solid fuel (Table 3). On 
average, participants reported 249 (SD: 214) indoor solid fuel 
“stove-use days” in the previous year, with greater intensity 
of use in Shanxi and Guangxi. Long-term (previous 20 years) 
intensity of indoor solid fuel stove use was greatest in Shanxi 
[mean (SD): 18.9 stove-use years (6.5) vs. 15.5 (8.5) in 
Beijing and 14.4 (8.5) in Guangxi]. Average estimated yearly 
exposures to PM2.5 were 97.5 µg/m3, which is ~10 times the 
WHO’s PM2.5 guideline (10 µg/m3). We observed a moder-
ately high correlation between seasonal and estimated yearly 
average exposure to PM2.5 among participants with air pollu-
tion exposure assessment in more than 1 campaign (r = 0.78).

Associations of solid fuel use with blood pressure and 
vascular function

Current use of solid fuel cookstoves was associated with 
higher BP (systolic: 2.4 mm Hg, 95% CI: −0.4, 4.9; diastolic: 
1.4 mm Hg, 95% CI: −0.1, 3.0) compared with exclusive clean 
fuel cooking (Figure 1), though both confidence intervals 
included zero. We did not find consistent associations be-
tween current use of solid fuel heaters and intensity of stove 
use with BP or between fuel use and arterial stiffness, ex-
cept for an inverse association between current use of solid 
fuel heaters and lower bfPWV (−1.5 m/s, 95% CI: −3.0, 0.0). 
Current and long-term solid fuel use and greater intensity 
of use were all associated with greater CIMT and features 
of plaques, but the coefficients were small and confidence 
intervals included zero (Figure 2).

Fuel use-vascular associations were higher among older 
participants (Supplementary Figure S2 online), but overall 
age was not a strong modifier. We also observed associations 
between solid fuel cookstove use and higher BP among 
northern China participants compared with those in 
(southern) Guangxi (interaction P < 0.05) (Supplementary 
Figure S3 online). Associations between current solid fuel 
cooking and BP were higher in summer (systolic: 3.6  mm 
Hg, 95% CI: 0.9, 6.3; and, diastolic: 3.0 mm Hg, 95% CI: 1.2, 
4.8) than winter (systolic: 0.0 mm Hg, 95% CI: −2.6, 2.7; di-
astolic: −0.2 mm Hg, 95% CI: −1.9, 1.5), while bfPWV was 
lower in the summer (−1.0 m/s, 95% CI: −2.1, 0.0; vs. winter: 
0.4, 95% CI: −0.6. 1.4). Sex and use of antihypertensive med-
ication did not modify the associations.

Associations of personal exposure to PM2.5 with blood 
pressure and vascular function

Estimated yearly exposure to PM2.5 (per 1  − ln(µg/m3)) 
was associated with higher BP (systolic: 1.5 mm Hg, 95% CI: 
0.2, 2.7; diastolic: 1.0, 95% CI: 0.4, 1.7) (Figure 1) and with 

D
ow

nloaded from
 https://academ

ic.oup.com
/ajh/article/35/2/121/6368243 by Im

perial C
ollege London Library user on 14 February 2022

http://academic.oup.com/ajh/article-lookup/doi/10.1093/ajh/hpab141#supplementary-data
http://www.r-project.org
http://academic.oup.com/ajh/article-lookup/doi/10.1093/ajh/hpab141#supplementary-data
http://academic.oup.com/ajh/article-lookup/doi/10.1093/ajh/hpab141#supplementary-data
http://academic.oup.com/ajh/article-lookup/doi/10.1093/ajh/hpab141#supplementary-data
http://academic.oup.com/ajh/article-lookup/doi/10.1093/ajh/hpab141#supplementary-data


American Journal of Hypertension  35(2)  February 2022  125

Household Air Pollution, Blood Pressure, and Vascular Damage

Table 2.  Characteristics of study participants by current cooking fuel use (n (%) or mean (SD))

Characteristic

Exclusive use of clean fuel Any use of solid fuel All

P value(n = 266) (n = 487) (n = 753)

Age (years) 61.7 (9.3) 63.4 (8.2) 62.8 (8.6) <0.01

Sex (% female) 142 (53.4%) 274 (56.3%) 416 (55.2%) 0.22

Province

  Beijing 73 (27.4%) 173 (35.5%) 246 (32.7%) <0.01

  Guangxi 68 (25.6%) 155 (31.8%) 223 (29.6%)

  Shanxi 125 (47.0%) 159 (32.6%) 284 (37.7%)

Highest educational attainment

  No formal education 37 (13.9%) 77 (15.8%) 114 (15.1%) <0.01

  Primary school 104 (39.1%) 208 (42.7%) 312 (41.4%)

  Early high school, college, or above 125 (47.0%) 202 (41.5%) 327 (43.4%)

Yearly household income (CYN)

  <20,000 118 (44.4%) 232 (47.6%) 350 (46.5%) 0.17

  ≥20,000 148 (55.6%) 255 (52.4%) 403 (53.5%)

Occupation

  Agricultural 152 (57.1%) 286 (58.7%) 438 (58.2%) 0.10

  Retired or not currently employed 87 (32.7%) 166 (34.1%) 253 (33.6%)

  Nonagricultural 27 (10.2%) 35 (7.2%) 62 (8.2%)

Tobacco smoking

  Never 150 (56.4%) 302 (62.0%) 452 (60.0%) 0.12

  Past 48 (18.0%) 78 (16.0%) 126 (16.7%)

  Current 68 (25.6%) 107 (22.0%) 175 (23.2%)

Secondhand smoke exposure

  Never 159 (59.8%) 270 (55.4%) 429 (57.0%) 0.35

  Past 43 (16.2%) 80 (16.4%) 123 (16.3%)

  Current 64 (24.1%) 137 (28.1%) 201 (26.7%)

Alcohol consumption (past year)

  Never 167 (62.8%) 293 (60.2%) 460 (61.1%) 0.19

  Occasional (<1 drink per week) 47 (17.7%) 107 (22.0%) 154 (20.5%)

  Regular (≥1 drink per week) 52 (19.5%) 87 (17.9%) 139 (18.5%)

Physical activity (frequency in past 3 months)

  None 66 (24.8%) 82 (16.8%) 148 (19.7%) <0.01

  ≤2 times per week 62 (23.3%) 107 (22.0%) 169 (22.4%)

  ≥3 times per week 138 (51.9%) 298 (61.2%) 436 (57.9%)

Hypertension (% yes) 141 (53.0%) 252 (51.7%) 393 (52.2%) 0.96

Current use of antihypertensive medication (% yes) 107 (40.2%) 174 (35.7%) 281 (37.3%) 0.33

Clinician-diagnosed diabetes (% yes) 40 (15.0%) 51 (10.5%) 91 (12.1%) <0.01

Waist circumference (cm) 88.2 (9.7) 86.7 (10.0) 87.2 (9.9) <0.01

Body mass index (kg/m2) 25.6 (3.5) 25.1 (3.9) 25.3 (3.8) <0.01

Height (cm) 158.9 (9.5) 158.4 (8.5) 158.6 (8.9) 0.48

Mean 24-hour urinary sodium excretion (mmol/day) 168 (80) 174 (82) 171 (81) 0.02

Total cholesterol (mmol/l) 5.0 (1.2) 5.0 (1.1) 5.0 (1.1) 0.22

LDL (mmol/l) 3.0 (1.0) 3.0 (0.9) 3.0 (0.9) 0.08

HDL (mmol/l) 1.3 (0. 4) 1.3 (0.3) 1.3 (0.3) 0.68

Total/HDL cholesterol ratio 4.1 (3.6) 3. 9 (1.0) 4.0 (2.3) 0.74

Abbreviations: CYN, Chinese Yuan; ; HDL, high-density lipoproteins; , Hypertension = current use of antihypertensive medication, systolic (≥140 mm Hg) or di-
astolic (≥90 mm Hg) blood pressure; Physical activity = exercise and farm-based physical activity domains. Characteristics of our study population are provided by 
province and sex in Supplementary Table S2 online, and variables with missing data are provided in Supplementary Table S1 online.
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greater CIMT (0.02 mm, 95% CI:0.00, 0.04), and total plaque 
area (4.7 mm2, 95% CI: −2.0, 11.5) in multivariable models 
(Figure 2). Exposure to PM2.5 was not associated with arte-
rial stiffness (bfPWV, AIx) or GSM in the main analysis. Age 
did not strongly modify the PM2.5–vascular relationships 
(Supplementary Figure S2 online), except for GSM which 
was inversely associated with PM2.5 only in older participants 
(interaction P < 0.01).

Sensitivity analyses

Limiting our analysis of current stove use to only in-
door stoves attenuated the associations between stove use 
and BP, likely due to greater exposure misclassification 
(Supplementary Table S3 online). Additional sensitivity 
analyses did not change our overall findings, including ad-
justment for hypertension status or excluding those with di-
abetes, both which had little effect on our point estimates. 

Additional adjusting for heating fuel in models with cooking 
fuel as the exposure and vice versa also did not change our 
overall findings (Supplementary Table S4 online).

DISCUSSION

In this multi-provincial study of Chinese adults, expo-
sure to household air pollution was associated with higher 
BP and with greater CIMT and total area of carotid plaques. 
The associations between household air pollution and arte-
rial stiffness were mostly null, with the exception of lower 
bfPWV in users of solid fuel heaters.

Our study has a number of important strengths. Our rel-
atively large sample included men, who comprise 35% of 
household air pollution-attributable cardiovascular disease-
related burden20 but are understudied.21 We controlled for a 
comprehensive set of confounders including socioeconomic 
status and dietary indicators that were not considered in 

Table 3.   Descriptive statistics for blood pressure and vascular outcomes and exposure to household air pollution, by study site and 
campaign (mean (SD), median [min, max], or n (%))

 

Shanxi Beijing Guangxi

Campaign 1 Campaign 2 Campaign 3 Campaign 1 Campaign 2 Campaign 1

Aug-15 Nov-15 Jun-16 Dec-15 Sep-16 Nov-16

(n = 277) (n = 218) (n = 245) (n = 237) (n = 217) (n = 223)

Blood pressure and vascular outcomes

  Systolic blood pressure (mmHg) 125.9 (16.2) 136.9 (18.0) 130.2 (17.8) 138.9 (16.5) 131.0 (16.7) 133.6 (18.4)

  Diastolic blood pressure (mmHg) 70.7 (9.7) 75.5 (10.4) 73.7 (10.9) 79.1 (10.7) 76.1 (10.5) 72.5 (11.0)

  Brachial–femoral pulse wave velocity 
(m/s)

17.0 (6.9) 17.1 (5.7)  17.9 (7.0) 16.9 (5.1) 18.0 (6.7)

  Augmentation index (%) 25.7 (6.9) 24.4 (5.7)  23.9 (6.1) 25.5 (5.7) 23.4 (6.4)

  Carotid intima–media thickness (CIMT, 
mm)

  0.7 (0.1)  0.8 (0.2) 0.7 (0.1)

  Total area of plaques (mm2)   56.1 (59.6)  26.2 (37.2) 37.1 (48.8)

  Grayscale median (mean of all plaques)   74.0 (41.4)  53.5 (37.4) 62.9 (44.2)

Exposure to household air pollution

  Current cookstove use

    Any use of solid fuel 159 (56.0%)   173 (70.3%)  155 (69.5%)

    Exclusive use of clean fuel 125 (44.0%)   73 (29.7%)  68 (30.5%)

  Current heating stove use       

    Any use of solid fuel 213 (75.0%)   222 (90.2%)   

    Exclusive use of clean fuel 55 (19.4%)   21 (8.5%)   

    No heating stoves 16 (5.6%)   3 (1.2%)   

  Current intensity of indoor solid fuel 
stove use (stove-use days per year)

268.1 (228.3)   204.4 (186.4)  275.1 (217.4)

  Long-term (20 y) intensity of indoor 
solid fuel use (stove-use years)

20.0 [0.6, 33.3]   14.8 [0.8, 52.5]  15.0 [0.0, 35.0]

  Personal exposure to PM2.5 (µg/m3) 103.3 (90.5) 147.0 (110.4)  127.6 (82.0) 74.8 (63.1) 59.3 (33.1)

  Time-weighted personal exposure to 
PM2.5 (µg/m3)

    101.5 (73.9)   89.9 (47.7) 59.3 (33.1)

Abbreviations: CCA, common carotid artery; ECA, external carotid artery; ICA, internal carotid artery; PM2.5, fine particulate matter <2.5 µm. 
Survey data indicated no major change in fuel or stove use between campaigns, such that the same fuel use exposure variables were used for 
each season in the repeated measures analysis.
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previous studies.11,12,14 We measured up to 96 hours of expo-
sure to PM2.5 across seasons, allowing us to estimate yearly av-
erages, which are relevant for long-term outcomes like CIMT 

and plaques. Finally, our outcomes reflect different domains of 
functional and structural vascular damage, and are recognized 
risk factors for cardiovascular and renal disease.

Figure 1.  Associations of household fuel use and personal exposure to PM2.5 with blood pressure and arterial stiffness.Reference groups: 1 = current 
exclusive use of clean fuel cookstoves; 2 = current exclusive use of clean fuel heating stoves. Mixed effects regression models with participant- and 
village-specific random intercepts adjusting for age, sex, income, waist circumference, height (AIx, bfPWV), smoking status, secondhand smoke exposure, 
alcohol consumption, physical activity, 24-h urinary sodium, time of day of BP measurement (PM2.5 models only), and total/HDL cholesterol ratio were 
used. Results not shown for no heating stoves group (n = 19). Personal exposure to PM2.5 refers to the average season-specific exposures to PM2.5 over 2 
consecutive days during each campaign. Point estimates are available on Supplementary Table S3 online.

Figure 2.  Associations of household fuel use and personal exposure to PM2.5 with atherosclerosis and plaques. Reference groups: 1 = current exclu-
sive use of clean fuel cookstoves; 2 = current exclusive use of clean fuel heating stoves. Mixed effects regressions models with village-specific random 
intercepts adjusting for age, sex, yearly household income, waist circumference, alcohol consumption, smoking status, secondhand smoke exposure, 
physical activity, and total/HDL cholesterol ratio were used. Personal exposure to PM2.5 refers to estimated yearly exposure based on time-weighted 
averages of season-specific measurements of personal exposure to PM2.5 (7 nonheating and 5 heating months). Point estimates are available on 
Supplementary Table S3 online.
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The magnitude of associations between household air pol-
lution and BP in our study (1–3 mm Hg) overlap with global 
studies of primary solid fuel users (0.6–4 mm Hg)22–24 and 
exposure–response studies in China, India, and Honduras 
(1–4  mm Hg per 1 ln(µg/m3) increase in PM2.5).25–28 
Household air pollution was not associated with arterial 
stiffness in our study, with the exception of an unexpected 
finding of lower bfPWV among users of solid fuel heaters. 
Previously, our group found a null association between 
household air pollution and arterial stiffness, but outdoor 
air pollution has been linked with vascular damage through 
ventricular repolarization-induced myocardial vulnera-
bility and arrhythmias.25,29 A possible explanation is residual 
confounding by home (indoor) temperature, which is asso-
ciated with BP and arterial stiffness.30

The PM2.5-CIMT coefficient [0.02 mm per 1 ln(µg/m3) in-
crease in PM2.5] in our study is similar to CIMT differences 
between biomass and clean fuel users in Peru (0.03 mm)31 
and Nigeria (0.04  mm).6 Our CIMT results are supported 
by our finding that PM2.5 and solid fuel stove use were asso-
ciated with a greater total plaque area, which are consistent 
with a study of biomass use and prevalence of atherosclerotic 
plaque in Peru.31 Outdoor PM2.5 has also been linked with 
greater carotid plaque (HR: 1.78, 95% CI: 1.55, 2.03) in a co-
hort of previously carotid plaque-free individuals living in 
Shijiazhuang, China.32 Our study provides a new dimension 
to the existing literature on air pollution and atherosclerosis, 
which is mostly comprised studies in European and North 
American populations exposed to much lower air pollution 
(e.g., 0.02 mm per 10 µg/m3, with PM2.5 ranging from 13 to 
23 µg/m3).33

Our finding linking lower GSM, an indicator of plaque 
instability and rupture risk,17 with higher PM2.5 in older 
participants is novel but should be interpreted with cau-
tion. Greater than 90% of the women in our study sample 
were postmenopausal and are at greater risk for vascular 
remodeling.34 As such, older participants (≥63 years) were 
more likely to have plaques than younger participants (80% 
vs. 69%), though no significant interactions between longer 
exposures and age were observed. Plaques can become more 
vulnerable to rupture after exposure to PM2.5 via blood 
thrombogenicity and the promotion of foam cell forma-
tion.35 However, this finding was not supported by our fuel 
use analysis, and our ultrasound images were not designed 
for advanced plaque tissue characterization.

Differences in underlying health and cardiovascular 
risk profiles of participants from northern vs. southern 
China could explain the larger associations in our northern 
participants. Northern China has higher overall cardiovas-
cular risk including stroke.36 Differences in fuel types and 
PM2.5 composition may also differentially affect hyperten-
sion and vascular function of participants in northern vs. 
southern China.37 Biomass stoves were used in all sites, 
whereas coal was more common in the north. However, 
we could not differentiate between fuel types in our anal-
ysis as most northern households using biomass also used 
coal. Notably, restricting our fuel use exposure measure to 
only indoor stoves attenuated the associations between stove 
use and BP. Air exchanges between the outdoor and indoor 
environments are high in rural China38 such that pollution 

from outdoor stoves could still impact personal exposures. 
It is possible that excluding outdoor stoves introduced ex-
posure misclassification which led to bias toward the null.

Based on our multivariable models, the difference in 
BP and vascular outcomes for participants in the 90th vs. 
10th percentile of PM2.5 exposure are 2.5 mm Hg systolic 
BP, 1.8 mm Hg diastolic BP, 0.03 mm CIMT, and 6.6 mm2 
total area of plaques. Although associations of this mag-
nitude are relatively small, they translate into substantial 
clinically meaningful reduction in BP at the population 
level. For example, 10 mm Hg higher systolic BP is asso-
ciated with a 21% increase in cardiovascular mortality in 
Chinese adults.39 Even a 2 mm Hg reduction in systolic BP 
can reduce coronary heart disease by 4%, and stroke mor-
tality by 6%,40 and a 2 mm Hg reduction in diastolic BP is 
associated with a 14% reduction in stroke risk, and 6% re-
duction in coronary heart disease in 35–64-year US men.41 
Our study did not capture the change in various indicators 
of vascular damage due to household air pollution given 
the relatively short follow-up (<9  months) between each 
campaign, but a 0.1 mm decrease in CIMT translates to a 
15% decrease in risk myocardial infraction and a 17% de-
crease in stroke.42

Our study has several limitations to consider for future 
studies. Stove use was self-reported and retrospectively 
assessed, and thus subject to recall bias. The mostly null 
findings for long-term solid fuel use, in contrast to more 
consistent associations with current practices, may be due 
to exposure misclassification. Measurement error in per-
sonal exposure to PM2.5 is also likely given the large within-
individual variability in exposure among our participants 
(σ 2  =  0.80),14 though this error most likely nondifferential 
and would bias our results toward the null. Residual 
confounding is possible in this observational study. Our 
repeated-measures design accounted for nonvarying factors, 
and we measured most known BP and vascular risk factors, 
including behavioral and socioeconomic factors not previ-
ously measured. Though we were unable to measure home 
temperature due to study logistics, which may have con-
founded some wintertime associations. Further, the findings 
from our repeated measures analysis should be interpreted 
with caution as we obtained only one measurement of some 
time-varying covariates like lipids and did not collect in-
formation on indoor temperature or BP medication com-
pliance. Finally, given that our study is an observational 
and cross-sectional study, it is limited in its ability to iden-
tify causal effects. Future studies in this cohort can assess if 
household air pollution affects the development of hyper-
tension or the progression of atherosclerosis and plaque 
instability.

These findings add to a small but rapidly growing body 
of evidence that household air pollution is associated with 
subclinical cardiovascular outcomes including higher blood 
pressure, and our study contributes to the relatively limited 
exposure–response data on personal exposure to household 
air pollution and the severity of atherosclerosis and vascular 
disease, particularly for men. China’s cardiovascular burden 
exceeds the global average, and is expected to increase by 
3.4 million excess deaths by 2030 as its population ages.43 
Reduction of elevated BP can effectively slow the progression 
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of end-stage renal and cardiovascular disease.44 Population 
interventions that reduce BP and the prevalence of hyper-
tension are urgently needed, and our study contributes to 
evidence that clean household energy could be part of a 
comprehensive hypertension prevention strategy.
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FUNDING

The INTERMAP China Prospective (ICP) Study was 
supported by the Wellcome Trust, UK (grant 103906/Z/14/Z); 
National Natural Science Foundation of China, China (grant 
81473044). Ancillary studies of vascular measurements in 
this cohort were supported by the Canadian Institutes for 
Health Research (grant PJT148697) and the King’s College 
London and Peking University Health Science Centre 
Joint Institute for Medical Research. TK is supported by a 
Postdoctoral Training Award from Fonds de Recherche du 
Québec–Santé. SSD is supported by a Fonds de recherche 
du Québec – Santé – Senior salary award. INTERMAP was 
supported by the National Heart, Lung, and Blood Institute, 
National Institutes of Health, US (grants R01-HL50490, 
R01-HL65461, R01-HL84228, and R01-HL135486); the 
Ministry of Education, Science, Sports, and Culture, Japan 
(Grant-in-Aid for Scientific Research [A], No. 090357003); 
the West Midlands National Health Service Research 
and Development, UK; and the Chest, Heart and Stroke 
Association, Northern Ireland, UK (grant R2019EPH).

DISCLOSURE

The authors declared no conflict of interest.

DATA AVAILABILITY

Corresponding authors may be contacted for study data.

REFERENCES

	 1.	 Murray  CJL, Aravkin  AY, Zheng  P, Abbafati  C, Abbas  KM, Abbasi-
Kangevari M, Abd-Allah F, Abdelalim A, Abdollahi M, Abdollahpour I, 
Abegaz  KH, Abolhassani  H, Aboyans  V, Abreu  LG, Abrigo  MRM, 
Abualhasan A, Abu-Raddad LJ, Abushouk AI, Adabi M, Adekanmbi V, 
Adeoye  AM, Adetokunboh  OO, Adham  D, Advani  SM, Agarwal  G, 
Aghamir  SMK, Agrawal  A, Ahmad  T, Ahmadi  K, Ahmadi  M, 
Ahmadieh  H, Ahmed  MB, Akalu  TY, Akinyemi  RO, Akinyemiju  T, 
Akombi B, Akunna CJ, Alahdab F, Al-Aly Z, Alam K, Alam S, Alam T, 
Alanezi  FM, Alanzi  TM, Wassihun  AB, Alhabib  KF, Ali  M, Ali  S, 
Alicandro  G, Alinia  C, Alipour  V, Alizade  H, Aljunid  SM, Alla  F, 
Allebeck  P, Almasi-Hashiani  A, Al-Mekhlafi  HM, Alonso  J, 
Altirkawi KA, Amini-Rarani M, Amiri F, Amugsi DA, Ancuceanu R, 
Anderlini  D, Anderson  JA, Andrei  CL, Andrei  T, Angus  C, 

Anjomshoa  M, Ansari  F, Ansari-Moghaddam  A, Antonazzo  IC, 
Antonio  CAT, Antony  CM, Antriyandarti  E, Anvari  D, Anwer  R, 
Appiah SCY, Arabloo J, Arab-Zozani M, Ariani F, Armoon B, Ärnlöv J, 
Arzani A, Asadi-Aliabadi M, Asadi-Pooya AA, Ashbaugh C, Assmus M, 
Atafar  Z, Atnafu  DD, Atout  MMW, Ausloos  F, Ausloos  M, 
Quintanilla BPA, Ayano G, Ayanore MA, Azari S, Azarian G, Azene ZN, 
Badawi  A, Badiye  AD, Bahrami  MA, Bakhshaei  MH, Bakhtiari  A, 
Bakkannavar SM, Baldasseroni A, Ball K, Ballew SH, Balzi D, Banach M, 
Banerjee SK, Bante AB, Baraki AG, Barker-Collo SL, Bärnighausen TW, 
Barrero  LH, Barthelemy  CM, Barua  L, Basu  S, Baune  BT, Bayati  M, 
Becker JS, Bedi N, Beghi E, Béjot Y, Bell ML, Bennitt FB, Bensenor IM, 
Berhe  K, Berman  AE, Bhagavathula  AS, Bhageerathy  R, Bhala  N, 
Bhandari  D, Bhattacharyya  K, Bhutta  ZA, Bijani  A, Bikbov  B, 
Sayeed MSB, Biondi A, Birihane BM, Bisignano C, Biswas RK, Bitew H, 
Bohlouli  S, Bohluli  M, Boon-Dooley  AS, Borges  G, Borzì  AM, 
Borzouei  S, Bosetti  C, Boufous  S, Braithwaite  D, Breitborde  NJK, 
Breitner  S, Brenner  H, Briant  PS, Briko  AN, Briko  NI, Britton  GB, 
Bryazka  D, Bumgarner  BR, Burkart  K, Burnett  RT, Nagaraja  SB, 
Butt ZA, Santos FLC dos, Cahill LE, Cámera LLA, Campos-Nonato IR, 
Cárdenas R, Carreras G, Carrero JJ, Carvalho F, Castaldelli-Maia JM, 
Castañeda-Orjuela  CA, Castelpietra  G, Castro  F, Causey  K, 
Cederroth CR, Cercy KM, Cerin E, Chandan JS, Chang KL, Charlson FJ, 
Chattu  VK, Chaturvedi  S, Cherbuin  N, Chimed-Ochir  O, Cho  DY, 
Choi JYJ, Christensen H, Chu DT, Chung MT, Chung SC, Cicuttini FM, 
Ciobanu  LG, Cirillo  M, Classen  TKD, Cohen  AJ, Compton  K, 
Cooper OR, Costa VM, Cousin E, Cowden RG, Cross DH, Cruz  JA, 
Dahlawi SMA, Damasceno AAM, Damiani G, Dandona L, Dandona R, 
Dangel  WJ, Danielsson  AK, Dargan  PI, Darwesh  AM, Daryani  A, 
Das  JK, Gupta  RD, Neves  J  das, Dávila-Cervantes  CA, Davitoiu  DV, 
Leo  DD, Degenhardt  L, DeLang  M, Dellavalle  RP, Demeke  FM, 
Demoz  GT, Demsie  DG, Denova-Gutiérrez  E, Dervenis  N, 
Dhungana GP, Dianatinasab M, Silva DD da, Diaz D, Forooshani ZSD, 
Djalalinia  S, Do  HT, Dokova  K, Dorostkar  F, Doshmangir  L, 
Driscoll  TR, Duncan  BB, Duraes  AR, Eagan  AW, Edvardsson  D, 
Nahas NE, Sayed IE, Tantawi ME, Elbarazi I, Elgendy IY, El-Jaafary SI, 
Elyazar IR, Emmons-Bell S, Erskine HE, Eskandarieh S, Esmaeilnejad S, 
Esteghamati A, Estep K, Etemadi A, Etisso AE, Fanzo J, Farahmand M, 
Fareed  M, Faridnia  R, Farioli  A, Faro  A, Faruque  M, Farzadfar  F, 
Fattahi  N, Fazlzadeh  M, Feigin  VL, Feldman  R, Fereshtehnejad  SM, 
Fernandes  E, Ferrara  G, Ferrari  AJ, Ferreira  ML, Filip  I, Fischer  F, 
Fisher JL, Flor LS, Foigt NA, Folayan MO, Fomenkov AA, Force LM, 
Foroutan M, Franklin RC, Freitas M, Fu W, Fukumoto T, Furtado JM, 
Gad  MM, Gakidou  E, Gallus  S, Garcia-Basteiro  AL, Gardner  WM, 
Geberemariyam  BS, Gebreslassie  AAAA, Geremew  A, Hayoon  AG, 
Gething  PW, Ghadimi  M, Ghadiri  K, Ghaffarifar  F, Ghafourifard  M, 
Ghamari  F, Ghashghaee  A, Ghiasvand  H, Ghith  N, Gholamian  A, 
Ghosh  R, Gill  PS, Ginindza  TGG, Giussani  G, Gnedovskaya  EV, 
Goharinezhad  S, Gopalani  SV, Gorini  G, Goudarzi  H, Goulart  AC, 
Greaves  F, Grivna  M, Grosso  G, Gubari  MIM, Gugnani  HC, 
Guimarães RA, Guled RA, Guo G, Guo Y, Gupta R, Gupta T, Haddock B, 
Hafezi-Nejad  N, Hafiz  A, Haj-Mirzaian  A, Haj-Mirzaian  A, Hall  BJ, 
Halvaei  I, Hamadeh  RR, Hamidi  S, Hammer  MS, Hankey  GJ, 
Haririan  H, Haro  JM, Hasaballah  AI, Hasan  MM, Hasanpoor  E, 
Hashi  A, Hassanipour  S, Hassankhani  H, Havmoeller  RJ, Hay  SI, 
Hayat K, Heidari G, Heidari-Soureshjani R, Henrikson HJ, Herbert ME, 
Herteliu  C, Heydarpour  F, Hird  TR, Hoek  HW, Holla  R, Hoogar  P, 
Hosgood  HD, Hossain  N, Hosseini  M, Hosseinzadeh  M, Hostiuc  M, 
Hostiuc S, Househ M, Hsairi M, Hsieh VC, Hu G, Hu K, Huda TM, 
Humayun A, Huynh CK, Hwang BF, Iannucci VC, Ibitoye SE, Ikeda N, 
Ikuta KS, Ilesanmi OS, Ilic IM, Ilic MD, Inbaraj LR, Ippolito H, Iqbal U, 
Irvani  SSN, Irvine  CMS, Islam  MM, Islam  SMS, Iso  H, Ivers  RQ, 
Iwu CCD, Iwu CJ, Iyamu IO, Jaafari J, Jacobsen KH, Jafari H, Jafarinia M, 
Jahani MA, Jakovljevic M, Jalilian F, James SL, Janjani H, Javaheri T, 
Javidnia J, Jeemon P, Jenabi E, Jha RP, Jha V, Ji JS, Johansson L, John O, 
John-Akinola  YO, Johnson  CO, Jonas  JB, Joukar  F, Jozwiak  JJ, 
Jürisson  M, Kabir  A, Kabir  Z, Kalani  H, Kalani  R, Kalankesh  LR, 
Kalhor  R, Kanchan  T, Kapoor  N, Matin  BK, Karch  A, Karim  MA, 
Kassa  GM, Katikireddi  SV, Kayode  GA, Karyani  AK, Keiyoro  PN, 
Keller C, Kemmer L, Kendrick PJ, Khalid N, Khammarnia M, Khan EA, 
Khan  M, Khatab  K, Khater  MM, Khatib  MN, Khayamzadeh  M, 
Khazaei S, Kieling C, Kim YJ, Kimokoti RW, Kisa A, Kisa S, Kivimäki M, 
Knibbs  LD, Knudsen  AKS, Kocarnik  JM, Kochhar  S, Kopec  JA, 
Korshunov  VA, Koul  PA, Koyanagi  A, Kraemer  MUG, Krishan  K, 

D
ow

nloaded from
 https://academ

ic.oup.com
/ajh/article/35/2/121/6368243 by Im

perial C
ollege London Library user on 14 February 2022



130  American Journal of Hypertension  35(2)  February 2022

Kanagasabai et al.

Krohn  KJ, Kromhout  H, Defo  BK, Kumar  GA, Kumar  V, Kurmi  OP, 
Kusuma D, Vecchia CL, Lacey B, Lal DK, Lalloo R, Lallukka T, Lami FH, 
Landires  I, Lang  JJ, Langan  SM, Larsson  AO, Lasrado  S, Lauriola  P, 
Lazarus  JV, Lee  PH, Lee  SWH, LeGrand  KE, Leigh  J, Leonardi  M, 
Lescinsky H, Leung J, Levi M, Li S, Lim LL, Linn S, Liu S, Liu S, Liu Y, 
Lo  J, Lopez  AD, Lopez  JCF, Lopukhov  PD, Lorkowski  S, Lotufo  PA, 
Lu  A, Lugo  A, Maddison  ER, Mahasha  PW, Mahdavi  MM, 
Mahmoudi M, Majeed A, Maleki A, Maleki S, Malekzadeh R, Malta DC, 
Mamun  AA, Manda  AL, Manguerra  H, Mansour-Ghanaei  F, 
Mansouri B, Mansournia MA, Herrera AMM, Maravilla JC, Marks A, 
Martin  RV, Martini  S, Martins-Melo  FR, Masaka  A, Masoumi  SZ, 
Mathur  MR, Matsushita  K, Maulik  PK, McAlinden  C, McGrath  JJ, 
McKee  M, Mehndiratta  MM, Mehri  F, Mehta  KM, Memish  ZA, 
Mendoza  W, Menezes  RG, Mengesha  EW, Mereke  A, Mereta  ST, 
Meretoja  A, Meretoja  TJ, Mestrovic  T, Miazgowski  B, Miazgowski  T, 
Michalek  IM, Miller  TR, Mills  EJ, Mini  GK, Miri  M, Mirica  A, 
Mirrakhimov  EM, Mirzaei  H, Mirzaei  M, Mirzaei  R, Mirzaei-
Alavijeh  M, Misganaw  AT, Mithra  P, Moazen  B, Mohammad  DK, 
Mohammad  Y, Mezerji  NMG, Mohammadian-Hafshejani  A, 
Mohammadifard  N, Mohammadpourhodki  R, Mohammed  AS, 
Mohammed  H, Mohammed  JA, Mohammed  S, Mokdad  AH, 
Molokhia M, Monasta L, Mooney MD, Moradi G, Moradi M, Moradi-
Lakeh M, Moradzadeh R, Moraga P, Morawska L, Morgado-da-Costa J, 
Morrison  SD, Mosapour  A, Mosser  JF, Mouodi  S, Mousavi  SM, 
Khaneghah AM, Mueller UO, Mukhopadhyay S, Mullany EC, Musa KI, 
Muthupandian  S, Nabhan  AF, Naderi  M, Nagarajan  AJ, Nagel  G, 
Naghavi  M, Naghshtabrizi  B, Naimzada  MD, Najafi  F, Nangia  V, 
Nansseu  JR, Naserbakht  M, Nayak  VC, Negoi  I, Ngunjiri  JW, 
Nguyen  CT, Nguyen  HLT, Nguyen  M, Nigatu  YT, Nikbakhsh  R, 
Nixon MR, Nnaji CA, Nomura S, Norrving B, Noubiap JJ, Nowak C, 
Nunez-Samudio V, Oţoiu A, Oancea B, Odell CM, Ogbo FA, Oh IH, 
Okunga  EW, Oladnabi  M, Olagunju  AT, Olusanya  BO, Olusanya  JO, 
Omer  MO, Ong  KL, Onwujekwe  OE, Orpana  HM, Ortiz  A, 
Osarenotor  O, Osei  FB, Ostroff  SM, Otstavnov  N, Otstavnov  SS, 
Øverland  S, Owolabi  MO, Mahesh  PA, Padubidri  JR, Palladino  R, 
Panda-Jonas  S, Pandey  A, Parry  CDH, Pasovic  M, Pasupula  DK, 
Patel  SK, Pathak  M, Patten  SB, Patton  GC, Toroudi  HP, Peden  AE, 
Pennini A, Pepito VCF, Peprah EK, Pereira DM, Pesudovs K, Pham HQ, 
Phillips MR, Piccinelli C, Pilz TM, Piradov MA, Pirsaheb M, Plass D, 
Polinder  S, Polkinghorne  KR, Pond  CD, Postma  MJ, Pourjafar  H, 
Pourmalek  F, Poznańska  A, Prada  SI, Prakash  V, Pribadi  DRA, 
Pupillo E, Syed ZQ, Rabiee M, Rabiee N, Radfar A, Rafiee A, Raggi A, 
Rahman  MA, Rajabpour-Sanati  A, Rajati  F, Rakovac  I, Ram  P, 
Ramezanzadeh K, Ranabhat CL, Rao PC, Rao SJ, Rashedi V, Rathi P, 
Rawaf  DL, Rawaf  S, Rawal  L, Rawassizadeh  R, Rawat  R, Razo  C, 
Redford  SB, Reiner  RC, Reitsma  MB, Remuzzi  G, Renjith  V, 
Renzaho  AMN, Resnikoff  S, Rezaei  N, Rezaei  N, Rezapour  A, 
Rhinehart PA, Riahi SM, Ribeiro DC, Ribeiro D, Rickard J, Rivera JA, 
Roberts  NLS, Rodríguez-Ramírez  S, Roever  L, Ronfani  L, Room  R, 
Roshandel G, Roth GA, Rothenbacher D, Rubagotti E, Rwegerera GM, 
Sabour  S, Sachdev  PS, Saddik  B, Sadeghi  E, Sadeghi  M, Saeedi  R, 
Moghaddam SS, Safari Y, Safi S, Safiri S, Sagar R, Sahebkar A, Sajadi SM, 
Salam N, Salamati P, Salem H, Salem MRR, Salimzadeh H, Salman OM, 
Salomon  JA, Samad  Z, Kafil  HS, Sambala  EZ, Samy  AM, Sanabria  J, 
Sánchez-Pimienta TG, Santomauro DF, Santos  IS, Santos  JV, Santric-
Milicevic MM, Saraswathy SYI, Sarmiento-Suárez R, Sarrafzadegan N, 
Sartorius  B, Sarveazad  A, Sathian  B, Sathish  T, Sattin  D, Saxena  S, 
Schaeffer  LE, Schiavolin  S, Schlaich  MP, Schmidt  MI, Schutte  AE, 
Schwebel  DC, Schwendicke  F, Senbeta  AM, Senthilkumaran  S, 
Sepanlou  SG, Serdar  B, Serre  ML, Shadid  J, Shafaat  O, Shahabi  S, 
Shaheen  AA, Shaikh  MA, Shalash  AS, Shams-Beyranvand  M, 
Shamsizadeh  M, Sharafi  K, Sheikh  A, Sheikhtaheri  A, Shibuya  K, 
Shield  KD, Shigematsu  M, Shin  JI, Shin  MJ, Shiri  R, Shirkoohi  R, 
Shuval  K, Siabani  S, Sierpinski  R, Sigfusdottir  ID, Sigurvinsdottir  R, 
Silva  JP, Simpson  KE, Singh  JA, Singh  P, Skiadaresi  E, Skou  STS, 
Skryabin VY, Smith EUR, Soheili A, Soltani S, Soofi M, Sorensen RJD, 
Soriano JB, Sorrie MB, Soshnikov S, Soyiri IN, Spencer CN, Spotin A, 
Sreeramareddy  CT, Srinivasan  V, Stanaway  JD, Stein  C, Stein  DJ, 
Steiner  C, Stockfelt  L, Stokes  MA, Straif  K, Stubbs  JL, Sufiyan  MB, 
Suleria HAR, Abdulkader RS, Sulo G, Sultan I, Szumowski Ł, Tabarés-
Seisdedos  R, Tabb  KM, Tabuchi  T, Taherkhani  A, Tajdini  M, 
Takahashi K, Takala JS, Tamiru AT, Taveira N, Tehrani-Banihashemi A, 
Temsah  MH, Tesema  GA, Tessema  ZT, Thurston  GD, Titova  MV, 

Tohidinik  HR, Tonelli  M, Topor-Madry  R, Topouzis  F, Torre  AE, 
Touvier  M, Tovani-Palone  MRR, Tran  BX, Travillian  R, Tsatsakis  A, 
Car  LT, Tyrovolas  S, Uddin  R, Umeokonkwo  CD, Unnikrishnan  B, 
Upadhyay E, Vacante M, Valdez PR, Donkelaar A van, Vasankari TJ, 
Vasseghian  Y, Veisani  Y, Venketasubramanian  N, Violante  FS, 
Vlassov V, Vollset SE, Vos T, Vukovic R, Waheed Y, Wallin MT, Wang Y, 
Wang  YP, Watson  A, Wei  J, Wei  MYW, Weintraub  RG, Weiss  J, 
Werdecker  A, West  JJ, Westerman  R, Whisnant  JL, Whiteford  HA, 
Wiens KE, Wolfe CDA, Wozniak SS, Wu AM, Wu J, Hanson SW, Xu G, 
Xu  R, Yadgir  S, Jabbari  SHY, Yamagishi  K, Yaminfirooz  M, Yano  Y, 
Yaya S, Yazdi-Feyzabadi V, Yeheyis TY, Yilgwan CS, Yilma MT, Yip P, 
Yonemoto  N, Younis  MZ, Younker  TP, Yousefi  B, Yousefi  Z, 
Yousefinezhadi  T, Yousuf  AY, Yu  C, Yusefzadeh  H, Moghadam  TZ, 
Zamani  M, Zamanian  M, Zandian  H, Zastrozhin  MS, Zhang  Y, 
Zhang  ZJ, Zhao  JT, Zhao  XJG, Zhao  Y, Zhou  M, Ziapour  A, 
Zimsen SRM, Brauer M, Afshin A, Lim SS. Global burden of 87 risk 
factors in 204 countries and territories, 1990–2019: a systematic anal-
ysis for the Global Burden of Disease Study 2019. Lancet 2020; 
396:1223–1249.

	 2.	 Fan W-G, Xie F, Wan Y-R, Campbell NRC, Su H. The impact of changes 
in population blood pressure on hypertension prevalence and control 
in China. J Clin Hypertens (Grrenwich) 2020; 22:150–156.

	 3.	 Health Effects Institute. State of Global Air 2019. Special Report. Health 
Effects Institute: Boston, MA, 2019.

	 4.	 Perez  L, Wolf  K, Hennig  F, Penell  J, Basagaña  X, Foraster  M, 
Aguilera I, Agis D, Beelen R, Brunekreef B, Cyrys J, Fuks KB, Adam M, 
Baldassarre  D, Cirach  M, Elosua  R, Dratva  J, Hampel  R, Koenig  W, 
Marrugat J, de Faire U, Pershagen G, Probst-Hensch NM, de Nazelle A, 
Nieuwenhuijsen  MJ, Rathmann  W, Rivera  M, Seissler  J, Schindler  C, 
Thiery J, Hoffmann B, Peters A, Künzli N. Air pollution and atheroscle-
rosis: a cross-sectional analysis of four European cohort studies in the 
ESCAPE study. Environ Health Perspect 2015; 123:597–605.

	 5.	 Lee  KK, Bing  R, Kiang  J, Bashir  S, Spath  N, Stelzle  D, Mortimer  K, 
Bularga A, Doudesis D, Joshi SS, Strachan F, Gumy S, Adair-Rohani H, 
Attia EF, Chung MH, Miller MR, Newby DE, Mills NL, McAllister DA, 
Shah ASV. Adverse health effects associated with household air pollu-
tion: a systematic review, meta-analysis, and burden estimation study. 
Lancet Glob Health 2020; 8:e1427–e1434.

	 6.	 Ofori  SN, Fobil  J, Odia  OJ. Household biomass fuel use, blood pres-
sure and carotid intima media thickness; a cross sectional study of rural 
dwelling women in southern Nigeria. Environ Pollut 2018; 242:390–397.

	 7.	 Ranzani OT, Milà C, Sanchez M, Bhogadi S, Kulkarni B, Balakrishnan K, 
Sambandam S, Sunyer J, Marshall JD, Kinra S, Tonne C. Association be-
tween ambient and household air pollution with carotid intima-media 
thickness in peri-urban South India: CHAI-Project. Int J Epidemiol 
2020; 49:69–79.

	 8.	 Fatmi  Z, Coggon  D. Coronary heart disease and household air pol-
lution from use of solid fuel: a systematic review. Br Med Bull 2016; 
118:91–109.

	 9.	 Onakomaiya  D, Gyamfi  J, Iwelunmor  J, Opeyemi  J, Oluwasanmi  M, 
Obiezu-Umeh C, Dalton M, Nwaozuru U, Ojo T, Vieira D, Ogedegbe G, 
Olopade  C. Implementation of clean cookstove interventions and its 
effects on blood pressure in low-income and middle-income countries: 
systematic review. BMJ Open 2019; 9:e026517.

	10.	 Ezzati M, Baumgartner JC. Household energy and health: where next 
for research and practice? Lancet 2017; 389:130–132.

	11.	 Yan L, Carter E, Fu Y, Guo D, Huang P, Xie G, Xie W, Zhu Y, Kelly F, 
Elliott P, Zhao L, Yang X, Ezzati M, Wu Y, Baumgartner J, Chan Q. Study 
protocol: the INTERMAP China Prospective (ICP) study. Wellcome 
Open Res 2019; 4:154.

	12.	 Stamler J, Elliott P, Dennis B, Dyer AR, Kesteloot H, Liu K, Ueshima H, 
Zhou  BF; INTERMAP Research Group. INTERMAP: background, 
aims, design, methods, and descriptive statistics (nondietary). J Hum 
Hypertens 2003; 17:591–608.

	13.	 Carter  E, Yan  L, Fu  Y, Robinson  B, Kelly  F, Elliott  P, Wu  Y, Zhao  L, 
Ezzati  M, Yang  X, Chan  Q, Baumgartner  J. Household transitions to 
clean energy in a multiprovincial cohort study in China. Nat Sustain 
2019; 3:42–50.

	14.	 Lee M, Carter E, Yan L, Chan Q, Elliott P, Ezzati M, Kelly F, Schauer JJ, 
Wu  Y, Yang  X, Zhao  L, Baumgartner  J. Determinants of personal 
exposure to PM2.5 and black carbon in Chinese adults: a repeated-
measures study in villages using solid fuel energy. Environ Int 2021; 
146:106297.

D
ow

nloaded from
 https://academ

ic.oup.com
/ajh/article/35/2/121/6368243 by Im

perial C
ollege London Library user on 14 February 2022



American Journal of Hypertension  35(2)  February 2022  131

Household Air Pollution, Blood Pressure, and Vascular Damage

	15.	 Stamler J, Stamler R, Neaton JD. Blood pressure, systolic and diastolic, 
and cardiovascular risks. US population data. Arch Intern Med 1993; 
153:598–615.

	16.	 Baier  D, Teren  A, Wirkner  K, Loeffler  M, Scholz  M. Parameters of 
pulse wave velocity: determinants and reference values assessed 
in the population-based study LIFE-Adult. Clin Res Cardiol 2018; 
107:1050–1061.

	17.	 Sztajzel  R, Momjian  S, Momjian-Mayor  I, Murith  N, Djebaili  K, 
Boissard G, Comelli M, Pizolatto G. Stratified gray-scale median anal-
ysis and color mapping of the carotid plaque: correlation with endarter-
ectomy specimen histology of 28 patients. Stroke 2005; 36:741–745.

	18.	 Xie W, Liang L, Zhao L, Shi P, Yang Y, Xie G, Huo Y, Wu Y. Combination 
of carotid intima-media thickness and plaque for better predicting risk 
of ischaemic cardiovascular events. Heart 2011; 97:1326–1331.

	19.	 Millán  J, Pintó  X, Muñoz  A, Zúñiga  M, Rubiés-Prat  J, Pallardo  LF, 
Masana  L, Mangas  A, Hernández-Mijares  A, González-Santos  P, 
Ascaso JF, Pedro-Botet J. Lipoprotein ratios: physiological significance 
and clinical usefulness in cardiovascular prevention. Vasc Health Risk 
Manag 2009; 5:757–765.

	20.	 Smith  KR, Bruce  N, Balakrishnan  K, Adair-Rohani  H, Balmes  J, 
Chafe Z, Dherani M, Hosgood HD, Mehta S, Pope D, Rehfuess E; HAP 
CRA Risk Expert Group. Millions dead: how do we know and what 
does it mean? Methods used in the comparative risk assessment of 
household air pollution. Annu Rev Public Health 2014; 35:185–206.

	21.	 Baumgartner J, Schauer JJ, Ezzati M, Lu L, Cheng C, Patz J, Bautista LE. 
Patterns and predictors of personal exposure to indoor air pollution 
from biomass combustion among women and children in rural China. 
Indoor Air 2011; 21:479–488.

	22.	 Clark  SN, Schmidt  AM, Carter  EM, Schauer  JJ, Yang  X, Ezzati  M, 
Daskalopoulou SS, Baumgartner J. Longitudinal evaluation of a house-
hold energy package on blood pressure, central hemodynamics, and ar-
terial stiffness in China. Environ Res 2019; 177:108592.

	23.	 Neupane M, Basnyat B, Fischer R, Froeschl G, Wolbers M, Rehfuess EA. 
Sustained use of biogas fuel and blood pressure among women in rural 
Nepal. Environ Res 2015; 136:343–351.

	24.	 Arku RE, Ezzati M, Baumgartner J, Fink G, Zhou B, Hystad P, Brauer M. 
Elevated blood pressure and household solid fuel use in premenopausal 
women: analysis of 12 Demographic and Health Surveys (DHS) from 
10 countries. Environ Res 2018; 160:499–505.

	25.	 Baumgartner  J, Carter  E, Schauer  JJ, Ezzati  M, Daskalopoulou  SS, 
Valois MF, Shan M, Yang X. Household air pollution and measures of 
blood pressure, arterial stiffness and central haemodynamics. Heart 
2018; 104:1515–1521.

	26.	 Baumgartner J, Schauer JJ, Ezzati M, Lu L, Cheng C, Patz JA, Bautista LE. 
Indoor air pollution and blood pressure in adult women living in rural 
China. Environ Health Perspect 2011; 119:1390–1395.

	27.	 Norris  C, Goldberg  MS, Marshall  JD, Valois  MF, Pradeep  T, 
Narayanswamy M, Jain G, Sethuraman K, Baumgartner J. A panel study of 
the acute effects of personal exposure to household air pollution on ambula-
tory blood pressure in rural Indian women. Environ Res 2016; 147:331–342.

	28.	 Young  BN, Clark  ML, Rajkumar  S, Benka-Coker  ML, Bachand  A, 
Brook  RD, Nelson  TL, Volckens  J, Reynolds  SJ, L’Orange  C, Good  N, 
Koehler  K, Africano  S, Osorto  Pinel  AB, Peel  JL. Exposure to house-
hold air pollution from biomass cookstoves and blood pressure among 
women in rural Honduras: a cross-sectional study. Indoor Air 2019; 
29:130–142.

	29.	 Schneider A, Neas LM, Graff DW, Herbst MC, Cascio WE, Schmitt MT, 
Buse JB, Peters A, Devlin RB. Association of cardiac and vascular changes 
with ambient PM2.5 in diabetic individuals. Part Fibre Toxicol 2010; 7:14.

	30.	 Modesti PA. Season, temperature and blood pressure: a complex inter-
action. Eur J Intern Med 2013; 24:604–607.

	31.	 Painschab  MS, Davila-Roman  VG, Gilman  RH, Vasquez-Villar  AD, 
Pollard  SL, Wise  RA, Miranda  JJ, Checkley  W; CRONICAS Cohort 
Study Group. Chronic exposure to biomass fuel is associated with 
increased carotid artery intima-media thickness and a higher preva-
lence of atherosclerotic plaque. Heart 2013; 99:984–991.

	32.	 Xie  Y, He  W, Zhang  X, Cui  J, Tian  X, Chen  J, Zhang  K, Li  S, Di  N, 
Xiang  H, Wang  H, Chen  G, Guo  Y. Association of air pollution and 
greenness with carotid plaque: a prospective cohort study in China. 
Environ Pollut 2021; 273:116514.

	33.	 Akintoye E, Shi L, Obaitan  I, Olusunmade M, Wang Y, Newman JD, 
Dodson JA. Association between fine particulate matter exposure and 
subclinical atherosclerosis: a meta-analysis. Eur J Prev Cardiol 2016; 
23:602–612.

	34.	 Dubey RK, Imthurn B, Barton M, Jackson EK. Vascular consequences 
of menopause and hormone therapy: importance of timing of treat-
ment and type of estrogen. Cardiovasc Res 2005; 66:295–306.

	35.	 Geng  J, Liu H, Ge P, Hu T, Zhang Y, Zhang X, Xu B, Wang B, Xie  J. 
PM2.5 promotes plaque vulnerability at different stages of atheroscle-
rosis and the formation of foam cells via TLR4/MyD88/NFκB pathway. 
Ecotoxicol Environ Saf 2019; 176:76–84.

	36.	 Xu G, Ma M, Liu X, Hankey GJ. Is there a stroke belt in China and why? 
Stroke 2013; 44:1775–1783.

	37.	 Lai AM, Carter E, Shan M, Ni K, Clark S, Ezzati M, Wiedinmyer C, 
Yang X, Baumgartner J, Schauer JJ. Chemical composition and source 
apportionment of ambient, household, and personal exposures to PM2.5 
in communities using biomass stoves in rural China. Sci Total Environ 
2019; 646:309–319.

	38.	 Carter  E, Archer-Nicholls  S, Ni  K, Lai  AM, Niu  H, Secrest  MH, 
Sauer SM, Schauer JJ, Ezzati M, Wiedinmyer C, Yang X, Baumgartner J. 
Seasonal and diurnal air pollution from residential cooking and space 
heating in the Eastern Tibetan Plateau. Environ Sci Technol 2016; 
50:8353–8361.

	39.	 Yang L, Li L, Lewington S, Guo Y, Sherliker P, Bian Z, Collins R, Peto R, 
Liu Y, Yang R, Zhang Y, Li G, Liu S, Chen Z; China Kadoorie Biobank 
Study Collaboration. Outdoor temperature, blood pressure, and cardi-
ovascular disease mortality among 23 000 individuals with diagnosed 
cardiovascular diseases from China. Eur Heart J 2015; 36:1178–1185.

	40.	 Stamler R. Implications of the INTERSALT study. Hypertension 1991; 
17:I16.

	41.	 Cook NR, Cohen J, Hebert PR, Taylor JO, Hennekens CH. Implications 
of small reductions in diastolic blood pressure for primary prevention. 
Arch Intern Med 1995; 155:701–709.

	42.	 van  den  Oord  SC, Sijbrands  EJ, ten  Kate  GL, van  Klaveren  D, 
van Domburg RT, van der Steen AF, Schinkel AF. Carotid intima-media 
thickness for cardiovascular risk assessment: systematic review and 
meta-analysis. Atherosclerosis 2013; 228:1–11.

	43.	 Du X, Patel A, Anderson CS, Dong J, Ma C. Epidemiology of cardio-
vascular disease in China and opportunities for improvement: JACC 
International. J Am Coll Cardiol 2019; 73:3135–3147.

	44.	 Lackland  DT. Population strategies to treat hypertension. Curr Treat 
Options Cardiovasc Med 2005; 7:253–258.

D
ow

nloaded from
 https://academ

ic.oup.com
/ajh/article/35/2/121/6368243 by Im

perial C
ollege London Library user on 14 February 2022


