Ambient PM1 air pollution, blood pressure, and hypertension: Insights from the 33 Communities Chinese Health Study
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Abstract
No evidence exists concerning the association between blood pressure and ambient particles with aerodynamic diameter ≤ 1.0 μm (PM1), a major component of PM2.5 (≤ 2.5 μm) particles, and potentially causing more hazardous health effects than PM2.5. We aimed to examine the associations of blood pressure in adults with both PM1 and PM2.5 in China. In 2009, we randomly selected 24,845 participants aged 18-74 years from 33 communities in China. Using a standardized mercuric-column sphygmomanometer, we measured blood pressure. Long-term exposure (2006-08) to PM1 and PM2.5 were estimated using a spatial statistical model. Generalized linear mixed models were used to evaluate the associations between air pollutants and blood pressure and hypertension prevalence, controlling for multiple covariates. A 10-μg/m3 increase in PM1 was significantly associated with an increase of 0.57 (95% CI 0.31-0.83) mmHg in systolic blood pressure (SBP), 0.19 (95% CI 0.03-0.35) mmHg increase in diastolic blood pressure (DBP), and a 5% (OR=1.05; 95% CI 1.01-1.10) increase in odds for hypertension. Similar associations were detected for PM2.5. Furthermore, PM1-2.5 showed no association with blood pressure or hypertension. In summary, both PM1 and PM2.5 exposures were associated with elevated blood pressure levels and hypertension prevalence in Chinese adults. In addition, most of the pro-hypertensive effects of PM2.5 may come from PM1. Further longitudinal designed studies are warranted to validate our findings.

Keywords: particulate matter; systolic blood pressure; diastolic blood pressure; adults; cross-sectional study
Funding sources
The research was funded by the National Key Research and Development Program of China (No.2016YFC0207000); the National Natural Science Foundation of China (No.91543208; No.81703179; No. 81803196; No.81673128; No.81872583; No.81872582); the Fundamental Research Funds for the Central Universities (No.16ykzd02; No.17ykpy16); the Guangdong Provincial Natural Science Foundation Team Project (No. 2018B030312005); the Guangdong Province Natural Science Foundation (No.2016A030313342; No. 2017A050501062); and Science and Technology Program of Guangzhou (No. 201807010032; No. 201803010054; No. 2018B05052007).YG was supported by the Career Development Fellowship of Australian National Health and Medical Research Council (No.APP1107107). SL was supported by the Early Career Fellowship of Australian National Health and Medical Research Council (No. APP1109193). Tianyu Zhao is supported by the China Scholarship Council, China (No. 201708120056).
Ethics Statement
The study was conducted with the principles stipulated by the Declaration of Helsinki and all procedures were approved by the ethics review committee of Sun Yat-Sen University (Guangzhou, China; Identification code: SYSU016). We have collected written informed consent from all participants.
1. Introduction
Health effects of particulate matter (PM) pollution have become a major public health concern worldwide. According to the recent report on the Global Burden of Disease, long-term exposure to particles with aerodynamic diameter ≤ 2.5 μm (PM2.5) caused 4.2 million deaths globally in 2015 (Cohen et al., 2017). China has more than one-quarter of the global PM2.5-attributable deaths (Cohen et al., 2017). In parallel, elevated blood pressure has also been ranked as the number one risk factor for death in many countries, including China (Gakidou et al., 2017). Mechanistic evidence suggests that inhalation of PM can cause autonomic nervous system imbalance, systematic inflammation and oxidative stress, and epigenetic abnormalities, which further results in elevated blood pressure and hypertension (Bellavia et al., 2013; Brook et al., 2010; Miller, 2014). An increasing number of epidemiological studies have investigated the associations between PM2.5 and blood pressure, but the results were inconsistent and most of those studies were performed in developed countries with low PM2.5 background levels (Yang et al., 2018a).
Particles with aerodynamic diameter ≤ 1.0 μm (PM1) is a major component of PM2.5 (Koulouri et al., 2008; Vecchi et al., 2004). Evidence has even shown that PM1 comprises over 80% of PM2.5 in China (Chen et al., 2018a; Wang et al., 2015). Compared with PM2.5, PM1 has a smaller diameter size, but a higher surface area to mass ratio (Valavanidis et al., 2008), and carries more toxins from anthropogenic emissions (Ravindra et al., 2008). Thus, PM1 can penetrate deeper into the lung alveoli and has a higher chance of adversely affecting human health (e.g. blood pressure) (Brown et al., 2001; Chuang et al., 2005). However, no epidemiological study has yet been conducted to determine the association between PM1 and blood pressure.
Based on this evidence, we hypothesized that exposure to higher ambient PM1 levels may be associated with elevated blood pressure levels and hypertension prevalence. To test the hypothesis, we estimated both PM1 and PM2.5 exposures and determined the associations of the estimates and blood pressure in a large population-based investigation (the 33 Communities Chinese Health Study, 33CCHS) in Northeastern China. 
2. Methods
2.1. Study area
The 33CCHS was carried out in the province of Liaoning in 2009. The province is located between 118o53′ and 125 o46′ E and 38o43′ and 43 o26′ N and is highly industrialized (Fig.1).  Liaoning province has over 20 million residents with a continental monsoon climate.  Because of industrialization, traffic emissions, and solid fuel burning in colder seasons, air pollution is severe in the province (Song et al., 2017). Additionally, hypertension prevalence is very high in this area (37.7%) (Li et al., 2018).
2.2. Study design and participants
Our previous study has reported the 33CCHS in detail (Yang et al., 2017; Yang et al., 2018b). In brief, we recruited participants using a four-stage cluster sampling approach. First, out of 14 cities, Shenyang, Anshan, and Jinzhou were selected. Second, there are 11 districts in the three cities. From each of these 11 districts, we randomly selected three communities, generating 33 communities in total (Fig.1). Third, 700-1000 households were randomly selected from each study community. Fourth, from each household, an adult aged 18-74 years was randomly selected. We excluded anyone who lived in the household for less than five years, had cancer or other severe terminal diseases, or were pregnant.
According to our sampling scheme, in total, 24,845 participants completed the questionnaire out of 28,830 invited persons and were finally included in the current analysis (response rate 86.2%). Each of the participants provided a written consent and the Human Studies Committee of Sun Yat-Sen University approved the study.

2.3. Outcome assessment
We trained nurses based on the American Heart Association’s recommendations (Pickering et al., 2005) before measuring blood pressure. After training, all nurses were required to take a qualification exam and were certified data collection. Participants were prohibited from consuming tea, coffee, alcohol, and tobacco, and from exercising, for 30 minutes before the measurement. The blood pressure measurements were conducted after the participants sat for five minutes. Three measurements of both systolic blood pressure (SBP) and diastolic blood pressure (DBP) were recorded, using the mercuric-column sphygmomanometer, with a two-minute interval between each reading. We used the average of three consecutive pairs of SBP and DBP measurements for our data analyses. Information on anti-hypertensive medicine usage was collected by questionnaire. According to Chobanian et al. (2013), we defined hypertension as having a mean SBP ≥ 140 mmHg or DBP ≥ 90 mmHg, or receiving anti-hypertensive medicines.
2.4. Exposure assessment
We predicted daily concentrations of PM1 and PM2.5 in the 33 community centroids using data from satellite remote sensing, ground level monitored PM1 and PM2.5 levels, meteorology, and land use. Then, three-year (2006-08) average concentrations were calculated based on these daily predictions. Detailed information on the PM prediction method has been published before (Chen et al., 2018a; Yang et al., 2018b). In brief, we collected aerosol optical depth (AOD) data derived from two NASA Moderate Resolution Imaging Spectroradiometers data processing algorithms (i.e., Deep Blue and Dark Target), and then combined them using an inverse Variance Weighting Method. Further, we linked ground-monitored PM1 and PM2.5 data (supplemental methods: explanation for ground-monitored data on PM1 and PM2.5) with AOD data, vegetation data, land use information, meteorological data, and other spatial predictors using a generalized additive model (Chen et al., 2018a; Yang et al., 2018b). We used a 10-fold cross-validation process to test the validity of our predictions. The results showed that the adjusted coefficient of determination (R2) and root-mean-squared error (RMSE) were 71% and 13.0 µg/m3, respectively, for monthly average PM1 concentration, and were 75% and 15.1 µg/m3, respectively, for monthly average PM2.5. We calculated concentrations of PM1-2.5 (particles with aerodynamic diameter 1-2.5 μm) size fraction by subtracting PM1 from PM2.5 concentrations. Finally, three year average PM concentrations were assigned to every participant living in the corresponding study communities, to represent their long-term exposures to these air pollutants.
2.5. Statistical analysis
We used Student’s t-tests or chi-square tests to examine the differences in characteristics between hypertensive and non-hypertensive participants. Pair wise correlations between pollutants were performed using the Spearman rank correlation test.
We applied generalized linear mixed models with a random intercept for community to assess the associations between individual air pollutants and blood pressure levels and hypertension prevalence (Yang et al., 2018b). The effect estimates generated from the linear regression model and logistic regression model were reported as regression coefficient (β) and odds ratios (ORs), respectively. Effect estimates were expressed for a 10 µg/m3 increase in air pollutants. We identified potential confounders as common causes of hypertension and air pollution in the literature (Poulter et al., 2015; Hajat et al., 2015, Wang, 2016), including sex, age, body mass index (BMI), ethnicity, household income, education levels, smoking status, alcohol intake, regular exercise during leisure time, low fat and low calorie diet intake, sugar-sweetened beverages intake, area-level gross domestic product (GDP), season of blood pressure measurement, 7-day average air pollutant levels before blood pressure measurement, and family history of hypertension. Then, we applied a directed acyclic graph (DAG, Figure S1) to retain the minimally sufficient set of covariates to adjust for confounding (Greenland et al., 1999), including age, sex, ethnicity, education, exercise, smoking status, 7-day average air pollutants levels before blood pressure measurement, season of blood pressure measurement, and district-level gross domestic product. We incorporated community as a random effect. All the variables were collected using questionnaire, with the exception of BMI, which was measured during the study visit, and district-level GDP, which was obtained from the Shenyang, Jinzhou, and Anshan cities’ statistical yearbooks. We also generated additionally adjusted models incorporating all of the aforementioned covariates to assess the impact, except for BMI, which presumably falls on the causal pathway between air pollution and hypertension (Schisterman et al., 2009).
We performed two sensitivity analyses to test whether the estimated associations were stable. First, we estimated the air pollution-blood pressure association by excluding participants who are taking anti-hypertensive medicines. Second, we estimated the air pollution-blood pressure association by excluding participants with cardiovascular diseases (including coronary heart diseases and stroke).
Since the study associations could differ among population subgroups, we applied stratified analyses to explore potential effect modification by sex, age (≥65 vs. <65), BMI (≥25 vs. <25), smoking status (yes vs. no), alcohol intake (yes vs. no), regular exercise (yes vs. no), and family income (<10,000 Yuan vs. ≥10,000 Yuan). A cross-product term was incorporated into the linear regression models. In logistic regression models, we estimated the relative excessive risk due to interaction (RERI) (a 95% CI of RERI that does not include 0 indicates a significant interaction). We defined statistical significance as P < 0.05 for main effects and interactions. Data were analyzed using SAS 9.2 (SAS Institute, Inc. Cary, NC).
3. Results
3.1 Baseline characteristics
Participants were on average 45.6 years and 49% of them were women (Table 1).  Ninety-five percent of the participants were of Han nationality and 82% had a middle school or higher education. Twenty-nine percent of the participants were smokers, 23% consumed alcohol, and 69% did regular exercise. Mean BMI levels were 24.4 kg/m2. Mean SBP and DBP levels were 127.28 mmHg and 81.42 mmHg, respectively, and 37% had a family history of hypertension. Compared to the non-hypertensive, hypertensive participants were more likely to be men, older, smokers, drinkers, possessing lower levels of educational attainment, lower family income, doing less exercise, drinking less sugar beverages, having higher BMI, and possessing a higher family hypertension history.
3.2. Air pollutants levels
Air pollutant levels varied markedly across the 33 study communities, with ranges of 50-82 μg/m3 for PM1, 64-104 μg/m3 for PM2.5, and 10-22 μg/m3 for PM1-2.5 (Fig.1; Table 2). The PM2.5 levels in all the 33 study communities were higher than the standard set by the World Health Organization (WHO; 10 μg/m3). To date, no standard guidelines have been proposed for PM1 by WHO or any other organizations. The distributions of one (2008) and two (2007-2008) year average PM1 and PM2.5 concentrations were similar to 2007-2009 (data not shown). The three air pollutants were strongly correlated (rs: 0.63-0.99) (Table S1). Mean PM1/PM2.5 ratio was 80.7%.
3.3. Associations of air pollutants with blood pressure and hypertension
A 10-μg/m3 increase in PM1 was significantly associated with a 0.57 mmHg increase (95% CI = 0.31-0.83) and a 0.19 mmHg increase (95% CI = 0.03-0.35) in SBP and DBP, respectively, and a 5% (OR=1.05; 95% CI = 1.01-1.10) higher odds for prevalent hypertension (Table 3). Similar associations were observed for PM2.5. Specifically, a 10-μg/m3 increase in PM2.5 was significantly associated with a 0.25 (95% CI = 0.07-0.43) mmHg increase in SBP, a 0.09 (95% CI = -0.02-0.20) mmHg increase in DBP, and a borderline increase of 3% (OR = 1.03; 95% CI = 1.00-1.07) in odds for hypertension. No association was observed for PM1-2.5. The above associations were not materially changed in sensitivity analyses where participants reported taking anti-hypertensive medicines (Table S2), or when those with cardiovascular diseases were excluded (Table S3). Also, the estimated associations remained unchanged in the additionally adjusted models (Table S4) and when expressing PM1 and PM2.5 effects per change in interquartile range (IQR) (data not shown). 
3.4. Stratified analysis for PM1 and blood pressure and hypertension
In stratified analyses, we observed that the associations of PM1 with blood pressure and hypertension seemed to be stronger in women, non-smokers, non-drinkers, participants with lower income levels, and those who exercised more frequently, compared to their counterparts (Tables 4 and 5). However, none of the above interactions were statistically significant (Tables 4 and 5). 
4. Discussion
4.1. Key findings
In this large population-based study, we observed positive associations between PM1 and PM2.5 and blood pressure and hypertension, whereas no significant association was detected for PM1-2.5. The results suggest that the estimated pro-hypertensive effects attributable to PM2.5 may come from PM1.
4.2. Comparison with other studies and interpretation
In a systematic literature search, we only found one study that investigated health effects of PM1 on blood pressure. However, the study investigated indoor short-term exposure to PM1 and blood pressure, and, contrary to our results, no significant association was detected (Rumchev et al., 2018). Despite this, there have been 11 studies that investigated pro-hypertensive effects of short-term exposure to ultrafine particles (PM0.1) (Chuang et al., 2005; Chung et al., 2015; Delfino et al., 2010; Gong et al., 2014; Hoffmann et al., 2012; Ibald-Mulli et al., 2004; Kubesch et al., 2015; Liu et al., 2014; Olsen et al., 2014; Rich et al., 2012; Weichenthal et al., 2014). PM0.1 makes up a large number concentration of PM1 (Nel et al., 2006; Sioutas et al., 2005) and could directly translocate into the circulatory system (Oberdörster et al., 2005). A recent review by Magalhaes et al. (2018) concluded that the overall evidence suggests a small positive relationship for PM0.1 exposure with SBP but it is mixed for DBP. These findings are consistent with our current results although our exposure assessment strategy did not allow us to predict PM0.1 concentrations. Two previous epidemiological studies of PM1 exposure and cardiovascular outcomes reported results consistent with ours (Lin et al., 2016; Perez et al., 2009). Specifically, in a time-series study of Chinese southerners, Lin et al. (2016) found that a 28.8 μg/m3 increase in 3 days lagged PM1 concentration was significantly associated with a 6.5% excess risk of cardiovascular mortality. Similarly, in a case-crossover study in Spain, Perez et al. (2009) reported a positive association between PM1 exposure and cardiovascular mortality. Collectively, there is scarce evidence available to assess the association between PM1 exposure and blood pressure, which limited our ability to interpret the current findings. Whereas the aforementioned findings from short-term PM0.1 or PM1 exposure studies may support potential biological pathways for long-term exposure to some extent, changes in blood pressure that are associated with short-term exposures may be reversible. Thus, future well-designed long-term exposure studies are necessary to validate our findings.
Unlike PM1, many studies have explored the associations between PM2.5 and blood pressure, although the results were inconsistent. Recently, we performed a comprehensive meta-analysis on the study topic, in which 36, 37, and 20 individual studies evaluated associations of long-term PM2.5 pollution with SBP, DBP, and hypertension (prevalence or incidence), respectively (Yang et al., 2018a). The pooled results showed that a 10-μg/m3 PM2.5 increase was associated with an increase of 0.37 (95% CI: -0.65 to 1.39) mmHg in SBP, 0.47 (95% CI: 0.12 to 0.82) mmHg in DBP, and a 1.05-fold (95% CI: 1.01 to 1.09) higher odds for hypertension (Yang et al., 2018a). These pooled results were generally consistent with our current findings, suggesting a significant, but modest association between PM2.5 and blood pressure.
An important finding of the current study is that blood pressure was associated with both PM1 and PM2.5, whereas no association was observed for PM1-2.5. From these observations, we would speculate that most of the observed pro-hypertensive effects of PM2.5 may come from PM1. Our findings are consistent with previous studies that concluded that smaller particles may be more important in causing adverse health effects than bigger particles (Chen et al., 2017; Lin et al., 2016). For example, Lin et al. (2016) found that cardiovascular mortality was significantly associated with short-term PM10, PM2.5, and PM1, but not with PM2.5-10 and PM1-2.5 in Southern China. They therefore speculated that the observed PM2.5 effects on cardiovascular mortality might be due to PM1. Similarly, our previous national study conducted in 26 Chinese cities also found that short-term PM1 and PM2.5 were positively associated with emergency hospital visits, but no association was found for PM1-2.5 (Chen et al., 2017). Most anthropogenic pollution sources generate PM1 through combustion processes (e.g., fossil fuel, coal and biomass combustion) (Jaiprakash et al., 2017). Our study was carried out in three highly industrialized cities, and the mean PM1/PM2.5 ratio was as high as 80.7%. Thus, our findings may be explained by the fact that PM1 constitutes the majority of PM2.5. This also implies that in many other places, such as highly urbanized developed countries, the epidemiology of PM2.5 may be in fact of PM1. However, this was rarely demonstrated because of scarcity of PM1 data. Therefore, our current study provides a new insight into exposure and risk assessment of ambient particles.
4.3. Potential mechanisms
Mechanistic studies suggest that ambient PM exposure may increase blood pressure via triggering the autonomic nervous system to favor sympathetic over parasympathetic tone, inducing systemic inflammation and oxidative stress, eliciting endothelial dysfunction, and causing epigenetic abnormalities (Bellavia et al., 2013; Brook et al., 2010; Miller, 2014). The PM size is an important factor in causing health effects. Compared with larger particles (e.g., PM2.5 and PM10), smaller particles like PM1, have a higher surface area to mass ratio and thus could more easily go into the systemic circulation, thus exerting hazardous effects on the human body (Brown et al., 2001; Chuang et al., 2005; Valavanidis et al., 2008). In addition, PM1 often contains more toxic constituents, such as transition metals and organic compounds (Ravindra et al., 2008), which are able to cause pro-inflammatory responses and alter epigenetic status (Giorgini et al., 2016). These proposed mechanisms are consistent with the findings observed in our study, and with our inference that the observed pro-hypertensive PM2.5 effects may come from PM1, especially considering that PM1 makes up a majority of PM2.5..
4.4. Strengths and limitations
Two of the key strengths of this study were its selection of participants randomly, and the large sample size with a high response rate. Additionally, a series of sensitivity analyses demonstrated that our estimates were robust.
However, our findings should be understood in light of their limitations. First, no temporal relationship could be inferred due to the cross-sectional nature of the study. Second, although a spatial statistical model with high precision was used to predict air pollutant concentrations, we did not have access to personal addresses, but rather to community centroids. Thus, we only had 33 unique air pollution values for 24,845 participants, which might have resulted in exposure measurement error. However, prior evidence has shown that such measurement error usually biases the effect estimates to null (Hutcheon et al., 2010). In other words, if we had air pollution data at an individual level, the estimated effects would have been higher than those estimated in the present study. In addition, we estimated PM1-2.5 levels as the difference of PM1 from PM2.5. This approach may have propagated measurement errors from the individual components introducing bias to the null hypothesis and a less accurate estimate of the effect. Third, although we adjusted for the most likely confounding variables in our analysis, we cannot rule out a possible bias from unmeasured confounding due to unconsidered factors, such as availability/accessibility of healthcare services, neighborhood walkability, noise, and indoor air pollution. In addition, we had data on smoking status, but not smoking quantity, which may lead to residual confounding. Finally, we only measured blood pressure levels at one point in time. In addition, the “white coat effect” may have occurred as nurses measured blood pressure at clinics.
5. Conclusions
Long-term exposures to PM1 and PM2.5 were positively associated with blood pressure and hypertension prevalence. In addition, the observed pro-hypertensive PM2.5 effects may come primarily from PM1. However, given the present study’s limitations, future research should use study designs, such as longitudinal studies, that are better able to assess causal relationships. 
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Figure legends
Fig.1. Map of study locations and PM1 concentrations (A: Liaoning province; B: Shenyang; C: Anshan; D: Jinzhou)
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Fig. 2. Associations between 10-μg/m3 increase in air pollutants and blood pressure metrics. A: systolic blood pressure; B: diastolic blood pressure; C: hypertension. The associations were adjusted by age, sex, ethnicity, education, smoking status, and regular exercise, 7-day average air pollutants levels before blood pressure measurement, season when blood pressure measurements were taken, and district-level gross domestic product.
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Table 1 Main characteristics of study participants (n = 24,845)
	
	Total
	Hypertension 
	Non-hypertension 
	

	Characteristics
	(n = 24,845)
	(n = 8657)
	(n =16,188)
	p-value

	Age, mean ± SD, years
	45.59 ± 13.31
	51.74 ± 12.10
	42.31 ± 12.75
	<0.0001

	Sex, n (%)
	
	
	
	<0.0001

	Male
	12,661 (51.0)
	5144 (59.4)
	7517 (46.4)
	

	Female
	12,184 (49.0)
	3513 (40.6)
	8671 (53.6)
	

	Ethnicity
	
	
	
	<0.0001

	Han
	23,470 (94.5)
	8291 (95.8)
	15,179 (93.8)
	

	Others
	1375 (5.5)
	366 (4.2)
	1009 (6.2)
	

	Education, n (%)
	
	
	
	<0.0001

	  No school
	991 (4.0)
	452 (5.2)
	539 (3.3)
	

	  Primary school
	3446 (13.9)
	1489 (17.2)
	1957 (12.1)
	

	  Middle school
	14,933 (60.1)
	5263 (60.8)
	9670 (59.7)
	

	  Junior college or higher
	5475 (22.0)
	1453 (16.8)
	4022 (24.9)
	

	Household income/year, n 
	
	
	
	<0.0001

	(%)
	
	
	
	

	  ≤5000 Yuan
	2224 (9.0)
	872 (10.1)
	1352 (8.4)
	

	  5001-10,000 Yuan
	3537 (14.2)
	1284 (14.8)
	2253 (13.9)
	

	  10,001-30,000 Yuan
	12,348 (49.7)
	4230 (48.9)
	8118 (50.2)
	

	  ≥30 000 Yuan
	6736 (27.1)
	2271 (26.2)
	4465 (27.6)
	

	Smoking status, n (%)
	
	
	
	0.0052

	  Non-smoker
	17,543 (70.6)
	6017 (69.5)
	11,526 (71.2)
	

	  Smoker
	7302 (29.4)
	2640 (30.5)
	4662 (28.8)
	

	Alcohol consumption, n (%)
	
	
	
	<0.0001

	  Non-consumer
	19,082 (76.8)
	6274 (72.5)
	12,808 (79.1)
	

	  Consumer
	5763 (23.2)
	2383 (27.5)
	3380 (20.9)
	

	Regular exercise, n (%)
	
	
	
	<0.0001

	  Yes
	17,198 (69.2)
	5486 (63.4)
	11,712 (72.3)
	

	  No
	7647 (30.8)
	3171 (36.6)
	4476 (27.7)
	

	Controlled diet of low

calories and low fat, n (%)
	
	
	
	0.3912

	  Yes
	6188 (24.9)
	2184 (25.2)
	4004 (24.7)
	

	  No
	18,657 (75.1)
	6473 (74.8)
	12,184 (75.3)
	

	Sugar-sweetened soft 
	
	
	
	

	drink intake, n (%)
	
	
	
	<0.0001

	  ≥5 day per week
	932 (3.7)
	289 (3.3)
	643 (4.0)
	

	  2-4 days per week
	1974 (8.0)
	400 (4.6)
	1574 (9.7)
	

	  ≤1 days per week
	21,939 (88.3)
	7968 (92.1)
	13,971 (86.3)
	

	Family history of
	
	
	
	

	hypertension
	
	
	
	<0.0001

	  Yes
	9233 (37.2)
	4095 (47.3)
	5138 (31.7)
	

	  No
	15,612 (62.8)
	4562 (52.7)
	11,050 (68.3)
	

	BMI (kg/m2)
	24.40 ± 3.70
	26.07 ± 3.69
	23.51 ± 3.29
	<0.0001

	SBP, mean ± SD, mmHg
	127.28 ± 20.81
	148.24 ± 18.01
	116.05 ± 11.39
	0.0001

	DBP, mean ±SD, mmHg
	81.42 ± 11.99
	92.62 ± 10.70
	75.41 ± 7.48
	0.0001


Abbreviations: BMI, body mass index; DBP, diastolic blood pressure; SBP, systolic blood pressure; SD, standard deviation.

Table 2 Distribution of three-year (2006-08) average concentrations of air pollutants

	
	Mean ± SD
	Median (Q1 - Q3)
	IQR
	Range

	PM1 (μg/m3)
	66.0 ± 10.7
	62 (61-76)
	15
	50-82

	PM2.5 (μg/m3)a
	82.0 ± 14.8
	73 (71-97)
	26
	64-104

	PM1-2.5 (μg/m3)
	16.0 ± 4.8
	14 (11-21)
	10
	10-22


Abbreviations: IQR, interquartile range (calculated by subtracting the 25th percentile from the 75th percentile); PM1, particle with aerodynamic diameter ≤1.0 µm; PM1-2.5, particle with aerodynamic diameter ranges from 1 to 2.5 µm; PM2.5, particle with aerodynamic diameter ≤2.5 µm; Q1, the 25th percentile; Q3, the 75th percentile, SD, standard deviation.
aWHO Guideline for PM2.5 is 10 μg/m3.

Table 3 Associations between 10-μg/m3 increase in air pollutants and blood pressure and hypertension (n = 24,845)
	
	SBP
	
	
	DBP
	
	
	Hypertension
	

	Air pollutants
	β (95% CI)a
	P value
	
	β (95% CI)a
	P value
	
	OR (95% CI)a
	P value

	PM1
	0.57 (0.31, 0.83)
	<0.0001
	
	0.19 (0.03, 0.35)
	0.0192
	
	1.05 (1.01, 1.10)
	0.0208

	PM2.5
	0.25 (0.07, 0.43)
	0.0073
	
	0.09 (-0.02, 0.20)
	0.0923
	
	1.03 (1.00, 1.07)
	0.0758

	PM1-2.5
	-0.24 (-0.78, 0.29)
	0.3725
	
	0.03 (-0.30, 0.35)
	0.8708
	
	1.02 (0.89, 1.17)
	0.7549


Abbreviations: β, regression coefficient; CI, confidence interval; DBP, diastolic blood pressure; OR, odds ratio; PM1, particles with aerodynamic diameter ≤1.0 µm; PM1-2.5, particles with aerodynamic diameter range from 1 to 2.5 µm; PM2.5, particles with aerodynamic diameter ≤2.5 µm; SBP, systolic blood pressure.
aAdjusted for age, sex, ethnicity, education, smoking status, and regular exercise, 7-day average air pollutants levels before blood pressure measurement, season when blood pressure measurements were taken, and district-level gross domestic product.

Table 4 Associations between 10-μg/m3 increase in PM1 concentration and blood pressure by potential modifiers
	
	SBP
	
	
	
	DBP
	
	

	Variables
	β (95% CI)
	Interaction, β (95% CI)
	Pinteraction
	
	β (95% CI)
	Interaction, β (95% CI)
	Pinteraction

	Sex
	
	0.42 (-0.01, 0.83)
	0.0517
	
	
	0.20 (-0.06, 0.45)
	0.1293

	Men
	0.32 (-0.03, 0.67)a
	
	
	
	0.09 (-0.14, 0.31)
	
	

	Women
	0.76 (0.38, 1.15)a
	
	
	
	0.29 (0.06, 0.51)
	
	

	Age
	
	-0.02 (-0.47, 0.43)
	0.9313
	
	
	-0.04 (-0.30, 0.22)
	0.7640

	<65 years
	0.37 (0.03, 0.70)b
	
	
	
	0.05 (-0.20, 0.29)
	
	

	≥65 years
	0.61 (0.24, 0.98)b
	
	
	
	0.20 (-0.01, 0.40)
	
	

	BMI
	
	0.14 (-0.27, 0.55)
	0.5109
	
	
	0.03 (-0.21, 0.28)
	0.7873

	<25 kg/m2
	0.55 (0.23, 0.87)c
	
	
	
	0.20 (0.01, 0.39)
	
	

	≥25 kg/m2
	0.30 (-0.11, 0.71)c
	
	
	
	-0.02 (-0.26, 0.23)
	
	

	Income
	
	-0.18 (-0.66, 0.29)
	0.4518
	
	
	-0.22 (-0.51, 0.07)
	0.1436

	<10,000 Yuan
	0.76 (0.17, 1.35)c
	
	
	
	0.34 (-0.05, 0.68)
	
	

	  ≥10,000 Yuan
	0.49 (0.20, 0.78)c
	
	
	
	0.12 (-0.06, 0.30)
	
	

	Smoking status
	
	-0.31 (-0.76, 0.14)
	0.1765
	
	
	-0.12 (-0.40, 0.16)
	0.3886

	Non-smoker
	0.70 (0.39, 1.02)d
	
	
	
	0.24 (0.06, 0.43)
	
	

	Smoker
	0.17 (-0.29, 0.64)d
	
	
	
	0.18 (0.01, 0.36)
	
	

	Alcohol consumption
	
	-0.46 (-0.95, 0.04)
	0.0684
	
	
	-0.05 (-0.35, 0.25)
	0.7419

	Non-drinker
	0.68 (0.38, 0.98)c
	
	
	
	0.18 (0.01, 0.36)
	
	

	Drinker
	0.11 (-0.42, 0.63)c
	
	
	
	0.15 (-0.20, 0.49)
	
	

	Regular exercise
	
	0.35 (-0.11, 0.80)
	0.1360
	
	
	-0.02 (-0.30, 0.25)
	0.8792

	No
	0.44 (0.13, 0.75)e
	
	
	
	0.18 (-0.01, 0.37)
	
	

	Yes
	0.91 (0.43, 1.41)e
	
	
	
	0.24 (-0.05, 0.52)
	
	


Abbreviations: β, regression coefficient; BMI, body mass index; CI, confidence interval; DBP, diastolic blood pressure; PM1, particle with aerodynamic diameter ≤1.0 µm; PM2.5, particle with aerodynamic diameter ≤2.5 µm; PM1-2.5, particle with aerodynamic diameter ranges from 1 to 2.5 µm; SBP, systolic blood pressure.
aAdjusted for age, sex, ethnicity, education, smoking status, and regular exercise, 7-day average air pollutants levels before blood pressure measurement, season when blood pressure measurements were taken, and district-level gross domestic product.

Table 5 Association between 10-μg/m3 increase in PM1 concentration and hypertension prevalence by potential modifiers
	Variables
	OR (95% CI)
	RERI (95% CI)

	Sexa
	
	0.23 (0.03, 0.43)f

	Men
	1.03 (0.95, 1.12)
	

	Women
	1.09 (0.99, 1.20)
	

	Ageb
	
	-0.07 (-0.15, 0.01)

	<65 years
	1.05 (0.99, 1.12)
	

	≥65 years
	1.05 (1.00, 1.10)
	

	BMIc
	
	-0.05 (-0.14, 0.04)

	<25 kg/m2
	1.06 (1.01, 1.10)
	

	≥25 kg/m2
	1.00 (0.96, 1.05)
	

	Incomec
	
	-0.03 (-0.16, 0.10)

	<10,000 Yuan
	1.06 (1.00, 1.12)
	

	  ≥10,000 Yuan
	1.05 (1.01, 1.09)
	

	Smoking statusd
	
	0.08 (-0.05, 0.21)

	Non-smoker
	1.07 (0.98, 1.17)
	

	Smoker
	1.04 (0.95, 1.15)
	

	Alcohol consumptionc
	
	-0.04 (-0.17, 0.09)

	Non-drinker
	1.05 (1.01, 1.10)
	

	Drinker
	1.04 (0.98, 1.10)
	

	Regular exercisee
	
	0.08 (-0.02, 0.18)

	No
	1.05 (1.01, 1.10)
	

	Yes
	1.05 (0.99, 1.11)
	


Abbreviations: AP, attributable proportion; CI, confidence interval; OR, odds ratio; PM1, particle with aerodynamic diameter ≤1.0 µm; PM2.5, particle with aerodynamic diameter ≤2.5 µm; PM1-2.5, particle with aerodynamic diameter ranges from 1 to 2.5 µm; RERI, relative excess risk due to interaction; S, synergy index.
aAdjusted for age, ethnicity, education, smoking status, regular exercise, 7-day average air pollutants levels before blood pressure measurement, season when blood pressure measurements were taken, and district-level gross domestic product.

bAdjusted for sex, ethnicity, education, smoking status, regular exercise, 7-day average air pollutants levels before blood pressure measurement, season when blood pressure measurements were taken, and district-level gross domestic product.

cAdjusted for age, sex, ethnicity, education, smoking status, regular exercise, 7-day average air pollutants levels before blood pressure measurement, district when blood pressure measurements were taken, and area-level gross domestic product.

dAdjusted for age, sex, ethnicity, education, regular exercise, 7-day average air pollutants levels before blood pressure measurement, season when blood pressure measurements were taken, and district-level gross domestic product.

eAdjusted for age, sex, ethnicity, education, smoking status, 7-day average air pollutants levels before blood pressure measurement, season when blood pressure measurements were taken, and district-level gross domestic product.

fInteraction was statistically significant.
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