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Abstract

Exposure to air pollution has been linked to elevated blood pressure (BP) and hypertension, but
most research has focused on short-term (hours, days, or months) exposures at relatively low
concentrations. We examined the associations between long-term (a 3-year average)
concentrations of outdoor PM5 5 and household air pollution (HAP) from cooking with solid fuels
with BP and hypertension in the Prospective Urban and Rural Epidemiology (PURE) study.
Outdoor PM5 5 exposures were estimated at year of enrollment for 137,809 adults aged 35-70
years from 640 urban and rural communities in 21 countries using satellite and ground-based
methods. Primary use of solid fuel for cooking was used as an indicator of HAP exposure, with
analyses restricted to rural participants (n= 43,313) in 27 study centers in 10 countries. BP was
measured following a standardized procedure and associations with air pollution examined with
mixed-effect regression models, after adjustment for a comprehensive set of potential confounding
factors. Baseline outdoor PM, 5 exposure ranged from 3 to 97 pg/m?3 across study communities
and was associated with an increased odds ratio (OR) of 1.04 (95% CI: 1.01, 1.07) for
hypertension, per 10 pg/m?3 increase in PM, 5. This association demonstrated non-linearity and
was strongest for the fourth (PM, 5 > 62 pg/m3) compared to the first (PMy 5 < 14 ug/m?3) quartiles
(OR=1.36, 95% ClI: 1.10, 1.69). Similar non-linear patterns were observed for SBP (p=2.15, 95%
Cl: -0.59, 4.89), DBP (p=1.35, 95% CI: —0.20, 2.89) while there was no overall increase in ORs
across the full exposure distribution. Individuals who used solid fuels for cooking had lower BP
measures compared to clean fuel users (e.g. 34% of solid fuels users compared to 42% of clean
fuel users had hypertension), and even in fully adjusted models had slightly decreased odds of
hypertension (OR = 0.93; 95% CI: 0.88, 0.99) and reductions in systolic (-0.51 mmHg; 95% CI:
-0.99, -0.03) and diastolic (-0.46 mmHg; 95% CI: —-0.75, —0.18) BP. In this large international
multi-center study, chronic exposures to outdoor PM> 5 was associated with increased BP and
hypertension while there were small inverse associations with HAP.

Keywords
Air pollution; global health; household; hypertension; blood pressure; cardiovascular

Introduction

High blood pressure (BP) is considered to be the leading global risk factor for overall
disease burden (1-3). Exposure to both outdoor (4-10) and household air pollution (HAP)
(11-14) has been linked to elevated BP. However, studies of outdoor PM, 5 (particles below
2.5 microns in aerodynamic diameter) and BP have focused on short-term exposures and
been conducted mainly in high income countries (4; 9; 15; 16), while most studies of HAP
and BP have included relatively small study populations and been restricted to specific
communities or populations (13; 14).
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The overall evidence regarding outdoor PM5 5 and BP is less established for chronic
exposures (4; 6-10; 17), with very limited data from the developing regions of the world
which bears some of the highest PM, s-cardiovascular disease burden (18; 19). Only a few
studies, mostly focused on specific communities or sub-populations, have demonstrated
associations between HAP and increased BP (13; 14), and only one of which included
populations from multiple regions of the world (14). In this and other HAP studies, the
estimated effect size of HAP on BP and hypertension has been small or weak (13; 14).

To further understand the potential role of long-term exposure to outdoor PM; 5 and HAP on
BP, we leveraged the Prospective Urban and Rural Epidemiological (PURE) study and
examined outdoor PM, g for 137,809 adults aged 35 to 70 years from 640 urban and rural
communities in 21 countries. We also examined HAP from solid fuel use for cooking in a
subset of 43,313 individuals living in rural communities where more than 10% of
participants used solid fuels. These cross-sectional analyses capture an extremely large range
of outdoor PM>, 5 exposures, various household cooking settings, and diverse individual and
community characteristics, thus contributing important new information on the relationship
between air pollution with BP and hypertension.

Study design and population:

We included the original 141,471 PURE study participants recruited between 2001 (India)
and 2014 (Saudi Arabia) from 640 urban and rural communities in 21 low-, middle-, and
high-income countries. After excluding participants with incomplete systolic and diastolic
BP measurements (~3%), the final population used in this analysis involved 137,809 adults
aged 35-70 years (Table 1). PURE study countries were purposively selected to reflect
varied income regions of the world, with more emphasis placed on low- and middle-income
regions. Study “communities” in each country represented neighborhoods in urban areas and
small villages in rural areas, but were not meant to be representative of the country.
However, PURE was designed to achieve a representative sample of adults and households
in each study community (20).

At study entry, a comprehensive set of individual, household, and community-level
information was collected (see Teo et al (20) and Yusuf et al (3)). This included individual
socio-demographic characteristics, lifestyle behaviors (e.g. smoking, physical activity and
dietary profiles), medical history, anthropometric measures and BP. In addition, household
data were collected on cooking methods as well as fuel types, which were used as a
surrogate for HAP. Hamilton Health Sciences Research Ethics Board, Oregon State
University Research Ethics Board, the University of British Columbia Behavioral Research
Ethics Board (H14-02982), and the local ethics committees in the participating countries
approved this study.

BP measurement:

Sitting BP during the morning was measured at baseline by trained research assistants
following a standardized procedure using Omron digital BP measuring devices (Omron
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HEM-757) (2; 21). The measurements occurred for different amounts of time (days to
months) in each study community depending on the number of participants and the size of
the local field staff. Considering that BP readings could be influenced by subject’s
immediate activities and “white coat effect” (22), subjects were asked not to smoke, ingest
food or caffeine beverages, or exercise (including stair climbing) in the previous 30 minutes
prior to the time of measurement. Also, just before the measurement, subjects were made to
rest quietly for at least 5 minutes. Two systolic and diastolic BP measurements in the right
arm were taken about one minute apart using the brachial artery. The mean of the two
measurements was used for all analyses (20). We assumed that these home BP
measurements were representative of the participants’ average BP.

We assessed hypertension as an average systolic BP = 140 mm Hg and average diastolic BP
=90 mm Hg, or reported use of anti-hypertensive medication, which was defined as regular
use of any or combination of angiotensin-converting enzyme inhibitors, diuretics, beta-
blockers, angiotensin-receptor blockers, calcium-channel blockers, a-blockers, and other BP
lowering medications. We also assessed pulse pressure (PP=systolic-diastolic BP) and mean
arterial pressure (MAP=PP/3+diastolic BP) (6), to explore possible mechanisms through
which exposures may affect BP. Individual BP records (continuous) and the hypertension
status (yes vs. no) were analyzed separately.

Community outdoor PM5 5 exposure assessment:

PM, 5 concentrations were from a 1 x 1 km global model created by van Donkelaar et al
(23). Briefly, the estimates were from a geographically weighted regression model using
data from various satellite-, simulation-, and ground monitor-based sources. The raw
satellite and ground monitor input data covered years 2001-2013 and valid model
predictions were made for years 1999-2015, covering the study enrollment period (2001 —
2014). The model prediction of out-of-sample cross-validated PM> 5 concentrations from
available ground monitors was /2 = 0.81. We assigned annual PM, 5 concentrations (from 1
x 1 km resolution) to the 640 PURE communities with each estimate representing a 3-year
average centered on the year the community was enrolled in the study. For example, a
community which was enrolled in 2011, would be assigned annual PM> 5 concentrations of
the average of the 2010, 2011, and 2012 means. As all study subjects were established
residents in the community prior to the study baseline (and had indicated their intention to
remain into the foreseeable future), we assumed that the 3-year mean exposure centered on
the enrollment year was reasonable estimates of their long-term PM, 5 exposures.

Household air pollution assessment:

Questionnaires completed at study enrollment were used to collect information on household
characteristics. We used records on households’ primary cooking fuel type as an indicator of
HAP exposure in terms of solid (coal, charcoal, wood, agriculture/crop products, shrub/grass
and animal dung) vs. clean fuel (electricity and gas). This is a common proxy indicator for
HAP exposure (24), and was our a-priori exposure measure for HAP.
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Statistical analyses:

Mixed-effect linear and logistic regression models were used to examine the association of
community chronic average PM 5 levels and HAP exposure with individual BP
measurements and hypertension status (yes/no). We adjusted for numerous covariates
selected a priorifrom existing literature on BP and air pollution. To accommodate the
clustered nature of the PURE study design (i.e. individuals nested within communities
nested within countries), and to capture unmeasured variables at such large geographic
scales, we included a nested random effect for country and community or center as specified
in the following models:

BP = fio + Poutdoor PM2.5+ X +b+ A+ e (A)

BP = fo+ BHousehold cooking fuel T PX+b+Aite ()]

where BPis the mean systolic BP, diastolic BP, PP, or MAP (mm Hg); Xis a vector of
individual-, household-, and community-level covariates; and A are country and
community (equation A) or center (equation B) random intercepts; Bg, p and y are
regression coefficients. We did not include random effects for household to account for
multiple subjects from the same household as our results remained identical with or without
this factor. For the same reason, we did not include the year of community enrollment as a
way to control for potential time trends in the PM data.

We assessed model sensitivity in both the outdoor (Equation A) and HAP models (Equation
B). First, we specified a base model (Model 1) which included age (years), gender (male,
female), and race/ethnicity; and then added progressively more groups of socioeconomic and
clinical covariates in subsequent models. Model 2 included factors related to socioeconomic
status, involving education (none, primary, secondary/high school/higher secondary, trade
school, college/university, unknown), marital status (married, not married), and a household
wealth index (based on household assets, and calculated separately for each country). The
fully adjusted model (Model 3) further included cardiovascular disease (CVD) risk factors of
smoking status (never smoked, former smoker, current smoker), alcohol use (never used,
former user, current user), body mass index (BMI; Kg/m?2), alternative healthy eating index
(a composite indicator for overall diet quality based on the dietary guidelines for Americans,
computed for each household)(25), as well as community-level factors comprising of
temperature (°C), geographical latitude (26), country income-level, and location of residence
(urban, rural), in addition to the use of BP lowering medication (medication use, no
medication use). All models included random intercepts for country and community or study
center. Together, these models contained a vast amount of individual-, household-, and
community-level covariates on participants from both rural and urban communities, and thus
reduced the possibility of omitted variable bias or residual confounding.

Through stratified analyses for both the outdoor (Equation A) and HAP models (Equation
B), we used the full model (Model 3) to explore potential differences in effect estimates by
gender, urban/rural residence (equation A/outdoor model only), hypertension status
(equation A/outdoor model only), use of anti-hypertensive medication, body mass index
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(BM, categorized as underweight, normal weight, overweight, and obese), smoking, alcohol
use, age, and CVD and diabetes mellitus disease status. Additional analysis was conducted
for participants who were free of CVD, diabetes mellitus, and did not take BP medication.

The HAP analysis was restricted to rural communities in study centers where >10% of study
participants used solid fuel for cooking. This was done to ensure a balanced sample, as most
high- and upper-middle income countries contained in the outdoor analysis do not use solid
fuel, and even in low-income countries the vast majority of solid fuel use by PURE
participants was in the rural communities (93%). Those who used kerosene (1.2%) or other
unclassified fuel types (0.7%) for cooking were also excluded, leaving 43 313 rural
participants who cooked primarily with either solid or clean fuels for this analysis.

We also conducted additional sensitivity analysis for HAP by pooling center-specific models
using random-effects meta-analysis. This was done to explore the potential heterogeneity of
HAP and BP results by region, since HAP exposure could vary by unmeasured household or
community characteristics, fuel conditions/types, cooking practices, customs, etc. Thus, the
adjusted pooled effect estimates represent the weighted mean of the center-specific effect
estimates, after assigning weights based on the inverse variance which included both within-
and between-center variances.

We further explored the impact of joint exposures from both outdoor PM> 5 and HAP by
examining the interaction between PM, 5 and HAP as well as by comparing the association
for PM,, 5 separately among clean versus dirty fuel users, using the fully-adjusted outdoor
model (Model 3 in Equation A). We also compared HAP association among the lowest
versus highest PMs 5 quartiles (Model 3 in Equation B).

We report the odds of having hypertension and changes in BP parameters for a 10 pg/m3
increase in PM5 5 to facilitate comparison with other studies. In contrast, HAP analyses
compared estimates in individuals who cooked with solid fuel to clean fuel users. All
analyses were implemented with the open-source statistical package R version 3.4.1 (R
Project for Statistical Computing).

The final population used in this analysis included 137,809 individuals from 97,708
households in 640 communities (342 urban and 298 rural) in 21 countries (4 high-income,
12 lower and upper middle-income, and 5 low-income) on five continents (Figure 1A).
About 2/3 of the participants were from lower middle- and low-income countries. The mean
age (standard deviation [SD]) of all participants was 50.6 (9.7) years. Mean systolic and
diastolic BP across all participants were 131 (22) and 82 (12) mmHg, respectively. Men had
higher BP than women (133 vs. 130 mmHg, differences in the means 95% ClI: 3.0-3.5 for
systolic BP; and 83 vs. 81, differences in the means 95% CI: 1.4-1.6 for diastolic BP). BP
was higher in participants with diabetes, and among those with CVD. 46% of the study
population resided in rural communities, however, BP did not differ substantially by rural-
urban residency (~ 1 mmHg). Two in every five participants were hypertensive, but the
prevalence of hypertension (and treatment) varied across income regions, ranging from
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29.9% (4.4%) in low-income to 49.6% (21.0%) in upper middle-income countries. Details
on the prevalence, awareness, treatment, and control of hypertension among PURE
participants are provided elsewhere (2).

Outdoor PM; &:

Association

Figure 1 illustrates the location of the PURE study communities and PM> 5 concentration
estimates (Figure 1A) and its distributions by country income status (Figure 1B).
Community long-term average outdoor PM> 5 levels (defined as a 3-year average PM
centered on the year the community was enrolled) ranged from < 10 ug/m?3 in Canada,
Colombia, and Sweden to > 60 pg/m3 in Bangladesh, China, and UAE. Residents of
communities in lower middle-income countries had highest PM, 5 exposures, largely driven
by high exposures in communities in China. Levels were significantly higher on average in
low-income and lower middle-income country communities than in upper middle- and high-
income countries (46 vs. 18 pg/m3). PM, 5 concentrations were higher in urban (40 ug/m3)
compared to rural (32 pg/m3) communities.

Selected demographic, health, and exposure characteristics of the participants by outdoor
PM, 5 quartiles are summarized in Table 1. There were no clear-cut variations in BP by
PM, 5 quartiles, although both systolic and diastolic BP were relatively lowest among
participants whose community average PM, 5 levels fell within the second quartile (Q5), and
highest among those in the top 25™ percentile (Q4) (Table 1). However, hypertension and the
use of anti-hypertensive medications were highest among those in the lower 25™ percentile
(Q1). Solid fuel use was relatively higher among those in the top 50" (Q3 & Q) percentile.

of outdoor PM; 5 with hypertension and BP:

Chronic PM, 5 exposure was associated with slightly increased odds of having hypertension
in the entire cohort, with an adjusted odds ratio (OR) of 1.04 (95% ClI: 1.01, 1.07) per 10
pg/m3 increase in PM, 5 (Table 2). Higher ORs were observed at higher PMj 5
concentrations; the OR for Q4 was 1.36 (95% CI: 1.10, 1.69), Q3 was 1.31 (95% ClI: 1.08,
1.58), and Q2 was 0.90 (95% ClI: 0.77, 1.05) compared to Q1 as reference. For BP
parameters, we observed no associations in linear models (Table 1). However, we observed
increased estimates for systolic and diastolic BP and MAP at the highest concentrations. For
example, compared to Q1, systolic BP was 2.15 mmHg higher (95% CI: —0.59, 4.89) in Q4,
3.72 mmHg higher (95% ClI: 1.37, 6.07) in Q3, and -0.78 mmHg (95% CI: -2.73, 1.17) in
Q2 (Table 2).

In stratified analyses (Table 3) using the full model (Model 3), we found 1.08 (95% CI: 1.02,
1.12) higher OR for hypertension in rural residents compared to weak 1.04 (95% CI: 1.00,
1.08) in urban residents. Further, we found higher ORs for men (1.05; 95% CI: 1.01, 1.09),
individuals younger than age 50 (1.06; 95% CI: 1.02, 1.10), those with diabetes (1.06; 95%
Cl: 1.01, 1.11), and in those who were underweight (1.17; 95% CI: (1.11, 1.25) and obese
(1.05; 95% ClI: 1.01, 1.09) (Table 3). For other BP parameters we observed weak positive
associations between outdoor PM, 5 (per 10 pg/m3 increase) and diastolic BP among
subjects who were diabetic (0.35 mmHg; 95% CI: 0.04, 0.65); were younger than 50 years
of age (0.27 mmHg; 95% CI: 0.06, 0.48); and were underweight (0.76 mmHg; 95% CI:
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0.40, 1.12) (Table 3). Among those underweight, we also observed similar weak positive
association for systolic BP (0.87 mmHg; 95% CI: 0.27, 1.46).

Household air pollution:

Association

A subset of 43,313 participants in 192 rural communities in 10 countries constituted the
population used in the HAP analysis. The ten countries included here had >10% solid fuel
use prevalence in at least one study center at study baseline. Overall, close to 70% of the
rural population used solid fuel as their primary cooking fuel. Across countries, the
predominant cooking fuel types in this rural sample were wood (32%), gas (27%) and coal
(20%). Use of coal was highest (> 60%) in parts of China while wood was dominant in
Pakistan, India, Zimbabwe and Tanzania. Selected demographic, health, and exposure
characteristics of the participants by solid versus clean fuels for cooking are summarized in
Table 1. Mean age and proportion of women were similar between solid and clean fuel
users. The share of individuals living with hypertension (and its treatment) and diabetes
were higher in clean fuel users (42%) compared to solid fuel users (34%). Smoking was
more prevalent in those cooking with solid fuels than clean fuels. Outdoor PM> 5 was also
higher in communities where solid fuel was predominant (Table 1). By individual fuel
category, mean systolic BP did not follow any patterns; it was highest among those who
cooked with electricity (137 mmHg), approximately 12 mmHg higher than in wood users
(who had lowest mean systolic BP), followed by coal and shrub/grass. Diastolic BP was also
higher by 9 mmHg among those who cooked primarily with electricity compared to wood.

of household solid fuel use with hypertension and BP:

The inverse relation between clean fuels and BP in our HAP dataset persisted in the
multivariable analyses. We observed lower odds of having hypertension among those
cooking primarily with solid fuels compared with clean fuels (OR=0.93; 95% CI: 0.88,
0.99) (Table 2). The overall initial mean difference in BP levels among individuals who
cooked with solid fuels was significantly lower than among those who used clean fuels (130
vs. 133 mmHg for systolic BP [95% Cl: 2.7, 3.6] and 81 vs. 83 mmHg for diastolic BP [95%
Cl: 1.9, 2.4]). This lower BP among solid fuel users also persisted in the adjusted models. In
the full model (Model 3), use of solid fuel was associated with 0.51 mmHg lower systolic
BP (95% CI: -0.99, -0.03), 0.46 mmHg lower diastolic BP (95% CI: -0.75, —-0.18), and
0.48 lower MAP (95% CI: -0.81, —0.15) (Figure S2).

Stratified analyses of BP and HAP did not show clear patterns by individual, household or
community characteristics (Table 4). Use of solid fuels was associated with lower odds of
hypertension in men, those younger than age 50, and among smokers, and alcohol users by
approximately 6-11% (Table 4). It was about 0.47-0.87 mmHg lower for other BP
parameters.

In sensitivity analysis we used the full model (Model 3) to pool center-specific estimates
through random-effects meta-analysis, and observed similar lower pooled odds of
hypertension among solid fuel users when compared to clean fuels (Pooled OR = 0.93; 95%
Cl: 0.86, 1.00) (Figure 2). Similar findings were observed for other BP parameters in the
center pooled estimates (Figure S3). There was statistically significant heterogeneity across
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study centers, and within and between countries, especially for systolic BP. For instance, in
China, results generally demonstrate positive associations for systolic BP while centers in
India and other countries showed negative associations (Figure S3).

Joint outdoor PM, 5 and HAP exposures versus BP parameters

The interaction term between outdoor PM, 5 and solid fuel use for cooking was not
statistically significant. For outdoor PM, 5 among only clean fuel (electricity/gas) users, we
observed small positive associations for systolic (0.43 mmHg; 95%CI: 0.06, 0.81), diastolic
BP (0.30 mmHg; 95%Cl: 0.08, 0.52), and MAP (0.35 mmHg; 95%CI: 0.10, 0.59). For every
10 pg/m3 increase in outdoor PM, 5, there was 1.34 (95%Cl: 1.12, 1.59) higher odds of
having hypertension among those who cooked primarily with clean fuels compared to 1.17
(95%CI: 0.95, 1.46) among solid fuel users (Table S1). We found no differences in the
associations for solid fuel use among either the lowest or the highest PM, 5 quartiles (Table
S1) for BP.

Discussion

This is the first multi-country and multi-center study of the relationship between chronic air
pollution exposure, including both outdoor PM, 5 and household solid fuel use for cooking,
with BP. We examined 137,809 adults aged 35 to 70 years from 640 urban and rural
communities in 21 countries, capturing a wide range of outdoor PM> 5 exposures, household
cooking settings, and diverse individual and community characteristics. For outdoor PM5 s,
we observed increased odds of hypertension 1.04 (95% CI: 1.01, 1.07) per 10 pg/m3
increase in PM, 5. BP measures demonstrated non-linear relationship with an indication of
positive associations at higher PM5 5 concentrations. In contrast, for HAP, we observed
indications of decreases in odds of hypertension, and decreases in systolic and diastolic BP
among solid fuel users, but these associations varied notably by study country and study
center. The associations between HAP and BP likely reflect residual confounding in this
multi-country analysis, especially in relation to affluence as we observed significantly higher
baseline systolic and diastolic BP and hypertension prevalence among individuals using
clean fuels (gas/electricity) compared to solid fuels.

Chronic PM, 5—BP association:

While evidence exists for short-term exposures (4; 9; 15; 16), data on chronic outdoor PM> 5
exposures and hypertension and BP are limited and inconsistent (6; 7; 10; 27-33). The few
previous studies of chronic exposures were conducted mainly in a single country/city/center
setting. While such homogenous population helps in reducing ecological confounding, the
PM exposure levels are considerably lower or cover narrower ranges of exposure. In our
multi-country and center analyses, which relied on long-term averaged exposures, and with
one of the widest range of exposures (~3-97 ug/m3), the results demonstrate positive
associations with hypertension, as reported in some studies (10; 31; 32), but which is also
contrary to findings elsewhere (6; 28). The associations with BP itself were evident only at
higher PM concentrations. Evidence non-linear relationship between PM and BP likely
made it difficult for us to detect associations in our multi-country, multi-center study as
countries and centers within country potentially occupy different parts of the exposure-
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response curve. We accounted for country income level, along with other factors like urban-
rural location, but countries/centers likely have BP levels that are lower/higher than would
be predicted based on PM alone.

A few population-based cohort studies from the US (6), Germany (7), and Taiwan (10; 34)
found that long-term average PM> 5 was modestly associated with BP. Unlike these single
setting studies, PM> 5 across our 21 study countries (on 5 continents) likely represented
more heterogeneous mixtures that originated from more diverse sources (e.g. traffic,
biomass, coal, and crustal dust) than in previous study settings (mostly traffic). It is possible
that combustion PM, as proxied by black carbon (35), has a stronger association with BP
parameters than the total mass, hence our weak findings using data from diverse locations
globally.

In general, the body of evidence so far suggest that the impact of chronic PM, 5 exposure
may be stronger for hypertension than for BP parameters. Even in the extreme case of
chronic smoking, which exposes smokers to high concentrations of PM, and is a proven risk
factor for heart attack and stroke, PM has not been conclusively linked to elevated BP.
Epidemiological studies mostly found that BP levels among cigarette smokers were the same
as or lower than those of non-smokers; and if any, the independent chronic effect of smoking
on BP is small or clinically insignificant (37), which may be the case for the impact of long-
term PM exposure on BP.

Solid fuel use-BP association:

There are few large epidemiological studies of HAP and BP (13; 38-40), but fewer multi-
country analysis (13; 14). Contrary to our study, a recent multi-country analyses of
nationally representative and internationally comparable data for younger women (aged
15-49) found links between history of solid fuel use and small increases in BP and odds of
hypertension (14). Cook-stove intervention studies in Latin America have reported larger
associations between decreased BP in women with reduced exposure from household smoke
(11; 13; 41), and personal exposure studies of rural women also indicated evidence of
associations between acute exposure to solid fuel combustion-related air pollutants and BP
in China (12) and Ghana (42). In our study of 43,313 rural residents from 10 countries, we
found an indication of lower BP among solid fuel users when compared to electricity/gas
users, but with significant heterogeneity by centers and country; with generally positive
associations for systolic BP in China and negative associations in India and in other
countries. The positive association with systolic BP in China seems to be in accordance with
findings of other studies conducted in China (12; 35; 39; 43).

Overall, unadjusted mean BP across our study countries is low, and hypertension prevalence
was very low in solid fuel users. For instance, 34% of solid fuels users, compared to 42% of
clean fuel users, had hypertension; and the mean systolic/diastolic BP in solid fuels users
was 130/81 which was significantly lower when compared to 133/83 in the clean fuel group.
It appears that solid fuel use, and thus HAP exposure in this cohort may be inversely
correlated with other BP and hypertension risk factors, even after our comprehensive use of
individual, household and community covariates, as was suggestive in smokers compared
with nonsmokers (37).
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Strengths and limitation:

The main strength of our study was its size and global scope, which enabled us to examine
long-term average PM, 5 concentrations over the full global exposure distribution (range:
3-97), and with history of solid fuel use across multiple sites in different countries. Our data
also included a wide range of individual-, household-, and community-level covariates on
participants from both rural and urban communities. Our BP measures were also collected
using a standardized protocol across study centers.

However, given the global nature of our analysis, there are also important limitations that
must be considered. First, the diversity of sites in our study is a weakness in itself when
making inference as adjustments such as country random effects will not remove all the
ecological residual confounding. Residual confounding is a concern, especially for the HAP
analysis given the larger baseline differences between solid and clean fuel users. While we
included a comprehensive set of confounding factors, we could not account for personal or
occupational PM, 5 exposures. It would be too costly and logistically prohibitive to conduct
detail exposure measurement in a large multi-country study as ours, particularly in centers
where both household and outdoor sources are related. Studies of actual personal exposure
measurement have demonstrated wide variations in PM, 5 among individuals living in the
same community due to local emission sources and personal time activity (12; 44). By
relying on 3-year average outdoor PM, 5 and on proxy indicators for HAP, our study likely
captured only regional differences in exposures, with no information on between-persons
variations among participants in the same community. Consequently, exposure errors
stemming from variability in individual’s long-term average exposures remain; but this also
applies equally to all study communities and across the exposed versus unexposed groups.
However, our PM 5 predictions assigned at a 1 x 1 km resolution potentially minimized the
magnitude of the misclassified exposures.

Similarly, we used surrogate measures to assess HAP, which likely led to large exposure
misclassification stemming from factors like stove stacking, ventilation, cooking practices,
and emissions from neighbors’ cookstoves, just to name a few (24; 45; 46). Nevertheless,
history of solid fuel use for cooking is a commonly used metric in large HAP epidemiologic
studies (24) and our center meta-analysis approach yielded similar results to our overall
analyses. Further, although the sampling frame in each study country was not nationally
representative, it was shown that the overall prevalence of hypertension was similar to global
estimates (2). We could not account for acute temperature and PM, 5 exposures, which
might be partially responsible for changes in BP on the day of measurement (47; 48).
Importantly, we observed large initial differences in mean BP between individuals using
solid fuel for cooking (130/81 mmHg) compared to individuals using electricity or gas
(133/83 mmHg). BP is known to vary with diet, sedentary lifestyle, and other individual-
level characteristics (e.g. BMI) that are related to low socio-economic status or poverty,
which are also likely highly related to solid fuel use. Including covariates in the model may
not totally control for such confounding effects. Residual confounding of our HAP results is
therefore a possibility, but this would similarly be a limitation in any large existing studies of
HAP and BP.
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Conclusion:

In this large international multi-center study, chronic exposure to chronic outdoor PM, 5 was
associated with increased odds of hypertension and small increases in BP at higher exposure
levels, while HAP from cooking with solid fuels showed small decreases in odds of
hypertension and BP, but the associations were inconsistent across countries and sub-
populations. Future longitudinal analyses within the PURE cohort with center specific
quantitative exposure data will clarify these findings.
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Figure 1:
Global outdoor PM, 5 concentrations (ug/m3) (A) with locations of study countries in both

outdoor and HAP analyses; and (B) by boxplots showing distribution by study country
income classification 2 Sample sizes show the total number of participants from countries in
that income category. In each plot, the middle line represents the median, and the bottom and
top of the box show the 25th and 75th percentiles of data.

High-income countries (HICs): Canada, Saudi Arabia, Sweden, and United Arab Emirates;
Upper Middle-income countries (UMICs): Argentina, Brazil, Chile, Malaysia, Poland, South
Africa, Turkey; Lower Middle-income countries (LMICs): China, Colombia, Iran, Palestine,
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Philippines; Low-income countries (LICs): Bangladesh, India, Pakistan, Tanzania,
Zimbabwe.

a Categorization of economic level of a country was based on information from the World
Bank in 2006
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Figure 2:

Model estimates of multivariable, country-, and center-specific, and meta-analysis of the
odds (odds ratio; OR) for having hypertension among solid fuel users compared with clean
fuel users.

Country-, and center-specific models adjusted for age, sex and race/ethnicity, education
(none, primary, secondary/high school/higher secondary, trade school, college/university,
unknown), marital status (married, not married), and a household wealth index (based on
household assets and the index calculated separately for each country), smoking status
(never smoked, former smoker, current smoker), alcohol use (never used, former user,
current user), body mass index (BMI; Kg/m2), alternative healthy eating index (an indicator
for overall diet quality based on the dietary guidelines for Americans), temperature (°C),
geographical latitude, country income-level (where appropriate), and use of BP lowering
medication (medication use, no medication use).

Models included random intercepts for either country and/or study center where appropriate.
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