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Abstract

Air pollution is a major environmental risk factor. There is accumulating evidence that air
pollution could induce elevated blood pressure and potentiate hypertension. Acute eleva-
tions in the outdoor air pollution levels can trigger immediate or shortly delayed increases
in arterial blood pressure. Moreover, few studies suggest that short-term increases in the
levels of particulate and gaseous pollutants could lead to an acute onset of hypertension.
Prolonged exposure to outdoor air pollution is associated with elevated blood pressure.
Furthermore, some longitudinal studies have linked long-term exposure to air pollution
with the incidence of hypertension. Various components of air pollution, such as inhalable
particulate matter (PM2.5, PM10), nitrogen oxides, sulfur dioxide, and ozone, have shown
associations with blood pressure in some studies. The hypothesized underlying mecha-
nisms include inflammatory reactions and oxidative stress in lungs and in systemic circu-
lation, imbalance of autonomous nervous system, and pathologic changes in vascular
endothelium. In addition to “traditional” susceptible groups such as elderly individuals
or patients with chronic diseases, children and pregnant women could be especially
susceptible to the adverse effects of air pollution. The interplay of air pollution with the
related environmental exposures, such as traffic noise and climate change, should be
investigated further.

Keywords: ambient air pollution, particulate matter, nitrogen oxides, ozone, sulfur
dioxide, cardiovascular effects of air pollution, high blood pressure, hypertension

1. Introduction

Atmospheric air pollution is a major environmental risk factor. It was estimated that outdoor

air pollution caused 3 million premature deaths worldwide in 2012 [1]. Air pollution is a
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heterogeneous mixture of substances, including particles and gaseous compounds, which are

not normal air constituents and can harm living organisms.

Airborne particles, or particulate matter (PM), is a heterogeneous mixture of solid and liquid

particles suspended in air [2]. PM is classified by its aerodynamic diameter, ranging from ≤0.1

micrometers (μm), which is comparable to the size of some molecules or smaller viruses, to

very large particles of >100 μm at the limit of vision [3]. Particles ≤10 μm in diameter (PM10),

called thoracic, or inhalable particles, can be inhaled into lungs, while larger particles do not

get past the nasopharynx [3]. Thoracic particles consist of fine, ultrafine, and coarse particles.

Fine particles are small thoracic particles with aerodynamic diameter ≤ 2.5 μm (PM2.5). The

ultrafine particles (UFP) are a subfraction of fine PM with a diameter ≤ 0.1 μg/m3. Coarse

fraction particles include the thoracic particles, larger than PM2.5. Smaller particles can be

inhaled deeper into the respiratory tract and reach the alveoli. It is also hypothesized that very

small particles could directly translocate into the circulation [4]. The chemical composition of

the particles varies greatly. The most common constituents are nitrates, sulfates, carbon,

organic compounds (such as polycyclic aromatic hydrocarbons), biological compounds (such

as bacterial endotoxin and cell fragments), and metals [2]. Both the size and the chemical

composition of PM change over time and space [2]. Fuel and biomass combustion produces

large amounts of so-called carbonaceous PM, the most important combustion by-products

besides carbon dioxide [5]. One of the fractions of the carbonaceous PM, called black carbon

(BC), is a commonly used marker of traffic-related emissions.

Gaseous compounds comprise the second major group of air pollutants. Nitrogen oxides,

cumulatively referred to as NOx, consist of nitrogen dioxide (NO2) and nitrogen monoxide

(NO), and a lesser proportion of other nitrogen oxides and nitrogen-containing acids [2]. NOx

originates from fossil fuel combustion in motor vehicles and from industrial processes, such as

power generation. It can also be formed naturally, e.g., through bacterial metabolism of

nitrogen-containing compounds, from fires, volcano eruptions, etc., but to a lesser extent, than

from anthropogenic sources. Tropospheric ozone (O3) is a highly reactive gaseous secondary

pollutant formed in photochemical smog reactions in the presence of sunlight, NOx, and

reactive hydrocarbons. O3 can be formed from NO2 by photolysis, producing NO [2]. O3 can

be scavenged by NO, regenerating NO2 and O2 [2]. Sulfur dioxide (SO2) is a highly irritating

gas with pungent odor and taste. It originates from power generation and industrial processes

including combustion of sulfur-containing fuels in power generation, as well as from diesel car

engines, household heating, etc. [2]. The formerly high levels of SO2 in Western countries have

reduced substantially over the past decades, through efficient technologies to remove sulfur

from fuel prior to combustion. Similar trend of a rapid decline of the ambient SO2 levels has

been recently observed in China [6]. However, in other regions, such as India, the emission of

SO2 is still growing [6]. SO2 and NOx are major precursors for acid rains and secondary

particle formation. Other gaseous components of air pollution include carbon dioxide (CO2)

or, in case of incomplete combustion, carbon monoxide (CO), volatile organic compounds

(VOCs), and ammonia (NH3).

Air pollution is an important risk factor for cardiovascular disease. More than a decade ago,

the American Heart Association published a statement on the cardiovascular effects of air

pollution, concluding that exposure to PM contributes to cardiovascular morbidity and
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mortality [2]. Based on the reviewed evidence, the authors concluded that short-term exposure

to elevated levels of PM leads to increases in cardiovascular mortality and morbidity, reflected

in elevated hospital admissions for cardiopulmonary diseases [2]. Moreover, the longer dura-

tion of exposure can reduce overall life expectancy by few years [2]. In the updated review of

the literature [7], published few years later, the authors concluded that there is a causal

relationship between exposure to PM2.5 and cardiovascular morbidity and mortality. The

authors emphasized that acute exposure to PM2.5 over a few hours to weeks can trigger

cardiovascular disease–related mortality and nonfatal events, while long-term exposure (over

months or years) contributes to a higher cardiovascular mortality and reduced life expectancy

[7]. It is also hypothesized that long-term exposure to air pollution may have a greater effect on

cardiovascular disease than the short-term exposure [7].

There is a growing interest to the effect of air pollution on traditional cardiovascular risk

factors, such as hyperglycemia, dyslipidemia, and high blood pressure (BP). On one hand, the

individuals with these risk factors might be particularly vulnerable to adverse cardiovascular

effects of air pollution [7]. On the other hand, air pollution exposure could potentiate the

development of these risk factors; thus, they could act as mediators of the adverse effect of air

pollution on CVD [7].

High BP is, alongside air pollution, one of the top five risk factors for mortality and disability

worldwide [8]. According to the recent Global Burden of Disease Study, 10.4 million deaths and

208.1 million disability adjusted life years were attributed to high systolic BP in 2013 globally [8].

It was estimated that in adults aged 40–69 years, an increase in systolic BP by 20 mmHg or in

diastolic BP by 10 mmHg was associated with a twofold or an even higher difference in death

rate from vascular events, such as ischemic heart disease or stroke [9]. Even a relatively small

reduction in BP is associated with substantial health benefits. For example, a decrease in the

systolic BP by 2 mmHg can reduce stroke mortality by 5%, coronary heart disease (CHD)

mortality by 4%, and total mortality by 3% [10]. The same reduction in diastolic BP was associ-

ated with a 6% decrease in the risk of coronary heart disease and 15% reduction in the risk of

stroke and transient ischemic attack [11]. A factor with a relatively small impact on BP, but

affecting the large proportion of the population, is therefore of high importance for public health.

There is evidence that air pollution could induce elevated blood pressure and potentiate

hypertension [3]. Short- and long-term elevations in outdoor PM2.5 have been linked to higher

BP, hypertension, and a raise in emergency visits for hypertension to hospitals [12]. Different

components of air pollution, such as gases, larger or smaller particles, carrying various chem-

ical substances on their surface, could be responsible for blood pressure elevation. Inflamma-

tory and pro-oxidative reactions, triggered by pollutants in lungs and later in systemic

circulation, imbalance of autonomous nervous system, and pathologic changes in vascular

endothelium could be underlying pathways of this elevation. Despite extensive research in

the past decades, the evidence is still quite heterogenic with regard to the study methods,

population characteristics, pollutants’ assessment and composition, research questions, etc. We

aim to provide a comprehensive review of the available literature on the evidence of short- and

long-term effects of air pollution on BP and hypertension in the general population and

susceptible population groups, discuss pathophysiologic mechanisms, which could be respon-

sible for the prohypertensive effect of air pollution, and consider related environmental factors.
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2. Short-term effects of air pollution

A growing number of studies have investigated the short-term effects of ambient air pollutants

on blood pressure and hypertension. We identified 30 studies on short-term associations of air

pollution with BP or hypertension, performed in healthy volunteers or in general population

[13–42]. Sixteen studies were conducted in North America [14, 16–19, 21, 22, 24, 25, 32, 34, 36–

39, 43], four studies were conducted in South America [13, 23, 35, 41], four studies took place in

Europe [28–31], and six studies were performed in Asia [15, 20, 26, 27, 40, 42]. While the vast

majority of the publications have focused on acute changes in BP [14–25, 28, 31–35, 37–39, 42,

44], five studies have investigated hypertension as outcome [13, 26, 27, 36, 41], and one study

has included both BP and hypertension [29]. Consistent with the previous reviews [7, 12], we

found that in most of the investigated studies a transient increase in BP following short-term

exposure to air pollution or some of its components was observed. Here, we briefly summarize

the observed results by the type of the respective air pollutant.

2.1. Black carbon (soot)

Short-term associations of BCwith BPwere investigated in five studies [31, 32, 34, 38, 39]. Four of

them reported positive associations with BP [31, 32, 34, 45], while one study found no associa-

tions [38]. The exposure duration ranged from very acute (2 hours) to a longer period (7 days). A

controlled two-hour exposure to BC from traffic was positively associated with postexposure

elevation in systolic BP (1.22 mmHg (95% confidence interval (CI): 0.28, 2.17) per interquartile

range) [31]. In a panel study with 28 nonsmoking seniors, 24-hour mean BC was positively

associated with systolic (estimated increase of 3.2 mmHg (standard error (SE) 1.46 mmHg) per

487 ng/m3 BC) and diastolic (4.32 mmHg (1.33)) BP [32]. Weekly average BC concentration was

associated with increased BP in a cohort of 461 elderly men: per increase in BC by 0.43 μg/m3, the

estimated increase in systolic BP was 1.46 mmHg (95% CI: 0.10, 2.82), and the estimated increase

in diastolic BP was 0.87 mmHg (95% CI: 0.15, 1.59) [34]. Similar positive associations were

reported in a reanalysis of this cohort with a larger sample of 789 elderly men [39]. No study

has investigated the short-term associations of soot with hypertension.

2.2. Coarse particles: PM10, total suspended particles (TSP)

In total, 12 studies investigated the association of short-term PM10 with BP and hypertension

[15, 16, 18–20, 23, 27, 28, 31, 35, 36, 42]. Nine of them observed positive associations [15, 16, 18–

20, 27, 31, 35, 36]. For example, in a study with 120 healthy volunteers, a 10 μg/m3 increase in

8-day ambient PM10 was associated with an increase in systolic BP by 0.98 mmHg (95% CI:

0.34, 1.61) and an increase in diastolic BP by 0.71 mmHg (95% CI: 0.18, 1.24) [15]. Similarly,

increased systolic and diastolic BP were observed in few controlled exposure studies with

healthy volunteers, following short-term exposure to coarse concentrated ambient particles

(CAPs) [16, 18, 19].

Few studies observed positive associations of short-term PM10 elevations with hypertension:

for example, a 10 μg/m3 increase in ambient PM10 was associated with an odds ratio (OR) of
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1.060 (95% CI: 1.020, 1.101) for hospital admissions for hypertension in China [27]. A similar

effect estimate was reported in a comparable study in Canada [36].

Two studies assessed coarse PM exposure as total suspended particles (TSP) [13, 29]. This

measure stands for the fraction of particles with diameters <50–100 μm and could be seen as a

crude surrogate for PM10. In a study with 2607 adults from a population-based MONICA cohort

in Germany, 24-hour and 5-day mean TSP was positively associated with systolic BP: for exam-

ple, an increase by 70 μg/m3 in the 5-day mean TSP was associated in an increase in systolic BP

by 1.96 mmHg (95% CI: 0.75, 3.15) [29]. The authors also observed a weaker positive relationship

with diastolic BP and a positive association with hypertension: OR 1.63 (95% CI: 1.21, 2.20). [29].

Similarly, in an ecological time-series study in Brazil, TSP generated from sugarcane burning was

associated with an increase in hypertension-related hospital admissions [13].

Interestingly, two studies with the same professional group (traffic controllers) from Brazil

reported divergent results: one study observed an acute increase in systolic and diastolic BP

[35], while another study reported no associations with PM10 [23]. A study with 2612 elderly

subjects in France reported an inverse association of ambient PM10 with systolic BP: an

increase in PM10 during the fifth lag hour by 10 μg/m3 was associated with a decrease in

systolic BP by 1.12 mmHg (95% CI: �1.90; �0.30) [28]. Similarly, inverse associations of 1- to

3-day lag PM10 with systolic BP and pulse pressure were observed in a large population-based

study in Taiwan (N = 9238) [42].

2.3. Fine and ultrafine PM

The short-term associations of ambient fine particles (PM2.5) with BP and hypertension were

investigated in 17 studies [14–17, 22, 24, 25, 27, 30, 32–34, 36–38, 40, 41] and overall showed

more mixed results, than studies with coarse particles. Four studies with healthy volunteers

observed positive associations with at least one BP metrics [16, 32, 37, 40]. Moreover, two

studies with larger population-based samples observed similar results [14, 24]. An increase in

5-day mean PM2.5 by 10 μg/m3 was associated with an increased systolic BP (4.7 mmHg,

p = 0.05) and pulse pressure (4.04 mmHg, p = 0.03), and no association was observed with

diastolic BP in a random sample of 347 residents of Detroit, USA [24]. Similar results were

reported in an analysis with a population-based cohort from six US communities (N = 5112): a

10 μg/m3 increase in a 30-day mean PM2.5 was associated with an increase in pulse pressure by

1.12 mmHg (95% CI: 0.28, 1.97) [14]. Likewise tendency, though not statistically significant,

was found with systolic BP (0.99 mmHg; 95% CI: –0.15, 2.13), while no association was

observed with diastolic BP [14].

The associations of short-term exposure to PM2.5 with hospital admissions for hypertension

were investigated in three studies, all reporting positive findings [27, 36, 41]. A study in

Canada found that per increase in 3-day lag PM2.5 concentration by 6.2 μg/m3 the estimated

OR for hospital admissions for hypertension was 1.07 (95% CI: 1.01, 1.11) [36]. Similarly, a

study in Brazil reported a positive association of ambient PM2.5 with hospital admissions for

hypertension: per 10 μg/m3 increase in PM2.5 lags 0–4, the estimated relative risks (RR) were

1.018–1.021 (p < 0.05) [41]. A study in China also reported a very comparable estimate: p OR

1.084 (95% CI: 1.028, 1.139) per 10 μg/m3 increase in short-term PM2.5 [27]
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Some studies report different results by subgroup or by exposure measurement. For example,

a positive association of PM2.5 CAP exposure with systolic BP was observed in a group of 12

healthy volunteers, while in the group of 12 participants with asthma, this association was

inverse [25]. One study observed no association with ambient PM2.5 from an urban monitoring

station, but found a positive association of personal-level exposure, measured with personal

environmental monitors [17]. In another study, the positive association of outdoor PM2.5 with

systolic BP was observed only in subjects taking antihypertensive medication (N = 57 (65% of

the total sample) [30]. No associations with BP were reported in five studies [15, 22, 33, 34, 38].

Only three studies so far have investigated the associations of ultrafine particles (UFP) with

acute changes in BP: two of them reported positive associations with systolic BP [31] and pulse

pressure [33], while one study found no association [38]. We could not find studies on the

association of UFP with hypertension.

2.4. Ozone

Very few studies have investigated the acute effects of gaseous pollutants on BP and hyperten-

sion. The effect of short-term O3 exposure was investigated in four studies so far [20, 33, 38, 42].

In a large population-based cohort from Taiwan (N = 7578), an increase in 3-day O3 by 12.15

particles per billion (ppb) was associated with an increase in diastolic BP by 0.37 mmHg (95%

CI: 0.04, 0.69); no association with systolic BP was found for O3 [20]. However, in a similarly

large cohort from Taiwan (N = 9238), 1- to 3-day lag O3 was associated with decreased systolic

BP and pulse pressure, and not associated with diastolic BP [42]. In a small study with healthy

female volunteers from Canada, 3-hour exposure to O3 was positively associated with both

systolic and diastolic BP: the estimated increase per 24 ppb O3 was 2.49% (95% CI: 0.141, 4.84)

and 3.26% (95% CI: 0.012, 6.51) systolic and diastolic, respectively [38]. No association with BP

was observed in a controlled exposure study with air pollution from a steel plant [33].

2.5. Nitrogen oxides

The acute effects of nitrogen oxides on BP and hypertension have been investigated in eight

studies so far [22, 23, 26, 31, 33, 36, 38, 42]. Positive associations with BP and hypertension

were observed in four studies [22, 26, 31, 36]. For example, in a study with 39 healthy

volunteers and exposure to air pollution at a bus stop in Canada, an increase in NO2 by 1 ppb

resulted in an increase of systolic BP by 0.44 mmHg (p < 0.05) [22]. Similarly, in a study with 28

healthy volunteers in Spain, elevated NOx was associated with higher systolic BP [31]. Two

studies reported short-term associations with quite comparable OR estimates: per increase in

NO2 by 10 μg/m3, the estimated OR was 1.101 (95% CI: 1.038, 1.168) in a study from China

[26], and per increase in NO2 by 12.8 ppb, the estimated OR was 1.06 (95% CI: 1.00, 1.12) in a

study from Canada [36]. Three studies reported no associations of NOx with BP [23, 33, 38].

Interestingly, discordant associations with different BP metrics were observed in a large Tai-

wanese cohort (N = 9238): per 14.9 ppb of NO2 at lag day 2, diastolic BP increased by

1.15 mmHg (95% CI: 0.56, 1.73), while systolic BP and pulse pressure decreased by 0.87 mmHg

(95% CI: �1.74, �0.01) and �1.56 mmHg (95% CI: �2.25, �0.88), respectively [42].
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2.6. Sulfur dioxide

The short-term associations of SO2 with BP and hypertension were investigated in six studies

[23, 26, 29, 33, 36, 42], and five of them reported positive associations [23, 26, 29, 36, 42]. In a

large population-based cohort from Germany (N = 2607), an increase in 5-day SO2 by 75 μg/m3

was associated with an increase in systolic BP by 1.07 mmHg (95% CI: 0.41, 1.73) [29]. Similar

findings were reported in a population-based study in Taiwan (N = 9238): per increase in a 2-

day lag SO2 by 2 ppb, systolic BP increased by 0.32 mmHg (95% CI: 0.06, 0.59), and diastolic BP

increased by 0.79 mmHg (95% CI: 0.61, 0.97) [42]. However, an inverse association with pulse

pressure was reported in the latter study [42]. Similar to NO2, SO2 elevations were positively

associated with hospital admissions for hypertension in two studies: per 10 μg/m3 increase in

daily SO2 concentration, the estimated OR was 1.037 (95% CI: 1.004, 1.071) [26], and per

increase in lag 3 SO2 by 2.3 ppb, the estimated OR was 1.04; (95% CI: 1.00, 1.08) [36].

2.7. Other exposures

For the short-term exposure to CO, mostly null effects were reported with BP and hyperten-

sion as outcomes [29, 33, 36]. Inverse associations of short-term exposure to CO with systolic

BP and pulse pressure, and null effects with diastolic BP were reported in one study [42].

Controlled exposure to diesel exhaust was associated with increased systolic but not diastolic

BP in a study with 49 nonsmoking adults [21].

3. Long-term effects of air pollution

The number of studies on long-term effects of air pollution on BP is smaller, than the number

of studies focusing on short-term effects, but has also increased tremendously in the last years.

We identified 17 publications presenting individual studies investigating the long-term associ-

ations of air pollutants with arterial BP and hypertension [46–62]. Some of these studies have

been included to the previous reviews [7, 12]. In addition to one cohort study, there has also

been one metastudy, performed as a part of the European Study of Cohorts for Air Pollution

Effects (ESCAPE; [63–65]). The ESCAPE study aimed to investigate the long-term effects of

ambient air pollution on human health in Europe. More than 40 cohorts from 17 countries in

Europe participated in the ESCAPE study [65]. Ambient air pollution concentrations in the

participating cohorts were assessed according to the standard ESCAPE procedure [63]. The

statistical analyses in ESCAPE contained two stages: (1) cohort-specific analyses using uniform

statistical protocols and centrally developed analysis codes and (2) centrally conducted meta-

analyses, followed by the publication of results in the peer-review articles.

Of the individual studies, seven were performed in North America (Canada and USA; [46, 56,

57, 59, 61, 62, 66, 67], five were performed in Southeast Asia (China and Taiwan; [47–51], and

five studies were performed in Europe (Denmark, Germany, and Spain; [52, 53, 55, 58, 68]. The

study samples in most studies included men and women [47–52, 54, 55, 58, 61, 66, 69]. Two

cohorts included only women [56, 57, 59, 62], and one cohort included only men [46].
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Most studies on long-term associations of air pollution with BP investigated systolic and diastolic

BP as outcomes, and one study [59] investigated mean arterial pressure and additionally pulse

pressure. The investigated exposures included PM2.5, PM10, soot, O3, NOx, and SO2. All of the

individual studies reported a statistically significant association with at least one of the BP param-

eters. However, only six studies observed concordant results with both systolic and diastolic BP

[46, 48–50, 54, 58, 69]. In five studies, results varied across the BP metrics [47, 51, 52, 55, 59].

Nine studies investigated associations of air pollution with prevalent hypertension [47, 49–52,

55, 59, 63, 66, 67], five studies assessed only incident hypertension [56, 57, 61, 62, 64], and two

studies analyzed both incident and prevalent hypertension [54, 58]. The majority of these

studies reported positive associations of at least one pollutant with hypertension [49, 51, 55,

57, 61, 64, 66], indicating that air pollution is likely to have a prohypertensive effect. However,

some studies observed negative [54, 57] or null [47, 52, 53, 58, 59, 63] associations.

3.1. Black carbon (soot)

Two markers of soot were used in the studies on long-term associations with BP and hyper-

tension: BC [46] and absorbance PM2.5 [47, 55, 63, 64]. Absorbance PM2.5 is measured as the

blackness of the PM2.5 exposed filter in the particle sampler, determined by measurement of

light reflectance. BC was positively associated both with systolic and diastolic BP [46]. The

estimated associations with BP, adjusting for relevant confounders, were as follows: increase

by 2.64 mmHg systolic (95% CI: 1.47–3.80) and 2.41 mmHg diastolic (1.77–3.05) per 0.32 μg/m3

increase in black carbon [46]. Absorbance PM2.5 was associated only with diastolic BP in single

cohort analysis: 1) per increase by 10�5/m, estimated increase in systolic BP was 0.15% (�0.49,

0.78) and in diastolic BP, 0.62% (0.24, 0.99); 2) per increase by 0.2 10�5/m, the estimated mean

change in systolic BP was 0.5% (95% CI: �0.1; 1.0), and in diastolic BP, 0.6% (95% CI: 0.1; 1.1;

[55]). In the ESCAPE meta-analysis, where the association was assessed in medicated and

nonmedicated participants separately, no association of long-term concentrations of absor-

bance PM2.5 with BP was observed [63].

At 0.05 level of significance, none of the studies found an association with prevalence of

hypertension. However, a weak positive relationship was observed in a German cohort: per

increase by 0.2 10�5/m in absorbance PM2.5, percent change in hypertension prevalence was

10.8% (�1.1; 24.0; [55]). Incident self-reported hypertension (but not measured hypertension)

was positively associated with absorbance PM2.5 in the ESCAPE meta-analysis: per 10�5/m

increase in absorbance PM2.5, the estimated RR was 1.13 (1.02, 1.24; [64]).

3.2. Coarse particles (PM10)

Three individual studies found positive associations of PM10 with both systolic and diastolic

BP. An increase in PM10 per 48 μg/m3 was associated with an increase in systolic BP by

16.34 mmHg (95% CI: 12.27, 20.42) and diastolic BP by 14.87 mmHg (95% CI: 12.73, 17.02)

[48]. An increase in PM10 by 19 μg/m3 was associated with an increase in systolic BP by

0.87 mmHg (95% CI: 0.48–1.27) and diastolic BP by 0.32 (95% CI: 0.08–0.56; [49]), and an

increase per 3.9 μg/m3 with an increase in systolic BP by 1.1 mmHg (95% CI: 0.2, 2.0) and

diastolic BP by 0.8 mmHg (95% CI: 0.3, 1.2). In one study, PM10 was positively associated with
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diastolic, but not systolic, BP [47]; in another study, systolic BP, pulse pressure, and mean

arterial pressure were increased in association with PM10, but not diastolic BP [59]. In the

ESCAPE meta-analysis, no association of PM10 with BP was observed [63].

Two individual studies found positive associations of PM10 with hypertension, and per 10-μg/

m3 increase in PM10, a hazard ratio (HR, a measure similar to the RR) for hypertension of 1.02

(95% CI: 1.00, 1.04) [67] was reported. In another study, per 20 μg/m3 increase in PM10, an

increase in OR of 1.12 (95% CI: 1.08, 1.16; [49]) was reported. Two individual studies, on the

contrary, reported no significant associations of PM10 with hypertension [47, 53, 58]. In the

ESCAPE meta-analyses, no association of PM10 with incident or prevalent hypertension was

observed [63].

3.3. Fine particles (PM2.5)

So far, PM2.5 is the most frequently investigated pollutant: 9 studies in total included it in the

analyses with BP [47, 48, 50, 51, 55, 58, 63, 64, 69], and 10 studies included it in the analyses

with hypertension [47, 50, 55, 56, 58, 61–64, 66, 67, 69].

Three individual studies reported a positive association of PM2.5 with both systolic and dia-

stolic BP [48, 50, 55, 58, 69]. Per increase in PM2.5 by 20.42 μg/m3, systolic BP increased by

32.08 mmHg (95% CI: 21.57, 42.58), and diastolic BP increased by 31.29 mmHg (95% CI: 25.43,

37.14) [48]. Another study has per 10 μg/m3 increase in ambient PM2.5 a 1.30 mmHg (95% CI:

0.04–3.56) increase in systolic BP and 1.04 mmHg (95% CI: 0.31–1.78) increase in diastolic BP

[50]. The third study reported, per increase of PM2.5 by 2.4 μg/m3, an increase in systolic BP by

1.4 mmHg (95% CI: 0.5, 2.3) and an increase in diastolic BP by 0.9 mmHg (95% CI: 0.4, 1.4;

[69]). Two studies reported a positive association with one of the BP parameters: per increase in

PM2.5 by 41.7 μg/m3, an increase in systolic BP by 0.60 mmHg (95% CI: 0.05, 1.15; [51]), and per

increase in PM2.5 by 1 μg/m3, an increase in diastolic BP by 0.7% (95% CI: 0.2; 1.2) [55]. No

consistent associations were found in one individual study [47] and in the ESCAPE meta-

analysis [69].

Six individual studies reported positive associations of PM2.5 with hypertension: per increase in

PM2.5 by 10 μg/m3, OR for hypertension of 1.05 (95% CI: 1.00–1.10) [66], HR for hypertension of

1.11 (95% CI: 1.03–1.19) [61], and OR for hypertension of 1.14 (95% CI: 1.07, 1.22) [50]. Per

increase in PM2.5 by 41.7 μg/m3, OR of 1.11 (1.05,1.17; [51]), and per increase by 1 μg/m3, an

estimated OR of 1.145 (1.025; 1.280; [55]) were reported. Two individual studies reported no

association of PM2.5 with hypertension ([53, 56]). In the ESCAPE meta-analyses, no associations

were observed for PM2.5 with prevalent or incident measured hypertension [63, 64]. However,

5 μg/m3 increase in PM2.5 was associated with incident self-reported hypertension: RR of 1.22

(95% CI: 1.08, 1.37; [64]).

3.4. Ozone

Only two studies, both from the Asian region, investigated the association of long-term O3

exposure with BP and both reported positive associations [48, 49]. The associations with BP were

as follows: per increase in O3 by 8.95 ppb, the estimated increase in systolic BP was 21.51 mmHg

(95% CI: 16.90, 26.13) and in diastolic BP, was 20.56 mmHg (18.14–22.97; [48]), and per increase
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in O3 by 22 μg/m3, systolic BP increased by 0.73 mmHg (95% CI: 0.35, 1.11), and diastolic BP

increased by 0.37 mmHg (95% CI: 0.14, 0.61; [49]). Positive associations were also reported with

hypertension: per increase in O3 by 6.7 ppb, the estimated HR was 1.09 (95% CI: 1.00, 1.18; [57])

and per increase in O3 by 22 μg/m3, OR for hypertension was 1.13 (95% CI: 1.06, 1.20; [49]).

3.5. Nitrogen oxides

A 12.83 ppb increase in long-term concentration of NO2 was associated with an increase in

systolic BP by 14.40 (10.98–17.82) and diastolic BP by 12.43 (10.63–14.23; [48]). In a large cohort

from Taiwan (N = 27,752), a positive association of nitrogen oxides with diastolic, but not

systolic, BPwas observed: per increase in NOx by 20 μg/m
3, diastolic BP increased by 0.34mmHg

(95% CI: 0.19, 0.50) [47]. Another analysis with a Spanish cohort, vice versa, found association

only with systolic BP: per 10 μg/m3, increase in NO2 systolic BP increased by 1.35 mmHg (95%

CI: 0.23, 2.47). One study observed a positive association of long-term exposure to NO2 with

pulse pressure, but neither with systolic nor with diastolic BP [59]. No association of NO2 with

BP was found in two individual studies [49, 55] and also in the ESCAPE meta-analysis [63]. [52].

Contrary to the other studies, a negative association of NOx with BP was observed in a large

Danish cohort: per doubling of long-term NOx, the estimated change in systolic BP was �0.50

(95% CI: �0.84, �0.16) and in diastolic BP was �0.24 (95% CI: �0.42, �0.07) [54].

NOx was associated with incident hypertension in a longitudinal female cohort from the USA:

per increase by 12.4 ppb, the estimated HR was 1.14 (95% CI: 1.03–1.25) [62]. However, in a

later reanalysis with a larger sample, an inverse association was observed: per increase in NO2

by 9.7 ppb, the estimated HR was 0.92 (95% CI: 0.86, 0.98) [57]. The authors do not consider the

latter finding indicative of a causal relationship, but attribute it to the confounding relationship

between NO2 and neighborhood socioeconomic status in their study sample [57]. An inverse

association of NOx with prevalent hypertension was observed in the Danish study, similar to

the findings with BP, but no clear associations with incident hypertension were reported [54].

At 0.05 level, no statistically significant associations were reported in six individual studies [47,

49, 52, 55, 59] and in the ESCAPE meta-analyses [63, 64].

3.6. Sulfur dioxide

The effects of SO2 on BP and hypertension were investigated in two studies so far [48, 49]. One

of these studies reported positive associations: per increase in SO2 by 20 μg/m3, systolic BP

increased by 0.80 mmHg (95% CI: 0.46, 1.14), diastolic BP increased by 0.31 mmHg (95% CI:

0.10, 0.51), and OR for hypertension was 1.11 (95% CI: 1.04, 1.18; [49]). No association with BP

was reported in the other study [48].

4. Effects in vulnerable subgroups

4.1. Children

Compared with adults and elderly, children are in the period of body growth and develop-

ment. Therefore, children may be more susceptible to the effect of environmental pollution
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exposure compared to adults. So far, six studies investigated the relationship between air

pollution and blood pressure in children [43, 70–74], reporting mixed results.

Two of these studies investigated short-term effects of air pollution, reporting few positive

associations [72, 74]. In a sample of 130 children aged 6–12 years, a positive association of daily

ambient UFP exposure with systolic, but not diastolic, BP was observed: per increase in nano-

sized UFP fraction by 860 particles/cm3, systolic BP increased by 6.35 mmHg (95% CI: 1.56,

11.14) [72]. No associations with BP were observed for PM2.5 and PM10 [72]. In a large Seven

Northeastern Cities (SNEC) study from China (N = 9354, aged 5–17 years), PM10 and O3, but

not NO2 and SO2, were positively associated with hypertension, defined as ≥95th percentile of

BP distribution by gender, age, and height [74]. An increase in 5-day mean PM10 by 47.4 μg/m3

was associated with OR 2.17 (95% CI: 1.61, 2.93), and an increase in 5-day mean O3 by 51.4 μg/m3

was associated with OR 2.77 (95% CI: 1.94, 3.95) [74].

Four studies investigated long-term associations of air pollution with BP in children [43, 70, 71,

73]. In a cohort of German children (N = 2368, aged 10 years), long-term exposure to soot,

PM2.5, and PM10 was not associated with BP, and NO2 showed a negative association, which

diminished to null after adjustment for traffic noise [43]. In a cohort of Dutch children

(N = 1147, aged 12–13 years), no consistent associations with short- and long-term exposure

to PM and gaseous exposures were observed [70]. However, in a subgroup of children who

have never changed their residence, a positive association of long-term exposure to NO2 with

diastolic BP was found [70]. A cross-sectional study (n = 179, aged 8–12 years) from Pakistan

found systolic and diastolic BP in children living in areas with heavy traffic air pollution (mean

daily value of PM2.5: 183.0 μg/m3) than in children living in areas with less traffic air pollution

(mean daily value of PM2.5: 28.5 μg/m3) [73]. The most consistent positive signal was found in

the analysis with the long-term exposure estimates in the SNEC study in China: 4-year mean

PM10, O3, NO2, and SO2 were positively associated with BP and hypertension [71].

It is possible that short-term effect of air pollution on BP in children is stronger than long-term

effect. The estimated short-term associations of exposure with hypertension in the SNEC study

were stronger than the long-term associations [71, 75]. For example, the estimated ORs of PM10

with hypertension in boys, given per interquartile range, were 1.79–2.22 for short-term and 1.55 for

long-term exposure [71, 75]. The same tendency was also observed with exposure to O3 [71, 75].

There might be factors modifying individual susceptibility to adverse physiologic effects of air

pollution in children. Stronger associations of air pollution with BPwere observed in nonbreastfed

children, compared to breastfed ones [71], in overweight/obese children, compared to those with

normal weight [75], and in children with mood disorders or unfavorable emotional symptoms,

compared to those with no emotional symptoms [76].

4.2. Pregnant women

Pregnant women usually are at particular risk for hypertensive complications since changes in

pregnancy can lead to increased stress on the cardiovascular system [77]. Studies evaluating

the relationship of ambient air pollution with BP and/or hypertensive disorders among preg-

nant women have been summarized in a recent review [12] and a systematic review and meta-

analysis [77]. The meta-analysis revealed positive associations of multiple pollutants with
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hypertensive disorders of pregnancy [77]. In particular, the following ORs were reported for

combined pregnancy-induced hypertensive disorders: per 5 μg/m3 of PM2.5 1.57 (95% CI: 1.26,

1.96), per 10 μg/m3 of NO2 1.20 (95% CI: 1.00. 1.44), and per 10 μg/m3 of PM10 1.13 (95% CI:

1.02, 1.26) [77]. The authors also found weak positive relationships with NOx and O3 [77]. No

association with CO was found [77]. There is evidence of positive associations of air pollution

with continuous BP levels in pregnancy, although the individual study findings differ by

trimester [77].

5. Hypothesized pathophysiology

There are three potential pathways of how air pollution could affect BP: (1) triggering systemic

inflammation and oxidative stress, (2) autonomous nervous system (ANS) imbalance, and (3)

translocation of PM or its constituents into blood [7, 12]. It is suggested that pathways may, to

some point, overlap in their action, although the exact interplay is unknown [12]. It is possible

that a “vicious cycle” occurs, when reactive oxygen species (ROS) and pro-inflammatory

cytokines, originating from the reaction of particles in the lungs or from particles penetrating

into the blood flow, contribute to even more oxidative stress and damage to the vascular

system.

Inhalation of air pollutants could trigger an inflammatory response in the alveoli [12]. The

inflammatory response is reflected in generation and release of the endogenous pro-

inflammatory mediators, such as cytokines (interleukins 1 and 6 (IL-1, IL-6), tumor necrosis

factor, acute phase response molecules (c-reactive protein and fibrinogen), activated white

blood cells, platelets, and vascular-active molecules such as endothelin in the lung. Further,

these mediators could reach the systemic circulation, potentiating the systemic inflammatory

response and oxidative stress. This results in excessive generation of ROS and reactive

nitrogen species (RNS). Under normal conditions, these substances help maintain vascular

integrity [78]. However, the abundance of ROS and RNS can harm the vessels, triggering

endothelial dysfunction, smooth muscle cell apoptosis, and inflammatory and other damage

to vessels [79].

According to the second proposed mechanism, the sympathetic branch of ANS, which directs

the “fight and flight” response, gets activated, while the parasympathetic ANS, leading the

group of so-called rest and digest reactions, gets inhibited [12]. It is likely that inhaled particles

trigger autonomic imbalance through activation of afferent pulmonary autonomic reflexes

[12]. In a controlled human exposure study, acute imbalance of autonomic nervous system,

which is characterized in the activation of sympathetic nervous system and withdrawal of

parasympathetic nervous system, was the most likely underlying mechanism of the rapid

increase in diastolic BP following particle inhalation [80]. The autonomic imbalance, resulting

from the short-term exposure to elevated levels of air pollutants, is characterized by reduced

heart rate variability and a rapid increase in BP [12]. Apart from the acute response, it is

possible that autonomic imbalance is involved in chronic adverse cardiovascular effects of air

Blood Pressure - From Bench to Bed30



pollution, since there are some indications that sympathetic ANS is involved in long-term

regulation of BP [81].

The third hypothesized mechanism suggests that nanoparticles and soluble compounds (e.g.,

metals) of the air pollution mixture can translocate to the systemic circulation [4]. In addition

to translocation by diffusion, the particles could be ingested by alveolar macrophages [4]. The

particles or their soluble components, having entered the circulation, can interact with the

vascular endothelium or induce local inflammatory response and oxidative stress, similar to

the response in the lung [4].

The core pathophysiologic process underlying cardiovascular effects of air pollution is oxida-

tive stress, an imbalance between the production of ROS and RNS, and their neutralization

through antioxidant defense [7]. Oxidative stress is a generic mechanism of injury involved in

many pathologic processes and plays a very important role in the pathogenesis of cardiovas-

cular disease [82]. Elevated levels of ROS, reduced bioavailability of NO, and inhibited antiox-

idants in blood have been observed in animal and human studies of hypertension [78, 82].

Though it has not been proved that oxidative stress may cause hypertension, it can augment

the existing prehypertensive condition [78]. The elevated levels of ROS can lead to adverse

processes such as endothelial dysfunction, increased contraction, vascular inflammation, and

vascular remodeling [78]. Oxidative stress can lead to cell proliferation, hypertrophy, and

collagen deposition in vascular wall; can stimulate the expression of pro-inflammatory mole-

cules, such as adhesion molecules and chemotactic proteins; and can mediate the oxidation of

lipids and cell migration [79]. In the outer vascular layer, ROS can lead to vascular remodeling

[78]. Vascular remodeling, which is considered to have a causal relationship with hyperten-

sion, is a combination of pathological changes of small arteries characterized by a reduced

lumen and increased media-to-lumen ratio [83]. Oxidative stress within the renal medulla can

also promote renal dysfunction and contribute to elevated BP [78, 82]. Oxidative stress in the

central nervous system could, through the activation of the sympathetic ANS, also contribute

to hypertension development [82].

Vascular endothelium maintains vascular homeostasis through the interactions with the cells

in the vessel wall [84]. Endothelial dysfunction is a combination of impaired vasomotion and

vascular tone, the prothrombotic and pro-inflammatory changes, and proliferation in the

arterial wall, characterized by the inability of the endothelium to dilate in response to vasodi-

lator stimuli [82, 84]. Inflammation and oxidative stress can potentiate the development of

endothelial dysfunction. For example, vascular oxidative stress can result in decreased bio-

availability of NO [79]. Combined with an inflammatory response, this may promote endothe-

lial dysfunction [79]. Oxidative stress and endothelial dysfunction are prevalent in subjects

with hypertension and therefore have been suggested to play causal roles in hypertension

development [85]. It is possible that the prohypertensive response to long-term exposure

is potentiated through endothelial dysfunction, as a delayed (24 hours postexposure) endothe-

lial dysfunction was observed in the controlled air pollution exposure study with healthy

volunteers [80]. Authors hypothesized that this response was triggered by inflammatory

reactions [80].
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6. Related environmental exposures

6.1. Interaction of noise and air pollution on hypertension

Alongside air pollution, ambient noise is a major environmental risk factor in the urbanized

societies. Noise is a stressor that can affect the endocrine and sympathetic ANS and trigger

unspecific physiological responses, such as elevated BP, heart rate, vasoconstriction, release of

stress hormones, and so on [86]. Such responses favor development and progression of cardio-

vascular disease, such as hypertension. Two systematic meta-analyses showed positive statis-

tically significant associations of road traffic and aircraft noise with hypertension: per 5 dB of

traffic noise, OR of 1.034 (95% CI: 1.011, 1.056) [87], and per 10 dB of aircraft noise, OR of 1.13

(95% CI: 1.00, 1.28) [88]. The evidence for railway noise is rather limited, but positive associa-

tions with residential exposure to railroad noise were reported in a population-based Swiss

study [89]. Noise annoyance was also positively associated with hypertension in a systematic

meta-analysis [90].

Long-term ambient noise exposure shares many sources with outdoor air pollution. Therefore,

if not properly controlled for, it may confound air pollution estimates in the analyses. A

systematic review was conducted to assess whether the associations of traffic noise or traffic-

related air pollution with cardiovascular outcomes could be mutually confounded [91]. The

authors concluded that traffic-related air pollution and noise do not mutually confound each

other in most of the reviewed studies [91]. The effects of air pollution and noise are likely

independent, and there is no interaction between them, or such interaction is probably very

small [91]. Indeed, few studies appear to suggest that traffic noise and air pollution may

independently contribute to the risk of hypertension [53, 55, 63, 64]. However, more research

is recommended to estimate the extent of potential confounding factors [91, 92].

6.2. Ambient temperature, climate change, and BP

It is well known that ambient temperature can affect BP [93]. A recent random-effects meta-

analysis, which included 14 studies, indicated that a decrease of 1�C in mean daily outdoor

temperature was associated with an increase in SBP and DBP of 0.26 mmHg (95% CI: 0.18–

0.33) and 0.13 mmHg (95% CI: 0.11–0.16), respectively [94]. A stronger response was observed

in subgroups of subjects with CVD conditions [94].

Ambient air pollution and temperature show synergistic effects on BP. A recent panel study

with healthy volunteers found that the association of air pollution with BP was stronger at

lower temperatures and, vice versa, the effect of outdoor temperature on BP was only found at

high air pollution levels [95]. Also, the effects of individual pollutants may vary by season: in a

large cohort study, the associations of PM10 and NO2 with BP were found in the warm season,

while SO2 and O3 were associated with BP in the cold season [96].

Climate change might contribute to the association of air pollution with BP and hypertension

beyond the temperature effects. For example, the concentration of tropospheric O3 is expected

to increase due to global climate change [97]. O3 was linked to various CVD events, such as
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ventricular arrhythmias, myocardial infarction, and ischemic heart disease in the recent studies

[97]. Soil drying, deforestation, drought- and climate change-induced dust storms, and wild-

fires reduce air quality and can increase the concentration of PM dramatically, therefore

escalating respiratory and CVD disease burden [97]. It is expected that concentrations of

PM2.5 from anthropogenic sources will increase with climate change, as, in addition to emis-

sions, there will be changes in meteorology and in physical and chemical transformations of

particles in the atmosphere [98].

7. Conclusions

The number of studies on short-term effects of air pollution in the general population has

grown in the recent years. Based on the reviewed evidence, we can conclude that an acute

increase in air pollution was associated with a transient increase in arterial BP within the

following hours or days. Moreover, short-term elevations in air pollution were associated with

hospital admissions for hypertension, even at relatively low exposure levels. Most studies

focused on PM exposure. Despite some heterogeneity in results, the evidence is in favor of

acute increase in BP and hypertension episodes following exposure to fine and coarse PM.

The evidence of short-term effects of gaseous pollutants is still rather scarce and more hetero-

geneous. Most consistent findings are observed in studies with NO2 and SO2, reporting short-

term associations with BP and emergency visits for hypertension. There are fewer studies with

less consistent results with O3 and CO, as well as for other types of air pollutants, calling for

more research in this field.

As for long-term effects of air pollution, the evidence is somewhat more limited, than for the

short-term effects. However, the number of studies is increasing over years, allowing compre-

hensive comparisons of the effect estimates for different types of air pollutants. Similar to

the studies on short-term effects, most cohort studies on long-term effect report positive

associations of at least one pollutant with systolic and/or diastolic BP. The majority of studies

also report some positive associations of hypertension, though there are more null findings,

than with BP. The vast majority of publications on long-term air pollution with BP focused on

PM as exposure, similar to the studies on short-term effects. The most consistent positive

associations with BP and hypertension were reported for fine particles (PM10 and PM2.5). Only

few studies investigated the associations with gaseous pollutants. Results with NOx

were rather mixed. There are few studies investigating O3 and SO2, reporting some positive

associations. More longitudinal studies, assessing a simultaneous effect of (1) short- and long-

term exposures and (2) various pollutants separately and combined is needed for complete

understanding of the effect size, relevant time window of exposure, and the responsible

pollutants.

These findings are similar to the previous reviews [7, 12]. However, we expanded the previous

reviews by focusing on studies in the general population and by a detailed investigation of the

evidence by the type of pollutant, duration of exposure, and type of BP-related outcome

studies.

Outdoor Air Pollution and Arterial Hypertension
http://dx.doi.org/10.5772/intechopen.74305

33



There is accumulating evidence on positive association of air pollution with BP in children.

Childhood growth and development of cardiovascular system might be the age of special

vulnerability of the cardiovascular system toward the environmental influences. It is also

possible that short-term effects of air pollution are stronger in children than in adults. Pregnant

women may be another specifically vulnerable population group in regard to prohypertensive

effect of air pollution.

Plausible biologic pathways, involving inflammation, oxidative stress, sympathetic ANS acti-

vation, endothelial dysfunction, vasoconstriction, and small artery remodeling, are proposed

to explain how air pollution could affect blood pressure. Longitudinal epidemiologic studies

with extensive clinical examinations, repeated over years, could provide more information for

better understanding on the sequence of events in the air pollution–related cardiovascular

disease development or progression.

It is important to consider air pollution together with other environmental risk factors. For

example, ambient noise shares many common causes with air pollution. It is possible that the

associations of air pollution and noise with BP are independent and not confounded by each

other. However, some studies do not confirm this, and it is advisable to account for potential

confounding factors by adjusting for ambient noise when investigating the cardiovascular

effects of air pollution. Another important environmental factor is climate change. It can affect

human health independently of air pollution, but it can also influence the composition and

toxicity of air pollution mixture. It is possible that climate factors and air pollution act syner-

gistically on BP and hypertension.
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