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a b s t r a c t 

An integrated exposomic view of the relation between environment and cardiovascular health should 

consider the effects of both air and non-air related environmental stressors. Cardiovascular impacts of 

ambient air temperature, indoor and outdoor air pollution were recently reviewed. We aim, in this second 

part, to address the cardiovascular effects of noise, food pollutants, radiation, and some other emerging 

environmental factors. 

Road traffic noise exposure is associated with increased risk of premature arteriosclerosis, coronary 

artery disease, and stroke. Numerous studies report an increased prevalence of hypertension in people 

exposed to noise, especially while sleeping. Sleep disturbances generated by nocturnal noise are followed 

by a neuroendocrine stress response. Some oxidative and inflammatory endothelial reactions are observed 

during experimental session of noise exposure. Moreover, throughout the alimentation, the cardiovascular 

system is exposed to persistent organic pollutants (POPs) as dioxins or pesticides, and plastic associated 

chemicals (PACs), such as bisphenol A. Epidemiological studies show positive associations of exposures 

to POPs and PACs with diabetes, arteriosclerosis and cardiovascular disease incidence. POPs and PACS 

share some abilities to interact with nuclear receptors activating different pathways leading to oxidative 

stress, insulin resistance and angiotensin potentiation. Regarding radiation, survivors of nuclear explosion 

have an excess risk of cardiovascular disease. Dose-effect relationships remain debated, but an increased 

cardiovascular risk at low dose of radiation exposure may be of concern. Some emerging environmental 

factors like electromagnetic fields, greenspace and light exposure may also require further attention. 

Non-air related environmental stressors also play an important role in the burden of cardiovascular 

disease. Specific methodologies should be developed to assess the interactions between air and non-air 

related pollutants. 

© 2018 Elsevier Inc. All rights reserved. 
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Introduction 

Influences of environmental exposures on cardiovascular health

are a growing concern. We recently reviewed the effects of indoor

and outdoor air pollutants in Trends in Cardiovascular Medicine

[1] . To summarize, we documented a large body of epidemiological

evidence supporting a strong link between air pollution exposure
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nd cardiac clinical outcomes, such as myocardial infarction, stroke,

eart failure, and cardiovascular mortality. We also presented

ome evidence from laboratory studies analyzing the role of en-

othelial oxidative stress, vascular inflammation, and sympathetic

ystem activation into the air pollution related cardiovascular

oxicity. 

We aim, in this second part, to offer a more global view on

he ecology of the cardiovascular system by also covering the ef-

ects of non-air related pollutants. The rationale of such a review is

hat humans are exposed to a cocktail of pollutants, which may af-

ect the cardiovascular health, and that this exposomic view should

ntegrate both the effects on air and non-air related pollutants

 Fig. 1 ). Indeed, in Europe, the environmental burden of disease

as been estimated in order to rank the influence of nine differ-

nt environmental risk factors [2] . The highest overall public health

mpact was found for outdoor and indoor air pollution, followed
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Fig. 1. Exposomic view of the effects of environmental stressors on the car- 

diovascular system. Solid arrows represent interactions between pollutants already 

studied whereas dashed arrows represent interactions that remain to be investi- 

gated. Abbreviations: NO 2 : Nitrogen dioxide; Air temp.: Air temperature; POPs: Per- 

sistent Organic Pollutants, PACs: Plastic Associated Chemicals; EMF: Electromagnetic 

fields. 
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y traffic noise, and radon exposure. Chemicals, like dioxins, had a

ignificant but lower influence. Consequently, we dedicate this re-

iew to present the evidence on the association between cardio-

ascular health and environmental exposure to noise, organic and

lastic pollutants from food and ionizing radiation. Because envi-

onmental sciences evolves constantly, we also present newly con-

idered potential environmental factors, which may be shown in

uture studies to affect cardiovascular health. 

We keep the same structure as our review of the air re-

ated pollutants health effects. We first describe the nature and

ources of pollutants including, if available, the World Health Or-

anisation (WHO) guidelines. Then, we present data from epi-

emiological and pathophysiological studies. The Pubmed database

as searched using a combination of terms related to exposures

“noise”, “food pollutants”, “radiation”, “greenness”, “light”, “elec-

romagnetic fields”) and cardiovascular outcomes (“myocardial in-

arction”, “stroke”, “heart failure”, “arrhythmia”, “hypertension”,

arterosclerosis”). In addition to general population studies, the

pidemiological evidence regarding the effects of some pollutants,

ike food pollutants or radiation, also comes from prospective fol-

ow up of accidental contamination of population or survivors of

tomic bombings. Data from occupational exposure were not in-

luded in this review. To strengthen the plausible link emerging

rom epidemiological studies, we also performed a Pubmed search

n laboratory data with a special focus on oxidative stress and the

ympathetic nervous system. 

oise pollution 

ackground 

Noise-induced annoyance appears to be an important environ-

ental factor influencing cardiovascular health [3] . Community

oise, also called environmental noise, is defined as noise emitted

y all sources, except noise at the workplace. Effect of traffic noise

n cardiovascular health has been widely investigated whereas ef-

ects of noise from public work, industries and indoor sources are

ess known. Besides noise from road and rail traffic, a growing

nvironmental concern is the increasing noise pollution from air-

raft sources because of airport-increased activities in populated

reas. Noise is expressed in decibel using a logarithmic scale to

easure sound pressure levels (SPL). After weighting for different

t

ensitivities of the human ear at different sound frequencies, noise

s expressed in energy-equivalent average A-weighted SPL (LAeq).

Night denotes the LAeq during the night-time hours. The LDN

day-night level) index corresponds to a LAeq over a 24 h period

ith a 10 dB penalty for nocturnal noise exposure. The LDEN in-

ex (day-evening-night level) is very similar in nature to the LDN,

ut with the 5 dB added penalty for the evening period. The WHO

onsidered that 30% of the European population is exposed to a

Night exceeding 55 dB [4] . 

pidemiology 

ypertension 

A meta-analysis of 24 studies on the relationship between road

raffic noise and the prevalence of hypertension reported an odds

atio (OR) of 1.07 (95% CI: 1.02–1.12) per 10 dB increase in the

ange of 48–78 dB [5] . A meta-analysis of five studies on the rela-

ionship between aircraft noise and the prevalence of hypertension

eported an OR of 1.13 (95% CI: 1.00–1.28) per 10 dB increase in

he LDEN range of 4 8–6 8 dB [6] . For aircraft noise, the Hyperten-

ion and Exposure to Noise Near Airports (HYENA) study demon-

trated a relationship between night-time aircraft noise exposure

nd the risk of hypertension among 4681 middle-aged people who

ad lived for at least five years near one of the seven major Eu-

opean airports [7] . A 10 dB increase in night-time aircraft noise

xposure was associated with an OR of 1.14 for hypertension (95%

I: 1.01–1.29). However, this link between aircraft noise and hy-

ertension was only significant in men. Many other epidemiologi-

al studies confirmed that nocturnal noise exposure had a greater

ffect on cardiovascular health than day-time noise exposure. Rail-

ay noise has been less studied than noise from other means of

ransportation. In the Swiss SALPADIA 2 study [8] , railway noise,

articularly during the night, was found to be significantly asso-

iated with increased systolic blood pressure (0.84 mmHg, 95% CI:

.22–1.46 mmHg per 10 dB increase in LDEN). 

rteriosclerosis 

The Heinz–Nixdorf Recall study examined the associations be-

ween a 1-year average particulate air pollution and traffic noise

ith the thoracic aortic calcification (TAC) score in more than 4200

articipants [9] . A greater traffic noise at night was associated with

 higher TAC score. The change in TAC score per 5 dB increase in

ight-time traffic noise was 3.9% (95% CI: 0.0–8.0%) in a model ad-

usted for PM 2.5 concentration, suggesting a clinically relevant and

ndependent association between traffic noise at night and pre-

linical atherosclerosis. 

oronary heart disease and cardiovascular mortality 

A meta-analysis of 14 studies on the relationship between road

raffic noise and the prevalence of CAD reported an OR of 1.08 (95%

I: 1.04–1.13) per 10 dB increase in the LDEN range of 53–78 dB

10] . A meta-analysis of 10 studies on the relationship between

ircraft noise and the prevalence of CAD reported an OR of 1.06

95% CI: 1.04–1.08) per 10 dB increase in the LDEN range of 48–

8 dB [11] . A large cohort study in Switzerland reported a trend in

ncreased mortality due to myocardial infarction with a hazard ra-

io of 1.3 (95% CI: 0.96–1.7) for individuals exposed to LDN ≥ 60 dB

12] . This association between residential exposure to aircraft noise

nd mortality from myocardial infarction was only significant for

eople who had lived in the same highly exposed location for at

east 15 years and was not found with mortality from other cir-

ulatory disease. In another study performed on populations sur-

ounding Heathrow Airport [13] , the relative risk of coronary heart

isease was 1.21 (95% CI: 1.12–1.31) for individuals living in areas

xperiencing the highest levels of daytime aircraft noise compare

o those experiencing the lowest levels ( > 63 dB vs. ≤ 51 dB). 
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Stroke 

E xposure to residential road traffic noise was also associated

with a higher risk of stroke among people older than 64.5 years

(RR = 1.27 (95% CI: 1.13–1.43) per 10 dB increase of LDEN [14] .

When areas experiencing the highest levels of daytime aircraft

noise around Heathrow Airport were compared to those experi-

encing the lowest levels ( > 63 dB vs ≤ 51 dB), the relative risk of

hospital admissions for stroke in adjusted model for confounding

variables was 1.24 (95% CI 1.08–1.43) [13] . 

Dose-response relationship 

For the prevention of noise-induced cardiovascular health ef-

fects, the most recent review of evidence performed by the WHO

in 2018 for the European region, indicates that the risk of ischemic

heart disease increases continuously for road traffic noise levels

from a LDEN of about 50 dB [15] . Above this threshold, the shape of

the association between road traffic noise and the incidence of CAD

seems to follow a linear relationship [11] . However, personal expo-

sure to noise pollution cannot simply be assessed by sound level.

Other acoustic characteristics are important, such as the frequency

spectrum, the cumulative exposure to sound, and some psychoa-

coustic parameters. Consequently, for the same decibel levels, dif-

ferent noise sources may produce different individual effects and

generate different exposure–response curves. When comparing the

different meta-analyses presented above regarding the effects of

noise from road traffic and aircraft on ischaemic heart diseases, the

excess of risk moves from 7 to 15% per 10 dB increase in equiva-

lent noise levels, respectively [16] . This suggests that for the same

level of dB, aircraft noise may be more disturbing than traffic noise.

Future studies are needed to confirm the exposure-response rela-

tionship, detect the exact threshold of cardiovascular effects ap-

pearance, and estimate the effect of multiple noise sources (e.g.,

aircraft, traffic). 

Pathophysiology with focus on sympathetic nervous system and 

oxidative stress 

Few studies have examined the noise-mediating mechanisms

leading to vascular dysfunction and why nocturnal noise expo-

sure had a greater effect on cardiovascular health than day-time

noise exposure [17] . The effects of night-time aircraft noise ex-

posure on the endothelial function were measured in a group of

healthy volunteers ( n = 75) by using nocturnal aircraft noise played

back with loudspeakers at 60 dB. The endothelial function of the

brachial artery decreases as noise exposure increases [18] . Further-

more, the effect of noise was more pronounced in individuals with

previous exposure to noise, suggesting a cumulative effect of re-

peated noise exposure. In a small subgroup of this controlled study

( n = 5), the antioxidant effect of Vitamin C was able to reverse the

noise-induced endothelial dysfunction which suggests an oxidative

vascular reaction following noise exposure [18] . A similar study de-

sign applied to patients ( n = 60) with high risk of coronary artery

disease also concluded that noise exposure also affects the vascular

endothelial function [19] . 

These noise-related changes in arterial endothelial function

were initially attributed to the release of stress hormones, which

are able to act directly on the endothelial surface. Indeed, noctur-

nal noise is followed by stress responses characterized by a release

of catecholamines and an imbalance of the autonomic nervous

system in favor of an increased sympathetic tone. The sympath-

omimetic effects of noise exposure are likely triggered indirectly

by the limbic system as part of an emotional reaction to a per-

ceived discomfort and sleep disturbance. Another possibility is a

more direct non-conscious physiological interaction between the

auditory system and the central regulatory structure of autonomic
ervous system [16] . Indeed, activation of some sensitive or senso-

ial afferent projection on the central nervous system may produce

ustained changes in autonomic reflexes ensuring cardiovascular

omeostasis as baroreflex or chemoreflex [20,21] . Furthermore, this

irect pathway might be more sensitive and may explain the oc-

urrence of cardiovascular reaction with relatively low noise levels

xposure. Beside sympathetic reactions, animal studies also suggest

 release of cortisol and an increase in inflammatory markers [17] .

ffect of mitigation maneuvers 

Individual strategies, like hearing protection devices or other

itigation measures like facade noise insulation with double/triple

lassing can reduce noise annoyance and sleep disturbance [22] .

owever, studies examining the usefulness of such strategies to

revent noise related cardiovascular disease are still lacking. As

reviously done with smoking bans and more recently with diesel

an to control indoor and outdoor air pollution, some cities have

ried to reduce nocturnal noise exposure by bans on night flights.

owever, contrary to air pollution, a positive impact of noise bans

n cardiovascular health is not yet proved. However, WHO esti-

ates that a 5 dB noise reduction would reduce the prevalence of

ypertension by 1.4% and coronary artery disease by 1.8%. The an-

ual economic benefit of such intervention was estimated to be 3.9

illion for the US [23] . 

ollutants from food 

ackground 

Because of the propagation and bioaccumulation of chemical

ollutants in the food chain, food is a major source of toxic chemi-

al contaminant exposure for humans [24] . One major character-

stic of this type of pollution concerns its biological persistence

ecause of the resistance of these molecules to transformation or

egradation. Persistent organic pollutants (POPs), such as polychlo-

inated biphenyls (PCB), dioxins, and pesticides, are important food

azards. Dichlorodiphenyltrichloroethane (DDT) is perhaps one of

he most famous and controversial pesticides used extensively on

gricultural crops. Dioxins occur as a complex mixture of differ-

nt molecules presented in food and feed, and tetrachlorodiben-

odioxin (TCDD) is the most toxic member of this family. More

han 90% of human exposure to POPs arises from food, mainly

eat, dairy products, fish, and shellfish [25] . Global analysis of

eafood found that concentrations and bioaccumulation of POPs

iffer among species and across ocean basins world [26] . POPs are

ow being monitored in human milk according to a WHO rec-

mmendation and a recent worldwide analysis of this database

howed that the highest levels of PCB are observed in East and

est Europe [27] . A second category of food pollutants is plastic-

ssociated chemicals (PACs), such as Bisphenol A and phthalates.

isphenol A is a chemical product used primarily as a monomer

n the production of polycarbonate plastic and epoxy resins. Hu-

an exposure assessment study has shown that BPA is present at

etectable levels in urine of over 90% of individuals of US popu-

ation [28] . Other inorganic food pollutants include mercury, lead,

admium, nitrates and ammonia. 

In 2004, the Stockholm Convention on POPs was ratified to

ecrease environmental and human exposure to POPs [29] . Toxic

quivalency factors (TEFs) are now international, and all dioxins

re classified according to their toxic potency relative to the refer-

nt compound, namely TCDD. These international TEFs have been

eveloped for application in risk assessment but numerous dis-

repancies exist internationally for accepted maximum intake lev-

ls of contaminants in food. A recent study performed in the

etherlands, a country affected by repeated food dioxin contam-
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nation crisis, shows that 8% of the population is exposed to intake

evels above the “safe” weekly intake for dioxins [30] . 

pidemiology 

ardiovascular morbidity and mortality 

In a cross-sectional analysis from the US National Health and

utrition Examination Survey (NHANES) 1999–2002, concentra-

ions of PCBs and pesticides in serum were positively related

o cardiovascular disease prevalence [31] . NHANES (20 03–20 04)

emonstrated that Bisphenol A levels in human urine were also

ositively associated with cardiovascular disease prevalence, with

n RR of 1.6 (95% CI: 1.1–2.2) for a change of 1 standard devi-

tion (SD) in Bisphenol A levels in urine [32] . Further analysis

f the NHANES 20 05–20 06 study confirmed these associations of

CBs and Bisphenol A with cardiovascular disease, but no clear dis-

inction was made between different cardiovascular disorders. A

arge prospective population-based study is still required to pro-

ide high-level evidence of the independent roles of POPs and PACs

n cardiovascular morbidity and mortality. 

rteriosclerosis 

Mono-methyl phthalate and a number of PCBs were related to

he occurrence of carotid plaques, even after adjustment for lipids

nd known cardiovascular disease risk factors. Furthermore, levels

f highly chlorinated PCBs were related to lipid infiltration into the

ntima space. 

iabetes 

Exposure to POPs, and especially DDT, has consistently been

ssociated with diabetes in numerous prospective studies. Other

tudies show significant associations between PCB exposure and

uture diagnosis of diabetes. These data are largely supported by

ohort data from the population surrounding Seveso (Italy), which

uffered a POPs contamination in 1976 [33] . In the previously men-

ioned cohort from Uppsala, Sweden, a number pesticides were

ound to be associated with diabetes prevalence [34] . Exposure to

CB was a stronger risk factor for incidental diabetes than the body

ass index (BMI), with a respective OR of 7.5 (95% CI: 1.4–38) for

CBs and 4.5 (95% CI: 1.2–22) for BMI. In the NHANES study of

0 03–20 04, the RR of diabetes was 1.3 (95% CI: 1.2–1.6) for a stan-

ard deviation change in Bisphenol A levels in urine [32] . 

ypertension and other CV risk factors 

In the NHANES 1999–2002 study, the RR for hypertension was

.3 (95% CI: 0.8–6.6) for the highest quartile of a number of

CBs in women [35] . The same survey showed that the RR for

ewly diagnosed hypertension was 5 (95% CI: 1.2–21.5) for the

ighest quartiles of dioxin concentration, but this association was

nly present in women. In the Anniston cohort (Alabama, USA),

hich suffered a PCB contamination, a cross-sectional analysis sug-

ested also an increased risk of hypertension [36] . Recently, en-

ironmental exposure to beta-hexachlorocyclohexane, a lipophilic

y-product of the production of the insecticide called lindane, has

een associated with higher systolic blood pressure among peo-

le living close to an industrial area [37] . The association between

OCs and obesity, metabolic syndrome and dyslipidaemia is mainly

ased on cross-sectional data and requires further investigations to

e confirmed. 

oronary artery disease and stroke 

In the cross-sectional analysis of the combined NHANES 2003–

004 and 2005–2006 data, the RR of myocardial infarction was 1.2

95% CI: 1.1–1.4) for a change of 1 SD of the Bisphenol A levels in

rine [38] . A longitudinal study from the European Perspective In-

estigation of Cancer (EPIC) cohort also assessed the effects of BPA
n the development of coronary artery disease and found an inci-

ent coronary artery disease diagnosis OR of 1.143 (IC 95%: 1.02–

.24) per standard deviation increase in urinary BPA concentration

39] . In another study, which used coronary angiography results as

nd-points, the OR for multi-vessel coronary disease was 2.09 (CI

5%: CI 1.62–3.46) with higher levels of BPA in urine, but there was

o significant association with less severe coronary artery disease

40] . Considering the risks of coronary artery disease and strokes

riggered by POP exposure, OR were respectively of 1.36 (95% CI:

.18–1.56) and 1.15 (95% CI: 1.05–1.26) in a population study of

eople living close to a POP-contaminated waste site in New York

41,42] . Role of dioxin in the risk of developing CAD has been

ostly investigated in occupational medicine and evidence from

nvironmental research needs to be strengthened. 

athophysiology with focus on oxidative stress 

The accumulation of experimental evidence supports the find-

ngs that POPs and PACs increase the incidence of cardiovascu-

ar risk factors, such as diabetes, arterial hypertension, and vas-

ular dysfunction. POPs have the ability to interact with sex hor-

one receptors with both agonist and antagonist properties. Other

teroid nuclear receptors can also be affected by POPs. Dioxin

nteracts with the aryl hydrocarbon receptor (AhR), which pro-

otes reactive oxygen species production through the cytochrome

450 enzyme CYP1A1 and increases 8-hydroxydeoxyguanosine, a

roduct of DNA-based oxidation [43] . When stimulated, this path-

ay leads to an activation of cyclooxygenase 2, which releases

rostaglandins and eicosanoids, both acting as mediators of inflam-

ation and atherothrombotic phenomenon [44] . In TCDD-exposed

ice aorta, an increased superoxide anion production and impair-

ent of endothelium-dependent vasorelaxation were observed. In

ddition to dioxin-mediated endothelial dysfunction, the AhR path-

ay activation by TCDD increased blood pressure and induced car-

iac hypertrophy [45] . The treatment of macrophages by TCDD

eads to AhR-dependent activation of inflammatory mediators and

he formation of cholesterol-laden foam cells [46] . The exposure of

poE-/- mice to TCDD also caused a time-dependent progression

f atherosclerosis through the stimulation of a G protein-coupled

eceptor, called CXCR2, by Interleukin 8 (IL-8) [46] . The relation

etween POPs and diabetes has also been studied in animals. For

nstance, insulin secretion levels in mice was found to be signifi-

antly decreased by islets of Langerhans following TCDD exposure

hroughout a pathway involving the AhR [47] . An increase in sen-

itivity towards angiotensin II was reported in animals and may be

onsidered as a potential mechanism of POP-related arterial hyper-

ension. 

BPA is an endocrine disrupting chemical. As early as the 1930s,

t was found to produce estrogenic activities. Mice exposed to

isphenol A developed high blood pressure with increased level

f angiotensin II [48] . A vascular oxidative stress reaction was also

bserved with an eNOS-dependent superoxide production followed

y an impairment of endothelium-dependent vasorelaxation [49] . 

ffect of mitigation maneuvers 

Compared to conventional foods, organic food includes lower

esticide levels and may also present some higher antioxidant ca-

acity. Some long-term cohort studies, as the Nutrinet-Sante´study,

emonstrated that organic food consumers present a decrease risk

f hypertension, hypercholesterolemia, type 2 diabetes, and that

rganic food intake is associated with a reduced cardiovascular dis-

ase in men [50] . Even if this study has performed numerous ad-

ustments for age, education, occupation, smoking and physical ac-

ivity level, a confounding effect of general life style between or-

anic and conventional food consumers cannot be formerly ruled
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out. Strong evidence arising from controlled randomized study be-

tween organic or conventional diets, is still missing. Consequently,

the ability of organic food consumption to prevent chronic disease

arising from POCs and PACs exposure, such as diabetes or cardio-

vascular disease, requires further investigations. 

Concerning people already exposed, in vitro study suggests that

vitamin C and vitamin D intake may decrease the cardiovascular

toxicity of PCBs [51] . Detoxification by retrieving these persistent

pollutants accumulated in fatty tissue is challenging and may re-

quire development of specific compounds, such as liposome and

nano-carriers technologies [51] . 

Ionizing radiation 

Background 

Ionizing radiation carries sufficient energy to ionize atoms and

molecules and break chemical bonds. These radiations take the

form of electromagnetic waves (gamma or X-rays) or particles

(neutrons, beta, or alpha). Radiation comes from different sources,

including more than 60 natural sources such as radon, a naturally

occurring gas emanating from rock and soil. Human exposure to

radiation also comes from human-made sources. Medical use of

radiation currently accounts for 98% of the population’s dose con-

tribution from all artificial sources [52] . Massive releases of high

nuclear decay rates of radioactive material into the environment

after the Chernobyl (1986) and Fukushima (2011) nuclear power

plant accidents were estimated at 5200 and 900 PentaBecquerel,

respectively. Similar to POCs, iodine, caesium, and strontium ra-

dionuclides can also accumulate in the food chain. The effective

dose received by humans is expressed in Sievert (Sv), a unit that

takes into account the dose of absorbed radiation, usually ex-

pressed in Gray (Gy), but calibrated by the type of radiation and

sensitivity of tissues and organs. The International Commission on

Radiological Protection recommends, for public exposure, a maxi-

mum permissible dose of 1 millisievert per year, averaged over five

years [53] . High radiation doses induce a variety of non-cancer ef-

fects, such as damage to the structures of the heart valve, coronary,

carotid, and other large arteries. An association between lower

doses ( < 0.5 Gy) and late circulatory diseases has recently been

suggested [54] . 

Epidemiology 

Cardiovascular morbity-mortality 

An excess risk of other non-cancer diseases, and especially

circulatory diseases, was demonstrated among Japanese survivors

with a clear correlation between the radiation dose received from

the explosions. In the Life Span Study on Japanese bomb survivors,

the ERR/Sv was 0.17 (90% CI: 0.08–0.26) for heart disease and 0.12

(90% CI: 0.02–0.22) for stroke [55] . In a recent meta-analysis of

studies on circulatory diseases from exposure to low-level ionizing

radiation in the general population, the ERR/Sv for ischemic heart

disease was 0.10 (95% CI: 0.04–0.15) and 0.21 (95% CI: 0.02–0.39)

for stroke and 0.19 (95% CI: 0.00–0.38) for other circulatory dis-

eases [56] . Population-based excess absolute risk (EAR) estimates

for the risk of exposure-induced death (REID) for all circulatory

diseases ranged from 2.50%/Sv (CI: 0.77–4.22) in France to 8.51%/Sv

(95% CI: 4.00–13.02) in Russia, reflecting the differentiations in the

baseline prevalence of cardiovascular disease between these coun-

tries. Interestingly, the EAR of mortality from circulatory diseases

are similar to those of radiation-induced cancer. This is in accor-

dance with recent analyses of the Japanese atomic-bomb survivors,

which have suggested that excess mortality from non-cancer dis-

eases was comparable to that from cancer [57] . The consequence

of such findings is that the overall excess risk of mortality after
xposure to low doses of radiation may be about twice the cur-

ently assumed level expected from the estimated risk of mortality

ue only to cancers. 

ose-effect relationship 

The debate on the existence of a threshold in the appearance of

adiation-related cardiovascular effects is important in ascertaining

hether these vascular effects are stochastic, like the association

etween radiation exposure and cancer, or non-stochastic, like the

ose-dependent effect of radiation on skin. A threshold of 500 mSv

ould be compatible with epidemiological data on circulatory dis-

ase after radiation exposure. A review performed by the Public

ealth England endorsed the excess risks for ischemic heart dis-

ase and stroke, but concluded that a significantly elevated risk

as detectable only for exposures above 500 mGy [58] . However,

he meta-analysis of studies with cumulative doses < 500 mSv, or

ow dose rates of < 10 mSv per day, estimated a significant dose-

isk relationship with circulatory disease mortality [56] . Conse-

uently, other groups consider that a raised risk is apparent be-

ow this threshold and that the dose-response is compatible with

 linear non-threshold relationship, as encountered with radiation-

elated cancer. Indeed, in the Life Span study, radiation effects on

on-cancer mortality is described by a linear dose-response model

ith a risk increase of about 14% per Sv [55] . This dose-effect re-

ationship between radiation and cardiovascular disease remains

ebatable, and only further investigations using a precise evalua-

ion of confounding lifestyles may change our understanding of the

isks of relative low radiation exposure levels. 

athophysiology with focus on endothelial function 

An underlying causal relationship between low level radiation

nd circulatory disease is supported by animal research. A great

umber of studies have investigated radiation effects on endothe-

ial cells in vitro, and a few studies have confirmed some of these

bservations in vivo [59] . Myocardial perfusion in humans was

tudied after breast cancer radiotherapy revealed inhomogeneities

nd local defects in myocardial perfusion, suggesting an endothe-

ial dysfunction in the myocardial microcirculation [65] . An in-

ammatory phenotype is expressed by endothelial cells exposed

o a dose of > 0.5 Gy with a transient over-expression of adhesion

olecules such as E-selectin, ICAM-1 and cytokines, including IL-

, IL-8 and TGF-ß [60,61] . An increased transcription factor NFkB

as also been reported after radiation exposure, and as demon-

trated in other models, arteriosclerosis may play a pivotal role in

adiation-induced vascular inflammation. Furthermore, irradiated

ndothelial cells release the von Willebrand factor, which may fa-

or a prothrombotic reaction [62] . Radiation-induced arterioscle-

osis has been confirmed in the APOE-/- mouse [63] . Local radi-

tion of the carotid arteries of these mice with a single dose of

4 Gy caused an earlier onset and faster growth of arteriosclerotic

laques in the irradiated vessels. A histological study revealed also

ncreased signs of plaque instability, such as intra-plaque haemor-

hage or macrophage accumulation in the irradiated carotid arter-

es. Further investigation may determine whether a low dose total

ody irradiation might modulate atherosclerosis progression, con-

idering pre-existing disease and other cardiovascular risk factors

t time of exposure. 

merging environmental factors 

lectromagnetic fields (EMFs) 

During the last decades, exposure to electromagnetic fields in

aily life has been on the increase. Low frequency EMFs have fre-

uencies up to 300 Hz and exposure of population is mainly arising
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rom electrical appliances, household wiring, and electric power

ines. Numerous electrical systems, like Bluetooth, wi-fi, mobile

hones, generates EMFs in a higher frequency range between 3 KHz

nd 300 GHz. Due to tissue penetration, high frequency EMFs can

hysically impact cells and tissue function by triggering a thermal

ffect. Existence of non-thermal effects associated with low fre-

uency EMFs remains not proved. In 2011, WHO classified radio

lectromagnetic fields into a category 2B as potentially carcino-

enic. EMFs were first considered a concern in cardiology for pa-

ients with pacemakers and defibrillators. The heating of the im-

lant, disturbances of the electronic circuit and of the sensing ca-

abilities have been problematic with first-generation cell phones

nd older generations of implantable devices. More recently, some

ardiovascular effects of electromagnetic fields have been sus-

ected from studies demonstrating an altered heart rate variabil-

ty with low frequency magnetic field exposure, suggesting some

otential effects on the autonomic nervous system [64] . However,

nterventional studies on healthy volunteers tried to replicate this

nding with variables results. Some studies have shown an in-

rease in activity in the sympathetic nervous system’s exposure

o MF while others have shown an increase in activity of the

arasympathetic nervous system or no effect [64] . Thus, based

n these conflictual studies, the possible deleterious cardiovascu-

ar health effects of EMFs and the characterization of potentially

ubtle physiological changes in the autonomic nervous system war-

ant further studies to be confirmed. 

reen space 

In the opposite direction than the previously presented environ-

ental stressors, greenness appears recently as a new factor, which

ay favorably influence the cardiovascular system. In one of the

rst reports, which was based on an analysis of the entire popula-

ion of England, the rate of cardiovascular disease mortality in the

east green areas was found to be twice that of greenest areas [65] .

uch a finding was not confirmed by another study performed on

he population living in the 49 largest US cities, in which no as-

ociation between greenness and mortality from heart disease was

ound [66] . In a meta-analysis of 8 studies on the effect of green-

ess, no significant reduction of cardiovascular mortality risk was

bserved (RR 0.99; 95%CI 0.98–1.00) [67] . An independent effect of

reen space remains difficult to prove because of the association

etween greenness environment and decreased levels of local air

nd noise pollutions. A recent study performed on the population

f Switzerland has tried to overcome this limitation by discrimi-

ating the effects of greenness from other confounding variables.

ased on satellite imaging data, this study shows that, even after

djustment for air pollution, traffic noise and other socio-economic

onfounders, greenness surrounding the living address was

ssociated with a reduced cardiovascular mortality (RR 0.96; 95%

I: 0.95–0.98) [68] . Further studies are required to confirm the in-

ependent benefit of greenness by including also as covariables the

evel of physical activity, which may also indirectly explain some

arts of the benefit of green spaces. 

ight pollution 

Some studies reported that exposure to light at night are ac-

ompanied by neuroendocrine reactions as impairment of mela-

onin release [69] . Furthermore, evening light exposure before bed-

ime may affect circadian phase more than exposure during the

fternoon. Chronic light exposure at night exposure may have neg-

tive effects on the psychological, cardiovascular and/or metabolic

unctions. Recent increasing exposure to blue light from light-

mitting diodes screen has raised some concerns on possible circa-
ian rhythm disruption and related increase in cardiovascular risk.

owever, exposure assessment is complex because numerous pa-

ameters (e.g., light intensity, wavelength, time, and duration of

xposure) need to be considered to study the cardiovascular health

ffect of blue light exposure at night. 

ethodological issues for an integrated approach of the 

cology of the cardiovascular system 

Most of the presented studies report an independent effect of

ne pollutant on different cardiovascular events. Such an approach

oes not fit the multifactorial nature of air pollution and the eco-

ogical possibility of an interaction between pollutants. Indeed,

he reality is that humans are not exposed to one pollutant at a

ime but to a simultaneous “cocktail” of chemicals, particles, noise,

nd electromagnetic waves ( Fig. 1 ). Furthermore, some humans

ay be more vulnerable to the effect of environment because

f pre-existing cardiovascular risk factors. A statistical approach

onsidering such multi-factorial mixtures of environmental pollu-

ants, and patient predisposition, requires insights from classical

xperimental design, complex models, and a very large population

tudy. Few studies have performed a multi-pollutant approach on

ardiovascular risk. In a study regarding the risk to develop tho-

acic aortic calcification, a bi-pollutant model was used to uncover

he independent effect of air and noise pollution. After mutual ad-

ustment, this study concluded that long-term exposure to fine PM

nd night-time traffic noise are both independently associated with

ubclinical atherosclerosis [9] . However, numerous other interac-

ions between air and non-air pollutants are possible and need to

e explored ( Fig. 1 ). As previously mentioned, greenness may in-

erfere with air and noise pollution. Another possible interaction is

hat the autonomic mediated stress reaction observed with noise

ollution may also interfere with change in circadian rhythm ob-

erved with light-emitting diode. Even more speculative, magnetite

anosphere arising from air pollution may also interfere with elec-

romagnetic field in generating oxidative stress reaction [70] . Inter-

ction between air and food pollutions and numerous other hypo-

hetical scenarios of interactions are possible and will need to be

nvestigated. 

Analyse of the interactions between air and non-air related pol-

utant is a difficult task because of the high correlations often ex-

sting between pollutants. Indeed, evaluating the independent ef-

ect of a pollutant from each other can be violated in the presence

f collinearity. General linear model analysis has been largely used

o address the environmental health effects of air pollution and

oise. However, considering a statistical analysis with various air

nd non-air pollutants, cardiovascular risk factors, socio-economic

ubgroups leads to a high dimensional general linear model, and

onsidering interactions between pollutants and cardiovascular risk

actors further increases this dimensionality. The high dimension-

lity of such general linear model is prone to decrease inference,

orrect interpretation of the model parameters and possible pre-

iction. At least, analysis of air temperature and pollutants effects

equires a temporal approach of the lag effect. An optimal method

o screen for the interaction between air and non-air related pol-

utants has not yet been clearly identified. Some techniques used

or high dimensional regression problems, like the Least Absolute

hrinkage and Selection Operator (LASSO) method, may be trans-

ate in a next future to epidemiological studies of environmental

isk factors [71] . Only large-scale studies, integrating a maximum

umber of pollutant exposures into complex high dimension mod-

ls, may be able to build a global scoring of the individual car-

iovascular risk generated by exposures to environmental stressors

 Fig. 2 ). 
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Fig. 2. Fictive evaluation of individual cardiovascular risk arising from environmental stressors . This figure is a facsimile of ESC SCORE Risk charts assessing the global 

risk of cardiovascular death related to conventional risk factor but transposed to environmental stressors. Abbreviations: CV: cardiovascular, PM: Particle matter; NO 2 : Nitrogen 

dioxide; dB: decibel, LNight: noise energy equivalent at night. 
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General conclusion on the ecology of cardiovascular system 

The cardiovascular system is vulnerable to both air and non-air

related pollutant throughout common physiopathological pathways

involving endothelial oxidative stress and autonomic system imbal-

ance. Deterioration of environment has an impact on cardiovascu-

lar health and, as presented in the first part of this review, expo-

sures to extreme temperatures and decrease air quality are likely

the main contributors to environmental mediated cardiovascular

mortality and morbidity. Noise from road traffic also has shown

some important effects on coronary artery disease, whereas ef-

fect of aircraft noise seems strongly associated with hypertension.

Chemical pollutions from food have been associated with prema-

ture occurrence of diabetes and hypertension, but effects on coro-

nary disease or stroke differ across studies. Low dose exposure to

ionizing radiation also seems associated with cardiovascular dis-
ase. Interestingly, most of these environmental triggers display no

lear exposure threshold before observing adverse cardiovascular

ffects. This concept that low levels of exposure may already gen-

rate a significant cardiovascular health effect strengthens the need

f studies examining the synergistic effects of multiple pollutant

xposures. 
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