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ABSTRACT

Plenty of recent studies on the impact of air pollution on blood pressure (BP) exist; however, there is a lack of
data for the highly polluted Eastern Mediterranean region. We evaluated the associations of short-term exposure
to air pollutants with systolic BP (SBP) and diastolic BP (DBP) and the long-term impact of air pollutants on
incident hypertension, among Tehranian adults. In the Tehran Lipid and Glucose Study, 4580 nonhypertensive
participants aged 20-69 years (41.6% male) were followed from 2001 to 2018 through 3-year follow-ups and
4-5 examinations of them were recorded. The air pollutants included particulate matter with a diameter <10 pm
(PM;), carbon monoxide (CO), ozone (O3), nitrogen dioxide (NO2), and sulfur dioxide (SO2). The mixed-effects
transition model estimated the air pollution impact on BP. The proportional hazards Weibull model measured the
long-term effects of air pollutants on the multivariate hazard of incident hypertension. The air pollutants were
put in the models in the form of mean annual level, applying three versions of 1, 2, and 3 years before the follow-
ups. During a median follow-up of 12.3 years, 1618 cases of hypertension were found. In the short-term, increase
in CO did not affect SBP but decreased DBP with a delay effect lasting for 14 days; increase in NO; raised SBP
with a 14-day lag, however did not change DBP; increase in O3 reduced SBP with a 14-day lag but made slight
non-significant increase in DBP; rise in PM; concentrations led to increased SBP (lag 0-3 days) and DBP with
lags of 0-3 days and 12-14 days and increase in SO made the largest increases in DBP with lags lasting for 14
days, but did not affect SBP. Regarding incident hypertension in the long-term, the increase in CO had no sig-
nificant effect; increase in NO; decreased the risk over the 2- and 3-year time spans; rise in O3, PMj(, and SOy
levels increased the risk in all time spans; the largest hazard ratio [1.96 (95% CI: 1.48, 2.62)] for incident hy-
pertension was attributable to PM; in 3 years. Considering the major effects of air pollutants including O3, SOo,
and especially PM; on incident hypertension, urgent public health policies should be implemented to reduce the
burden of air pollution in metropolitan city of Tehran.

1. Introduction

countries. Nowadays, many individuals throughout the world including
a high proportion of population living in the Eastern Mediterranean

Hypertension plays causal role in a broad spectrum of cardiovascular
and renal diseases and is one of the leading causes of the global burden
of diseases (Lackland and Weber, 2015; Lim et al., 2012). According to
the recent studies, hypertension is no longer restricted to developed

region (EMR) suffer from hypertension and its consequences (Bromfield
and Muntner, 2013; Turk-Adawi et al., 2018). Among Tehranian adults,
the prevalence of hypertension is 47.1% and 20.4% according to
American College of Cardiology/American Heart Association
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(ACC/AHA) and JNC7 guidelines’ definitions, respectively (Asgari et al.,
2019). Moreover, we demonstrated that hypertension has a population
attributable fraction of approximately 21% and 17% for cardiovascular
diseases and all-cause mortality, respectively (Sardarinia et al., 2016).
Hence, there is a mounting imperative to identify, control, and if
possible mitigate predisposing factors for hypertension.

Numerous studies have confirmed the key role of sodium intake,
obesity, sex, aging, lack of activity, diabetes and smoking in the hy-
pertension incidence (Sun et al., 2017). Environmental factors particu-
larly air pollution, have been at the center of focus of several recent
studies (Brook et al., 2011). A growing number of studies over the past
decade have found out that exposure to several air pollutants can affect
blood pressure (BP). A comprehensive systematic review and
meta-analysis conducted by Yang et al. demonstrated that long-term
exposure to particulate matter <2.5 pm in diameter (PMys) is associ-
ated with hypertension and exposures to particulate matter <10 pm in
diameter (PM;(), and nitrogen dioxide (NO,) are associated with dia-
stolic blood pressure (DBP). Moreover, similar associations were found
between short-term exposure to PM;y, PMy 5, NO,, and sulfur dioxide
(SO3) with hypertension, PMy 5 and SO5 with systolic blood pressure
(SBP), and PM; o, PM3 5, NO,, and SO, with DBP. However, the included
studies were mostly conducted in European countries and China, an
issue reported as a significant source of heterogeneity. There remains a
paucity of data from other heavily-polluted and highly populated re-
gions such as countries located in the EMR (Yang et al., 2018).

Although the level of air pollution and burden of high BP are greater
in low- and middle-income countries (Balakrishnan et al., 2019), most
prior studies have been conducted in high-income ones (Szyszkowicz
et al., 2012; Wellenius et al., 2012). More importantly, as a result of
differences in ethnicity (e.g., genetics), lifestyle, diet, and environmental
exposures, the findings of studies from high-income countries cannot be
necessarily extrapolated to low- and middle-income countries (Su et al.,
2011; Yang et al., 2018). Therefore, conducting epidemiological studies
in these regions is beneficial to clarify the effects of higher concentra-
tions of air pollution on BP and to inform about the entire global burden
of disease of air pollution.

Tehran, the capital of Iran, is the 19th largest city in the world and
like other large cities is confronting heavy burden of air pollution mainly
originating from motor vehicles. The major pollutants are PM;jq, SO2,
NO,, ozone (O3), hydrocarbon, and carbon monoxide (CO) (Hossein-
poor et al., 2005; Naddafi et al., 2012). As far as we are aware, no prior
study has evaluated the effects of air pollution on BP in the EMR region.
Therefore, we designed a study with the aim of examining the associa-
tions of short-term exposure to several air pollutants including PM;,
SO2, NOy, CO, and O3 with BP (including SBP and DBP) as well as their
long-term exposure with incident hypertension in Tehranian adults
during 2001-2018.

2. Materials and methods
2.1. Study design and population

The Tehran Lipid and Glucose Study (TLGS) is a prospective cohort
study initiated in 1999, designed to investigate cardiovascular diseases
(CVD) risk factors among a representative sample of Tehran (Azizi et al.,
2009; Khalili et al., 2018). TLGS recruitment contained two stages, the
first one from Jan 1999 until Jul 2001, and the second recruitment stage
in the period of Oct 2001-Sep 2005. Upon entering the study (phase 1),
five more examinations (phases 2 to 6), approximately every 3 years,
have been conducted until April 2018.

Due to the scarcity of the air pollution data over the TLGS recruit-
ment period, the TLGS second phase was chosen as the baseline in the
present study with 7698 participants aged 20-69 years. Exclusions
included those with prevalent hypertension at the baseline (n = 1327)
and those having body mass indexes (BMI) <18.5 or >50 kg/m2 (n =
513), leaving 5858 participants. Besides, 1278 individuals were
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excluded due to having <4 out of five possible examinations, remaining
4580 individuals for data analysis. Comparison of the baseline charac-
teristics of these two groups (1278 vs. 4580) is presented in Supple-
mentary Table 1. All participants signed written informed consent. The
Ethics Committee of Shahid Beheshti University of Medical Sciences
studied and confirmed this investigation (IR.SBMU.RETECH.
REC.1399.230).

2.2. Clinical and laboratory measurements

A skilled interviewer obtained information concerning demographic
characteristics, family history of cardiovascular disease, history of
medications, and smoking habits using a standard questionnaire.
Detailed information regarding anthropometric ~measurements
including BMI, waist circumference (WC), BP measurements as well as
laboratory measurements were reported elsewhere. Specifically, for BP
measurement, after 15 min of rest in sitting position, SBP and DBP were
measured using a standardize mercury sphygmomanometer on the right
arm. The first and fifth Korotkoff sounds were considered as SBP and
DBP, respectively (Azizi et al., 2002).

2.3. Definition of terms

Hypertension was defined as SBP >140 and/or DBP >90 mmHg or
using anti-hypertensive medication. BMI was defined as weight (kg)/
height (m?). Current and past smokers were defined as ever-smokers. A
person was considered to have type 2 diabetes if declared to be on
glucose lowering medications or having fasting plasma glucose (FPG)
>126 mg/dL.

2.4. Exposures

The air pollution indices constituted the covariates of interest. The
data were obtained from the Tehran air quality control website (Teh-
ranAQI), a data source which reports the daily measurements of six chief
urban air pollutants: PM; g, PM; 5, SO2, CO, NO,, and O3. These items are
measured hourly by 23 stations, located in various parts of the Tehran
municipality, using the Beta Attenuation Monitoring technique, ultra-
violet (UV) fluorescence, infrared absorption, chemiluminescent reac-
tion, and UV-spectrophotometry methods, respectively; their daily
averages were utilized in the analyses. The measurement unit was
mg/m? for CO, and pg/m?> for the other five indices. The Tehran’s air
pollution has been monitored since 1999; thus, mentioned air pollutants
have been measured through the TLGS follow-up years except for the
PM; 5 which was not measured before 2010. These air pollution data
have been validated independently in two studies (Shamsipour et al.,
2014; Yousefian et al., 2020).

Likewise, during the study follow-up years (i.e. 2001-2018), daily
temperatures of Tehran were measured by four stations situated in
Tehran metropolitan area and the stations’ averages were used in the
analyses. These data were provided from the national oceanic and at-
mospheric administration (United States department of commerce)
website (NOAA).

2.5. Statistical analysis

First, in the short-term analysis, the impact of air pollution on two
response variables (SBP and DBP) was assessed. These longitudinal
measures contained two distinct sources of diffusion including between
individual differences and the impact of previous responses on the
proceeding ones. The analytical model capable of considering both of
these sources is known as the mixed-effects transition (MET) model
(Funatogawa and Funatogawa, 2012). The model could be displayed as
follows:

Yit :ﬂo + B, Air pollution + by + YYii-1 + Eir
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In the model, y represents either of the two responses, the i and t
subscripts correspond to individuals and measurement times, respec-
tively, by is the random intercept capturing the inter-individual het-
erogeneity, y measures the effect of the lagged response, and ¢ is the
random error. The study participants had at least four separate BP levels
measured every 3 years during follow-up and the exposures were related
to BP at each time point.

The air pollutants, CO, O3, PM;o, NO;, and SO, were each put in the
model, separately; the limited measurement of PMy 5 prevented it from
being used in the longitudinal analysis. The air pollutants effects were
assessed on the same-day and going back for 14-day lags. Besides fitting
the model in this crude form, the potential confounders including tem-
perature (°C), age, sex (male/female), BMI (kg/mz), WC (cm), diabetes
(yes/no), anti-hypertensive drug use (yes/no), and being ever-smoker
(yes/no) (Sun et al., 2017) were considered in the adjusted model. To
facilitate the model fitting process, all right-hand side terms were put in
the model in a centered form.

Fitting the MET model using any of the standard mixed-effects
packages would produce inconsistent regression coefficients because
of ignoring the correlation between the lagged response and the random
intercept. This difficulty is known as the initial conditions problem
(Crouchley and Davies, 2001). A few solutions are proposed for this
problem; we used the instrumental-variable estimation approach sug-
gested by Arellano and Bond (1991) (Arellano and Bond, 1991) to obtain
valid estimates.

The second analysis measured the long-term effects of air pollutants
on the hazard of incident hypertension through fitting the proportional
hazards Weibull models. Hazard ratios (HRs) were computed for every
10-unit increment in each of the air pollutants excluding CO considering
its relatively narrow range, in which the risk was estimated for every 1-
unit increment. The participants were followed until the hypertension
incidence, death or the end of follow-up. As the measurements were
done in almost 3-year time spans, the exact time of incidence was un-
known; hence, the interval censoring was reflected in the modeling to
capture this phenomenon and the parametric model of Weibull was
used. The models were fitted both crudely and adjusted for temperature
(-C), age, sex (male/female), BMI (kg/mz), WC (cm), diabetes (yes/no),
and being ever-smoker (yes/no), just as the first analysis. The air pol-
lutants and temperature were put in the models in the form of mean
annual level, applying three versions of 1, 2, and 3 years before the
follow-ups.

The analyses were performed using the Stata software version 15.
The significance level is chosen to be 0.05.

3. Results

The study sample consisted of 4580 nonhypertensive participants
(male = 1904) aged 20-69 years at baseline. Table 1 presents a
description of the response variables and the assessed confounders at the
baseline; Table 2 shows the exposures distribution during the study
period. The Spearman correlations between the air pollution indices are

Table 1
Baseline characteristics of the study population (Tehran Lipid and Glucose
Study).

Variable Mean (SD) or number (%)

40.8 (12.3)
1904 (41.6%)
912 (19.9%)
265 (5.8%)

Age (years)

Sex (male)
Ever-smoker (yes)
Diabetes (yes)

Body mass index (kg/m?) 27.3 (4.4)
Waist circumference (cm) 90.4 (11.8)
Systolic blood pressure (mmHg) 110.6 (12.0)
Diastolic blood pressure (mmHg) 72.4 (8.4)

Values are presented as mean (SD) or number (%).
SD, standard deviation.
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described in Table 3. Among the five pollutants, negative associations of
NO; with CO and SO, were the highest.

3.1. The short-term analysis

The amounts of changes in SBP and DBP for each 10-unit increase of
the air pollutants (1-unit for CO) in the adjusted model and in terms of
the lag effects of 0-14 days are shown in Fig. 1; supplementary Tables 2
to 11 present the corresponding results for both crude and adjusted
models.

According to Fig. 1, increase in CO did not affect SBP but decreased
DBP with delay effect lasting for 14 days; increase in NO, was accom-
panied by raised SBP with a lag of 0-14 days and no change in DBP;
increase in Os reduced SBP with the lag of 0-14 days but made slight
non-significant increase in DBP; rise in PM;( concentrations led to in-
crease of SBP (lag 0-3 days) and DBP with lags of 0-3 and 12-14 days
and most interestingly, increase in SOy was associated with the largest
increases in DBP with lags lasting for 14 days and no change in SBP.
Among the adjusted covariates, age and BMI were always associated
with significantly increased levels of BP (data not shown).

3.2. The long-term analysis

During a median follow-up of 12.3 (interquartile range of 10.9-13.3)
years, 1618 cases of incident hypertension were found. The adjusted
HRs of hypertension for each 10-unit increase of the air pollutants (1-
unit for CO) in three different time windows of 1, 2, and 3 years are
shown in Fig. 2. Supplementary Table 12 details the equivalent results
for both crude and adjusted models.

As Fig. 2 shows, for incident hypertension, the increase in CO had no
significant effect; increase in NO, decreased the risk over the 2- and 3-
year time spans and rise in O3, PMj(, and SO, levels increased the risk
over the 1-, 2-, and 3-year time spans. The largest HR [1.96 (95% CIL:
1.48-2.62) for incident hypertension was attributable to PMjq in 3
years. Among the adjusted covariates, age, BMI, WC, and diabetes were
associated with significantly higher risk of incident hypertension (data
not shown).

4. Discussion

In this population-based study from the EMR region over nearly two
decades of follow-up, we investigated the short- and long-term effects of
five major air pollutants on BP among residents of the Tehran metro-
politan area considering well-known hypertension confounders. In the
short-term, throughout the 14-day lag, NO, and O3 had positive and
negative significant associations with SBP, respectively, and SO5 and CO
had positive and negative associations with DBP, respectively. More-
over, the positive associations between PM;, and SBP and DBP were
observed in several lag days. Likewise, long-term exposure to Os, PM;,
and SOy increased the risk of hypertension in all three years; 2-year and
3-year exposures to NO, decreased the hypertension risk significantly.

4.1. PMyo

In the current study, generally, in the short-term, increase in PM;
levels had no significant association with SBP but positive associations
with DBP in 8 out of 14 lag days, findings in accordance with a recent
meta-analysis showing no association between the short-term exposure
of PM; and the level of SBP and a positive association with DBP. It is of
importance to note that the association between PM;o and DBP was
highly heterogeneous (Yang et al., 2018). Exposure to PM significantly
increased the risk of hypertension in all three years. In the Yang et al.
study, although the overall association between PM;o and hypertension
was not significant, a significant relationship was found in studies with
high air pollution values (Yang et al., 2018), an issue justifying signifi-
cant associations which we found among residents of Tehran, a highly
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Table 2
The distribution of exposures in Tehran during the study period 2001-2018.
Descriptive statistics Percentiles
Mean SD Min Max IQR 1 5 25 50 75 95 99
PM;o (pg/m3) 62.9 19.2 5 278 22 29 37 51 61 73 95 120
SO, (ng/m®) 34.4 12.5 5 108 17 10 16 25 33 42 56 72
NO, (pg/m%) 41.0 21.4 6 110 36 11 14 22 35 58 78 92
Cco (mg/m3) 3.5 1.5 1 30 1.5 1.7 1.9 2.5 3 4 6 8
O3 (pg/mS) 35.2 18.4 2 130 22 7 12 22 32 44 69 99
polluted city (Hosseinpoor et al., 2005).
Table 3
Spearman correlation between PM;,, SOz, NO2, CO, and.O3
4.2. CO
PMio SO, NO; CO O3
PM;, 1 CO is produced from incomplete combustion of fossil fuels. In our
SO, 0.19* 1 study, short-term exposure to CO was associated with non-significant
NO, 0.21* —0.27* 1 increase in SBP. A panel study has reported similar positive associa-
co 0.15*% 0.34*% —0.42* 1 tion which was significant only in lags 0 and 4 (de Paula Santos et al.,
03 0.13* —-0.02 0.02 —0.21% 1 2005). Moreover, we demonstrated short-term CO exposure was asso-

* P-value<0.05.

1) Change in SBP, for a 1-unit increase of CO

ciated with lower DPB in all lag days. A randomized crossover study
showed non-significant positive and negative associations between CO
and DBP in lags 0 and 1, respectively (Liu et al., 2014).

In the long-term, we found a signal for the lower risk of hypertension

2) Change in DBP, for a 1-unit increase of CO
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Fig. 1. Changes in diastolic blood pressure (DBP) and systolic blood pressure (SBP) as a function of a l—mg/m3 increase of CO and 10—pg/rr13 increase of NO,, O3, SO,
and PM;, along with their 14-day lag effects, adjusted for temperature, age, sex, body mass index, waist circumference, diabetes, anti-hypertensive drug use and

being ever-smoker.
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Fig. 2. The incident hypertension hazard ratios for 1-mg/m?® increase of CO
and 10-ug/m3 increase of NO,, O3, SO5, and PMj in three time spans of 1, 2,
and 3 years, adjusted for temperature, age, sex, body mass index, waist
circumference, diabetes, and being ever-smoker.

with CO exposure, being accompanied by the marginally significant
20% lower risk in three years. The effect of CO on BP is a matter of
debate and there are firm experimental evidences supporting its nega-
tive relationship with BP (Stec et al., 2008). Two clinical studies with
inconsistent results have assessed the long-term impact of CO on BP.
Dong et al. claimed that CO is able to significantly increase the risk of
hypertension (Dong et al., 2014); nonetheless, the other study did not
find any significant association between CO and BP (Chuang et al.,
2011).

4.3. SO2

Burning fossil fuels by industrial facilities is known as the main
source of SO (Choi et al., 2019). In the short-term analysis of the present
study, a non-statistically significant positive association between SO2
exposure and SBP and significant positive association between SO2 and
DBP in all lag days were detected. Kim et al. study in 547 elderly par-
ticipants showed that increase in the level of SO, would result in rise in
BP (Kim et al., 2016). Likewise, positive associations between SO2 and
SBP and DBP at different lag times have been reported in 9354 Chinese
children (Zeng et al., 2017).

We demonstrated significantly higher risk of long-term exposure to
SO, for hypertension in all three years. This finding has an important
public health implication considering tremendous increase in fuel con-
sumption, the main source of SO; in Iran through recent decades (Lot-
falipour et al., 2010). To our best, no cohort study has yet examined the
impact of long-term exposure of SO2 on BP. Chuang et al. did not find
any significant association between SO, and SBP and DBP (Chuang et al.,
2011); however, in a cross-sectional study, long-term exposure to SOy
had significant association with the prevalence of hypertension with the
odds of 1.33 (95% CI: 1.21-1.47) (Dong et al., 2014).

4.4. NO2

In the short-term, increased NO5 exposure was consistently associ-
ated with increasing values of SBP, but not DBP. Cakmak et al. analyzed
data of 5604 participants aged 6-79 years and found that higher level of
NO, is associated with increasing levels of SBP/DBP (Cakmak et al.,
2011); a finding in contrast to the results of the Chen et al. study
showing that increased exposure to NO, leads to a decreased SBP/DBP
(Chen et al., 2012).

In the present study, 2-year and 3-year exposures to NO, were
significantly associated with lower risk of hypertension. Similarly, in a
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cohort of African American women, it was shown that long-term expo-
sure to NOy is inversely associated with hypertension with HR of 0.92
(95% CI:0.86-0.98) (Coogan et al., 2017). In the sister study, NO, had a
negative association with DPB, whereas no association was found for
hypertension prevalence (Chan et al., 2015).

4.5. 03

The process of organic compounds oxidation produces O3 as a by-
product (Walcek et al., 1997). Based on our results, O3 was inversely
associated with SBP in all lag days. The association between O3 and DBP
was slightly positive but only significant in the 8-day lag. Previous
studies have found heterogeneous results about BP alternations in
exposure to Os. According to the Lie et al. study, SBP and DBP of patients
with sleep apnea were negatively and positively associated with Os,
respectively (Liu et al., 2016). Another study showed that elevated Os is
associated with rise in DBP, as well as apolipoprotein B and hemoglobin
A;C (Chuang et al., 2010).

In the long-term, in all three years, increase in Os values was
significantly associated with increased incidence of hypertension. In
residents of Los Angeles, rise in O3 concentrations increased the risk of
hypertension in the multivariate model [HR 1.09 (95% CI: 1,00, 1,18)]
(Coogan et al., 2017). This finding was previously replicated by several
cross-sectional studies (Chuang et al., 2010; Dong et al., 2013).

4.6. Potential mechanisms

A number of studies are dedicated to clarify the exact mechanisms
behind relationships of air pollutants and BP; nonetheless, they have not
yet fully understood. First, air pollutants are capable of provoking
oxidative stress and systematic inflammation, which in turn prompt pro-
hypertensive responses such as vascular dysfunction including impaired
vasorelaxation and heightened contractility (Brook and Rajagopalan,
2009). Second, the interaction between inhaled particles and neural
receptors located throughout the airways, may perturb autonomic ner-
vous system balance and result in vasoconstriction (Widdicombe and
Lee, 2001). Third, short-term exposure to air pollutants is associated
with increase in endothelin-1 bioactivity which can play a pivotal role in
hypertension (Peretz et al., 2008).

4.7. Implications

It has been postulated that small changes of BP even in individuals
with normal BP contribute to a higher risk of cardiovascular diseases and
mortality rate (Lim et al., 2012; Prospective, 2002). Besides, the whole
EMR region is being affected by air pollution (Organization, 2016).
Taken together with findings of the present study, air pollution, apart
from potential risk factors, can remarkably enhance the rate of cardio-
vascular events through BP rise in Tehran.

Our study has some notable strengths. Firstly, to the best of our
knowledge, the current study is the first comprehensive longitudinal
study from EMR region assessing the influences of different components
of air pollution on BP. Secondly, we examined the effects of five various
air pollutants on BP, while very few (only 5) of the 66 studies reviewed
by Yang et al. evaluated all five pollutants in the same population with
respect to BP or hypertension risk (Yang et al., 2018). However, due to
lack of data, we could not assess the relationship between PM; 5 and BP.
Thirdly, for the first time, we estimated the short- and long-term effects
of air pollution on BP in adults. While the level of adjustment for po-
tential risk factors are varying among relevant studies, we adjusted for
several well-known traditional risk factors. Finally, our study investi-
gated the association between air pollution and BP during nearly two
decades.

As a limitation, we gathered air pollution data from central moni-
toring sites, which cannot reflect the exact level of personal exposure;
hence, there is a chance that the level of personal exposure be different



A. Khajavi et al.

from central measurements mainly because of the difference in any in-
dividual’s behaviors. Additionally, this study was conducted in Tehran
metropolitan area and its results might not be generalized to the rural
zones of the country.

5. Conclusions

In this Middle-Eastern cohort, we examined the short- and long-term
impact of exposures to air pollutants on BP during a two-decade follow-
up. Considering the major effects of air pollutants including O3, SO5, and
especially PM; on incident hypertension, urgent public health policies
should be implemented to reduce the burden of air pollution in the
metropolitan city of Tehran.
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