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Abstract  

The once-surprising observation that ambient air pollution (AAP) adversely affects 

the cardiovascular system is now well recognized but there are yet many gaps in 

understanding the pathophysiologic mechanisms linking AAP and cardiovascular 

diseases (CVD). In this sense, epidemiological studies on the association between AAP 

and health conditions that increase the risk to develop CVD may shed some light on the 

mechanisms mediating the AAP deleterious effect on the cardiovascular system. The 

overall aim of this thesis is to improve our knowledge on the relationship between 

exposure to particulate matter and biomarkers of cardiovascular risk. Specifically, this 

thesis addresses the association between exposure to ambient particulate matter (PM10) 

and biomarkers of dyslipidaemia, diabetes, hypertension and inflammatory response in 

the adult Portuguese mainland population, in 2015. 

A systematic review and meta-analysis was firstly conducted (Article 1) to 

summarise the current state of knowledge about the association between AAP and 

biomarkers of dyslipidaemia prior to design the plan of analysis on this topic. Despite the 

few studies included, it suggested some epidemiologic evidence supporting the 

association between PM10 and increased triglycerides levels (3.14%, 95%CI: 1.36-4.95, 

increase per 10µg/m3 PM10 increment). Subsequently, associations between PM10 

exposure and each biomarker group was assessed through the linkage between air 

quality data collected through air quality monitoring network of the Environmental 

Portuguese Agency and individual data from the First Portuguese Health Examination 

Survey (Articles 2, 3 and 4). 

Globally, the results of this thesis supports the existence of a positive association 

between PM10 exposure and some biomarkers of cardiovascular risk, namely those 

related to dyslipidaemia (Triglycerides, in people with abdominal obesity: 1.84%, 95%CI: 

0.02-3.69, increase per 1µg/m3 PM10 increment) and inflammatory response (White 

blood cells in females: 2.76%, 95%CI: 0.65-4.87, increase per 10 µg/m3 PM10 increment  

and Red cell distribution width in males: 2.96%, 95%CI: 0.80-5.12, increase per 10 µg/m3 

PM10 increment). Consequently, it suggests that reduction of PM10 below current air 

quality standards would result in additional cardiovascular health benefits for the 

population. Additionally, results of this thesis contribute to provide more knowledge to 

establish the biologic plausibility to the previous epidemiologic studies reporting an 

association between air pollution and increased cardiovascular mortality and hospital 

admissions due to cardiovascular diseases. In future experimental studies, performed in 

animal models or in vitro, it would be important to explore deeply the hypothetical 
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biological mechanisms presented in this thesis to explain the identified associations.  

In conclusion, exposure to AAP is largely beyond the control of persons and 

requires action by public authorities at the national and international levels. Results 

obtained within this thesis provide more scientific arguments for taking actions to improve 

air quality, even when the standard air quality limits are target. Finally, this thesis 

describe a methodological approach, that to my knowledge, was never performed in 

Portugal, linking air quality and health data, that could be used to study other 

environmental factors and other health outcomes in a perspective to improve the usage 

of data already collected and available to all the scientific community. 

 

Key words: Air pollution, particulate matter, biomarkers of cardiovascular risk 
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Resumo 

A observação outrora surpreendente de que a poluição do ar ambiental (PAA) 

afeta, de forma adversa, o sistema cardiovascular é agora bem reconhecida, mas ainda 

existem muitas lacunas na compreensão dos mecanismos fisiopatológicos que explicam 

a associação entre a exposição a PAA e as doenças cardiovasculares (DCV). Nesse 

sentido, os estudos epidemiológicos de associação entre PAA e as condições de saúde 

que aumentam o risco de desenvolver DCV podem contribuir para perceber quais os 

mecanismos que podem mediar o efeito deletério da PAA no sistema cardiovascular. O 

objetivo geral desta tese foi contribuir para melhorar o conhecimento sobre a associação 

entre a exposição a partículas e alguns biomarcadores de risco cardiovascular 

potencialmente desencadeadores de DCV fatais e não fatais. Especificamente, esta 

tese aborda a associação entre a exposição a partículas ambientais (PM10) e 

biomarcadores de dislipidemia, diabetes, hipertensão e resposta inflamatória na 

população adulta Portuguesa do continente, em 2015. 

Inicialmente, foi realizada uma revisão sistemática da literatura e meta-análise 

(Artigo 1) para sumarizar o estado atual do conhecimento sobre a associação entre a 

poluição do ar e os biomarcadores de dislipidemia antes de delinear a estratégia de 

análise sobre este tópico. Apesar dos poucos estudos incluídos, esta revisão sugeriu a 

existência de alguma evidência epidemiológica que sustenta a associação entre os 

níveis de PM10 e os valores dos triglicéridos (3.14%, 95%CI: 1.36-4.95, de aumento por 

cada incremento de 10µg/m3 de PM10). Posteriormente, através da ligação entre dados 

da qualidade do ar recolhidos através da rede de monitorização da qualidade do ar da 

Agência Portuguesa do Ambiente e os dados recolhidos no Inquérito Nacional Saúde 

com Exame Físico (INSEF, 2015), foram avaliadas as associações entre a exposição a 

PM10 e os biomarcadores de cada grupo estudado (Artigo 2, 3 e 4). 

Globalmente, os resultados desta tese suportam a existência de uma associação 

positiva entre a exposição a PM10 e alguns biomarcadores de risco cardiovascular, 

nomeadamente aqueles relacionados com a dislipidemia (triglicéridos, em pessoas com 

obesidade abdominal: aumento de 1.84%, 95%CI: 0.02-3.69, por cada incremento de 

1µg/m3 de PM10) e resposta inflamatória (glóbulos brancos no sexo feminino: aumento 

de 2.76%, 95%CI: 0.65-4.87, por cada incremento de 10µg/m3 de PM10; amplitude de 

distribuição dos glóbulos vermelhos no sexo masculino: aumento de 2.96%, 95%CI: 

0.80-5.12, por cada incremento de 10µg/m3 de PM10). 

Os resultados desta tese sugerem que a redução de PM10 abaixo dos padrões 

atuais de qualidade do ar resultaria em benefícios adicionais à saúde da população. 
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Além disso, contribuem para fornecer conhecimento que possa ajudar a encontrar a 

plausibilidade biológica para os estudos epidemiológicos anteriores que reportaram 

associações entre a poluição do ar e o aumento da mortalidade e internamentos 

hospitalares por doenças cardiovasculares. Em estudos experimentais futuros, em 

modelos animais ou in vitro, seria importante explorar em particular os mecanismos 

biológicos que são sugeridos nesta tese para explicar as associações identificadas. 

Em conclusão, a exposição a PAA está em grande parte fora do controlo dos 

indivíduos e requer ação das autoridades públicas ao nível nacional e internacional. Os 

resultados obtidos nesta tese fornecem mais argumentos científicos para tomar ações  

de melhoraria da qualidade do ar, mesmo quando o limite padrão da qualidade do ar é 

cumprido. Adicionalmente, esta tese descreve uma abordagem metodológica, que do 

meu conhecimento nunca foi antes realizada em Portugal, ligando dados da qualidade 

do ar a dados individuais de saúde, a qual poderia ser utilizada para estudar outros 

fatores ambientais e outros outcomes de saúde numa perspetiva de otimizar a utilização 

de dados já recolhidos e disponíveis para toda a comunidade científica. 

 

Palavras-chave: Poluição do ar, partículas, biomarcadores de risco cardiovascular 
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1. Introduction 

Ambient air pollution (AAP) is one of the world´s greatest threats, affecting not only 

human health but also ecosystems, the climate, society and subsequently the economy, 

posing numerous management challenges that requires a good understanding of its causes 

and effects (1). AAP can be defined as the presence of pollutants in the atmosphere from both 

natural or anthropogenic sources reaching concentrations that interfere with human health and 

well-being or that produce harmful environmental effects (2). In the last decades, increasing 

industrialization and urbanization has resulted in highest levels of AAP in recorded history at 

a global level. The majority of the world´s population now lives in cities, in close proximity to 

transports infrastructures, the major source of AAP in an urban context, along with the pollution 

resulting from heating of buildings, industrial activities and other pollution sources of human 

origin. Thus, air quality management has become a priority in several countries, namely in 

Europe, due to its influence in human health and environment (3,4). 

The harmful action of AAP on health has been known for a long time, but it was only in 

the last few decades that its magnitude has been recognized, leading to growing public 

awareness of the health hazards due to air pollution exposure. A recent worldwide study about 

the loss of life expectancy (LLE) from air pollution compared to other risk factors concludes 

that AAP is one of the main global health hazards causing an estimated 8.8 million premature 

deaths annually and shorting lives by 3 years, especially due to cardiovascular diseases 

(CVD). The effects of AAP cause an LLE that rivals that of tobacco smoking (2.9 years versus 

2.2 years) and it surpasses LLE due to HIV/AIDS, parasitic, vector-borne, other infectious 

diseases and all forms of violence by a large margin (5).  

Although it may seem intuitively that exposures to air pollutants affect mostly the 

respiratory system, exacerbating respiratory conditions such as asthma and chronic pulmonary 

obstructive disease, the once-surprising observation that air pollution adversely affects the 

cardiovascular (CV) system is now well-recognized (6). In fact, several epidemiological studies 

all over the world have shown that both short and long-term exposures to environmental air 

pollutants are strongly associated with increased CV mortality and hospital admissions due to 

CVD (7–10). In Portugal, some ecological and regional studies regarding the influence of air 

pollution in mortality and hospital admissions have also been conducted. Significant positive 

associations between several air pollutants and cardiorespiratory diseases were found in 

2006-2008, regarding hospital admissions in Lisbon (11). Similar results were found in Setubal 
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(2005-2009), considering the exposure to particulate matter and ozone (12). Another study 

performed in Oporto, provided evidence that exposures to ozone and particulate matter have 

adverse effects on the health of the general population in the summer months (13). More 

recently, a study performed in Madeira Island, reported associations between traffic-related 

pollutants and hospital admissions due to CVD and mortality (14). Another study that analyse 

multisite data on air pollution and mortality in 652 cities across different countries, including 

Lisbon and Oporto, also found associations between short-term exposure to particulate matter 

and daily all-cause, CV and respiratory mortality (15). 

While scientific evidence supporting the association between AAP and CV mortality and 

morbidity is well-established at both international and national level, the pathophysiologic 

mechanisms linking AAP and CVD are not entirely known, being a currently research area with 

a lot of scientific debate. In this sense, epidemiological studies on the association between 

AAP and health conditions that increase the risk to develop CVD may shed some light on the 

mechanisms mediating the AAP deleterious effect on the CV system. However, these studies 

are still scarce and their evidence remains inconsistent, especially regarding the association 

between AAP and dyslipidaemia, diabetes (16) or hypertension (17). Consequently, more 

studies approaching the effect of AAP on biomarkers of subclinical and clinical CV risk 

conditions continue to be relevant in establishing the biologic plausibility of the association 

between AAP and CV mortality and morbidity. 

This thesis addresses the association between exposure to ambient particulate matter 

(APM) and the levels of biomarkers of subclinical and clinical CV risk conditions, namely 

biomarkers of dyslipidaemia, diabetes, hypertension and inflammatory response that 

potentially trigger fatal and non-fatal CV diseases. To our knowledge, this is the first cross-

sectional study linking air quality data, collected through air quality monitoring network of the 

Environmental Portuguese Agency (APA), and data from a Health Examination Survey, 

performed in a Portuguese population-based sample (First Portuguese Health Examination 

Survey – INSEF, 2015). 

The conceptual model of the thesis is described in Figure 1. As can be seen, its main 

goal is not to study the direct association between the exposure (APM) and the final outcome 

(fatal and non-fatal CV events), already well supported by the scientific evidence, but instead 

to explore the association between APM exposure and biomarkers of subclinical and clinical 

CV risk conditions.  
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Figure 1 – Conceptual model of the thesis. Abbreviations: TC, Total cholesterol; HDL-C, High-density 

lipoprotein cholesterol; LDL-C, Low-density lipoprotein cholesterol; TG, Triglycerides; HbA1c, Glycated 

haemoglobin; WBC, White blood cells; PLAT, Platelets; RBC, Red blood cells; RDW, Red cell 

distribution width; HEMOG, Haemoglobin; DBP, Diastolic blood pressure; SBP, Systolic blood pressure. 

 

The biomarkers studied in the present work include four dyslipidaemia biomarkers (TC, 

Total cholesterol; HDL-C, High-density lipoprotein cholesterol; LDL-C, Low-density lipoprotein 

cholesterol; and TG, Triglycerides), one diabetes biomarker (HbA1c, Glycated haemoglobin), 

2 hypertension biomarkers (DBP, Diastolic blood pressure; SBP, Systolic blood pressure) and 

5 biomarkers related to inflammatory response (WBC, White blood cells; PLAT, Platelets; 

RBC, Red blood cells; RDW, Red cell distribution width, HEMOG, Haemoglobin). One 

research article per each biomarker group was produced, except for the dyslipidaemia and 

diabetes biomarkers, which were described in the same article (Article 2). Moreover, regarding 

the association between AAP and dyslipidaemia biomarkers, a systematic review and meta-

analysis was also performed, and presented in Article 1, with the aim to summarise the current 

state of knowledge prior to the design of the analysis strategy on this topic. The decision to 

perform the systematic review and meta-analysis on this specific topic was due to the 

considerable number of studies detected that were never systematized and meta-analysed. 

For the remaining groups of biomarkers, recent published systematic reviews and meta-

analysis were used to guide the strategy of analysis on these topics.  



4 
 

The four articles produced in this thesis, that will be described in detail on the Results section, 

were the following:  

Article 1: Gaio, V., Roquette, R., Dias, C. M., & Nunes, B. (2019). Ambient air pollution 

and lipid profile: Systematic review and meta-analysis. Environmental Pollution, 254, 113036; 

Article 2: Gaio, V., Roquette, R., Monteiro, A., Ferreira, J., Lopes, D., Dias, C. M., & 

Nunes, B. Air pollution exposure interacts with abdominal obesity to increase blood 

triglycerides: a cross-sectional linkage study (submitted to European Journal of Public Health, 

17/12/2020); 

Article 3: Gaio, V., Roquette, R., Monteiro, A., Ferreira, J., Rafael, S., Dias, C. M., & 

Nunes, B. (2021). Exposure to ambient particulate matter increases blood count parameters 

with potential to mediate a cardiovascular event: results from a population-based study in 

Portugal. Air Quality, Atmosphere & Health, 1-14; 

Article 4: Gaio, V., Roquette, R., Monteiro, A., Ferreira, J., Dias, C. M., & Nunes, B. 
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2. Literature Review 

2.1. Ambient air Pollution 

Ambient air Pollution (AAP) can be defined as the atmosphere contamination due to the 

presence of chemical substances generated from both natural (e.g. forest fires, volcanic 

eruptions, natural dusts, microorganisms) and anthropogenic sources (e.g. industry, 

transports, agriculture) with enough concentration to cause health and environmental 

deterioration (2,6,18).  

Although AAP can result from natural sources without human intervention, it is now 

known that the leading source of pollution comes from large-scale human activities, such as 

industry, energy stations, and transports (19). According to the 2019 report of the European 

Environment Agency (EEA), the main sectors contributing to emissions of air pollutants in 

Europe are (1) transports, (2) commercial, institutional and households, (3) energy production 

and distribution, (4) industry, (5) agriculture and (6) waste (3). 

The different sources of air pollution emit different types and amounts of pollutants and 

the impact of these pollutants on humans and the environment is a complex issue (18), 

dependent of multiple factors such as the ones described in Figure 2 (20). 

In fact, emissions are not the only factor that affects air pollutants concentrations. 

Primary pollutants, that are emitted directly into the atmosphere such as sulphur and nitrogen 

oxides, carbon monoxide or particulate matter, could interact and suffer chemical 

transformations, namely through sunlight reactions, to form secondary pollutants that could be 

also primary pollutants such as nitrogen monoxide and some particulate matter (21). Moreover, 

meteorological and topography conditions are involved in the dispersion of pollutants that will 

contribute to the final concentration of the air pollutants at a given time and place (Figure 2). 

Due to these multiple factors, there is not a linear relationship between emissions decrease 

and the concentrations of air pollutants observed in the air. In addition, long-distance transport 

of air pollutants is also possible, affecting people and the environment far away from its original 

sources (3,20).  

Air pollution management is an extremely complex issue that requires an international 

cooperation in terms of research, development, administration policy, monitoring and politics 

to achieve effective and sustainable air pollution control (19). Over the last decades, global 

emissions of some gaseous air pollutants, namely sulphur dioxide and nitrogen oxides, have 

declined in the major emitting countries from Europe, North America and also from East Asia 
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as a result of the widespread implemented policies that aim to decrease air pollution exposure 

by setting limits and target values for the leading air pollutants (22). 

 

Figure 2 – Schematic illustration of the main factors contributing to air pollution concentration levels 

(Source: EEA, 2013 (20)). 

 

Nevertheless, despite the decline tendency of these air pollutants emissions, a large 

proportion of the World’s population is still exposed to air pollutants levels above the European 

Union´s Ambient Air Quality Directives (EUAAQD) and above the World Health Organization´s 

Air Quality Guidelines (WHOAQG) (3,23). It has been estimated that around 92% of people 

worldwide live in areas where the current WHOAQG limit values for various ambient pollutants 

established in 2005 are exceeded (24). Furthermore, new results from research has 

strengthened the evidence for adverse health effects of air pollution even at low levels of 

concentration, including above current air quality standards, stressing the need to add 

regulatory actions even in places where standards are fulfilled (25,26). Additionally, emissions 

of some pollutants have continued to grow, namely emissions of ammonia, an important 
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contributor to particulate matter (PM) formation and eutrophication, requiring the design of new 

effective air pollution control strategies (22). 

Several air pollutants adversely affect environment and human health. The harmful effect 

of these pollutants substantially depends on the amount and time of exposure, pollutants’ type 

and the accumulation of pollutants overtime (18). According to the World Health Organization, 

the major air pollutants that are responsible for deteriorating air quality and have strongest 

evidence of harmful effects on health are PM, ground-level ozone, nitrogen dioxide and sulphur 

dioxide (23). Detailed background information on APM will be presented in the next subsection, 

as it will be the pollutant under study in this thesis. 

 

2.1.1. Particulate Matter 

PM is considered a pollutant of great importance not only because it absorbs and reflects 

solar radiation, and therefore is an important intervenient on the climate change problem (27), 

but also because it is the pollutant having by far the largest impact upon public health and the 

scientific evidence on its harmful health effects is already quite consistent (6). 

PM is a heterogeneous and complex mixture of solid and liquid particles suspended in 

the atmosphere, which could transport a wide variety of compounds harmful to human health, 

varying in particle size and chemical composition on a range of temporal and spatial scales. 

Regarding the chemical composition, the major groups of PM constituents that affect its toxicity 

properties are organic mass, elemental mass, atmospheric semi-volatile species, crustal 

materials and biological materials. Specific PM constituents in each of the mentioned groups 

are presented in Table 1 (28).  

PM could be classified as primary, when it enters directly in the atmosphere from 

emission sources, or secondary, when it is formed in the atmospheres through chemical 

reactions of primary gaseous emissions, like SO2, NOX, NH3 and volatile organic compounds. 

According to its size, PM could be classified as PM10 (aerodynamic diameter of less than 

10μm), PM2.5-10 (aerodynamic diameter between 10 and 2.5 μm), PM2.5 (aerodynamic diameter 

of less than 2.5 μm) and PM0.1 (aerodynamic diameter of less than 0.1 μm). 
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Table 1 – Constituents of PM that affect its toxicity properties.  

APM constituent Specific constituents Reference 

Organic mass 

Hydrocarbons and their derivates: 

PAHs, PFCs, pesticides, dioxins, 

furans and PCBs 

(29) 

(30) 

Elemental mass 
C, Si, Be, As, Na, Ni, V, Pb, Cd, Se, 

Zn, Br, Co, Mn and others 

(31) 

(32) 

Atmospheric semi-

volatile species 

H20, NH4NO3, semi-volatile organic 

compounds 

(30) 

Crustal materials Sand, soil and dusts (33) 

Biological materials 
Bacteria, spores, pollen, debris and 
plant fragments 

(29) 

Adapted from (28). Abbreviations: PAHs, polycyclic aromatic hydrocarbons, PFCs polyfluorinated carbons, PCBs 

polychlorinated biphenyls. 

 

Smallest PM are particularly dangerous because they can easier penetrate and lodge 

deep inside the lungs and possibly absorbed into the bloodstream (34). In fact, PM penetrability 

into the respiratory system, the primary site of exposure to PM, will depend on its size as 

showed in Table 4. While PM larger than 10 μm are filtered by the nose and upper airways, 

smaller PM can reach the lower airways and can deposit directly in the alveolar regions of the 

lungs or can cross into the blood if not removed by macrophages and epithelial cells (28,35). 

PM chemical composition, in addition to its size, will also be decisive for their health effects 

determining a significant proportion of the biological response that will be triggered by PM after 

their inhalation (36). 

Table 2  – PM penetrability according to its size.  

Particle size (µm) Penetration degree in respiratory system 

>11 Passage into nostrils and upper respiratory tract 
7–11 Passage into nasal cavity 
4.7–7 Passage into larynx 
3.3–4.7 Passage into trachea-bronchial area 
2.1–3.3 Secondary bronchial area passage 
1.1–2.1 Terminal bronchial area passage 
0.65–1.1 Bronchioles penetrability 
0.43–0.65 Alveolar penetrability 

Adapted from (19). 

The main sources of PM are power stations, industry, motor vehicles, domestic firewood 

and natural sources like wildfires and volcanoes (37,38). According to the EEA air quality data, 

in 2017, the largest sources of PM in Portugal were industrial processes and product use, 

households, energy use in industry and lastly road transports (39). Road transports has been 

a major contributor of PM for many years, although this is now declining in the majority of the 

developed countries (40). 
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According to the last EEA report, in 2019, concentrations of PM continued to exceed the 

limit value of the EU Ambient Air Quality Directives (EUAAQD) and of the World Health 

Organization air quality guidelines (WHOAQG) in large parts of Europe. The long-term 

WHOAQG for PM10 and PM2.5 was exceed at 51% and 69% of the reporting stations, 

respectively (3). Air quality standards for the protection of health regarding PM, as given in the 

EUAAQD and also in the WHOAQG are presented in Table 5.  

 

Table 3 – Air quality standards for the protection of health regarding PM, as given in the EU Ambient 

Air Quality Directives (EUAAQD) and in the World Health Organization air quality guidelines 

(WHOAQG). Adapted from EEA (3).  

Pollutant Averaging period Limit value EUAAQD Limit value WHOAQG 

PM10 1 day *50 µg/m3 ** 50 µg/m3 
 Calendar year 40 µg/m3 20 µg/m3 

PM2.5 1 day - ** 25 µg/m3 
 Calendar year ***25 µg/m3 10 µg/m3 

* Not to be exceeded on more than 35 days/year; ** 99th percentile (3 days/year); *** additionally, to the limit value, 

there is an exposure concentration obligation of 20 µg/m3 (Average exposure indicator in 2015) and a national 

exposure reduction target of 0-20% reduction in exposure (AE1 in 2020, the percentage reduction depends on the 

initial Average exposure indicator). 

 

In Portugal, a Member State of the European Union (EU), the Decree-Law no.102/2010 

of 23 September transposes the Directive 2008/50/EC of 21 May into the Portuguese law. This 

Decree-Law defines the legislative framework and establishes guidelines for the air quality 

management, namely the limit values of air pollutants that cannot be exceeded, during a 

certain period of time, in order to prevent or reduce the harmful effects on human health and 

environment (41). In the last report, the Portuguese Environment Agency (APA) indicated a 

clearly decreasing trend of the annual average concentration of PM10 between 2001 (45.3 

µg/m3) and 2017 (16 µg/m3), being the values recorded in the last 16 years below the limit 

value imposed by the legislation (40 µg/m3)(42). 

It is important to strengthen that, despite all these legislative limit and target values 

currently used in air quality management, there is no evidence of a safe level of PM exposure 

or a threshold below which no adverse health effects occur (43) and consequently, PM levels 

must be always minimized even in places where limits are achieved. In the next subsection, 

detailed information on AAP human exposure assessment will be presented, as it is a crucial 

topic for an appropriate determination of possible links between AAP and health effects. 
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2.1.2. Assessment of human exposure 

In the previous sections, some of the factors that determine the final concentration of 

pollutants, with a special focus on PMs, were described. After the pollutant concentration 

availability into the atmosphere, another very important step in the chain events from the 

emission of a pollutant to its harmful effects on health is the exposure (44,45). 

While air pollutant concentration is a physical characteristic of the environment in a 

certain place and time, exposure refers to the individual’s contact with a pollutant 

concentration, representing the interaction between the pollutant concentration and the 

subjects. Exposure depends not only on the pollutant concentration but also on the contact 

duration of the subject with a certain pollutant´s concentration. Additionally, until the health 

effects occurrence, dose is also an important concept, as it is the mass of the pollutant that 

crosses one of the body’s boundaries and reaches the target tissues. When the uptake of the 

pollutant takes place predominantly in the respiratory system, as the case of the PM, exposure 

and dose may differ considerably. As a consequence, health effects may appear when a given 

critical or a maximum tolerable dose is exceeded (44,45). Figure 3 describes the chain events 

from the emission to the health effects. 

 

 

Figure 3 – Chain events from the emission to the health effects. Adapted from (46).  

Taking into account that dose depends not only on exposure but also on contact rate 

and bioavailability, determined by individual-specific factors like respiratory, absorption and 

metabolic rates, it is very difficult to assess dose especially for a large number of individuals. 

Consequently, epidemiologic studies on AAP often use the assessment of exposure assuming 

that exposure is proportional to dose. Additionally, despite exposure depends on concentration 

and contact duration, concentration alone is often used to represent exposure not only for 

regulatory purposes but also on epidemiological studies assessing the association between 

AAP exposure and health effects (46). 
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The assessment of human exposure to AAP may be carried out by several approaches 

using direct and indirect methods. One of the direct methods is the determination of exposure 

biomarkers that represents the most accurate estimate of a person’s “true” exposure as it 

provides a direct measure of the pollutant´s internal dose in the human body. However, specific 

exposure biomarkers of some air pollutants, namely PM, are not available or are often too 

costly to obtain in a large sample population (47,48).  

The other direct method to assess air pollution exposure is the use of personal portable 

exposure monitors. This is a good methodology to assess human exposure to air pollution, as 

it provides a direct measurement of exposure, and small portable monitors sensitive enough 

for measuring ambient concentrations are now available, including measuring PM. However, 

it is relatively expensive to measure exposure for each individual in large population studies 

and time-consuming to do on many subjects (45). The development of mobile applications that 

estimates a personal air pollution inhaled dose based on the pollution concentrations obtained 

from an air pollution estimation system and on the time-activity data from the individual’s on-

body activity monitors is a very promising tool regarding the air pollution assessment exposure 

that could be used in the future (49,50). 

When direct methods are not available to assess air pollution exposure, indirect methods 

are often used. The classical indirect method is the use of categorical exposure classifications 

such as type of residence or type of job. It is the simplest indirect method but its low accuracy 

is associated with a high exposure misclassification, which is an important source of 

confounding in studying the health effects of AAP. Subsequently there are two other indirect 

approaches that are the most commonly used nowadays and they will be described in detail 

below: (1) the use of air pollution data collected from routine fixed-site monitoring networks; 

and (2) the application of mathematical models (44). 

Estimates of human air pollution exposure based on measurements obtained from 

ground fixed-site air monitoring stations, frequently managed by governmental agencies for 

regulatory purposes, are often used in epidemiological studies assuming that measurements 

at a single site are representative of air quality over a larger area. This is an easy approach to 

estimate the human air pollution exposure but it is often associated with high uncertainties due 

to limited spread of monitors over space and time (51). For some air pollutants, large-scale 

routinely collected air pollutants data remain scarce or incomplete in certain areas, resulting in 

lack of spatial coverage and also greater exposure assessment error (52). Additionally, air 

monitoring station measurements may not reflect individual-level exposure due to spatial 
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variability of ambient PM concentrations, the house-to-house and temporal variations in indoor 

infiltration of ambient PM, and personal variation in the time spent in different outdoor and 

indoor places (53). Furthermore, air monitoring stations are usually located in highly populated 

urban areas and consequently their measurements may not precisely reflect the exposure for 

populations from rural areas (54). In summary, to use estimates of human exposure based on 

measurements obtained from fixed-site air monitoring stations careful considerations are 

needed since stations represent the conditions for the local site and, at nearby sites, the 

conditions may be significantly different. Some strategies can be adopted to overcome this 

situation, namely some proximity-based assessments or some geo-statistical interpolation like 

Kriging methods but they do not account for the physiochemical characteristics of the 

pollutants which are determinant in the complex dispersion environments (44,51). 

Finally, the application of mathematical models is a very useful tool for indirect estimation 

of human exposure as it aims to provide spatiotemporally resolved estimations of different air 

pollutants and allow improved exposure assessment. However they are usually 

computationally intensive, requiring detailed input data that sometimes are not available, and 

expertise in meteorology and climatology (51). The three main types of models are (1) land 

use regression models, that provides spatially continuous estimations of air pollution based on 

air quality monitors and multiple predictors like land use data, altitude, meteorology, traffic and 

other predictors (55); (2) Chemical transport models that simulate dynamics of atmospheric 

pollutants by combining meteorological and chemical data; and (3) hybrid models that provide 

spatiotemporally continuous air pollutants estimates using elements of land use alongside the 

effect of various temporal variables like meteorology, green space and measures of pollutants 

from satellite-based remote sensing or pollutants estimates from chemical transport models 

(51,56). 

After this subsection more focused on the methodological aspects of the AAP exposure 

assessment, applicable specifically to PM exposure assessment, the next subsection describe 

the PM health effects, with a special focus on the CV related health effects as they will be the 

study outcomes in this thesis. 
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2.2. Human health effects of particulate matter 

Epidemiological research concerning air pollution and health effects have been 

successively support the causal relationship between PM and human morbidity and mortality 

(28,57,58).The Global Burden of Diseases (GBD) Study in 2015 estimates that exposure to 

PM2.5 caused 4.2 million deaths and 103.1 million disability-adjusted life-years (DALYs), 

representing 7.6% of total global deaths and 4.2% of global DALYs. Moreover, the same study 

also found that deaths attributable to ambient PM2.5 increased from 3.5 million in 1990 to 4.2 

million in 2015 (59). 

PM is associated with a large spectrum of adverse health outcomes, ranging from death 

to subclinical symptoms, as described in Figure 4. It illustrates the inverse relationship 

between the severity of outcomes and the proportion of people affected by them. While the top 

of the pyramid is composed by well characterized health effects, mainly at CV and respiratory 

level, often included in the GBD estimates, the medium part of the pyramid is composed by 

emerging but still unquantified health effects and the basis of the pyramid includes insufficiently 

characterised health effects (60). This suggests that the health effects quantified in the GBD 

estimates represent only a small portion the total health effects caused by AAP, as well as by 

PM (23). 

 

Figure 4 – Pyramid of the health effects associated with air pollution. Adapted from (61). 
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It is already known that PM exposure can affect multiple organs and systems (62). 

Besides the PM effects on CV system, which will be covered in the next section in more detail, 

there is already some consolidated scientific evidence on the association between exposure 

to PM and diseases of the respiratory system, namely asthma (63), chronic obstructive 

pulmonary disease (64) and lung cancer (65). PM is already classified as Group 1 carcinogen 

(induces carcinogenesis in human body) by the International Agency for Research on Cancer 

(66). Additionally, emerging evidence suggests that PM can also increases the incidence of a 

wide range of diseases, namely skin diseases like atopic dermatitis (67), diseases related with 

the central nervous system like depression and anxiety (68), dementia and Alzheimer's 

disease (69) and PM also seems to affect the human fertility (70) and birth outcomes (71). 

PM exposure is near ubiquitous, affecting everyone, but those at greatest risk are 

children, people aged 65 and over, people with pre-existing comorbidities namely CV and 

respiratory diseases, people who work outdoors and people of lower socio-economic status 

because they are more likely to live in areas with worst air quality (72). 

 

2.2.1. Cardiovascular related effects 

Cardiovascular diseases (CVD) are a vast group of cardiac and vascular diseases, 

namely ischemic heart disease, stroke, heart failure, peripheral arterial disease and 

hypertension that continue to be the leading cause of morbidity and mortality worldwide and 

also in Portugal (73). In 2017, according to the GBD study, CVD caused an estimated 17.8 

million deaths worldwide, corresponding to 330 million years of life lost and another 35.6 million 

years lived with disability (74,75). In Portugal, CVD is also the main cause of morbidity and 

mortality, having led to 32 336 deaths (29.4 % of all deaths) in 2017 (73). Moreover, it was 

estimated that, in 2015, about 17% of the Portuguese resident population aged between 40 

and 65 years old were at high or very high risk of having a fatal CV event in the following 10 

years (76). 

PM is now a well-established risk factor to develop CVD, with more than two thirds of the 

mortality attributed to PM arising from CV causes, mainly cerebrovascular and ischaemic heart 

diseases (6,59). Consistent scientific evidence is available regarding the link between PM 

exposure and both fatal and non-fatal CVD, including stroke (77), heart failure (10), myocardial 

infarction (78), cardiac arrhythmia (79) and venous thromboembolism (80). 
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The pathophysiologic mechanisms linking the occurrence of CV events due to PM 

exposure are still an area of intensive research and scientific debate (81–83). Evidence from 

controlled exposure studies, animal models and in vitro studies suggests at least three 

probable mechanistic pathways linking inhaled PM to CV morbidity and mortality, as described 

in Figure 5 (6,57). One of them is the direct PM translocation or the PM constituents into the 

blood circulation that can directly impair CV function and reach different organ systems (6,84).  

 

 

Figure 5 – Potential biological mechanisms linking inhaled PM to cardiovascular morbidity and mortality. 

Adapted from (6). 

 

Another possible mechanism involved in the PM cardiovascular effects is related to lung 

oxidative stress and inflammation, leading to the passage of oxidative stress and inflammatory 

mediators, namely cytokines and other additional unidentified mediators, from the lung into the 

circulation (6,85,86). Finally, the neuroendocrine activation triggered by activation of alveoli 

sensory receptors activation is also currently considered as a potential mechanism linking 

inhaled PM to CV morbidity and mortality as it disrupt the balance of the autonomic nervous 

system (6). Additionally, some studies suggest that PM could also infiltrate in the central 

nervous system via translocation along the olfactory nerve into the olfactory bulb, exerting 

direct effects on this system (87,88). It is important to mention that these three mechanisms 

are not mutually exclusive and their activation will vary according to exposure duration, PM 

dose, constituents and size (89).  
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In addition to the direct CV impairment caused by PM exposure that will be achieved 

mainly by the three mechanisms previously described, nowadays it is also discussed the 

possibility of PM acting at the level of other tissues and organs. Direct action of PM on adipose 

tissue, liver, kidney and bone marrow, could promote the occurrence of CV risk conditions 

such as dyslipidaemia, hyperglycaemia, hypertension and exacerbated inflammatory response 

that will also contribute to CV mortality and morbidity (89). Considering the present uncertainty 

surrounding this hypothesis, there is a need for clarification of how PM can act on these 

subclinical and clinical CV risk conditions because evidence on this issue is still very limited 

and clarification could provide valuable insight into the mechanistic pathways through which 

PM exposure contributes to CVD development. 

In this thesis, to study the association between PM and the subclinical and clinical CV 

risk conditions already mentioned, biomarkers of these conditions will be analysed. A 

biomarker could be defined as a characteristic that can be objectively measured and evaluated 

as an indicator of normal biological processes, pathogenic processes or pharmacological 

responses to a therapeutic intervention (90). In this sense, blood lipid levels, routinely used as 

biomarkers of dyslipidaemia conditions, HbA1C, a more recent used biomarker of diabetes, 

blood pressure values, a classic biomarker of hypertension, and blood count parameters, 

important biomarkers for various physiological responses namely inflammatory response, are 

all also important biomarkers of CV risk. Detailed background information on the association 

between PM and each of these CV risk biomarkers will be presented in the next subsections. 

 

2.2.1.1. Blood lipid levels and dyslipidaemia 

Dyslipidaemia is characterized by any or a combination of raised LDL-C, TC, TG and low 

HDL-C. These lipid abnormalities are well-recognised CV risk factors, associated with an 

increased risk of CV events, namely ischaemic heart disease and stroke (91). Overall, raised 

TC is estimated to cause 2.6 million deaths and 29.7 million DALYs (92). In 2008, the global 

prevalence of raised TC among adults was 39% (93). In Portugal, according to the data from 

the first National Health Examination Survey (INSEF), in 2015, about 52% of the Portuguese 

population aged between 25 and 74 years old had TC values equal or higher than the 

recommended value of 190 mg/dL (94). 

In the past years, some epidemiological studies have explored the association between 

PM exposure and blood lipid levels or dyslipidaemia but the results have not been consistent, 
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and some studies failed to demonstrate the deleterious effect of AAP on the lipid profile 

parameters. In fact, while some studies detected significant associations between PM2.5 and 

PM10 and at least one of the dyslipidaemia biomarkers (95–98) others failed to detect these 

associations (99–101). For example, while Shanley and his colleagues (97), in the United 

States of America, found a 1.4% (95%CI: 1.2%; 1.7%) TC increase per each 11.1µg/m3 PM10 

increment, Yang and his colleagues (95) were not able to detect the same association in China 

(-0.2% TC increase per each per each 10 µg/m3 PM10 increment, 95%CI: -0.5%; 0.1%). 

Furthermore, a recent study suggest that among the several CV risk factors, dyslipidaemias 

may be the most sensitive to AAP exposure (102) but more studies are needed to establish 

the relationship between PM and blood lipid levels. Given the considerable amount of 

epidemiological evidence recently published on the association between AAP and biomarkers 

of dyslipidaemia, It is considered important to perform a systematic review of the scientific 

literature, and, if possible, a meta-analysis of available data in order to clarify whether all the 

current epidemiological evidence support or not the existence of an association between AAP 

and changes in blood lipid levels. 

Even though epidemiologic evidence regarding the association between exposure to PM 

and blood lipid values is still not clear, some physiological mechanisms have been proposed 

to support this association based on the evidence from experimental animal studies as 

presented in Figure 6. Thus, the three main potential mechanisms previously described in the 

section of the PM cardiovascular effects can also trigger physiological responses associated 

with metabolism of both lipids and glucose. In fact, PM can activate the innate immune system 

leading to the production of inflammatory cytokines and oxidative compounds which will pass 

into the circulation and originate a systematic inflammatory state affecting organs involved on 

lipid and glucose metabolism, like liver and adipose tissue (103). Moreover, PM exposure 

seems to increase macrophages in visceral adipose tissue, interfering with the adipokines 

regulation (104,105). It also promotes lipogenesis and decrease lipolysis in both adipose tissue 

and liver (106,107). There is already some evidence regarding the PM effect on glucose 

homeostasis at liver and muscle levels (108) and finally, some studies also support PM action 

on hypothalamic inflammation contributing to lipid and glucose metabolic dysregulation (88). 

All these physiological mechanisms can contribute to increase in glucose, free fatty acids and 

insulin resistance, favourable to the development of dyslipidaemia and, or, a diabetic condition 

(109). 

 



18 
 

 

Figure 6 – Potential mechanisms whereby PM exposures can increase blood lipid and glucose levels. 

Adapted from (109). 

 

2.2.1.2. Blood glucose levels and diabetes 

Diabetes mellitus (DM) affected approximately 451 million people worldwide, in 2017, 

corresponding to a prevalence of 8.4%, and is expected to rise to 9.9% in 2045 (110). 

Moreover, DM is associated with a 2-fold excess risk of vascular diseases (coronary heart 

disease, ischaemic stroke, and vascular deaths) independent of other CV risk factors (111). In 

Portugal, according to the INSEF data, in 2015, the prevalence of diabetes (9.9%, 95%CI: 8.4; 

11.5), among persons aged 25 to 74 years, remains higher than the global estimates (112). 

Type 2 diabetes mellitus (T2DM), the most common type of Diabetes Mellitus, is a 

complex disorder, characterized by chronic hyperglycaemia caused by impaired insulin 

secretion (beta cell dysfunction) and, or, impaired insulin action (insulin resistance) (113). The 

three main ways to glucose estimation, used as T2DM diagnosis criteria, are fasting plasma 

glucose (≥ 126 mg/dl), 2 hour glucose in venous plasma (≥ 200 mg/dl) and HbA1c (≥ 6.5 %). 

HbA1c, considered a biomarker of long-term glucose control, has become one of the strongest 

biomarkers of diabetes and have several advantages when compared to the other methods 

namely fasting not required, greater pre-analytical stability and less day-to-day perturbation 

during periods of stress and illness (114). 
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In addition to genetic and behavioural factors, environmental factors, namely exposure 

to PM, have also been suggested as contributing factors to T2DM incidence and prevalence 

(115). In fact, the link between AAP exposure and T2DM have only recently been investigated 

but there are already some compiled evidence on this issue, including 6 meta-analysis studies 

(16,116–120).  

In 2014, Janghorbani and his colleagues (118) found that PM exposure was associated 

with a slight increase in the risk of diabetes, and reported a pooled relative risk (RR) of 1.008 

(95%CI: 1.003, 1.012) per each 10 µg/m3 PM10 increase and a RR of 1.02 (95%CI: 0.97, 1.08) 

per each 10 µg/m3 PM2.5 increase. In the same year, Balti and his colleagues (119), despite 

using some different criteria to pool studies estimates, found a higher risk of diabetes for PM2.5 

(RR of 1.11 (95%CI: 1.03, 1.20) per each 10 µg/m3 increase). In 2015, another meta-analysis 

performed with studies from only Europe and North America reported a RR of 1.10 (95%CI: 

1.02, 1.18) per each 10 µg/m3 PM2.5 increase (117). However, all these 3 meta-analysis 

included a few number of heterogeneous studies (4, 5 and 3 studies, respectively) being 

inconclusive to draw a robust conclusion about the association between PM exposure and 

T2DM incidence. 

In 2019, Liu and his colleagues updated pooled estimates between long-term PM 

exposure and the prevalence and incidence of T2DM polling estimates from 30 different 

studies. They found that higher levels of both PM2.5 and PM10 were associated with a higher 

prevalence of T2DM (OR= 1.09 (95%CI: 1.05; 1.13) per 10mg/m3 PM2.5 increase and OR: 1.12 

(95%CI: 1.06; 1.19) per 10mg/m3 PM10 increase) but only higher levels of PM2.5 was associated 

with a higher incidence of T2DM (HR= 1.10 (95%CI: 1.04; 1.16) per 10mg/m3 PM2.5 increase) 

(116). In 2020, Yang and his colleagues tried to perform a more inclusive meta-analysis and 

similar results were obtained (16). 

Only one recent meta-analysis pooled the estimates regarding the association between 

PM and fasting blood glucose levels. Authors found that fasting blood glucose increased 

0.10 mmol/L (95%CI: 0.02, 0.17) per each 10 µg/m3 PM10 increment and 0.23 mmol/L (95%CI: 

0.01, 0.45) per each 10 µg/m3 PM2.5 increment, considering a long-term period of exposure (1-

year). Additionally, in a short-term period of exposure (less than 28 days), they found that 

fasting blood glucose increased 0.02 mmol/L (95% CI: −0.01, 0.04) per 10 μg/m3 PM10 

increment and 0.08 mmol/L (95%CI: 0.04, 0.11) per 10 μg/m3 PM2.5  increment (120).  
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Until now, to our knowledge, only a few number of recent studies included the association 

between PM and Hba1c levels and the majority of them suggest that higher PM exposures are 

associated with increased HbA1c levels (121–123). However, more studies are needed as 

there are also some studies not supporting this association (124). For example, while 

Elbarbary and her colleagues (125), in China, found a 1.8% increase of HbA1C levels per each 

10 µg/m3 PM increment (95%CI: 1.3%;2.3%), Wolf and her colleagues (124) were not able to 

detect the same association in Germany (0.5% HbA1C increase per each 7.9 µg/m3 PM 

increment, 95%CI: -0.5%; 0.1%). Potential mechanisms whereby PM exposures can increase 

blood glucose levels and also HbA1c levels, are common with those described for the blood 

lipids in Figure 6 of the previous subsection. 

 

2.2.1.3. Blood pressure values and hypertension  

High blood pressure (BP) or hypertension remains a major modifiable CV risk factor, with 

a strong correlation between BP and the risk of a CV event. High BP is estimated to be 

responsible for at least 45% of all deaths due to heart disease and 51% of all deaths due to 

stroke (126,127). Moreover, approximately 31% of adults aged over 25 years worldwide had 

hypertension (128). In Portugal, according to INSEF data, the overall hypertension prevalence 

was 36.0%, in 2015, among persons aged 25 to 74 years of age (129). 

According to the WHO definition (130), hypertension is diagnosed if, when it is measured 

on two different days, the SBP readings on both days is ≥140 mmHg and/or the DBP readings 

on both days is ≥90 mmHg. Despite being essential in patient assessment and treatment, this 

definition is arbitrary as there is not a specific level of BP where CV and other complications 

start to occur (131).  

The causes of hypertension are complex and are related to genetic, behavioural and 

also environmental factors, including also PM exposure. Over the last decades, multiple 

epidemiologic studies have been assessed the association between PM and BP values or 

hypertension. To our knowledge, until now, four meta-analysis have been conducted to pool 

the evidence on both long and short-term effect of AAP, including PM, on BP values or 

hypertension (17,132–134).  

In 2014, Liang and his colleagues (133), performed a systematic review and 

meta-analysis specifically concerning the effect of exposure to PM2.5 on blood pressure. They 

found an elevation of 1.39 mmHg (95%CI: 0.87; 1.91) and an elevation of 0.90 mmHg, (95%CI: 
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0.49; 1.30), per each 10 μg/m3 increase of PM2.5 for SBP and DBP, respectively. Additionally, 

they found that this association was stronger when considering a long-term period of exposure 

(previous 1 year or 30 days) than when considering a short-term period of exposure (less than 

9 days). 

Two years later, Zhang and their colleagues (134), conducted a similar analysis but 

included both PM2.5 and PM10. They found a significant association between PM10 levels and 

higher SBP and DBP values (a SBP elevation of 0.27 mmHg, 95%CI (0.07-0.48) and a DBP 

elevation of 0.22 mmHg, 95%CI (0.06-0.37) per each 10 µg/m3 increase of PM10). These 

positive associations between BP and PM10 were identified on both long-term (≥7 days) and 

short-term (<7 days) periods of exposure. Additionally, regarding the PM2.5, a significant 

association was found only for SBP (an elevation of 0.50 mmHg, 95%CI (0.03-0.96) per each 

10 µg/m3 increase of PM2.5) for a long-term period of exposure. On the same year, Cai and her 

colleagues (132) found that hypertension was significantly associated with short-term 

exposure (<7 days) to PM2.5 (OR=1.07 (95%CI: 1.00–1.14) each 10 µg/m3 increment) and PM10 

(OR=1.02 (95%CI: 1.02–1.03) in each 10 µg/m3 increment). Long-term (< 1 year) exposure to 

PM10 had also a significant association with hypertension (OR=1.05, 95%CI: 1.04–1.07, per 

each 10 µg/m3 increment). 

The most recent systematic review and meta-analysis that pool studies published before 

May 2017, supports a positive association between PM exposure with increased BP and 

hypertension. Regarding PM10, a short-term exposure association with hypertension was found 

(OR: 1.06; 95 CI: 1.02; 1.10 per each 10 µg/m3 increment). Additionally, a DBP elevation of 

0.86 mmHg, 95%CI (0.37; 1.35) and 0.15 mmHg, 95%CI (0.01-0.29) per each 10 µg/m3 

increase of PM10 in long and short-term periods of exposure, respectively, were also found 

(17).  

Despite the low robustness of some of these meta-estimates and some inconsistences 

in sensitivity analysis, at this moment, available evidence suggests us an association between 

PM exposure and raised blood pressure. PM exposure can raise blood pressure (Figure 7) by 

several potential biological mechanisms. In fact, the 3 main potential mechanisms previously 

described in the PM cardiovascular effects section can trigger some physiological responses 

associated with BP elevation such as vascular dysfunction and aortic stiffness (58), sodium 

retention at kidney level (135) and chronic kidney disease (136). With the exception of this last 

physiological response associated with BP elevation that will occur mainly in a long-term PM 

exposure scenario and will be irreversible, the remaining responses will occur in a few hours 
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to days after exposure and they are reversible. Consequently, reducing PM exposure will 

results in a decrease in BP within a few hours or days (137). 

 

 

 

Figure 7 – Potential mechanisms whereby particulate matter exposures can increase blood pressure. 

Adapted from (137). 

 

Regarding temporal relationships between PM exposure and BP changes, according to 

the perspective of Newman and his colleagues, prior studies may have reported inaccurate 

associations due to erroneous assumptions about the temporal relationship between exposure 

to PM and the outcome of BP changes (137). Despite the exposure window of PM exposure 

that is causally linked to BP levels is not well established, evidence supports that it is about a 

few days given the rapid occurrence of the physiological responses whereby PM influences on 

BP. Consequently, it is expected that annual PM averages will be biologically related to BP 

only if they are strongly correlated with those during the prior few days before BP measurement 

(137). 
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2.2.1.4. Blood count parameters and Inflammation  

The blood count includes a wide range of parameters related to blood constituents that 

can be used as biomarkers of different diseases and subclinical conditions, namely 

inflammation state. White blood cells (WBC) count are an important and commonly used 

biomarker of inflammation as it is an inexpensive biomarker and various studies have 

supported it association with increased CVD risk (138,139). Other blood constituents, namely 

red blood cell (RBC) related parameters and platelet count, are less frequently used as 

biomarkers of inflammation, but all of them are involved in the pathogenesis of atherosclerosis 

and atherothrombosis, and consequently can be considered biomarkers of CV risk (140). For 

example, RDW, a measure of the size variability of the RBC that is often used for anaemia 

diagnosis, has recently been considered an important biomarkers of cardiovascular risk 

(141,142). 

Some epidemiologic studies already found associations between both short and 

long-term PM exposure and blood count parameters, namely WBC (143,144), RBC (125,145) 

or platelets count (146,147). However, studies on this topic are still scarce and results remain 

controversial as some studies failed to detect the PM effect on these inflammation biomarkers 

(148,149). For example, Lee and her colleagues (144),  in 2018, found that increased WBC 

counts were associated with the long-term (1-year average) PM10 exposure (0.76% WBC 

increase per each 4.4 µg/m3 PM10 increment, 95%CI: 0.42%; 1.10%) but Gondalia and his 

colleagues (143), in 2020, failed to find the same association in a 1-month exposure period.  

Regarding the potential biological mechanisms supporting the link between PM exposure 

and blood count parameters, there is already some evidence showing that exposure to PM, 

also through the three main mechanisms previously reported will directly or indirectly stimulate 

the bone marrow to produce WBC and platelets. These blood count parameters will contribute 

to the systemic inflammatory state contributing to destabilization of atherosclerotic plaques 

making them more vulnerable to rupture and thrombosis (86,150,151). Additionally, it seems 

that PM exposure could also interfere with RBC production and maturation, through the 

erythropoietin deregulation, leading to a lowering of the RBC cells production and suppressing 

the RBC maturation (86,140,152). 
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3. Research hypothesis and Objectives 

The overall aim of this research is to improve our knowledge on the relationship between 

exposure to particulate matter and cardiovascular related biomarkers that can potentially 

trigger fatal and non-fatal CV diseases.  

Accordingly, this thesis investigates the following main hypothesis: exposure to ambient 

particulate matter (APM) was associated with changes in the values of cardiovascular risk 

biomarkers in the Portuguese resident population, in 2015. 

The main objectives of this work are the following: 

(1) To systematically review and meta-analyse published studies on the association 

between AAP and biomarkers of dyslipidaemia (TC, HDL-C, LDL-C, TG), summarising the 

current state of knowledge prior to designing the plan of analysis on this topic (Article 1); 

(2) To assess the association between exposure to PM10 and biomarkers of 

dyslipidaemia (CT, HDL-C, LDL-C, TG) (Article 2); 

(3) To assess the association between exposure to PM10 and a biomarker of diabetes 

(HbA1c) (Article 2); 

(4) To assess the association between exposure to PM10 and blood count parameters 

with potential to mediate a cardiovascular event (WBC, PLAT, RBC, RDW and HEMOG) 

(Article 3); 

(5) To assess the association between exposure to PM10 and blood pressure values 

(Article 4); 

(6) To assess the potential modifier and mediation effect of abdominal obesity on the 

association between exposure to PM10 and biomarkers of dyslipidaemia, diabetes and blood 

pressure (Articles 2 and 4); 

(7) To compare the usage of two different indirect methods to assess the individual-level 

exposure to PM10 (Articles 2, 3 and 4). 
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4. Methodology 

This section describes some general methodological aspects, common to the original 

scientific articles, which are the core of this thesis work. Further methodological specificities 

on each of the original articles, namely regarding the systematic review, the meta-analysis 

approach and the statistical analysis are described in detail in the methods sections of those 

original articles (Section 5). 

 

4.1. Study design and population 

With the exception of Article 1, which is a systematic review and meta-analysis, all the 

remain articles are cross-sectional studies that study the association between air quality data, 

collected through air quality monitoring network of the Environmental Portuguese Agency 

(APA), and data from a Health Examination Survey, performed in a Portuguese population-

based probabilistic sample (First Portuguese Health Examination Survey – INSEF). 

INSEF was a cross-sectional population-based study designed to be representative of 

the Portuguese population aged 25 to 74 years-old at regional and national levels which aimed 

to improve knowledge on the health status, health determinants and use of healthcare services 

of the Portuguese population. It was led by the Department of Epidemiology of the National 

Health Institute Doutor Ricardo Jorge (INSA) in partnership with the five Regional Health 

Administrations from mainland Portugal, the two Regional Health Secretariats from the 

Autonomous Regions of Azores and Madeira and the Norwegian Institute of Public Health 

(153). Data from this survey was collected between February and December 2015 and the 

target population consisted on non-institutionalized individuals aged between 25 and 74 years 

old, living in Portugal for more than 12 months, who were able to follow an interview conducted 

in Portuguese. The INSEF sample (n=4911, participation rate: 43.9%) was selected through a 

two-stage cluster probabilistic sampling, stratified by region and typology of urban area. Details 

about the sampling process and other INSEF procedures have already been described (153). 

The INSEF survey was approved by the Ethics Committee of the Portuguese National 

Health Institute Doutor Ricardo Jorge (INSA), the National Data Protection Authority 

(Authorization nº 9348/2010) and by the regional Ethics Committees. During the fieldwork, 

each participant was given a brief description of the study objectives and had the opportunity 

to clarify any existing questions after which they signed a written informed consent form 
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agreeing to participate in the physical health examination, donate a blood sample for clinical 

tests and answer the health questionnaire through an interview. Additionally the informed 

consent form included no mandatory expressed permission to be re-contacted for 

re-examination and follow-up, to store the biological samples in the INSEF biospecimen 

collection at INSA, to link the survey data to other databases and to send the participants’ 

blood tests results to their personal general practitioner. Finally, the ethics Committee of INSA 

also approved the study protocol of this thesis (Annex I). 

For this thesis, the analysis was restricted to data from the subsample of INSEF 

participants from mainland Portugal (n=3467) which have consented to link their data from the 

survey with other databases. Additionally, only participants with available data on zip code 

address number, living within a 30-km radius of at least one air quality monitoring station with 

available PM10 concentration values and available data on the studied biomarkers were 

considered. Thus, considering those inclusion criteria a total of 2390, 2011 and 2271 

participants were included, respectively, in Articles 2 (Biomarkers of dyslipidaemia and 

diabetes), 3 (Biomarkers of inflammation) and 4 (Biomarkers of hypertension).  

 

4.2. Health Data 

During the INSEF fieldwork, data collection was conducted at public primary health care 

level facilities by trained health professionals. It included core physical measurements (blood 

pressure, height, weight and waist and hip circumference), a blood collection to perform blood 

tests (TC, HDL-C, LDL-C, TG, HbA1c and blood count) and a computer assisted personal 

interview (CAPI), according to the European Health Examination Survey (EHES) procedures 

(154). 

Blood pressure was measured using an automated blood pressure measurement device 

(Omron M6). Cuffs were selected according to the individual’s arm size (M for arm conference 

≤32 cm; L for arm conference >32 cm). All participants rested for 5 min in a sitting position 

before the measurements. Three consecutive measurements were performed on the right arm 

at 1-min intervals. 
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Table 4 – Self-reported variables from INSEF data that were used in this thesis. 

Variables name (Definition) Categories Article 

2 3 4 

Sociodemographic     

Sex Male/ Female 

 

x x x 

Age group 25-49 years old 

50-74 years old 

x x x 

Level of education  

(Highest level of education 

completed according to ISCED 

2011 1) 

Low: levels 0-2 of the ISCED 2011 

Medium: levels 3-4 of the ISCED 2011 

High: levels 5-8 of the ISCED 2011 

x x 

 

 

x 

Occupation  

(Present or last job ISCO-08 2) 

White-collar occupation: Managers, Professionals, 

Technicians & Associate Professional, Clerical 

Support Workers and Services & Sales Workers 

Blue-collar occupation: Skilled Agricultural Workers, 

Craft & Related trades Workers, Plant & Machine 

Operators and Elementary occupations 

x x x 

Lifestyles     

Smokers Yes: current daily and occasional smokers 

No: No smokers 

x x x 

Excessive alcohol consumption  

(Frequency of alcohol consumption 

during the past 7 days) 

Yes: 3 or more days/week of consumption of at 

least one of the following alcoholic beverages (wine, 

beer, brandy/bagasse, Port wine/Martini/liqueur, 

Whisky/Gin/Vodka) 

No: Less than 3 days/week of consumption of at 

least one of the following alcoholic beverages (wine, 

beer, brandy/bagasse, Port wine/Martini/liqueur, 

Whisky/Gin/Vodka) 

x x x 

Sedentary 

(Leisure time activities during the 

last 12 Months) 

Yes: Reading, watching TV or other sedentary 

activities declared as the best description of the 

leisure time activities during the last 12 months 

No: Hard training more than once a 

Week or Jogging or heavy gardening at 

least 4 hours a week or Light activities at least 4 

hours a week 

x x x 

Unhealthy diet  

(Frequency of vegetable and fruit 

consumption) 

Yes: No consumption of fruit and vegetables at 

least once a day 

No: Consumption of fruit and vegetables less than 

once a day 

x x x 

Health Status     

Dyslipidaemia  

(Diagnosed by a medical doctor) 

Yes/No x   

Lipid-lowering medication  Yes/No x   

Diabetes  

(Diagnosed by a medical doctor) 

Yes/No x   

Diabetes medication  Yes/No x   

Anaemia  

(Diagnosed by a medical doctor) 

Yes/No  x  

Anaemia medication  Yes/No  x  

Hypertension  

(Diagnosed by a medical doctor) 

Yes/No   x 

Hypertension medication  Yes/No   x 

1(155);2(156). 
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HbA1c and blood count were measured in fresh non-fasting whole blood samples while 

blood lipids (TC, HDL-C, LDL-C and TG) were measured in fresh non-fasting serum samples. 

Laboratory determinations were performed in the facilities of the 12 regional collaborating 

laboratories that participated in the National Program for External Quality Assessment 

(PNAEQ) to assure comparability and reliability of blood tests results. 

Sociodemographic (age, sex, educational level and occupation), lifestyle (smoking, 

excessive alcohol consumption, sedentary, unhealthy diet) and health status variables 

(diagnosed dyslipidaemia, diagnosed diabetes, diagnosed hypertension, diagnosed anaemia, 

lipid-lowering medication, diabetes medication, hypertension medication and anaemia 

medication usage) were obtained by self-report through the interview. All the variables included 

in the articles are described in Table 4 and Table 5. 

 

Table 5 – Direct-measured variables from INSEF data that were used in this thesis. 

Variables name Definition/Categories Article 

2 3 4 

     
Abdominal Obesity 1 

 
Yes: Waist-to-height ratio (WHtR) ≥0.5 
No: Waist-to-height ratio (WHtR) <0.5 
 

x   

SBP Systolic blood pressure (mmHg) 
 

  x 

DBP Diastolic blood pressure (mmHg) 
 

  x 

TC  Total cholesterol serum level (mg/dL) 
 

x   

HDL-C High-density lipoprotein cholesterol serum level (mg/dL) 
 

x   

LDL-C Low-density lipoprotein cholesterol serum level (mg/dL) 
 

x   

TG Triglycerides serum level (mg/dL) 
 

x   

HbA1C Fraction of glycated haemoglobin (%) 
 

x   

WBC Blood concentration of white blood cells (103 units/µL) 
 

 x  

PLAT Blood concentration of platelets (103 units/µL) 
 

 x  

RBC Blood concentration of red blood cells (106units/µL) 
 

 x  

HEMOG Blood concentration of Haemoglobin (g/dL) 
 

 x  

RDW Red blood cell distribution width (%)  x  

1 Height and Waist measurements were used to obtain the waist to height ratio: Waist (cm)/Height (cm). 

Abbreviations: TC, Total cholesterol; HDL-C, High-density lipoprotein cholesterol; LDL-C, Low-density lipoprotein 

cholesterol; TG, Triglycerides; HbA1c, Glycated haemoglobin; DBP, Diastolic blood pressure; SBP, Systolic blood 

pressure; WBC, White blood cells; PLAT, Platelets; RBC, Red blood cells; RDW, Red cell distribution width; 

HEMOG, Haemoglobin. 
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4.3. Exposure Assessment  

4.3.1. Definition of the time windows of exposure 

There is a wide variability on the time windows of exposures considered on previous 

published association studies of PM effects and CV related outcomes, ranging from hours, 

when assessing the short-term exposure, to several years, when assessing the long-term 

exposure, mainly because it is still not clear which time window of exposure is most relevant 

to explain the increased CV morbidity and mortality associated with PM exposure (157). This 

is a complex issue, being plausible to assume that, probably, depending on the leading 

biological mechanism that is activated by a certain PM exposure, which will be in turn 

dependent on the PM constituents and concentration in a given space, different time windows 

of exposure will be needed to ensure that a certain effect is observed.  

In this thesis, it was considered the exposure period of 1-year before the INSEF 

examination day as being representative of the long-term PM10 exposure for all studied 

participants as they reported to live in the same place (same zip code number used to estimate 

the individual-allocated PM10 exposure) at least on that period. Longer exposure periods were 

not considered to avoid additional exposure misclassification as INSEF participants could live 

in other places before this period of time. On the other hand, an exposure period of 3-days 

before the INSEF examination day to represent the short-term PM10 exposure as the published 

scientific evidence suggests that the acute particulate matter effects on the occurrence of 

cardiovascular events are generally larger at very shorter periods of time, namely in few days 

(158). Additionally, the periods of 2-days and 5-days before the INSEF examination day were 

also considered and were presented in the produced original articles as a sensitivity analysis 

to the considered 3 days period of exposure.  

In the cross-sectional studies included in this thesis, the chosen long and/or short time 

windows of exposure varied according to the biological mechanisms that were considered to 

be the main pathway by which PM impact on these outcomes. Thus, regarding the blood lipid 

and glucose biomarkers (Article 2), the chosen time windows of exposure was 1-year before 

the INSEF examination date in order to detect the long-term effect of PM as an endocrine 

disruptor at the adipose tissue level. In fact, some in vivo exposure studies demonstrate that 

PM exaggerates visceral adipose tissue (VAT), increasing adipokines secretion and 

deregulate glucose and lipid metabolism in several months after exposure (104,105,159). 
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Consequently, it was assumed that a long-term period of exposure will be the most adequate 

to study the association between PM10 exposure and these outcomes.  

For the remaining analysed outcomes, namely blood pressure and blood count 

parameters, evidence from the experimental studies in animals and also in humans show that 

the effect will be relatively immediate (160,161). Consequently, for these outcomes the period 

of 3 days before INSEF examination was considered as being representative of the short-term 

PM10 exposure. Additionally, as the association between PM10 exposure and blood count 

biomarkers are still less studied, the long-term period of exposure (1-year) was also considered 

to study this association and both analysis were performed in Article 3 (Section 5).  

 

4.3.2. Individually-allocated PM10 obtained from the air monitoring stations 

 

4.3.2.1. Data extraction  

The Portuguese Environment Agency (APA) provides hourly observation data for 

different atmospheric pollutants, including PM10, measured by 68 fixed air quality monitoring 

stations (64 in mainland Portugal) that are classified according to the type of environment 

(demographic area) they represent (rural, urban and suburban) and the influence in terms of 

dominant atmospheric emission sources (background, traffic and industrial). For this thesis, 

PM10 hourly values were downloaded from the QualAr database on 20th February 2018, 

through the APA website (https://qualar.apambiente.pt/), using the option “by year and 

pollutant”, as described in Figure 8. 

Accordingly, the PM10 hourly values from all air quality monitoring stations with available 

measurements between 2014 and 2015 were downloaded to cover the previous year of 

exposure before the INSEF examination day to all participants (INSEF fieldwork occurred 

between February and December 2015).  

After downloaded the PM10 hourly values, daily average PM10 concentrations were 

calculated, in all days between February 2014 and December 2015, using the 24-hour PM10 

values from each station but only for those stations with a data collection efficiency of at least 

75%. Stations with less than 75% of efficiency in a particular day were represented with a 

missing value regarding its daily average PM10 concentration in that day. 

 

 

https://qualar.apambiente.pt/
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Figure 8 – Screen-shot of the APA webpage used to download PM10 data, on 20th February 2018. 

The 1-year average PM10 concentration (long-term exposure measure) was computed 

for each station and for all INSEF fieldwork days, using the previous 365-daily average PM10 

concentrations values. Once again, only stations with data collection efficiency of at least 75% 

were considered (with at least 75% of the 365-daily values available) and all 1-year averages 

PM10 concentrations computed using less than 75% of the previous daily values available were 

replaced by a missing value. Similarly, the 3-day average PM10 concentration (short-term 

exposure measure) was computed for each station and for all INSEF fieldwork days, using the 

previous 3-daily average PM10 concentrations values. 2 and 5-day averages of PM10 

concentration were obtained in the same way. Daily averages of the PM10 concentrations were 

calculated for a particular day, only if the 24-hours averages on all of the previous 5 days were 

available. 

In this way, databases with 1-year average PM10 concentrations and 2, 3 and 5-day 

average PM10 concentrations was obtained for all the stations and for all the INSEF fieldwork 
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days (Table 6). These databases were used to obtain the individually allocated PM10 values 

that will be described in the next subsection.  

 

 

Table 6 – Database structure of the PM10 values used to obtain the individually allocated PM10 

concentrations. 

Date PM10_Stationname1  … PM10_Stationname64 

2.2.2015 X (µg/m3)1    

     

… 

 

    

21.12.2015    … 

1 x represent the 1-year average PM10 concentration (considering the previous 365-daily average PM10 

concentrations) or the 2, 3 or 5-day averages PM10 concentration (considering the previous 2, 3 or 5-daily averages 

PM10 concentrations, respectively) on day 2.2.2015 regarding the air monitoring stationname1.  

 

4.3.2.2. Linkage between air quality monitoring stations and INSEF participants 

The localization of air monitoring stations (geographical coordinates made available by 

APA) and the participant’s residences (zip code number of residence) were identified and 

managed by geographic information system (GIS) (ArcGIS version 10;.4 ESRI, Redlands, CA, 

USA). Distances (in kilometres) between stations and participant’s residences were calculated 

and, for each participant, the 64 mainland stations were ranked according to its distance to 

each participant´s residence. Thus, for each INSEF participant the variables described in 

Table 7 were obtained.  

 

Table 7 – Database structure of the variables related to the georeferencing of INSEF participants and 

air monitoring stations.  

Participant Date* Station1 Distance_Station1 … Station64 Distance_Station64 

1  Station 

name 

Km1 …   

       

… 

 

 …     

3467….       

1 Km represent the distance between the participant`s residences (zip code number) and air monitoring station 

localization; * Date of INSEF participation.  
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This database was linked to the database represented in Table 6, using the variable date 

as the link variable. Thus, through the date, each participant was associated with the 1-year, 

2, 3 and 5-day averages PM10 concentrations from all stations in the day of the INSEF 

participation (considering the previous 365, 2, 3 or 5-daily averages PM10 concentrations, 

respectively). Only averages of PM10 concentrations from background stations (n=39) were 

considered as it is expected that these stations monitor the background level of pollution in the 

environment far from traffic and industrial sources. 

 

 

4.3.2.3. PM10 exposure individual attribution and database construction 

After linkage of each the anonymous INSEF participants data to the 1-year, 2, 3 and 5-

day averages PM10 concentrations from all background stations, and in order to reduce the 

exposure misclassification, only averages PM10 concentrations from stations within a 30-km 

radius from the participant’s residence were considered, being the final individually allocated 

PM10 concentration weighted by the inverse of the squared distance between the residence 

and the various air quality monitoring stations, when more than one was available.  

The usage of the 30 km radius criteria was based on previous published studies, whose 

criteria mostly ranged from 50 km (162) to 1 km (123), and also in order to maintain a 

reasonable sample size after sample restriction (more than 50%). This linkage strategy has 

been reported by previous authors (163,164). The 10 km radius and 20 km were also tested 

in the present thesis but taking into account that their application resulted in a large reduction 

of the sample size (around 50% and 30% of the total sample, respectively), the 30 km radius 

criterion was chosen. However, results using the 20-km radius for all performed analysis were 

also presented as a sensitive analysis to the criteria. The 10-km radius was not presented due 

to the huge sample size reduction that would compromise the precision of the estimates. Table 

8 describes individually-allocated PM10 exposure variables that were obtained. 
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Table 8 – Exposure variables related to the individually-allocated PM10 concentration obtained from the 

air monitoring stations according with distance to the residence of each individual. 

Variables name Definition Article 

2 3 4 

PM10_30km_1year 
 
 
PM10_30km_3days 
 
 
PM10_30km_2days 
 
 
PM10_30km_5days 
 
 
PM10_20km_1year 
 
 
PM10_20km_3days 
 
 
PM10_20km_2days 
 
 
PM10_20km_5days 
 

Individual allocated 1-year average PM10 concentration considering daily 
average values from air monitoring stations within 30km 
 
Individual allocated 3-days average PM10 concentration considering daily 
average values from air monitoring stations within 30km 
  
Individual allocated 2-days average PM10 concentration considering daily 
average values from air monitoring stations within 30km 
 
Individual allocated 5-days average PM10 concentration considering daily 
average values from air monitoring stations within 30km 
 
Individual allocated 1-year average PM10 concentration considering daily 
average values from air monitoring stations within 20km 
 
Individual allocated 3-days average PM10 concentration considering daily 
average values from air monitoring stations within 20km 
 
Individual allocated 2-days average PM10 concentration considering daily 
average values from air monitoring stations within 20km 
 
Individual allocated 5-days average PM10 concentration considering daily 
average values from air monitoring stations within 20km 

x 
 
 
 
 
 
 
 
 
 
 
 
x 
 

x 
 
 
x 
 
 
x 
 
 
x 
 
 
x 
 
 
x 
 
 
x 
 
 
x 

 
 
 
x 
 
 
x 
 
 
x 
 
 
 
 
 
x 
 
 
x 
 
 
x 
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4.3.3. Individually-allocated PM10 obtained from a mathematical Model 

In addition to data from the fixed air monitoring stations that was used to assess the 

individually allocated PM10 exposure, data from a mathematical model was also used in this 

thesis, as another indirect method to assess PM10 exposure. As already mentioned in 

subsection 2.1.2, the application of mathematical models to estimate air pollutants 

concentration in a given space and time is usually computationally intensive and complex, 

requiring expertise in meteorology and climatology (51). Consequently, to obtain the 

individually allocated PM10 concentrations from mathematical modelling, a collaboration with a 

research group on Atmospheric Processes & Modelling (APM) from Universidade de Aveiro 

(CESAM & Department of Environment and Planning) was established.  

In this away, atmospheric PM10 concentrations with spatial detail across Portugal were 

obtained by the application of an air quality modelling system – WRF-CAMx - composed by 

the Weather Research & Forecasting (WRF-ARW, version 3.7.1) model (WRF) (165) and the 

Comprehensive Air Quality Model with Extensions (CAMx, version 6.40) (166). The WRF 

model was developed by the National Center for Atmospheric Research (NCAR) and is a next 

generation mesoscale numerical weather prediction system designed for operational 

forecasting and atmospheric research needs. CAMx is a three-dimensional (3D) chemical 

transport model suited for the simulations of the emission, dispersion, chemical reactions, and 

removal of pollutants in the troposphere based on the integration of the continuity equation for 

each chemical species on a system of nested 3D grids. This air quality modelling system has 

been extensively applied for Portugal and worldwide (167–169). 

CAMx aerosol scheme divides the size distribution into coarse and fine modes. Primary 

species are modelled as fine and, or, coarse particles, while all chemically-formed compounds 

are simulated as fine particles only. CAMx was applied to the whole years of 2014 and 2015 

following a downscaling approach, on two nested domains, the first domain over Europe with 

25×25 km2 grid spacing and the domain of interest over Portugal with a dimension of 475 km 

by 625 km, gridded as 95 by 125 cells of 5×5 km2 horizontal resolution (166). 

Input data for WRF-CAMx simulations include ERA Interim reanalysis data from ECMWF 

(European Centre for Medium Range Weather Forecast) at 6 hours and 0.75 degrees temporal 

and spatial resolution respectively, to initialize and drive the WRF meteorological simulation. 

Other inputs comprise anthropogenic emissions of atmospheric pollutants and initial and 

boundary conditions for the CAMx European domain taken from the outputs of the global 
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chemical model MOZART (170) at every 6 hours. Anthropogenic emissions were derived from 

the European Monitoring and Evaluation Programme (EMEP) gridded European emission 

inventory based on Member States submissions for the year 2015, regulated under the 

Convention on Long-range Transboundary Air Pollution (CLRTAP). The EMEP inventory, with 

a horizontal resolution of 0.1 degrees (approximately 10 km), comprises annual emission totals 

by activity sector for gases and particulate species. For the Portuguese domain, the EMEP 

gridded emissions were spatially disaggregated to the 5 km horizontal resolution for the 

different activity sectors (e.g. industry, road traffic, residential combustion, among others) 

considering different proxies as land use, population distribution, industrial areas, road 

networks, etc. CAMx returns surface hourly average concentrations of simulated species by 

grid cell that were used to compute daily averages of PM10 for 2014 and 2015. 

After obtaining the daily averages of PM10 for 2014 and 2015 through the WRF-CAMx in 

each grid cell of 5×5 km2, participants health data, for whom it was possible to attribute 

individually allocated average PM10 concentration from air monitoring stations within 30km of 

their place of residence were linked to the correspondent grid cell and PM10 daily averages of 

each grid cell were considered as being representative of the individual exposure obtained by 

the mathematical model WRF-CAMx. As a result, daily averages of PM10 concentration 

obtained from the WRF-CAMx model in the years 2014 and 2015 were linked to each 

participant. After that, the preceding 365-daily average PM10 concentrations at the INSEF 

examination day were considered to obtain the individual allocated 1-year average PM10 

concentrations for each participant. The preceding 24-h average on the 3 days before the 

INSEF examination day was considered to obtain the individual allocated 3-day average PM10 

concentrations for each participant. The obtained variables are described in Table 9. 

 

Table 9 – Description of the variables derived from mathematical modelling used in this thesis. 

Variables name Definition Article 

2 3 4 

PM10_modelled_1year 

 

PM10_ modelled _3days 

Individual allocated 1-year average PM10 concentrations 

considering values from a mathematical model 

Individual allocated 3-days average PM10 concentrations 

considering values from a mathematical model 

x x 

 

 

x 

 

 

 

x 
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4.3.4. Individually-allocated ambient temperature 

 

Temperature is an important confounding variable in the association between PM10 

exposure and biomarkers of cardiovascular risk as it is strongly related with the exposure (171) 

and also with the analysed outcomes, namely with lipid levels (172) and blood pressure (173). 

Consequently, individually allocated average temperatures were also obtained for each INSEF 

participant in a similar away as done for the individual allocated PM10 concentrations.  

Daily temperatures were obtained using data from the National Oceanic and 

Atmospheric Administration (NOAA) database (www.ncdc.noaa.gov). Data from a total of 24 

stations were download and georreferenciated according to their localization. Each participant 

was associated to the closest temperature monitoring station and the calculations of the 

1-year, 2, 3 and 5 days were performed in a similar way as previously described for the 

individually allocated PM10 concentrations. The obtained variables are described in Table 10. 

 

Table 10 – Description of the variables temperature-related used in this thesis.  

Variables name Definition Article 

2 3 4 

Temp_1year 

 

Temp_3days 

 

Temp_2days 

 

Temp_5days 

Individually allocated 1-year average temperature (ºC) 

 

Individually allocated 3-days average temperature (ºC) 

 

Individually allocated 2-days average temperature (ºC) 

 

Individually allocated 5-days average temperature (ºC) 

 

x 

 

 

 

 

 

 

x 

 

x 

 

x 

 

x 

x 

 

x 

 

x 

 

x 

 

  

http://www.ncdc.noaa.gov/
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4.4. Statistical analysis 

Statistical analysis carried out was well described in each of the original articles 

presented in the results section of the thesis, namely the construction of the directed acyclic 

graphs (DAG), the application of the generalized linear regression models and the sensitivity 

analysis. Consequently, in this subsection, it will only be described the components of the 

statistical analysis that are not detailed or are missing in the various articles, namely mediation 

and effect modification analysis.  

 

Mediation and effect modification analysis 

To assess the potential mediation effect of abdominal obesity (AO) on the association 

between exposure to PM10 and biomarkers of dyslipidaemia, diabetes and blood pressure, a 

mediation analysis was performed that assume the presence of statistically significant 

associations between the exposure and the mediator, the mediator and the outcome and 

between the exposure and the outcome (174–176).(Figure 9). 

 

Figure 9 – Schematic representation of the potential mediation effect of Abdominal Obesity on the 

association between exposure to PM10 and biomarkers of dyslipidaemia, diabetes and blood pressure. 

*Total cholesterol, High-density lipoprotein cholesterol, Low-density lipoprotein cholesterol, 

Triglycerides, Glycated haemoglobin, Diastolic blood pressure or systolic blood pressure.  

 

After assessing the existence of these associations by regression models analysis, the 

following approach was considered: (1) fit a model to estimate the association between PM10 

and each outcome (TG, TC, HDL-C, LDL-C, HbA1C, DBP, SBP) without controlling for 
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potential mediator AO (Model1); (2) fit a model to examine the association between PM10 and 

the mediator AO (Model 2); (3) fit a model to estimate the association between PM10 and each 

outcome (TG, TC, HDL-C, LDL-C, HbA1C, DBP, SBP) after controlling for the potential 

mediator AO (Model 3). 

 

Model 1:𝑜𝑢𝑡𝑐𝑜𝑚𝑒 = 𝛽𝑃𝑀10(1)𝑃𝑀10 + 𝛽 𝑐𝑜𝑛𝑓𝑜𝑢𝑛𝑑𝑒𝑟𝑠 

Model 2: 𝐴𝑂 = 𝛽𝑃𝑀10(2)𝑃𝑀10 + 𝛽 𝑐𝑜𝑛𝑓𝑜𝑢𝑛𝑑𝑒𝑟𝑠 

Model 3: 𝑜𝑢𝑡𝑐𝑜𝑚𝑒 = 𝛽𝑃𝑀10(3)𝑃𝑀10 + 𝛽𝐴𝑂(3) + 𝛽 𝑐𝑜𝑛𝑓𝑜𝑢𝑛𝑑𝑒𝑟𝑠 

The parameter estimates and standard errors from these models were used to estimate 

the Sobel test statistic value (Z - score), the percentage of the total effect that is mediated and 

the ratio of indirect to direct effects according to the formulas:  

Sobel test statistics = 
𝛽𝑃𝑀10(2)  𝛽𝐴𝑂(3)

√(𝛽𝑃𝑀10(2)
2 𝑆𝐸𝛽𝐴𝑂(3)

2 )+(𝛽𝐴𝑂(3)
2 𝑆𝐸𝛽𝑃𝑀10(2)

2 )

 

 

Percent of the total effect that is mediated = 
𝛽𝑃𝑀10(2)  𝛽𝐴𝑂(3)

(𝛽𝑃𝑀10(2)  𝛽𝐴𝑂(3))+(𝛽𝑃𝑀10(1)−(𝛽𝑃𝑀10(2)  𝛽𝐴𝑂(3)))
 

 

Ratio of the indirect to the direct effect = 
𝛽𝑃𝑀10(2) 𝛽𝐴𝑂(3)

(𝛽𝑃𝑀10(1)−(𝛽𝑃𝑀10(2) 𝛽𝐴𝑂(3)))
 

 

To assess the potential modifier effect of abdominal obesity, an interaction term 

(PM10*AO) was introduced in the final model of each outcome (177). If the p-value were 

statistically significant (p<0.05), a stratified analysis according to the abdominal obesity status 

was performed. 
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5. Results 

 

5.1. Association between ambient particulate matter and blood lipids and 

glucose levels 

 

5.1.1. Article 1: Ambient air pollution and lipid profile: Systematic review and 

meta-analysis 

Vânia Gaio a,b, Rita Roquette a,c, Carlos Matias Dias a,b, Baltazar Nunes a,b 

 

a Departamento de Epidemiologia, Instituto Nacional de Saúde Doutor Ricardo Jorge IP (INSA, IP), 

Lisboa, Portugal;  

b Centro de Investigação em Saúde Pública, Escola Nacional de Saúde Pública, Universidade Nova de 

Lisboa, Lisboa, Portugal;  

c Nova IMS Information Management School, Universidade Nova de Lisboa, Lisboa, Portugal. 

 

Abstract 

Ambient air pollution (AAP) is recognized a cardiovascular risk factor and lipid profile 

dysregulation seems to be one of the potential mediators involved. However, results from 

epidemiologic research on the association between exposure to AAP and altered lipid profile 

have been inconsistent. This study aims to systematically review and meta-analyse 

epidemiologic evidence on the association between exposure to ambient air pollutants 

(particulate matter, nitrogen oxides, sulphur dioxide, ozone, carbon monoxide, back carbon) 

and lipid profile parameters (Total cholesterol; High-Density Lipoprotein Cholesterol; Low-

Density Lipoprotein Cholesterol; TG-Triglycerides) or dyslipidaemia. 

Systematic electronic literature search was performed in PubMed, Web of Science and 

Scopus databases (last search on 24th May 2018) using keywords related to the exposure 

(ambient air pollutants) and to the outcomes (lipid profile parameters/dyslipidaemia). 

Qualitative and quantitative information of the studies were extracted and fixed or random-

effects models were used to obtain a pooled effect estimate per each pollutant/outcome 

combination. 
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22 studies were qualitatively analysed and, from those, 3 studies were quantitatively 

analysed. Particulate matters were the most studied pollutants and a considerable 

heterogeneity in air pollution assessment methods and outcomes definitions was detected. 

Age, obesity related measures, tobacco consumption, sex and socioeconomic factors were 

the most frequent considered variables for confounding adjustment in the models. In a 

long-term exposure scenario, we found a 3.14% (1.36%-4.95%) increase in TG levels per 

10µg/m3 PM10 increment and a 4.24% (1.37%-7.19%) increase in TG levels per 10µg/m3 NO2 

increment. No significant associations were detected for the remaining pollutant/outcome 

combinations. 

Despite the few studies included in the meta-analysis, our study suggests some 

epidemiologic evidence supporting the association between PM10 and NO2 exposures and 

increased TG levels. Due to the very low level of evidence, more studies are needed to clarify 

the role of lipid profile dysregulation as a mediator on the AAP adverse cardiovascular effects. 

 

Keywords: Ambient air pollution; Lipid Profile; systematic review, meta-analysis 

 

Introduction 

Ambient air pollution (AAP) is a major global environmental problem posing numerous 

management challenges. In the last decades, increasing industrialization and urbanization has 

resulted in higher levels of air pollution worldwide making air quality management a priority 

due to its influence on human health. Nevertheless, a large proportion of the population is still 

exposed to air pollutants levels above recommended standards despite air quality policies 

implemented in many countries and according to the World Health Organization (WHO), in 

2016, 91% of the world’s population was living in places where the WHO air quality guidelines 

levels were not met (178). 

Although it may seem intuitive that exposure to air pollutants affects mostly the 

respiratory system, there is evidence that the majority of its adverse effects are on the 

cardiovascular system (179–181). Worldwide, 3.7 million deaths were attributable to AAP in 

2012, with ischaemic heart disease and stroke accounting for 80% of premature deaths, 

followed by lung diseases and lung cancer (182). 
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The pathophysiologic mechanisms linking AAP and cardiovascular events are still an 

area of research and scientific debate. However, lipid metabolism alteration through oxidative 

stress and subsequent systemic inflammatory response seems to be one of the potential 

mediators of the adverse cardiovascular effects of air pollution (57,183,184). It is plausible that 

lipid profile parameters, namely Total Cholesterol (TC), High-Density Lipoprotein Cholesterol 

(HDL-C), Low-Density Lipoprotein Cholesterol (LDL-C) and Triglycerides (TG) levels are 

affected by exposure to air pollutants which will, in turn, contribute to trigger cardiovascular 

events.  

In the past years, some epidemiological studies explored the association between AAP 

exposure and lipid profile parameters or dyslipidaemia (95,97,98,123,185–187) but the results 

are not consistent and some studies failed to demonstrate the deleterious effect of AAP on the 

lipid profile parameters, namely on TC and HDL (188). Moreover, a recent study suggest that 

among the several cardiometabolic risk factors, dyslipidaemias may be the most sensitive to 

air pollution exposure (102). 

Until now, to the best of our knowledge, no systematic review exploring the link between 

exposure to AAP and lipid profile parameters or dyslipidaemia has been published. This study 

aimed to systematically review and meta-analyse the association between exposure to 

ambient air pollutants (particulate matter – PM10, PM2.5 and ultrafine particles, nitrogen 

oxides-NOx, nitrogen dioxide – NO2, sulphur dioxide – SO2, ozone – O3, carbon monoxide –

CO, Black carbon– BC) and levels of blood lipid parameters (TC, HDL-C, LDL-C and TG) or 

dyslipidaemia conditions. Our hypothesis is that an increase in levels of ambient air pollutants 

is associated with an increase in levels of TC, LDL-C and TG, a decrease in levels of HDL-C 

and an increase in the prevalence of dyslipidaemia. 

 

Methods 

Search Strategy  

The systematic review was performed according to the Preferred Reporting Items for 

Systematic reviews and Meta-Analysis (PRISMA) guidelines (189). Full search criteria are 

presented in Table S1 (Supplementary material). In short, three bibliographic databases 

(PubMed, Web of Science and Scopus) were considered to the literature search using the 

combinations of the keywords related to the exposure (air pollution, air pollutant*, particulate 

matter, PM10, PM2.5, ultrafine particles, ozone, sulphur dioxide, nitrogen oxides, carbon 
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monoxide, black carbon) and the outcomes (lipid profile, high density lipoprotein cholesterol, 

HDL, low density lipoprotein cholesterol, LDL, cholesterol, triglycerides, dyslipid*, 

hypercholesterol*, hypertriglycerid*). Moreover, the reference lists of all included studies as 

well as their citation lists were also screened. All observational studies (cohort, cross sectional 

and case-control studies) published until the date of the search (24th May 2018) were 

considered. Two of the authors (VG and RR) independently searched the articles and 

downloaded them into EndNote Web® reference management software to remove duplicated 

references. The title and abstracts of the remaining articles were screened for eligibility and 

the full texts of the potential eligible articles were further analysed. In case of disagreement 

between the two authors, a third author (BN) resolved any discrepancies.  

 

Eligibility criteria 

Studies were included if they met all of the following criteria: (a) Considering at least one 

of the following air pollutants exposure: PM10, PM2.5, ultrafine particles, NOX NO2, SO2, O3, CO; 

BC (b) Reporting the association of exposure to the air pollutants with at least one lipid 

parameter values (TC, HDL-C, LDL-C, TG) or with any dyslipidaemia condition related with 

these lipid parameters (high TC; low HDL-C, high LDL-C, high TG); (c) reporting a quantitative 

measure of the association. 

Due to the wide range of definitions and cut-offs used to define dyslipidaemia conditions 

(190–192) no specific definition was assumed as an inclusion criteria and all of the studies 

reporting any type of dyslipidaemia (high TC; low HDL-C, high LDL-C, high TG or dyslipidaemia 

diagnosed by a physician) were considered. Only original research published in English as a 

full publication in a peer reviewed journal were included. 

 

Data Extraction and synthesis 

The following data were extracted into the final list of studies for qualitative synthesis: 

author, publication year, country, study period, study population, study design, sample size, 

type of pollutant, exposure period, exposure assessment method, type of outcome, fasting 

state of participants for blood collection, association assessment method, effect estimate 

definition, effect estimate (EE) values and their 95% confidence intervals (95% CI) and 

confounding adjustment variables. 
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Only single-pollutant model estimates were extracted even when both single pollutant 

and multi-pollutant models were available. Effect estimates from the fully adjusted models were 

those extracted and extra estimates from sensitivity analysis were not considered.  

Exposure times up to 30 days were considered as short-term exposure and exposure 

times more than 30 days were considered as long-term exposure (193). In the case of articles 

reporting multiple lags estimates to assess short-term exposures, the lag estimate considered 

in this review was chosen based on the following priority order criteria already considered in 

previous systematic reviews by the following: (1) the lag that the author focused on or stated 

as a priority; (2) the lag that showed the highest significance level (positive or negative); or (3) 

the lag with the largest effect estimate (positive or negative) (17,194). The same priority order 

criteria were applied when articles presented more than one effect estimate to assess long-

term exposure: (1) the time period that the author focused on or stated as a priority; (2) the 

time period that showed the highest significance level (positive or negative); or (3) the time 

period with the largest effect estimate (positive or negative). 

Data extraction was performed independently by two of the authors and disagreements 

were resolved by a third one. In the case of studies with missing information it was tried to 

contact their authors by email. 

 

Quality assessment  

The quality of each study was independently assessed by two investigators (VG and RR) 

using the Joanna Briggs Institute (JBI) checklists for cohort studies and cross-sectional studies 

(195). In the case of the cohort studies, their quality was graded as poor (0–4), intermediate 

(5–8) or high (9–11). Similarly, in the case of the cross sectional studies, their quality was 

graded as poor (0–3), intermediate (4–6) or high (7–8) according to the JBI checklist items. 

Any disagreement was resolved by consensus after discussion between the two investigators. 

Moreover, the approach of GRADE to rating quality of evidence was used to assess the quality 

of evidence from the meta-analysis. Accordingly, the level of evidence was downgraded 

according to the risk of bias of the included studies, inconsistency, indirectness, imprecision 

and publication bias (196). Because all meta-analysis were based on observational studies, 

the produced evidence was immediately classified as “low level evidence” and there were no 

reasons to upgrade the level of evidence. 
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Statistical Analysis 

Beyond the PRISMA guidelines (189), meta-analysis of selected studies followed the 

Meta‐analysis of Observational Studies in Epidemiology (MOOSE) guidelines (197). 

Meta-analysis were only performed if two or more studies were comparable in terms of study 

population group, pollutant, outcome, exposure period and effect estimate. 

Effect estimates (EE) of each air pollutant concentrations expressed as parts per billion 

(ppb) were converted to µg/m3 making the following assumptions: 1 ppb= 1.96 µg/m3 for O3; 1 

ppb= 1.88 µg/m3 for NO2; 1 ppb= 2.62 µg/m3 for SO2; 1 ppb= 1.15 µg/m3 for CO (198). 

According to the Cochrane handbook for systematic reviews, it is recommended that 

meta-analysis of EE coming from skewed data on a log scale be done on the scale of the 

log-transformed data (199). Thus, EE from each study on a log scale (presented as % change 

in the outcome per µg/m3 of pollutant) were back-transformed to beta coefficients (ß) assuming 

the following formula: ß=ln[(EE/100)+1] (200). This formula was applied to the EE and to both 

limits of the respective 95% CI values in order to obtain the standard error of ß estimate. 

Obtained ß estimate values were converted for a fixed increment in pollutant concentration 

(per 10 µg/m3 of pollutant) and these estimates, and corresponding 95%CI, were used in the 

meta-analysis. 

The ß estimate standard error (SE) from the transformed 95%CI limits values of EE was 

obtained from the formula SE= (ßUL – ßLL)/3.92 where ßUL=ln[(EE_UL/100)+1], 

ßLL=ln[(EE_LL/100)+1] and EE_UL and EE_LL are respectively the upper (UL) and lower (LL) 

95% confidence limits of the effect estimates (EE) (199). Finally, the pooling estimate and 95% 

confidence limits estimates were back-transformed (EE=100x [exp (ß)-1]) and presented in the 

forest plots as % change in the outcome per µg/m3 of pollutant. 

The heterogeneity of the included studies was evaluated by using the Cochran´s Q test 

and I2 statistic. Regarding the Cochran´s Q test, if the p-value was <0.05, a random-effects 

model was assumed to calculate the Pooled effect estimate (PEE). Otherwise, a fixed-effect 

model was considered. Concerning the I2 statistic, if the value was >50%, we considered that 

there is a statistically significant heterogeneity (201). Additionally, The Egger’s test for 

asymmetry was used to assess the publication bias (202). 

Meta-analysis were performed using the package “meta” (203) of the R software (version 

3.4.3, R Development Core Team 2017) assuming 0.05 level of significance, and forest plots 

were constructed using the package “forestplot” (204) of the same software. 
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Results 

From the 1505 records identified through database searching and after duplicates were 

removed, the title/abstract of 1123 records were screened. From those, 41 were full-text 

assessed for eligibility and 1 more article were selected from their reference lists. A total of 22 

articles met the inclusion criteria and all of them were considered to have moderate/high quality 

based on the JBI checklists for cohort studies and cross-sectional studies (Tables S2 and S3, 

Supplemental material) and were included in the qualitative synthesis (95,96,186–188,205–

211,97,212–214,98–101,123,162,185). Finally, 3 articles (95,97,98) covering the same 

population group (Adults, both sexes), pollutant (PM10 and NO2), outcomes (TC, HDL-C, LDL-

C and TG), period of exposure (long-term exposure) and effect estimate definition (% changes 

in the outcome per µg/m3 of pollutant) were quantitative analysed (Figure 10). 

 

Qualitative description of the articles 

The publication year of the articles range from 2007 to 2019 and more than half were 

published in the last 3 years. Studies were mostly conducted in the USA (n=8), the data 

collection period range from 1988 to 2016 and the majority were cross-sectional studies 

(n=14). Adults of the general population were the most frequently analysed population group 

(n=11) although ages considered to define adults varied in the different studies, ranging from 

16 to 90 years old. Moreover, a considerably proportion of the studies explored the ambient 

AAP effects among specific sub population groups, namely the elderly (n=3), midlife women 

in menopausal transition (n=1), children or adolescents (n=2) and patients with chronic 

diseases (n=6). Long-term exposures to PM2.5, PM10 or NO2 were the most frequently studied 

exposure conditions. 
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Figure 10 – Flow diagram of study selection process. Adapted from (189)
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Table 11 – General characteristics of the studies included in the qualitative synthesis. 

Author, year Country Study 

period 
 

Study Population Study Design Sample 

size 

Pollutants Exposure Duration Outcomes 

Yeatts et al. 2007 (185) USA 2003-2004 Patient Adults,  

21-50y 

Cohort 12 PM2.5  Short-term TC, TG 

Chuang et al. 2010 (186) Taiwan 2002 Adults, 16-90y Cross-sectional 7578 PM10, NO2, SO2, O3, CO Short-term HDL-C, LDL-C, TG 
Chuang et al. 2011 (205) Taiwan 2000 Elderly, 54-90y Cross-sectional 1023* PM2.5, PM10, NO2, SO2, O3, CO Long-term TC, HDL-C, TG 
Sorensen et al. 2015 

(206) 
Denmark 1993-1997 Adults, 50-64y Cross-sectional 36039 PM2.5 , NO2 Long-term TC 

Eze et al. 2015 (99) Switzerland 2001-2002 Adults, 29–73y Cross-sectional 3684 PM10, NO2 Long-term Dyslipidaemia1 
Bind et al. 2016 (187) USA 1995-2013 Elderly Men, 49-100y Cohort 1112 PM2.5 Short-term HDL-C, LDL-C, TG  
Sade et al. 2016 (123) Israel 2003-2012 Patient Adults, >18y Cohort 73117* PM2.5, PM10 Short/Long-term HDL-C, TG, LDL-C 

Chen et al. 2016 (162) USA 2002-2008 Patient Adults, 

34.5±8.1y 

Cross-sectional 1023* PM2.5, NO2, O3 

 

Short/Long-term TC, HDL-C, LDL-C, TG 

Shanley et al. 2016 (97) USA 1988-1994 Adults, 17-90y Cross-sectional 11623* PM10 Long-term TC, HDL-C, TG, LDL-C 
Wallwork et al. 2017 

(207) 
USA 2000-2011 Elderly men, 

70.4±6.9y 
Cohort 326* PM2.5  Long-term Dyslipidaemia2 

Bell et al. 2017 (100) USA 2000-2002 Adults, 45-84y Cross-sectional 6654 PM2.5  Short/Long-term  HDL-C, BC 

Cai et al. 2017 (98) Norway 
Netherlands 

2006-2013 Adults, 47.6±13.7y Cross-sectional 114082* PM10, NO2 Long-term TC, HDL-C, TG  

Poursafa et al. 2017 

(208) 
Iran 2014-2016 Children and 

Adolescents, 6-18y 
Cross-sectional 186 PM2.5 Long-term TC, HDL-C, LDL-C, TG 

Fioravanti et al. 2018 

(188) 
Italy 2011-2012 Children, 8y Cross-sectional 410 PM2.5, PM10, NO2 Long-term TC, HDL-C 

Wang et al. 2018 (210) China 2011-2015 Patient Adults,  

52.2% ≥ 60y 

Cross-sectional 3912 PM10,NO2, SO2 

 

Short-term TC, HDL-C, TG, LDL-C 

Yang et al. 2018** (95) China 2009 Adults,18-74y Cross-sectional 15477 PM2.5, PM10, NO2,SO2 O3 Long-term TC, HDL-C, TG, LDL-C 

Dyslipidaemia3 

Ghosh et al. 2018 (211) USA 2005-2014 Patient Adolescents, 

14-17y 

Cohort 75 PM2.5, NO2, O3 Long-term HDL-C, TG 

Lee et al. 2019 (96) South Korea 2009-2013 Adults, 55.1±7.1y Cohort 87417* PM2.5 Long-term Dyslipidaemia4 
Li et al. 2019 (101) China 2014-2016 Adults, 23.3±5.4 y Cohort 73 PM2.5, NO2,SO2, CO, BC, PNC Short-term HDL-C 
McGuinn et al. 2019 

(212) 
USA 2001-2010 Patients, 60.8±12.1 y Cross-sectional 6587 PM2.5 Long-term TC, HDL-C, LDL-C, TG 

Shin et al. 2019 (213) South Korea 2012 Adults, 47.8±0.06 y Cross-sectional 100867 PM10, NO2, SO2, O3, CO Long-term Dyslipidaemia5 
Wu et al. 2019 (214) USA 1999-2005 Midlife women in 

menopausal transition, 
49±3y 

Cohort 2289* PM2.5 Short/Long-term TC, HDL-C, LDL-C, TG 

*Sample size varies according to the analysed outcome. **Another study by Yang et al. (2019) was also found but it report duplicate results regarding the outcomes High TG and High LDL-C. Consequently, we opted to 

report only results from Yang et al. 2018 because they were presented adjusted for more confounding variables. 
1 Dyslipidaemia was defined according to 3 different definitions: High TG: TG ≥ 150mg/dL or medication; Low HDL-C: HDL-C <35 mg/dL for men and HDL-C <39 mg/dL for women (WHO definition); and Low HDL-C: HDL-
C <40 mg/dL for men and HDL-C <50 mg/dL for women or medication (IDF/ATP definition).  
2 Dyslipidaemia was defined according to 2 different definitions: High TG: TG ≥ 150mg/dL or medication; and Low HDL-C: HDL-C <40 mg/dL or medication. 
3 Dyslipidaemia was defined according to 4 different definitions: High TG: TG ≥ 200mg/Dl; High TC: TC ≥240mg/Dl; High LDL-C: LDL-C (≥160mg/dL); and High HDL: HDL ≤40 mg/dL. 
4 Dyslipidaemia was defined according to 2 different definitions: High TG: TG ≥ 150mg/dL; and Low HDL-C: HDL-C <40 mg/dL for men and HDL-C <50 mg/dL for women. 
5 Dyslipidaemia diagnosed by a physician (auto reported information).Abbreviations: y-years; PM - particulate matter; PNC-Ultrafine Particulate number concentration; NO2–nitrogen dioxide; SO2–sulphur dioxide; O3–ozone; 

CO – carbon monoxide; TC – Total cholesterol, HDL-C - High Density Lipoprotein Cholesterol, LDL-C - Low Density Lipoprotein Cholesterol; TG – Triglycerides.
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Regarding the outcomes, continuous variables of lipid profile parameters were 

more frequently considered than the dichotomous variables regarding the dyslipidaemia 

condition (Yes/No). Five of the reviewed studies aimed at the association between air 

pollution and dyslipidaemia but they used discrepant definitions of the disease and thus 

were not comparable (Table 11). 

While some studies had direct measurements of exposure from AAP monitoring 

stations (n=10), other considered more complex methods namely spatiotemporal hybrid 

models based on satellite information (n=12) (Table 12). Most studies collected blood in 

fasting state (n=13) but a considerable number of studies (n=6) did not report this 

information. Generalized Linear models (GLM) were the most frequently used method to 

assess the association between pollutant exposure and lipid profile parameters (n=9). 

The most common way to express the results was change in outcome (%, 95%CI) per 

IQR increase in pollutants (Table 12). 

Age, obesity related measures, tobacco consumption, sex and socioeconomic 

factors were the 5-most frequent considered variables for confounding adjustment in the 

models (Figure 11). Additional information about the characteristics of the 16 studies 

included in qualitative analysis is available in Excel Table S1.1 

 

Figure 11 – Distribution of studies according to the 12 most frequently considered adjustment 

variables  (Obesity related measures includes Body mass index, waist circumference measures 

or percent body fat; Socioeconomic factors includes employment status, family income, 

neighbourhood socio-economic index, occupation, gross domestic product, poverty-income ratio, 

occupation, socioeconomic status, education level, educational attainment, school attendance or 

Area level of Socioeconomic position). 

                                                               
1 Due to its very large size, Excel Table S1 is not presented in this thesis. It is available online at 
https://doi.org/10.1016/j.envpol.2019.113036. 
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Table 12 – Description of Methods of Exposure Assessment, Fasting State of Participants, Methods of Association Assessment and Effect Estimate Definition of the studies 

included in the qualitative synthesis. 

Author, year Method of Exposure Assessment Fasting State 
of Participants 

Method of Association 
Assessment 

Effect Estimate Definition 

Yeatts et al. 2007(185) Direct measurement on the local Not reported Mixed models Change in outcomes (%, 95%CI) per 1 µg/m³ increase in pollutant 
Chuang et al. 2010 

(186) 
Direct measurement from the nearest station 
within 10km 

Yes GAM Change in outcome (mg/dL,95%CI) per IQR (µg/m³ to PM10 and ppb to 
O3) increase in pollutants 

Chuang et al. 2011 

(205) 
Direct measurement from the nearest station 
within 10km  

Yes GAM Change in outcome (mg/dL,95%CI) per IQR (µg/m³ to PM10 and ppb to 
O3) increase in pollutants 

Sorensen et al. 2015 

(206) 
NO2: Dispersion model;  
PM2.5: LUR model  

No  GLM Change in outcome (mg/dL,95%CI) per IQR (µg/m³) increase in 
pollutant 

Eze et al. 2015 (99) PM10: Dispersion models; NO2: hybrid model 
incorporating LUR  

Yes Mixed logistic regression 
models 

OR per 10 increase in pollutants 

Bind et al. 2016 (187) Direct measurement from a single monitor 
station 

Not reported Quantile regressions for 
longitudinal data 

Differences in a given percentile of the outcome (mg/dL) per IQR 
(µg/m³) increase in pollutant 

Sade et al. 2016 (123) Spatiotemporal hybrid model  
(satellite and LUR) 

Yes Mixed models Change in outcome (%,95%CI) per IQR (µg/m³) increase in pollutant 

Chen et al. 2016 (162) Spatial interpolation (maximum radius of 
50Km) 

Yes Variance component 
models 

TC, HDL-C, LDL-C: Changes in the outcome (mg/dL) per 1-SD change 
in pollutants. TG: % change (%,95%CI) in the outcome per with 1-SD 
change of  pollutants 

Shanley et al. 2016 (97) Direct measurement from the nearest station 
within 20 miles 

Yes/No GLM Change in outcome (%,95%CI) per IQR (µg/m³) increase in pollutant 

Wallwork et al. 2017 

(207) 
Spatiotemporal hybrid model (satellite and 
LUR) 

Yes Cox proportional hazards 
models 

Hazard ratio  

Bell et al. 2017 (100) Hierarchical spatiotemporal models Yes GLM Change in outcome (mg/dL) per 5 µg/m³ increase in pollutant 
Cai et al. 2017 (98) LUR models Yes/No GLM Change in outcome (%,95%CI) per IQR (µg/m³) increase in pollutant 
Poursafa et al. 2017 

(208) 
Direct measurement  from 6 monitor stations Yes GLM Correlation coefficient between outcome and pollutant levels  

Fioravanti et al. 2018 

(188) 
LUR models Not reported GLM Change in outcomes (mg/dL, 95%CI) per 10µg/m³ increase in NO2 and 

PM10 or 5μg/m3 increase in PM2.5  

Wang et al. 2018 (210) Direct measurement from the monitoring 
stations 

Not reported GLM Changes in outcome (mg/dL,95%CI) per 10 µg/m3 increment in 
pollutant 

Yang et al. 2018** (95) PM2.5: Spatial model; PM10, NO2, SO2, O3: 

Direct measurement from 11 monitoring 
stations 

Yes 2 level logistic regression 
and GLM 

Change in outcomes (%, 95%CI) per 10-µg/m³ increase of pollutants 
and OR 

Ghosh et al. 2018 (211) Spatial interpolation by inverse distance-
squared weighting (stations within 50Km) 

Not reported Multilevel linear spline 
model 

Change in outcomes (mg/dL, 95%CI) per tertile of pollutant exposure 
(regression coefficients) 

Lee et al. 2019 (96) Community Multiscale Air Quality Model Yes Cox models Hazard Ratio (95% CI) 
Li et al. 2019 (101) Direct measurements from monitoring 

stations 
Yes Generalized estimating 

equation models 
Change in outcome (mg/dL, 95%CI) per inter-quartile range (IQR) 
higher exposure. 

McGuinn et al. 2019 

(212) 
Hybrid prediction model Yes GLM Change in outcome (%, 95%CI) per 1µg/m³ higher average of PM2.5 

Shin et al. 2019 (213) Direct measurements from monitoring 
stations 

Not reported Multiple logistic 
regression models 

OddsRatio (OR) 
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Table 10 (Continued) - Description of Methods of Exposure Assessment, Fasting State of Participants, Methods of Association Assessment and Effect Estimate Definition of 

the studies included in the qualitative synthesis. 

Author, year Method of Exposure Assessment Fasting State 
of Participants 

Method of Association 
Assessment 

Effect Estimate Definition 

Wu et al. 2019(214) Direct measurements from monitoring 
stations (stations within 20Km) 

Yes Mixed models Change in outcomes (%, 95%CI) per inter-quartile range (IQR) higher 
exposure 

*Another study by Yang et al. (2019) was also found but it report duplicate results regarding the outcomes High TG and High LDL-C. Consequently, we opted to report only results from Yang et al. 2018 because they were 

presented adjusted for more confounding variables. Abbreviations: LUR-Land Use regression; GLM -Generalized linear models; SD-standard deviation; GAM-generalized additive model; OR-OddsRatio; IQR-interquartile 

range. 
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Table 13 – Summary of the statistical significant associations found in the included studies, in a long-term exposure scenario. 

Population Study Pollutant Continuous Outcome (Lipid levels) Categorical Outcome (Yes/No)   

TC HDL-C LDL-C TG High TC Low HDL-C High LDL-C High TG Dyslipidaemia* 

Adults Bell et al. 2017 (100) PM2.5  NA        

BC  A        
Cai et al. 2017 (98) PM10 NA* NA*  A*      

NO2 NA* A*  A*      
Eze et al. 2015 (99) PM10      NA  NA  

NO2      NA  NA  
Lee et al. 2019 (96) PM2.5      A  A  
Shanley et al. 2016 (97) PM10 A* NA* NA* A*      
Sorensen et al. 2015 
(206) 

PM2.5 A         

NO2 A         
Yang et al. 2018 (95) PM1 A A A NA A A A NA  

PM2.5 A A A A A A A NA  

PM10 NA* NA* A* A* NA NA NA A  

NO2 A* A* NA* A* A NA NA NA  

SO2 NA NA NA A NA NA NA A  

O3 A A A A NA NA NA A  
Shin et al. 2019 (213) PM10         A 

NO2         A 

SO2         A 

CO         A 

O3         A 

Elderly Chuang et al. 2011 (205) PM2.5 A NA  NA      

PM10 A NA  NA      

NO2 A NA  NA      

SO2 NA NA  NA      

O3 A NA  NA      

CO NA NA  NA      
Wu et al. 2019(214) PM2.5 NA A NA NA      
Wallwork et al. 2017 

(207) 
PM2.5      NA  NA  

Midlife women in 
menopausal 
transition 

Wu et al. 2019(214) PM2.5 NA A NA NA      

Children and 
adolescents 

Fioravanti et al. 2018 
(188) 

PM2.5 NA NA        

PM10 NA NA        

NO2 NA NA        

Nox NA NA        
Poursafa et al. 2017 
(208) 

PM2.5 NA NA A A      



56 
 

Table 11(Continued) – Summary of the statistical significant associations found in the included studies, in a long-term exposure scenario. 

Population Study Pollutant Continuous Outcome (Lipid levels) 
 

Categorical Outcome (Yes/No) 

TC HDL-C LDL-C TG High TC Low HDL-C High LDL-C High TG Dyslipidaemia* 

Patients Sade et al. 2016 (123) PM2.5 A A A A      

PM10 A A A A      
Chen et al. 2016 (162) PM2.5 NA NA A NA      

 NO2 NA A NA NA      

 O3 NA NA NA NA      
Ghosh et al. 2018 (211) PM2.5  A  A      

 NO2  A  A      

 O3  NA  A      
McGuinn et al. 2019 

(212) 
PM2.5 A A A A      

Abbreviations: PM - particulate matter; NO2–nitrogen dioxide; NOx–nitrogen oxides; SO2–sulphur dioxide; O3–ozone; CO – carbon monoxide; BC-Black Carbon;  TC – Total cholesterol; HDL-C - High Density 

Lipoprotein; Cholesterol, LDL-C - Low Density Lipoprotein Cholesterol; TG – Triglycerides; A - Statistical significant association; NA - Not statistical significant  association;* Dyslipidaemia condition was defined 

through autorrepored information, considering dyslipidaemia diagnosed by a physician. 

* The effect estimate correspondent to this association were included in the meta-analysis 
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Table 14 – Summary of the statistical significant associations found in the included studies, in a short-term exposure scenario. 

Population Authors Pollutant Continuous Outcome (Lipid levels) Categorical Outcome (Yes/No)   

TC HDL-C LDL-C TG High TC Low HDL-C High LDL-C High TG Dyslipidaemia* 

Adults Bell et al. 2017 (100) PM2.5  NA        
Chuang et al. 2010 (186) PM10  A NA NA      

NO2  NA NA NA      

O3  NA NA NA      

CO  NA NA NA      
Eze et al. 2015 (99) PM10      NA  NA  

NO2      NA  NA  
Li et al. 2019 (101) PM2.5  NA        

PNC₅₋₅₀  NA        

PNC₅₀₋₁₀₀  A        

PNC₁₀₀₋₅₀₀  NA        
NO2  A        
SO2  A        
BC  A        
CO  NA        

Elderly Bind et al. 2016 (187) PM2.5  A A A      

BC  A A A      
Wu et al. 2019(214) PM2.5 NA NA NA NA      
Wallwork et al. 2017 
(207) 

PM2.5      NA  NA  

Midlife women in 
menopausal 
transition  

Wu et al. 2019(214) PM2.5 NA NA NA NA      

Patients Sade et al. 2016 (123) PM2.5 NA NA A NA      

PM10 NA NA A NA      
Chen et al. 2016 (162) PM2.5 A NA A NA      

NO2 NA NA NA NA      

O3 NA NA NA NA      
Wang et al. 2018 (210) PM10 A A A NA      

NO2 NA A A A      

SO2 A NA A A      
Yeatts et al. 2007(185) PM2.5 NA   NA      

Abbreviations: PM - particulate matter; PNC – ultrafine particulate number concentration; NO2–nitrogen dioxide; NOx–nitrogen oxides; SO2–sulphur dioxide; O3–ozone; CO – carbon monoxide; BC-Black Carbon;  

TC – Total cholesterol; HDL-C - High Density Lipoprotein; Cholesterol, LDL-C - Low Density Lipoprotein Cholesterol; TG – Triglycerides; A - Statistical significant association; NA - Not statistical significant  

association;*Dyslipidaemia condition was defined through autorrepored information, considering dyslipidaemia diagnosed by a physician. 
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In a long-term scenario, concerning studies about adults from the general population 

(95–100,206,213) we found that statistically significant associations were more frequently 

found regarding the parameters TG and TC (Table 13), but some studies also reported no 

significant statistically significant associations regarding these two lipid parameters (95,98). In 

the elderly, in midlife women in menopausal transition and in the children/adolescents groups 

(205,207,214), the majority of the tested associations between pollutants and lipid outcomes 

were not statistically significant (Table 13). Regarding the Patients group studies 

(123,127,162,211,212), a considerable number of the tested associations between pollutants 

and lipid outcomes were statistically significant (Table 13). 

In a short-term scenario, concerning studies about adults from the general population 

(100,101,117,186), we found that statistically significant associations were only found 

concerning the HDL-C parameter (101,186). In the elderly, one study reported statistically 

significant associations between particulate matter and HDL-C, LDL-C and TG (Table 14). 

Regarding the Patients group studies (123,162,185,210), the majority of the tested 

associations between pollutants and lipid outcomes were not statistically significant (Table 14). 

 

Quantitative analysis 

From the 3 studies (95,97,98) selected for quantitative comparison, it was possible to 

extract data on 17 effect estimate values covering 7 different pollutant/outcome combinations. 

Each study present its estimates in different pollutant increments (Table 15). After conversion, 

these effect estimates were meta-analysed in seven different analyses regarding each 

pollutant/outcome combination (Figure 12). Accordingly, it showed that PM10 and NO2 

exposures were significantly associated with increased levels of TG, in a long-term exposure 

scenario. We found a 3.14% (1.36% to 4.95%) increase in TG levels per 10 µg/m3 PM10 

increment and a 4.24% (1.37% to 7.19%) increase in TG levels per 10 µg/m3 NO2 increment. 

Concerning the publication bias assessment, in the case of the meta-analysis reporting results 

from 3 studies, we found no indication for such source of bias (PM10/TC: p-value of Egger’s 

test = 0.54; PM10/HDL-C: p-value of Egger’s test = 0.40; PM10/TG: p-value of Egger’s test = 

0.63). In the case of the meta-analysis reporting results from 2 studies, publication bias was 

not assessed as there were inadequate numbers of included studies to apply the test. No 

significant associations were detected for the remaining pollutant/outcome combinations. 

Regarding the short-term exposure scenario, the number of effect estimates were insufficient 
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to be meta-analysed for each pollutant/outcome combination. Based on the GRADE approach, 

all the cumulative evidence from the meta-analysis were considered very low level evidence 

(Table S4, Supplemental material). 

 

Table 15 – Effect estimate values collected from the 3 studies quantitatively analysed. 

Pollutant/Outcome Author % change in outcome (95% CI) 
per Pollutant increment 

% change in outcome (95% 
CI) per 10 µg/m3 Pollutant 
increment 

PM10/TC Cai et al., 2017 (98) -0.1(-0.3 to 0.05) per 2 µg/m3 -0.5 (-1.5 to 0.25) 
 Shanley et al., 2016 (97) 1.43(1.21 to 1.66) per 11.1 µg/m3 1.29 (1.09 to 1.50) 
 Yang et al., 2018 (95) -0.2(-0.5 to 0.1) per 10 µg/m3 -0.2 (-0.5 to 0.1) 

NO2/TC Cai et al., 2017 (98) -0.1(-0.3 to 0.1) per 7.4 µg/m3 -0.14 (-0.41 to 0.14) 
 Yang et al., 2018 (95) 0.7(0 to 1.4) per 10 µg/m3 0.7 (0 to 1.4) 

PM10/HDL Cai et al., 2017 (98) 0.2(-0.1 to 0.4) per 2 µg/m3 1.0 (-0.5 to 2.0) 
 Shanley et al., 2016 (97) 0.18(-0.32 to 0.68) per 11.1 µg/m3 0.16 (-0.29 to 0.61) 
 Yang et al., 2018 (95) -0.2(-0.7 to 0.2) per 10 µg/m3 -0.2 (-0.7 to 0.2) 

NO2/HDL Cai et al., 2017 (98) 0.5(0.3 to 0.8) per 7.4 µg/m3 0.68 (0.41 to 1.08) 
 Yang et al., 2018 (95) -1.6(-2.3 to -1) per 10 µg/m3 -1.6 (-2.3 to -1) 

PM10/LDL Shanley et al., 2016 (97) 1.18(0.81 to 1.56) per 11.1 µg/m3 1.06 (0.73 to 1.41) 
 Yang et al., 2018 (95) -0.9(-1.3 to 0.4) per 10 µg/m3 -0.9 (-1.3 to 0.4) 

PM10/TG Cai et al., 2017 (98) 1.9(1.5 to 2.4) per 2 µg/m3 9.5 (7.5 to 12.0) 
 Shanley et al., 2016 (97) 2.42(1.09 to 3.76) per 11.1 µg/m3 2.18 (0.98 to 3.39) 
 Yang et al., 2018 (95) 4.7(3.6 to 5.9 ) per 10 µg/m3 4.7 (3.6 to 5.9 ) 

NO2/TG Cai et al., 2017 (98) 2.2(1.6 to 2.7) per 7.4 µg/m3 2.97 (2.16 to 3.65) 
 Yang et al., 2018 (95) 6(3.5 to 8.6 ) per 10 µg/m3 6 (3.5 to 8.6 ) 
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Figure 12 – Forestplots of the seven meta-analyses performed regarding each pollutant/outcome combination in a long-term exposure scenario (*percentage change in the 

outcome per 10 µg/m3 pollutant increase. Abbreviations: GEE = Pooled effect estimate; I^2= measure of between-study heterogeneity; p= Cochran's Q test p-value). 
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Discussion 

Despite the few studies included in the meta-analysis, our study suggests that, there is 

already some epidemiologic evidence supporting the association between PM10 and NO2 

exposures and TG levels in the adults from the general population. In a long-term exposure 

scenario, we found a 3.14% (1.36% to 4.95%) increase in TG levels per 10 µg/m3 PM10 

increment and a 4.24% (1.37% to 7.19%) increase in TG levels per 10 µg/m3 NO2 increment. 

The biological mechanisms explaining the effect of AAP on lipid profile parameters are 

still not very clear but one hypothesis is that the oxidative stress and the systemic inflammation 

caused by AAP exposure could induce a dysfunction of the lipid metabolism (184). Another 

plausible mechanism is the DNA methylation of genes related to lipid metabolism caused by 

exposure to AAP (215). Nevertheless, to the best of our knowledge, there is no plausible 

biological mechanism that could explain a different deleterious effect of the AAP on TG levels 

compared to the other lipid profile parameters, as our results suggest. Consequently, we 

hypothesize that our meta-analysis in not correctly detecting the deleterious effect of ambient 

air pollutants on the other lipid profile parameters and this may be due to the bias introduced 

by the inclusion of lipid-lowering medicated participants in the included studies. In fact, 

lipid-lowering medication was not considered in the 3 studies quantitatively analysed, resulting 

in lower than the real values analysed in this study. Taking into account that statins are still 

used as the first line medication to lower lipid profile parameters levels and achieve substantial 

cholesterol reduction, evidence shows that reduction in TG levels are more modest when using 

statins (216,217). Thus we hypothesize that medicated participants who will have the values 

of the other lipid parameters controlled, will most likely continue to show uncontrolled TG 

values. This can explain the stronger associations between ambient air pollutants exposure 

and TG levels in the few included studies because the confounding effect of medication is 

lower or absent for this parameter. However, this hypothesis cannot be guaranteed because 

use of other drugs targeted at TG has become increasingly frequent to deal with high TG in 

addition to statins, especially in the most recent years (218) or the use of non-pharmacological 

therapeutics such as diet behaviour modifications and physical exercise practice that also will 

have impact on TG levels. Consequently, to validate this hypothesis, more information about 

the medicated participants of the various included studies would be needed. 

Through our systematic review, we also verify that the most studied ambient air pollutant, 

among the 22 considered studies, was particulate matter (PM). This could be a consequence 
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of a publication bias, that was not possibly to evaluate conveniently due to the small number 

of included studies, but it remains unclear if some pollutants were considered and not reported 

in the articles. It is also plausible to assume that the deleterious effect of the gaseous 

pollutants, namely NO2, SO2, O3 or CO, on lipid profile parameters are less explored and must 

be considered in future studies. In fact, there is more available evidence supporting the 

deleterious effect of the particulate matter on cardiovascular health (81,219). However, 

available evidence supports the importance of the gaseous pollutants on cardiovascular health 

(220), advising to explore its effects also on the lipid profile. Another plausible reason is that 

PMs data could be the most used due its greater spatial and temporal availability. 

Additionally, we found a huge diversity of methods to assess the air pollutants exposure 

which make it difficult to compare published results. The traditional method of air pollution 

exposure assessment is through direct measurements obtained from fixed air quality network 

sites (186,205,208). This method is still a commonly used method but some studies reported 

in this systematic review already used more complex approaches namely spatiotemporal 

hybrid modelling (100,123,207). Although it is expected that there is a higher percentage of 

misclassification associated with traditional methods compared to more advanced methods 

(50), it was not possible to detect a clear pattern of influence of exposure misclassification on 

estimated values in our study. Regarding this issue, it is still important to mention that even 

these more sophisticated methods are problematic regarding their capacity to assess the real 

individual exposure and the use of new technology, namely GPS, smartphones or smaller 

pollution sensors are promising new methods to assess more real individualized exposures 

(56) and reduce exposure misclassification. So, more adequate approaches to quantify the 

individual air pollution exposure is warranted in order to standardize effect measures obtained 

from different epidemiological studies. 

Another important consideration about our systematic review and meta-analysis is 

related to residual confounding. Although all studies reported effect estimates values based 

on models adjusted for multiple confounding variables, there is not consistency in the chosen 

confounding variables among the selected studies and important covariates were not 

considered in some studies. This could led to a considerable residual confounding related to 

the number and type of variables not included in the models. When we look at the 3 studies 

that we meta-analysed, all of them include age, sex, smoking status, individual socioeconomic 

factors as confounding variables, but important variables related to area-level socioeconomic 

status, for example, were only considered by two of them (95,97). To clarify the influence of 
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each confounding variable in the effect estimates values, more information would be necessary 

and, consequently, it is recommended to provide supplemental data regarding available data 

and the modelling process in futures studies. 

The present meta-analysis includes a small number of studies found in the literature 

review, which does not allow sensitivity analyses to be performed and it would be important 

for validation of the meta-analysis results. Moreover, the between-study heterogeneity is very 

high for nearly all meta-analyses, which might have reduced the confidence of the cumulative 

evidence. 

Effect estimates included in the present meta-analysis were based on a single-pollutant 

model and interactions between the ambient air pollutants were not evaluated. Despite 

multipollutant models being difficult to implement and validate, it is known that there are 

important interactions between the pollutants, namely the potential additive effects of multiple 

pollutants and they should be considered in future studies  (221,222). Finally, the outcome 

assessment in the different studies was not uniform. The definitions of dyslipidaemia conditions 

varied in each study which compromises the comparison of the effect estimates of the different 

studies (95,96,99,207,213). Additionally, while some studies performed lipid profile parameters 

determination in a fasting condition, other considered the non-fasting state, which could be 

considered a source of bias. It is well known that while cholesterol levels only display modest 

postprandial variations, TG show significant postprandial elevations according to the diet 

content (223,224). However, in the study in which participants were all in a fasting state (95), 

the effect of PM10 and NO2 exposures on TG levels remains statistically significant. 
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Conclusions and Recommendations 

To our knowledge, this is the first study approaching the systematic review and 

meta - analysis of epidemiologic evidence on the association between AAP exposure and lipid 

profile parameters or dyslipidaemia conditions. Despite the very inclusive research strategy 

used, including no restrictions in the study design or population groups, we found only a few 

number of recently published studies on the association between air pollution and lipid profile. 

Nevertheless, we report results that could help to guide future research in this area. Moreover, 

given the high prevalence of dyslipidaemia (225) and the increasing AAP levels (59), we 

consider that our findings are of considerable and growing global public health importance. We 

suggest that if air pollution were continuously reduced, it could potentially reduce the incidence 

of dyslipidaemias and therefore the incidence of cardiovascular events. 

As recommendations in the future studies about the association between exposure to 

ambient air pollutants and lipid profile parameters or dyslipidaemia conditions, we suggest 

further investigation of the gaseous pollutants exposure, that were less frequently included. 

We also recommend to explore the potential additive effects of multiple pollutants, as well as 

developing more robust spatiotemporal models to assess air pollution exposure more 

precisely. 
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Abstract 

Background: Blood lipids and glucose levels dysregulation represent potential mechanisms 

intermediating the adverse cardiovascular effects of ambient particulate matter (PM) exposure. 

This study aims to estimate the effect of long-term PM10 exposure on blood lipids and glucose 

levels and to assess the potential mediation and/or modification action of abdominal obesity 

(Waist-to-height ratio). 

Methods: Our study was based on 2390 participants of the 1st Portuguese Health Examination 

Survey (INSEF, 2015) with available data on blood lipids and glucose parameters and living 

within a 30km radius of an air quality monitoring station with available PM10 measurements. 

PM10 concentrations were acquired from the air quality-monitoring network of the Portuguese 

Environment Agency. Generalized linear models were used to assess the effect of 1-year PM10 

exposure on blood lipids and glucose levels. An interaction term was introduced in the models 

to test the modification action of abdominal obesity. 

Results: We found an association between PM10 and non-fasting blood triglycerides after 

adjustment for age, sex, education, occupation, lifestyles related variables and temperature 

but only in participants with abdominal obesity. Per each 1µg/m3PM10 increment, there was a 
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1.84% (95%CI:0.02-3.69) increase in triglycerides. For the remaining blood lipid and glucose 

parameters, no associations were found. 

Conclusions: Our study demonstrates that even at low levels of exposure, long-term PM10 

exposure interacts with abdominal obesity to increase blood triglycerides. Our findings suggest 

that reducing both abdominal obesity prevalence and PM10 below current standards would 

result in additional health benefits for the population. 

 

Keywords: Air pollution, Particulate matter, Blood lipid levels, Blood glucose levels, 

Triglycerides 

 

Introduction 

Ambient particulate matter (PM) exposure is a major global environmental problem and 

is a recognized factor to develop cardiovascular diseases, the leading cause of death globally 

(226,227). Blood glucose and lipids levels dysregulation, represent potential mechanisms 

intermediating the cardiovascular adverse effect of the PM exposure. Some epidemiologic 

studies assessed the association between air pollutants exposure and uncontrolled blood 

glucose and lipid levels (228,229). However, evidence on this association is still inconsistent 

(16,230). In the particular case of blood lipid levels, a recent published systematic review and 

meta-analysis suggests already some epidemiologic evidence supporting the association 

between PM10 (particles with an aerodynamic equivalent diameter ≤10µm) and blood levels of 

triglycerides (TG) but only three studies were meta-analysed and more epidemiologic studies 

are essential to clarify the strength of this association (230). 

PM has been suggested as acting as an environmental endocrine disruptor and one 

potential biological mechanism explaining its deleterious effect on the blood glucose and lipid 

levels is through adipokines dysregulation at the adipose tissue level (159,231). Actually, some 

in vivo exposure studies, in animal models, demonstrate that PM exaggerates visceral adipose 

tissue (VAT) and increase adipokines secretion (104,105). Subsequently, a wide range of 

physiological mechanisms are induced, including insulin resistance and consequently blood 

glucose levels increase and also uncontrolled lipolysis, leading to inflated fatty acids delivery 

to the liver, which will in turn act as substrate to promote lipid synthesis and raised blood lipids 

levels, mainly TG levels (232). Therefore, we hypothesize that VAT could be a mediator of 
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PMs effect on blood glucose and lipid levels because PM will exaggerates VAT and then the 

subsequent mechanisms will be activated up to dysregulated glucose and lipid metabolism. 

On the other hand, VAT could also be considered a modifier of the PM effect on blood glucose 

and lipid levels because the pre-existing VAT could interact with PM to induce adipokines 

secretion and subsequent uncontrolled blood lipids and glucose levels. 

Taking into account the hypothesis previously described, the present study aims (1) to 

estimate the effect of PM10 exposure on blood lipid and glucose levels (TC, Total Cholesterol; 

HDL-C, High-Density Lipoprotein Cholesterol; LDL-C, Low-Density Lipoprotein Cholesterol; 

TG, Triglycerides; HbA1c, Glycated haemoglobin) in the adult Portuguese mainland population 

and (2) to assess the potential mediation and/or modification action of abdominal obesity (as 

a proxy of VAT) on this effect. 

 

Methods 

Study population 

This study was conducted using data from the 1st Portuguese National Health 

Examination Survey (INSEF), collected between February and December 2015. This survey 

was described in more detail by Nunes and his colleagues (153). This analysis was restricted 

to the subsample of INSEF participants from mainland Portugal (n=3467) with participants 

consent to link data, available data on zip code number, living within a 30-km radius of an air 

quality monitoring station with available PM10 concentration values and available data on blood 

lipids or glucose parameters (n=2390)(Figure 13). 

The INSEF survey received approval from the Ethics Committee of the Portuguese 

National Health Institute Doutor Ricardo Jorge, the National Data Protection Authority 

(Authorization nº 9348/2010) and from the regional Ethics Committees. 
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Figure 13 – Participant selection flow diagram. 

Health data 

Health data collection was performed by trained health professionals, according to the 

European Health Examination Survey (EHES) procedures (154). HbA1C was measured in 

fresh non-fasting whole blood samples and blood lipids (TC, HDL, LDL and TG) were 

measured in fresh non-fasting serum samples, in the 12 regional collaborating laboratories that 

participated in the National Program for External Quality Assessment (PNAEQ) to assure 

comparability and reliability of blood tests results. 

Waist-to-height ratio (WHtR) was used as proxy of Abdominal Obesity (AO) because. in 

the absence of more objective measures of central obesity and adiposity, it is the most suitable 

proxy measure of the VAT quantity (233). WHtR was assessed using waist circumference and 

height measurements, assuming that participants with a Waist-to-height ratio (WHtR) ≥0.5 had 

AO. 

Sociodemographic (age, sex, educational level and occupation), lifestyle (smoking, 

excessive alcohol consumption, sedentary and unhealthy diet) and health status variables 
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(diagnosed-dyslipidaemia, diagnosed diabetes, lipid-lowering medication usage and diabetes 

medication usage) were obtained by self-report through the interview.  

Regarding educational level, we considered the highest level of education completed, 

grouped into 3 categories, according the 2011 International Standard Classification of 

Education (ISCED) (155): low education (levels 0-2 of the ISCED 2011), medium education 

(levels 3-4 of the ISCED 2011) and high education (levels 5-8 of the ISCED 2011). Occupation 

was grouped according to the International Standard Classification of Occupations (ISCO-08) 

(156) into 2 categories: white-collar occupation (Managers, Professionals, Technicians & 

Associate Professional, Clerical Support Workers and Services & Sales Workers) and blue–

collar occupation (Skilled Agricultural Workers, Craft & Related trades Workers, Plant & 

Machine Operators and Elementary occupations). 

Regarding the lifestyles related variables, smokers include current daily and occasional 

smokers, and excessive alcohol consumption was defined as reporting 3 or more days/week 

of consumption of at least one of the following alcoholic beverages: wine, beer, 

brandy/bagasse, Port wine/Martini/liqueur, Whisky/Gin/Vodka. Unhealthy diet was defined as 

no consumption of fruit and vegetables at least once a day and sedentary was defined as 

reporting reading, watching television or other sedentary activities as the best description of 

leisure time activities during the last 12 months. 

 

Environmental exposure assessment 

We obtained PM10 values from QualAr database, available online at the Portuguese 

Environment Agency (APA) website ( https://qualar.apambiente.pt/ ). We assumed the period 

of 1-year PM10 exposure as being representative of participants’ long-term PM10 exposure as 

they reported to live in the same place at least one year before the INSEF examination day. 

Only background stations with data collection efficiency of at least 75% were considered. The 

geographic distribution of the participants (zip code number) and the 24-background air quality 

monitoring stations are shown in Figure 14. 

https://qualar.apambiente.pt/
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Figure 14 – Geographic distribution of the participants and the 24 background air quality monitoring 

stations with available PM10 data during the study period. Red points represent the air quality monitoring 

stations, green points represent the INSEF Portuguese mainland participants and blue circles 

represents the 30 km radius from each station. The grey points not covered by the blue circles are the 

excluded participants. (names of the air quality monitoring stations: Alverca, Arcos, Cerro, Douro Norte, 

Ervedeira, Fernando Pó, Fornelo do Monte, Frossos-Braga, Fundão, Ílhavo, Instituto Geofísico de 

Coimbra, Joaquim Magalhães, Laranjeiro, Loures-Centro, Lourinhã, Malpique, Mem Martins, Mindelo-

Vila do Conde, Montemor-o-Velho, Olivais, Paços de Ferreira, Quinta do Marquês, Sobreiras-Lordelo 

do Ouro and Terena). 
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Daily average PM10 concentrations were calculated, in all INSEF fieldwork days, using 

the 24-hour observations values from each station. One-year average PM10 concentrations 

were estimated using the preceding 365-daily average PM10 concentrations values. For each 

individual the allocated 1-year average PM10 concentration was the weighted average of 1-year 

averages PM10 concentrations of all stations within 30 km from that participant’s. This average 

was weighted by the inverse of the squared distance between the residence and the air quality 

monitoring stations. 

For each individual, the allocated 1-year average temperatures were obtained using data 

from the National Oceanic and Atmospheric Administration database (www.ncdc.noaa.gov ) 

and we assumed the 1-year average value of the closest temperature monitoring station as 

being representative of the individual exposure. 

 

Statistical analysis 

The statistical analysis was performed using the R program (version 3.6.3) (234). The 

significance level for all analysis was set at 5%. Sampling weights were used in data analysis. 

All estimates were weighted to account for different selection probabilities resulting from 

complex sample design and to match the population distribution in terms of geographic region, 

age group and sex, in 2015. T-test and the Wilcoxon test were used to access differences of 

quantitative variables according to their adherence to the normal distribution or not. 

Proportions were compared using Pearson's chi-squared test.  

 

Conceptual Model 

We constructed a directed acyclic graph (DAG) shown in Figure S1 based on literature 

review to select the minimal sufficient adjustment set of variables needed to account for 

confounding of the exposure-outcome relationship. This analysis was performed using the 

“DAGitty” R package (235). 

  

Primary analysis  

Regression coefficients of effect (β) of PM10 on TC, TG, LDL-C, HDL-C and HbA1C with 

the corresponding 95% confidence intervals (CI) were obtained by generalized linear 

regression models analyses for each 1-μg/m3 increment of PM10. Then, percent change with 

http://www.ncdc.noaa.gov/
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corresponding 95% CIs were calculated by using the formula 100 × [exp (β)−1]. We used the 

svyglm function from the “survey” R package to run each Gaussian family model with a link 

function log (family= gaussian(link = "log")). 

First, an unadjusted exposure-outcome model was fitted for each outcome. Then, a 

second model confounder-adjusted for sex (Male/Female), age group (50 years; ≥50 years), 

educational level (Low education/Medium education/High education), occupation (White-collar 

occupation/Blue-collar occupation), smoking (smoker/no smoker), excessive alcohol 

consumption (Yes/No), sedentary (Yes/No), unhealthy diet (Yes/No) and Individual allocated 

1-year average temperature (continuous) was performed for each outcome. 

To determine whether abdominal obesity is a potential mediator between PM10 exposure 

and parameters levels, we performed a mediation analysis according to Johnson and his 

colleagues (75). To determine if abdominal obesity interact with PM10 levels, an interaction 

term (PM10*AO) was introduced in the final model of each outcome (177). If the p-value were 

statistically significant (p<0.05), an AO-stratified analysis was performed. 

 

Sensitivity analysis  

To assess the sensitivity of our analysis to the 30 km radius criteria, we also fit the models 

for each outcome considering only participants living within a 20 km radius of an air quality 

monitoring station with available PM10 measurements. 

Additionally, to evaluate the sensitivity of our analysis regarding the exposure 

assessment method, we also fit the models considering the modelled PM10 concentrations 

obtained by the application of an air quality modelling system composed by the Weather 

Research & Forecasting (WRF, version 3.7.1) (165) and Comprehensive Air Quality Model 

with Extensions (CAMx, version 6.40) (166).The WRF-CAMx system has been extensively 

applied for Portugal and worldwide and it is described in more detail elsewhere (167–169). It 

returns surface hourly average concentrations of simulated species by grid cell (5×5 km2) that 

were used to compute PM10 daily averages in 2014 and 2015. Participants living within a 30-km 

radius of at least one air quality monitoring station were linked to the correspondent grid cell 

and grid cell’s PM10 daily averages were considered as being representative of the individual 

exposure. The preceding 365-daily average PM10 concentrations at the INSEF examination 

day were considered to obtain the individual allocated 1-year average PM10 concentrations. 
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To assess the sensitivity of our analysis to the choice of abdominal obesity assessed by 

the Waist-to-height ratio (WHtr) as the VAT proxy we also use Waist-to-hip ratio as a proxy of 

VAT and repeat the stratified analysis.  

Finally, we also repeat the primary analysis after excluding the participants with 

diagnosed dyslipidaemia or taking lipid-lowering medication (in the TG, CT, HDL-C and LDL-C 

models) and diabetic participants or taking medication for diabetes treatment (in the HbA1C 

model). 
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Results 

General characteristics of participants 

Included and excluded participants were similar regarding the majority of the analysed 

characteristics. Differences between the two groups were only found regarding the percentage 

of smokers, prevalence of diagnosed diabetes and medicated diabetic participant’s percentage 

(Table S5). 

Among the 2390 participants in our study, 52.59% were females, 52.76% aged between 

25 and 49 years old, 58.44% had low education level and 62.61% had a white-collar 

occupation. Most participants reported to be non-smokers (79.05%), non-excessive alcohol 

consumers (63.93%), to have a healthy diet (63.90%) and to be not sedentary (57.47%). The 

prevalence of diagnosed-dyslipidaemia and diagnosed-diabetes was 24.95% and 7.78% 

respectively, and 19.34% of the participants reported to take lipid-lowering medication and 

7.09% reported to take diabetes medication. Individual allocated 1-year average temperature 

was 15.7ºC and individual allocated 1-year average PM10 concentration was 17.6µg/m3 (Table 

16). 

The Individual allocated 1-year average PM10 concentration values ranged between 

10.45µg/m3 and 26.16µg/m3 (median = 18.51µg/m3, IQR=15.27-19.28µg/m3). The mean 

concentrations of TC, TG, HDL-C, LDL-C were 193.65mg/dL, 147.35 mg/dL, 54.03 mg/dL and 

128.18mg/dL, respectively. The mean percentage of HbA1C was 5.45%. When comparing 

participants with and without abdominal obesity, differences were found regarding age, level 

of education, occupation, lifestyles related variables, diagnosed dyslipidaemia and diabetes, 

medicated participants and outcome variables (Table 16). 

 

Primary analysis 

There was an association between PM10 and blood TG levels after adjustment for age, 

sex, educational level, occupation, variables, lifestyles and annual mean temperatures. Per 

each 1 µg/m3 PM10 increment there was a 1.70% (95% CI: 0.11-3.32) increase in the TG values 

of the participants. No associations were found for the remaining blood lipid parameters and 

HbA1C (Table 17). 
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Table 16 – General characteristics of the study participants, according to their abdominal obesity 

condition. 

Characteristics Participants  
with AO 

(n=1831) 

Participants 
without AO 

(n=536) 

Total 
participants 

(n=2390) 

Sex (n=2390) - %    
Males 
Females 

48.80 
51.20 

42.84 
57.15 

47.41 
52.59 

Age (n=2390) - %    

25-49 years old 
50-74 years old 

42.66 
57.34 

82.96 
17.04 

52.76 
47.24 

a Level of Education (n=2389) - %    

Low education 
Medium education 

High education 

66.37 
19.00 

14.63 

35.07 
29.38 

35.55 

58.44 
21.86 

19.70 
b Occupation (n=2203) - % 
White-collar occupation 

 
57.98 

 
76.18 

 
62.61 

Blue-collar occupation 42.02 23.82 37.39 

Lifestyles variables - %    
c Smokers (n=2390) 
d Excessive alcohol consumers (n=2388) 
e Unhealthy Diet (n=2388) 
f Sedentary (n=2375) 

17.44 
40.21 
33.69 
46.01 

32.22 
24.49 
43.36 
39.15 

20.95 
36.07 
36.10 
44.53 

Diagnosed Dyslipidemia (n=2373) - % 30.64 8.26 24.95 

Dyslipidemia medication (n=2390) - % 24.33 4.45 19.33 

Diagnosed Diabetes (n=2384) - % 9.99 0.10 7.78 

Diabetes medication (n=2390) - % 9.12 0.10 7.09 

Individual allocated 1-year average 

temperature (n=2390) - ºC (mean±sd) 

15.58±1.42 15.90±1.44 15.66±1.43 

Individual allocated 1-year average PM10 
(n=2390) - µg/m3(mean±sd) 

17.54±3.01 17.87±2.74 17.63±2.95 

Outcome variables 
TC (n=2390) - mg/dL (mean±sd) 

HDL-C (n=2390) - mg/dL (mean±sd) 
LDL-C (n=2390) - mg/dL (mean±sd) 
TG (n=2390) - mg/dL (mean±sd) 
HbA1C (n=2357) - % (mean±sd) 

 
196.45±37.50 

52.04±13.16 
131.73±34.14 
162.63±102.61 
5.55±0.76 

 
184.25±34.98 

59.82±14.54 
116.94±31.70 
99.87±56.25 
5.17±0.45 

 
193.65±37.74 

54.03±14.02 
128.18±34.39 
147.35±97.36 
5.45±0.72 

a Low education: levels 0-2 of the ISCED 2011 (155); Medium education: levels 3-4 of the ISCED 2011 (155), High education: levels 

5-8 of the ISCED 2011 (155). b White-collar occupation: Managers, Professionals, Technicians & Associate Professional, Clerical 

Support Workers and Services & Sales Workers (156); Blue–collar occupation: Skilled Agricultural Workers, Craft & Related trades 

Workers, Plant & Machine Operators and Elementary occupations (156). c Smokers include current daily and occasional smokers.d3 

or more days/week of consumption of at least one of the following alcoholic beverages (wine, beer, brandy/bagasse, Port 

wine/Martini/liqueur, Whisky/Gin/Vodka). e No consumption of fruit and vegetables at least once a day.  f Reading, watching TV or 

other sedentary activities declared as the best description of the leisure time activities during the last 12 months.  

Results in bold are those with statistically significant difference between participants with versus without AO, according to the 

Pearson's chi-squared test. (p<0.05). Abbreviations: AO- Abdominal Obesity; TC -  Total Cholesterol; HDL-C – High density 

Lipoprotein cholesterol; LDL-C – Low density lipoprotein cholesterol; TG – Triglycerides.; PM- Particulate matter; sd – standard 

deviation
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We detected an interaction between PM10 and Abdominal Obesity in the TG analyses 

(Interaction term: 1.024, 95%CI:1.002-1.046, p-value: 0.034), and, consequently, we present 

a stratified analysis in Table 17. As we can see, the association between PM10 and TG levels 

were only found in participants with abdominal obesity. Per each 1 µg/m3 PM10 increment, 

there was a 1.84% (95%CI: 0.02-3.69) increase in the TG values of the participants with 

abdominal obesity (Table 17). 

We found that there was no association between the exposure (PM10) and the mediator 

(Abdominal Obesity), a condition required to perform the mediation analysis. Consequently, 

the mediation analysis could not be done and we assumed that, based on our results, there 

was no evidence to suggest that abdominal obesity mediate the association between PM10 and 

blood lipid or glucose levels. 

 

Sensitivity analysis 

When we restricted our sample to the participants living within a 20 km radius of an air 

quality monitoring station with available PM10 values, similar results to those from the primary 

analysis were found (Table S6). Additionally, we found an association between PM10 and blood 

CT levels after adjustment for confounding in the all participant’s analysis and also in the 

participants with abdominal obesity. Per each 1 µg/m3 PM10 increment there was a 0.53% 

(95%CI:0.11-0.94) increase in the TG values of the participants with abdominal obesity (Table 

S7). 

When we considered the individual allocated 1-year average PM10 concentrations 

obtained by the air quality modelling system (WRF-CAMx), no associations were found (Table 

S3). We obtained similar results to those from the primary analysis when we excluded 

participants with diagnosed dyslipidaemia or taking lipid-lowering medication (in the TG, CT, 

HDL-C and LDL-C modelling) and diabetic participants or taking medication for diabetes 

treatment (in the HbA1C modelling) (Table S8). The changing of the abdominal obesity 

measure from waist-to-height ratio to waist-to-hip ratio also did not modify the obtained results 

(Table S9). 
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Table 17 – Percent changes in TG, TC, HDL-C, LDL-C and HbA1C per 1 µg/m3 increment of PM10 among all participants, participants with AO and participants without AO. 

 % Change per 1 µg/m3 of PM10 increment  

 TG  TC HDL-C LDL-C HbA1C 

All included participants (n=2390) 
Not adjusted model 0.19  

(-1.08; 1.48)  
 

0.09  
(-0.52; 0.70) 

0.12  
(-0.43; 0.68) 

-0.89  
(-1.87; 0.11) 

-0.09 
(-0.37; 0.19) 

*Adjusted model 1.70  
(0.11; 3.32) 

0.59 
(-0.07; 1.24)  

-0.20  
(-0.74; 0.33) 

0.47  
(-0.20; 1.15) 

-0.01 
(-0.48; 0.47) 

Participants with AO (n=1831)a  
Not adjusted model 0.92  

(-0.60; 2.46) 
 

1.75  
(-0.45; 0.80) 
 

-0.21 
(-0.69; 0.27) 
 

-0.64  
(-1.66; 0.39) 
 

-0.09 
(-0.45; 0.28) 
 

*Adjusted model 1.84  
(0.02; 3.69) 

0.62  
(-0.02; 1.27) 

-0.38  
(-0.97; 0.21) 

0.56  
(-0.22; 1.35) 

-0.03  
(-0.62; 0.57) 

Participants without AO (n=536)  
Not adjusted model -1.76  

(-3.60; 0.12) 
 

0.03  
(-0.71; 0.78) 
 

0.64  
(-0.37; 1.66) 
 

-1.32  
(-2.39; -0.24) 
 

0.20  
(-0.19; 0.60) 
 

*Adjusted model 0.75  
(-1.90; 3.47) 

0.62  
(-0.38; 1.63) 

0.46  
(-0.52; 1.45) 

0.23  
(-0.66; 1.12) 

0.07  
(-0.45; 0.60) 

*adjusted for age, sex, educational level, occupation, smoking status, excessive alcohol consumption, unhealthy diet, sedentary and individual allocated 1-year average 

temperature. a Participants without available data on waist or height measurements (n=23) and consequently without AO data were excluded from the stratified analysis. 

Abbreviations: AO- Abdominal Obesity; TC -  Total Cholesterol; HDL-C – High density Lipoprotein cholesterol; LDL-C – Low density lipoprotein cholesterol; TG – Triglycerides.; 

PM- Particulate matter. 
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Discussion  

Key findings 

Our results showed that at least 1-year PM10 exposure interacts with abdominal 

obesity to increase non-fasting blood TG levels by about 2% per each 1 µg/m3 PM10 

increase, in individuals with abdominal obesity. For the remaining blood lipid and glucose 

parameters, no associations were found. 

We were able to detect the effect modification of abdominal obesity (as a proxy of 

VAT) and, as hypothesized, the biological mechanism explaining our results could be 

the interaction between the pre-existing quantity of VAT with PM10 that will induce 

adipokines secretion and subsequent raised blood TG levels (232). On the other hand, 

we also hypothesized the potential mediation action of abdominal obesity but it was not 

supported by our results. 

All sensitivity analysis strengthen our results except when considering modelled 

PM10 concentrations obtained by an air quality modelling system (WRF-CAMx).  

 

Comparison with other published studies and interpretations 

Our results are in concordance with a recent published meta-analysis that reported 

some epidemiologic evidence supporting the association between PM10 and increased 

blood TG levels (230). However, we detected this association only in participants with 

abdominal obesity, contrary to the previously reported studies (95,97,98). Moreover, our 

estimate was much higher but less precise than the one reported by Cai and his 

colleagues (98) that studied two large European cohorts exposed to a similar levels of 

PM10 concentrations (1.70% blood TG increase per 1 µg/m3 PM10 increment (95%CI: 

0.11-3.32) versus 1.9% blood TG increase per 2 µg/m3 PM10 increment (95%CI: 1.5-

2.4)). Precision differences are probably due to the huge sample size differences 

(n=2390 versus n=111547) and the estimate magnitude difference can be explained by 

the different set of adjustment variables. 

Taking into account the biological mechanism hypothesized, it makes sense that 

TG levels are the most sensitive blood lipid parameters because additional adipokine 

secretion, namely TNF-alpha, will induce uncontrolled fatty acid lipolysis from VAT, 

leading to inflated fatty acids delivery to the liver, which will act as subtract to promote 
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mainly TG synthesis (232). Moreover the loss of insulin sensitivity within adipose tissue 

induced by additional adipokine secretion could be not directly reflected on the blood 

HbA1C levels, explaining why we did not found an effect of PM10 on this blood parameter 

(232). 

Despite our study being the first to report the modification effect of the abdominal 

obesity regarding the PM10 effect on blood lipid levels, it had been recently reported 

regarding the air pollution effect on other health outcomes, namely blood pressure (236), 

kidney function (237) and lung function (238). Moreover, previous studies performed in 

China and United States of America, already reported stronger associations between 

long-term PM exposure and blood lipids levels in overweight or obese participants 

(95,239). 

Recent evidence suggests a causal link between long-term particulate matter 

exposure and obesity condition (240,241). We hypothesized a mediation action of 

abdominal obesity that we were unable to confirm. One possible explanation for this 

result could be the short period of exposure considered that is probably insufficient to 

represent the long-term PM10 exposure able to contribute to the obesity condition.  

Regarding the sensitivity analysis, it strengthen our results, suggesting that 

estimates from the primary analysis could be underestimated due to the exposure 

misclassification and outcome misclassification associated to the inclusion of 

participants with dyslipidaemia or taking lipid lowering medication. When considering 

modelled PM10 concentrations obtained by an air quality modelling system (WRF-CAMx) 

no statistically significant results were found. These modelled data were obtained using 

a numerical air quality modelling system (WRF-CAMx) with good performance already 

reported for Portugal domain applications (166,168). Nevertheless, modelled PM10 

concentrations, when compared with measured PM10 concentrations, could be less 

representative of the real participants PM10 exposure because they are a mathematical 

representation of the reality with a certain degree of uncertainty of the input data, namely 

in the atmospheric emissions data. 

 

Strengths and limitations 

This is the first Portuguese study that links health data from a National Health 

Examination Survey and air quality monitoring data. We have done an extensive 
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bibliographic review and construct a conceptual model previous to the statistical analysis, 

in order to guarantee that the main confounding variables on the relationship between 

PM10 and blood lipid and glucose values were considered. Moreover, we consider 

multiple methodologies to obtain PM10 concentrations, by both measurements and 

numerical modelling (WRF-CAMx) approaches, as presented in the sensitivity analysis. 

One of the limitations of our study is related to the exposure assessment method, 

namely the criteria used to select the participants taking into account the distance 

between their residence and the air quality monitoring stations. In fact, as the sensitivity 

analyses indicates, we may not be detecting PM10 effect on other parameters than TG 

due to an exposure misclassification. However, the number of air quality monitoring 

stations in the Portuguese mainland and their spatial distribution does not allow us to 

apply a more restrictive. Moreover, both measured and modelled PM10 concentrations 

are still problematic regarding their capacity to assess the real individual exposure that 

have unique activity-patterns and only with the use of new technology, with Global 

Position Systems (GPS) and mobile devices with low-cost air pollution sensors, we could 

better assess real individualized exposures and reduce exposure misclassification (56). 

Another limitation of our study is related to the size of the particulate matter 

analysed. It is known that the smaller particles are those penetrating in deep into the 

lungs having the ability to be translocated into the bloodstream (6), potentially being the 

major contributors to the endocrine disruption at the adipose tissue level. However, we 

analysed only PM10 levels, the ones available to be analysed in our period of study, and 

we assumed that they are correlated with smaller particles concentrations, as previously 

reported (242). 

Finally, despite we performed the adjustment for several potential confounders, 

there is still a possibility of residual confounding. Moreover, effect estimates were based 

on a single-pollutant model and interactions with gaseous pollutants were not evaluated. 

It is known that there are important interactions between the atmospheric pollutants, 

namely the potential additive effects of multiple pollutants and they should be considered 

in future studies (221,222). In the future, it would also be important to test the hypothetical 

mechanism in this study, in vitro or even in vivo assays, in order to verify whether the 

hypothesized biological mechanism could explain the PM effect on blood lipid and 

glucose levels. 
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Conclusions 

To the best of our knowledge, this is the first study showing the modification action 

of abdominal obesity regarding the PM10 effect on a blood lipid parameter (TG). In 

comparison with other countries in the world, Portugal presents, in the time period under 

analysis (2014-2015), relatively low values of PM10 (range: 10.45-26.16 µg/m3) not 

exceeding the annual limit value imposed by the European Air Quality Standards (annual 

mean: 40 µg/m3). Even so, it was possible to detect the effect of exposure to PM10 on 

the values of one of the lipid parameters. This supports the statement that, as already 

some authors argue (243), there is no safe level of air pollutants, with effects on human 

health occurring even when air pollutants levels meeting the standards. On the other 

hand, our study also strongly suggests that the presence of comorbidities such as 

abdominal obesity, which affects the vast majority of the population, not only Portuguese 

but also worldwide, leaves the population more vulnerable to the effect of air pollutants. 

Finally, our study strongly suggests that even at low levels of exposure, PM10 

interacts with abdominal obesity to increase blood TG levels and our findings suggest 

that reducing both abdominal obesity prevalence and ambient air pollution below current 

standards would result in additional health benefits for the Portuguese population. 
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Abstract 

Variations in blood count parameters are potential mechanisms involved in the 

occurrence of cardiovascular events caused by particulate matter (PM) exposure. This 

study aims to estimate the effect of PM10 exposure on blood count parameters with 

potential to mediate a cardiovascular event. 

We used data from 2211 participants of the 1st Portuguese Health Examination Survey 

(INSEF, 2015) with available information on blood count parameters and living within a 

30 km radius of at least one air quality monitoring station with available PM10 

measurements. Generalized linear models were used to assess both short (3-days) and 

long-term effects (1-year) of PM10 exposure on blood count parameters. 

Both short and long-term PM10 effects on blood count parameters were found, with males 

and females affected in a different way. In the short-term scenario, we found a 2.76% 
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(CI95%: 0.65-4.87) increase in white blood cells among females per each 10µg/m3 PM10 

increment. Additionally, there was a 2.96% (CI95%: 0.80-5.12) increase in red cell 

distribution width (RDW), per each 10µg/m3 PM10 increment, among males, when 

considering the long-term scenario. 

In conclusion, we detected some sex-differential associations regarding the short and 

long-term effect of PM10 exposure on blood count parameters with potential to mediate 

a cardiovascular event, namely on the RDW parameter, that were never been described. 

It is uncertain whether changes in blood count parameters due to PM10 exposure 

constitute an adverse health outcome or it reflects only a normal immunity response. 

However, due to its potential to trigger cardiovascular events, it is essential to reduce 

PM10 levels exposure to protect the population's cardiovascular health. 

 

Keywords: Particulate matter, INSEF 2015, Blood counts, Leucocytes, Platelets, RDW 

 

Introduction 

Ambient particulate matter (PM) is now a well-established risk factor to develop 

cardiovascular diseases, with more than two thirds of the mortality attributed to PM 

arising from cardiovascular causes, namely cerebrovascular and ischaemic heart 

diseases (6,59). Multiple studies have linked PM exposure to both fatal and non-fatal 

cardiovascular events, but the pathophysiologic mechanisms linking the occurrence of 

these events with PM exposure are still an area of intensive research and scientific 

debate (81–83).  

Blood count parameters, namely white blood cells (WBC), red blood cells (RBC) 

and platelets (PLAT) have a crucial role in atherosclerosis, one of the underlying 

conditions to trigger a cardiovascular event (140). Consequently, it is plausible to 

hypothesize that changes in blood count parameters caused by PM exposure are 

potential mechanisms mediating the effects of PM on cardiovascular health. In fact, 

evidence from animal studies shows that acute exposure to ambient PM seems to 

produce cytokines in the lung that will stimulate the bone-marrow to release leucocytes 

and platelets contributing, in conjunction with another proinflammatory and 

prothrombotic markers, to destabilization of atherosclerotic plaques, making them more 

vulnerable to rupture and thrombosis (86,150,151). Additionally, the cytokines produced 

in the lung due to the deposition of PM can potentially interact with erythropoietin in the 
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bone marrow, lowering the RBC cells production and suppress RBC maturation. This will 

lead to an immature RBC increase and, thus higher red cell distribution width (RDW) 

values (86,140), originating an anaemic condition with increased cardiovascular risk in 

proatheroscleroctic situations (152). 

Some epidemiologic studies already found associations between both short and 

long-term PM exposure and blood count parameters, namely WBC (143,144), RBC 

(121,145) or platelets count (146,147) but results remain controversial (148,149) and 

studies on this topic are still scarce. Consequently, the present study aims to estimate 

the short and long-term effects of PM10 exposure (PM10: particles with an aerodynamic 

equivalent diameter ≤10µm) on blood count parameters potentially related to 

cardiovascular risk (WBC, White blood cells count; PLAT, platelets count; RBC, Red 

blood cells count; HEMOG, Haemoglobin; and RDW, red cell distribution width) in the 

adult Portuguese mainland population. 

 

Material and Methods 

Study population 

This study was conducted using data from the 1st Portuguese National Health 

Examination Survey (INSEF), collected between February and December 2015 (153). 

INSEF was a cross-sectional population-based survey led by the National Health 

Institute Doutor Ricardo Jorge (INSA) in partnership with the five Regional Health 

Administrations from mainland Portugal, the two Regional Health Secretariats from the 

Autonomous Regions of Azores and Madeira and the Norwegian Institute of Public 

Health. This survey included a physical examination, a blood collection and an interview 

using a structured health questionnaire. The INSEF target population was non-

institutionalized individuals aged between 25 and 74 years old, living in Portugal for more 

than 12 months and who were able to follow an interview in Portuguese. The INSEF 

sample (n=4911) was selected through complex multistage probabilistic design to be 

representative of the Portuguese population at national and regional levels (153). For 

this study, the analysis was restricted to the subsample of INSEF participants from 

mainland Portugal with informed consent to link data, available data on zip code address 

number, living within a 30-km radius of an air quality monitoring station with available 

PM10 concentration values and available data on blood count parameters (WBC, PLAT, 

RBC, HEMOG and RDW) (n=2211). The flow diagram of the participants’ selection can 

be found in the Figure S1 (available in the Supplementary Material section). 
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The INSEF survey received approval from the Ethics Committee of the Portuguese 

National Health Institute Doutor Ricardo Jorge, the National Data Protection Authority 

(Authorization nº 9348/2010) and from the regional Ethics Committees. Moreover, Ethics 

Committee of the Portuguese National Health Institute Doutor Ricardo Jorge approved 

the study protocol of this particular research. All participants provided informed consent 

before data collection. 

 

Health and sociodemographic data 

Health data collection occurred at primary care level venues and was performed 

by trained health professionals. It included core physical measurements (blood pressure, 

height, weight and waist and hip circumference), a blood collection to perform blood 

tests, including blood count parameters (WBC, units/µL; PLAT, units/µL; RBC, units/µL; 

HEMOG, g/dL and RDW, %) and a computer assisted personal interview (CAPI), 

according to the European Health Examination Survey (EHES) procedures (154).  

Blood count was performed in fresh non-fasting whole blood samples in the 12 

regional collaborating laboratories that participated in the National Program for External 

Quality Assessment (PNAEQ) to assure comparability and reliability of blood tests 

results.Using the WHO criteria, anaemia was defined as the haemoglobin concentrations 

below 13 g/dL in men and below 12 g/dL in women (244) (WHO 2011)  

Sociodemographic (age, sex, educational level and occupation) and lifestyles 

variables (smoking, excessive alcohol consumption, sedentary and unhealthy diet) were 

obtained by self-report through the interview. 

Regarding educational level, we considered the highest level of education 

completed, grouped into 3 categories, according to the aggregate levels of education 

presented in International Labour Organization (ILOSTAT): low education (levels 0-2 of 

the ISCED 2011), medium education (levels 3-4 of the ISCED 2011) and high education 

(levels 5-8 of the ISCED 2011). (155,245). Occupation was grouped according to the 

International Standard Classification of Occupations (ISCO-08) (156) into 2 categories: 

white-collar occupation (Managers, Professionals, Technicians & Associate 

Professional, Clerical Support Workers and Services & Sales Workers) and blue–collar 

occupation (Skilled Agricultural Workers, Craft & Related trades Workers, Plant & 

Machine Operators and Elementary occupations). 
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Regarding the lifestyles related variables, smokers include current daily and 

occasional smokers, and excessive alcohol consumption was defined as reporting 3 or 

more days/week of consumption of at least one of the following alcoholic beverages: 

wine, beer, brandy/bagasse, Port wine/Martini/liqueur, Whisky/Gin/Vodka. Self-reported 

unhealthy diet was based on the question: ‘‘How often do you eat fruit/vegetables 

(excluding juice and potatoes)?’’ Individuals who reported eating fruit and vegetables 

less than once a day were considered to have an unhealthy diet. Self-reported sedentary 

was based on the question: ‘‘Which of these situations best describes your leisure time 

activities during the last 12 months?’’ Individuals who answered ‘‘Reading, watching TV 

and other sedentary activities’’ were considered to be sedentary. 

 

Environmental exposure assessment 

PM10 values were obtained from the QualAr database, available online at the 

Portuguese Environment Agency (APA) website ( https://qualar.apambiente.pt/ ). APA 

provides hourly observation data for different atmospheric pollutants, measured by 68 

air quality monitoring stations that are classified according to the type of environment 

(demographic area) they represent (rural, urban and suburban) and the influence in 

terms of dominant atmospheric emission sources (background, traffic and industrial). 

The PM10 hourly data collected from the air quality monitoring stations reported to the 

period between February 2014 and December 2015, to cover the previous year of 

exposure before the INSEF examination day to all participants (INSEF fieldwork occurred 

between February and December 2015). 

We assumed the exposure window period of 1-year as being representative of the 

long-term PM10 exposure for all study participants as they reported to live in the same 

place (same zip code number) at least one year before the INSEF examination day. 

Moreover, taking into account the published scientific evidence suggesting that acute 

particulate matter effects on the occurrence of cardiovascular events are generally larger 

at very shorter periods of time (few days) (158), we also considered the exposure window 

period of the 3 previous days before the examination date in order to assess the 

short-term PM10 exposure effects.  

To reduce the exposure misclassification, only participants living within a 30 km radius 

of at least one air quality monitoring station with available PM10 values collected during 

the study exposure window periods (1-year average and 24-hours average in the 

previous 3 days) were included. Moreover, only background stations with data collection 

https://qualar.apambiente.pt/
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efficiency of at least 75% (with at least 75% of the hourly values regarding the 24-hours 

averages and at least 75% of the daily values regarding the 1-year average) were 

considered. The geographic distribution of the participants (zip code address number) 

and the 33 background air quality monitoring stations used to assess the individual 

allocated PM10 concentrations are shown in  

Figure 15. 

Daily (24-hours) average PM10 concentrations were calculated, in all INSEF 

fieldwork days, using the hourly observation values from each station. One-year average 

PM10 concentrations were estimated for each station, in all INSEF fieldwork days, using 

the preceding 365-daily average PM10 concentrations values.  

For each individual the allocated average PM10 concentrations (3-day average, 

1-year average) was the weighted average of PM10 concentrations from all stations within 

30 km from that participant’s residence. This average was weighted by the inverse of the 

squared distance between the residence and the air quality monitoring stations. The 

location of the measurement stations and participant’s residences (zip code number) 

were identified and managed by geographic information system (ArcGIS version 10.4) 

(246). 

For each individual, the allocated ambient temperatures (3-day average, 1-year 

average) were obtained using data from the National Oceanic and Atmospheric 

Administration (NOAA) database (www.ncdc.noaa.gov ). We assumed the value of the 

closest temperature monitoring station as being representative of the Individual allocated 

temperature exposure. 

 

http://www.ncdc.noaa.gov/


89 
 

 

Figure 15 – Geographic distribution of the participants and the 33 background air quality 

monitoring stations with available PM10 data during the study period. Red points represent the air 

quality monitoring stations, green points represent the INSEF Portuguese mainland participants 

and blue circles represent the 30 km radius from each station. The grey points not covered by the 

blue circles are the excluded participants. (names of the air quality monitoring stations: Alverca, 

Anta-Espinho, Arcos, Avintes, Burgães-Santo Tirso, Cerro, Custóias-Matosinhos, Douro Norte, 

Ermesinde-Valongo, Ervedeira, Fernando Pó, Fidalguinhos, Fornelo do Monte, Frossos-Braga, 

Fundão, Ílhavo, Instituto Geofísico de Coimbra, Joaquim Magalhães, Laranjeiro, Leça do Balio-

Matosinhos, Loures-Centro, Lourinhã, Malpique, Mem Martins, Mindelo-Vila do Conde, 
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Montemor-o-Velho, Olivais, Paços de Ferreira, Quinta do Marquês, Reboleira, Sobreiras-Lordelo 

do Ouro, Terena and VNTelha-Maia). 

 

Statistical analysis 

The statistical analysis was performed using the R program (version 3.6.3) (234). 

The significance level for all analysis was set at 5%. Sampling weights were used in data 

analysis. All estimates were weighted to account for different selection probabilities 

resulting from complex sample design and to match the population distribution in terms 

of geographic region, age group and sex, in 2015. 

Regarding the general characteristic’s description, the t-test and the Wilcoxon test 

were used to access differences of quantitative variables according to their adherence 

to the normal distribution or not. Proportions were compared using Pearson's chi-

squared test.  

We constructed a directed acyclic graph (DAG) shown in Figure 16 based on 

literature review to select a minimal sufficient adjustment set of variables needed to 

account for confounding of the exposure-outcome relationship. This analysis was 

performed using the “DAGitty” R package (235). Accordingly, the minimal sufficient 

adjustment set of variables were age, sex, socioeconomic status (educational level and 

occupation), lifestyles (smoking, excessive alcohol consumption, unhealthy diet and 

sedentary) and ambient air temperature. 

 

Primary analysis  

Regression coefficients (β) regarding the effect of PM10 on WBC, PLAT, RBC, 

HEMOG and RDW with the corresponding 95% confidence intervals (CI) were obtained 

by generalized linear regression models analyses for each 10-μg/m3 increment of PM10. 

Then, percent change with corresponding 95% CIs were calculated by using the formula 

100 × [exp (β*10)−1]. We used the svyglm function from the “survey” R package to run 

each Gaussian family model with a link function log (family= gaussian(link = "log")). 

First, an unadjusted exposure-outcome model was fitted for each outcome (WBC, 

PLAT, RBC, HEMOG and RDW) in both short and long-term exposure periods, 

considering respectively the 3-previous days average of PM10 concentrations and 

1-previous year average of PM10 concentrations as exposure variables.  
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Figure 16 – A Directed Acyclic Graph (DAG) for the association between particulate matter exposure and blood count parameters. Abbreviations: WBC, White 

blood cells count; PLAT, platelets count; RBC, Red blood cells count; HEMOG, Haemoglobin; and RDW, red cell distribution width; PM, Particulate matter. 
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Then, a second model confounder-adjusted for sex (2 categories: Male/Female), 

age group (2 categories:< 50 years old; ≥50 years old), educational level (3 categories: 

Low education/Medium education/High education), occupation (2 categories: 

White-collar occupation/Blue –collar occupation), smoking (2 categories: smoker/no 

smoker), excessive alcohol consumption (2 categories: Yes/No), sedentary (2 

categories: Yes/No), unhealthy diet (2 categories: Yes/No) and individual allocated 

temperature (continuous) was performed for each outcome  in both short and long-term 

exposure periods. Additionally, in the models assessing the short-term effects of PM10 

exposure, an adjustment for the long-term effect of PM10 was also performed by adding 

the variable 1-previous year average of PM10 concentrations. 

Moreover, taking into account the published scientific evidence suggesting 

sex-related differences regarding the PM endocrine-disrupting effects on blood 

elements, due probably to different hormones levels such as estrogens involved in blood 

cells formation at bone-marrow level (147,247,248), we also fitted the same models in a 

sex-stratified analysis (males/females).  

 

Sensitivity analysis  

We assess the sensitivity of our analysis to the assumption that PM10 

concentrations obtained from the air quality monitoring stations within a 30 km from the 

participant’s residence were representative of their exposure. For that, we fit the models 

for each outcome and for each exposure window period considering only participants 

living within a 20 km radius of an air quality monitoring station with available PM10 

measurements. 

Additionally, to evaluate the sensitivity of our analysis regarding the exposure 

assessment method, we also fit the models considering the modelled PM10 

concentrations obtained by the application of an air quality modelling system composed 

by the Weather Research & Forecasting (WRF, version 3.7.1) (165) and Comprehensive 

Air Quality Model with Extensions (CAMx, version 6.40) (166). The WRF-CAMx system 

has been extensively applied for Portugal and worldwide and it is described in more detail 

elsewhere (167–169). Briefly, in our study, CAMx was applied to the whole years of 2014 

and 2015 following a downscaling approach, using two nested domains, the first domain 

covering the European region with 25×25 km2 grid spacing and the second domain over 

Portugal with a dimension of 475 km by 625 km, gridded as 95 by 125 cells of 5×5 km2 

horizontal spatial resolution. To initialize and drive the WRF meteorological simulation 
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(165,166). ERA Interim reanalysis data was used, including three dimensional (3D) fields 

of wind, temperature, and relative humidity and 2D field of surface pressure, among 

others, from ECMWF (European Centre for Medium Range Weather Forecast) at 6 hours 

and 0.75 degrees temporal and spatial resolution, respectively. Other inputs comprise 

anthropogenic emissions of atmospheric pollutants and initial and boundary conditions 

for the CAMx European domain taken from the outputs (3D concentration fields of 

gaseous and particulate species) of the global chemical model MOZART (170) at every 

6 hours. CAMx returns surface hourly average concentrations of simulated species by 

grid cell that were used to compute PM10 daily averages in 2014 and 2015. Participants 

living within a 30-km radius of at least one air quality monitoring station (zip code address 

number) were linked to the correspondent grid cell and PM10 daily averages of each grid 

cell were considered as being representative of the individual exposure. The preceding 

365-daily average PM10 concentrations at the INSEF examination day were considered 

to obtain the individual allocated 1-year average PM10 concentrations. The preceding 24 

hours average on the 3 days before the INSEF examination day were considered to 

obtain the individual allocated 3-days average PM10 concentrations. 

Finally, we also repeat the primary analysis after excluding the participants with 

anaemia to confirm our results in the participants with normal haemoglobin levels.  

Additionally, in the models assessing the short-term effects of PM10 exposure we 

also repeat the analysis considering the 2 and 5 previous days average PM10 

concentrations instead of the 3 previous day´s average PM10 concentrations considered 

in the primary analysis. 

 

Results 

General characteristics of Participants  

A comparison of the INSEF mainland participants included and excluded from our 

study is presented in Table S10 of the supplementary material. Included and excluded 

participants were similar regarding all of the analysed characteristics (Table S10 of the 

Supplementary Material). 

General characteristics of the included participants, in both males and females, are 

presented in Table 18. Among the 2211 participants in our study, 53.4% aged between 

25 and 49 years old, 58.2% had low education level and 63.0% had a white-collar 

occupation. Regarding the lifestyles variables, 21.1% of the participants were smokers, 
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36.1% were excessive alcohol consumers, 36.1% reported to had an unhealthy diet and 

45.1% reported to have a sedentary lifestyle. The prevalence of anaemia was 5.2%, 

being higher in females (7.5%) when compared to males (2.7%). Sex differences were 

also found regarding level of education, occupation, percentage of smokers, excessive 

alcohol consumers and of those reporting to have an unhealthy diet (Table 18). Individual 

allocated 1-year average temperature was 15.9ºC and individual allocated 3-days 

average was 16.0 ºC. 

The distribution of the individual allocated PM10 concentrations in the different 

analysed exposure windows is described in Table 19 . The mean value of the individual 

allocated 1-year average PM10 concentration was 17.5 µg/m3 (median = 18.4 µg/m3, 

IQR=15.2-19.2 µg/m3). The mean value of the individual allocated 3-days average PM10 

concentration was 18.6 µg/m3 (median = 17.2 µg/m3, IQR=12.0-24.3 µg/m3) and there 

were no differences between females and males (Table 2). The mean values of RBC, 

HEMOG, RDW, WBC and PLAT were 4.7x106units/µL, 14.1 g/dL, 13.2%, 7.3 x 103 

units/µL and 233 x 103 units/µL, respectively. Sex differences were found regarding 

RBC, HEMOG, RDW and PLAT values (Table 19). 
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Table 18 – General characteristics of the study participants, according to sex. 

Characteristics Females 

(n=1195) 

Males  

(n=101

6) 

Total 

participants 

(n=2211) 

Age (n=2211) - %    

25-49 years old 

50-74 years old 

52.8 

47.2 

54.0 

46.0 

53.4 

46.6 
a Level of Education (n=2210) - %    

Low education 

Medium education 

High education 

54.6 

21.7 

23.7 

62.2 

21.5 

16.3 

58.2 

21.6 

20.2 

b Occupation (n=2047) - % 

White-collar occupation 

 

69.6 

 

56.1 

 

63.0 

Blue-collar occupation 30.4 43.9 37.0 

Lifestyles variables - %    
c Smokers (n=2211) 
d Excessive alcohol consumers (n=2210) 
e Unhealthy Diet (n=2210) 
f Sedentary (n=2198) 

16.2 

20.3 

27.0 

41.7 

26.5 

53.4 

46.1 

48.1 

21.1 

36.1 

36.1 

45.1 

Anaemia (n=2191)- % 7.5 2.7 5.2 

Individual allocated Temperature (n=2211) - ºC (mean±sd) 

1-year average  

3-days average  

 

15.9±4.1 

16.1±4.0 

 

16.0±4.0 

16.1±4.0 

 

15.9±4.0 

16.0±4.0 

a Low education: levels 0-2 of the ISCED 2011; Medium education: levels 3-4 of the ISCED 2011, High education: levels 5-8 of the ISCED 

2011. b White-collar occupation: Managers, Professionals, Technicians & Associate Professional, Clerical Support Workers and Services & 

Sales Workers; Blue–collar occupation: Skilled Agricultural Workers, Craft & Related trades Workers, Plant & Machine Operators and 

Elementary occupations. c Smokers include current daily and occasional smokers. d 3 or more days/week of consumption of at least one of 

the following alcoholic beverages (wine, beer, brandy/bagasse, Port wine/Martini/liqueur, Whisky/Gin/Vodka). e No consumption of fruit and 

vegetables at least once a day.  f Reading, watching TV or other sedentary activities declared as the best description of the leisure time 

activities during the last 12 months. Results in bold are those with statistically significant difference between Females versus Males, 

according to the Pearson's chi-squared test. (p<0.05). 
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Table 19 – Distribution of the individual allocated PM10 values and blood count parameters, according to sex. 

 Total  Females  Males  

 Mean±sd Median(Q1-Q3) Mean±sd Median(Q1-Q3) Mean±sd Median(Q1-Q3) 

Individual allocated PM10 
1-year average 
3-days average 

 
17.5±3.0 
18.6±8.3 

 
18.4 (15.2-19.2) 
17.2 (12.0-24.3) 

 
17.5±3.0 
18.6±8.4 

 
18.4 (15.2-19.2) 
17.2 (12.0-24.4) 

 
17.5±3.0 
18.6±8.3 

 
18.4 (15.2-19.2) 
17.2 (12.0-24.1) 

Blood count parameters 
RBC (106units/µL) 

HEMOG (g/dL) 
RDW (%) 
WBC (103 units/µL) 
PLAT(103 units/µL) 

 
4.7±0.4 

14.1±1.3 
13.2±0.9 
7.3±2.0 
233±56 

 
4.7 (4.4-5.0) 

14.1 (13.2-15.1) 
13.1 (12.7-13.6) 
7.0 (5.9-8.4) 
227 (195-266) 

 
4.5±0.3 

13.3±1.0 
13.3±1.1 
7.3±2.0 
246±57 

 
4.5 (4.2-4.7) 

13.3 (12.7-13.9) 
13.1 (12.7-13.7) 
7.0 (5.9-8.5) 
240 (207-281) 

 
4.9±0.4 

15.1±1.0 
13.2±0.8 
7.3±1.9 
219±52 

 
5.0 (4.7-5.2) 

15.1 (14.4-15.7) 
13.1 (12.7-13.5) 
7.0 (6.0-8.3) 
215 (184-249) 

Results in bold are those with statistically significant difference between Females versus Males, according to the Wilcoxon test 

(p<0.05). Abbreviations: PM, Particulate matter; sd, standard deviation; RBC, Red blood cells count; HEMOG, Haemoglobin; RDW, 

red cell distribution width; WBC, White blood cells count; PLT, platelets count. 
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Short-term effects of PM on blood count parameters 

Results concerning the association of short-term exposure to PM10 with blood count 

parameters are shown in Figure 17. There was an association between PM10 and WBC 

values (2.08% WBC increase per each 10 µg/m3 PM10 increment, 95%CI: 0.42%; 3.73%) 

after adjustment for age, sex, educational level, occupation, lifestyle variables and 

individual allocated 3-day average mean temperature, respectively. In the sex-stratified 

analysis, this association maintains only among females (2.76% WBC increase per each 

10 µg/m3 PM10 increment, 95%CI: 0.65%; 4.87). The estimates and respective 95% 

confidence intervals presented in Figure 17 are available in Table S11 of the 

supplementary material. 

 

 

 

Figure 17 – Percent changes in WBC, PLAT, RBC, HEMOG and RDW per 10 µg/m3 increment 

of PM10 according to sex in the short-term exposure scenario (3 previous day - average PM10 

concentrations). Estimates in red are those statistically significant (p<0.05). Abbreviations: PM, 

Particulate matter; WBC, White blood cells count; PLT, platelets count; RBC, Red blood cells 

count; HEMOG, Haemoglobin; RDW, red cell distribution width. 

 

Regarding the sensitivity analysis, when we restricted our analysis to participants without 

anaemia (Figure 18), similar results were found. Per each 10 µg/m3 PM10 increment, 

there was a 2.34% (95% CI: 0.69; 3.99) increase in the WBC values after confounding 

adjustment, when considering the total sample, and a 3.38% (95% CI: 1.15; 5.63) 

increase in the WBC values, when considering only females.  
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Figure 18 – Percent changes in WBC, PLAT, RBC, HEMOG and RDW per 10 µg/m3 increment 

of PM10 according to sex in the short-term exposure scenario (3-previous days - average PM10 

concentrations) (a) after exclusion of participants with anaemia, (b) after restricting participants to 

those living within a 20km radius of at least one air quality monitoring station with available PM10 

measurements, (c) considering the PM10 obtained by the air quality modelling system (WRF-

CAMx), (d) considering the 2 previous days - average PM10 concentrations (e) considering the 5 

previous days - average PM10 concentrations. Estimates in red are those statistically significant 

(p<0.05). Abbreviations: PM, Particulate matter; WBC, White blood cells count; PLT, platelets 

count; RBC, Red blood cells count; HEMOG, Haemoglobin; RDW, red cell distribution width. 
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When we restricted our sample to the participants living within a 20 km radius of an air 

quality monitoring station with available PM10 values, similar results were found when 

considering the total sample and also when considering only females. Per each 10 µg/m3 

PM10 increment, there was a 3.56% (95% CI: 0.72-6.48) increase in the WBC values.  

When we considered a different exposure period of time (2 previous days instead of 3 

previous days) similar results were found but only among females. Per each 10 µg/m3 

PM10 increment, there was a 3.07% (95% CI: 0.96-5.18) increase in the WBC values. On 

the other hand, when we considered the 5 previous days as the exposure period of time, 

no associations were found. Additionally, when we considered the individual allocated 

PM10 concentrations obtained by the air quality modelling system (WRF-CAMx), no 

associations were also found. The estimates and respective 95% confidence intervals 

presented in Figure 18 are available in Tables S12 to S16 of the supplementary material. 

 

Long-term effects of PM on blood count parameters 

Results concerning the association of long-term exposure to PM10 with blood count 

parameters are shown in Figure 19. We found an association between individual 

allocated 1-year average PM10 concentrations and RDW (2.82% RDW increase per each 

10 µg/m3 PM10 increment, 95%CI: 0.62%; 5.02%) and PLAT (3.31% PLAT increase per 

each 10 µg/m3 PM10 increment, 95%CI: 0.61%; 6.01%) after adjustment for confounding, 

when considering all participants. 

 

Figure 19 – Percent changes in WBC, PLAT, RBC, HEMOG and RDW per 10 µg/m3 increment 

of PM10 according to sex in the long-term exposure scenario (1-year average PM10 

concentrations). Estimates in red are those statistically significant (p<0.05). Abbreviations: PM, 

Particulate matter; WBC, White blood cells count; PLT, platelets count; RBC, Red blood cells 

count; HEMOG, Haemoglobin; RDW, red cell distribution width 
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In the sex-stratified analysis, the association between PM10 and RDW was only present 

among males (2.96% RDW increase per each 10 µg/m3 PM10 increment, 95%CI: 0.80%; 

5.12%). In this sex category, we additionally found an association between PM10 and 

WBC (5.78% WBC increase per each 10 µg/m3 PM10 increment, 95%CI: 1.46%; 

10.13%). The estimates and respective 95% confidence intervals presented in Figure 

19 are available in Table S17 of the supplementary material. 

Regarding the sensitivity analysis, when we restricted our analysis to participants without 

anaemia (Figure 20), similar results were found. There is an association between 

individual allocated 1-year average PM10 concentrations and RDW (2.99% RDW 

increase per each 10 µg/m3 PM10 increment, 95%CI: 0.81%; 5.18%) and PLAT (4.01% 

PLAT increase per each 10 µg/m3 PM10 increment, 95%CI: 1.26%; 6.76%) after 

adjustment for confounding, when considering all participants. In the sex-stratified 

results, both associations remains among males (2.82% RDW increase per each 10 

µg/m3 PM10 increment, 95%CI: 0.69%; 4.97%; and 3.63% PLAT increase per each 10 

µg/m3 PM10 increment, 95%CI: 0.44%; 6.82%) but not among females. Additionally, 

among males, there is an association between PM10 and WBC (5.67% WBC increase 

per each 10 µg/m3 PM10 increment, 95%CI: 0.87%; 10.49%). 

When we restricted our sample to the participants living within a 20 km radius of an air 

quality monitoring station with available PM10 values, we only found an association 

between PM10 and RDW (3.08% RDW increase per each 10 µg/m3 PM10 increment, 

95%CI: 1.63%; 4.53%). Through sex-stratified analysis, this association remains among 

both females (3.09% RDW increase per each 10 µg/m3 PM10 increment, 95%CI: 0.18%; 

6.02%) and males (3.38% RDW increase per each 10 µg/m3 PM10 increment, 95%CI: 

1.02%; 5.76%).  

Similarly, when we considered the individual allocated PM10 concentrations obtained by 

the air quality modelling system (WRF-CAMx), we only found an association between 

PM10 and RDW (1.59% RDW increase per each 10 µg/m3 PM10 increment, 95%CI: 

0.17%; 3.01%) that only persists among males in the stratified analysis (1.58% RDW 

increase per each 10 µg/m3 PM10 increment, 95%CI: 0.10%; 3.06%). The estimates and 

respective 95% confidence intervals presented in Figure 20 are available in Tables S18 

to S20 of the supplementary material. 
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Figure 20 – Percent changes in WBC, PLAT, RBC, HEMOG and RDW per 10 µg/m3 increment 

of PM10 according to sex in the long-term exposure scenario (1-year average PM10 

concentrations) (a) after exclusion of participants with anaemia, (b) after restricting participants to 

those living within a 20km radius of at least one air quality monitoring station with available PM10 

measurements, (c) considering the PM10 obtained by the air quality modelling system 

(WRF-CAMx). Estimates in red are those statistically significant (p<0.05). Abbreviations: PM, 

Particulate matter; WBC, White blood cells count; PLT, platelets count; RBC, Red blood cells 

count; HEMOG, Haemoglobin; RDW, red cell distribution width. 
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Discussion  

Key findings 

Concerning the short-term effect of PM10 exposure on blood count parameters with 

potential to mediate a cardiovascular event, our study showed an association between 

PM10 concentrations and WBC, mainly among females. This result was supported by the 

sensitivity analysis when considering only participants without anaemia, when 

considering a more restrictive criteria to the exposure assessment (participants living 

within a 20 km radius of an air quality monitoring station with available PM10 values) and 

when considering the 2-previous days instead of 3-previous days as the exposure period 

of time.  

Regarding the long-term effect of PM10 exposure on blood count parameters, we found 

an association between PM10 concentrations and RDW values, but mainly among males, 

and this result was supported to all the performed sensitivity analysis. The associations 

between PM10 and WBC and PLAT, in the long-term scenario, were found only among 

males and they disappear on the sensitivity approach, when considering a more 

restrictive criteria to the exposure assessment (participants living within a 20 km radius 

of an air quality monitoring station with available PM10 values) and when considering the 

PM10 obtained by the air quality modelling system (WRF-CAMx). 

 

Comparison with other published studies and interpretations 

Despite the few number of epidemiologic studies reporting associations between both 

short and long-term PM10 exposure and blood count parameters, our results are in 

agreement with some of them. Lee and her colleagues (144), in 2018, found that 

increased WBC counts were associated with the long-term (1-year average) PM10 

exposure (0.76% WBC increase per each 4.4 µg/m3 PM10 increment, 95%CI: 0.42%; 

1.10%) but not with the short-term (3-day average) PM10 exposure. In our study, we also 

found an association between the long-term (1-year average) PM10 exposure and WBC 

values, but only in males (5.78% WBC increase per each 10 µg/m3 PM10 increment 

(95%CI: 1.46%; 10.13%). Additionally, we also found that increased WBC counts were 

significantly associated with the short-term exposure (3-day average) to PM10 but only 

among females (2.76% WBC increase per each 10 µg/m3 PM10 increment, 95%CI: 

0.65%; 4.87%). However, some methodological differences between the two studies 
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could also explain the different obtained results (A hospital-based cohort study in South 

Korea versus a Health Examination Survey-based study in Portugal). 

Taking into account the biological mechanism hypothesized to be the most contributor 

to the PM10 effect on WBC, it makes sense that the PM10 effects occurs soon in a 

short-term exposure period. Due to the PM10 deposition on lung, cytokines will be 

produced and will stimulate the bone marrow to produce and release WBC that have a 

crucial role on the inflammatory process (86). In fact, experimental studies shows that 

after an acute exposure to PM10 levels, the WBC elevation is a rapid mechanism, being 

detectable 24-hours after exposure (249,250). However, this process will depend on the 

dose to which individuals are exposed and, in the Portuguese context, it is expected that 

the most frequent exposure will be less acute and possibly more prolonged over time 

(242). Consequently, the PM10 exposure effect on the real context of the population will 

be different and comparison with experimental studies should be done with caution. 

Additionally, there are already some studies that support the importance of the long-term 

exposure effect of PM10 in blood parameters (146,249,250) and other biological 

mechanisms must be considered in addition to the one described in our study. 

Regarding our findings on the RDW parameter, we found an association between 

long-term exposure to PM10 and this blood parameter, mainly among males, which is 

well supported by the sensitivity analysis. To the best of our knowledge, this is the first 

study describing this association, although being biologically expected because 

cytokines produced in the lung due to the deposition of PM can potentially interact with 

erythropoietin in the bone marrow, suppressing RBC maturation and, thus, increase 

immature RBC which is reflected in the RDW parameter values (86,140). RDW has been 

identified as an independent prognostic biomarker of multiple cardiovascular diseases 

(141,142,251), therefore we consider this result to be of special relevance in particular 

to explain the effect of PM10 in triggering cardiovascular events. 

Another very interesting result of our study was the sex-differences regarding not only to 

the type of blood element affected by the PM10 exposure but also regarding the temporal 

pattern of the effects. Actually, our results suggest that females are the most affected in 

the short-term exposure scenario, being WBC the most affected blood parameters. On 

the other hand, in the long-term scenario, males seem to be the most affected, mainly at 

the RDW parameter. A recent study (252) reported that PM10 have a significant effect on 

human eosinophils, a WBC subtype, for both women and men, but with different temporal 

patterns, with women showing a lag of 0–5 days and men showing a lag of 20–28 days. 
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Consequently, we must consider the hypothesis that, among males, the PM10 short-term 

effect on WBC, that we were not able to detect, occurs in a later lag day, which was not 

the target of our study. These results suggest a sex-differential response to PM10 

exposure whose underlying biological mechanism, to the best of our knowledge, is 

unknown. However, previous studies already detected some of these sex-related 

differences and authors argue that it was possibly due to the effects of different 

hormones levels, such as estrogens (147,247,253). Moreover, the endocrine-disrupting 

potential of the PM might also interfere with hormone signalling with expected different 

effect on males and females. (147,248). 

Concerning our results on sensitivity analysis, when we restricted our analysis to 

participants without anaemia, results were confirmed and, in some cases, estimates 

were more robust after this restriction. When considering a more restrictive criteria to the 

exposure assessment (participants living within a 20 km radius of an air quality 

monitoring station with available PM10values), results on the association between short-

term PM10 exposure and WBC was reinforced but only among females. It also supports 

the results on the association between long-term PM10 exposure and RDW in both sexes. 

This result, suggest us that exposure misclassification could be present and could be the 

reason for not detecting associations between PM10 and the RBC or even HEMOG, in 

our principal analysis, when considering all participants living within a 30 km radius of an 

air quality monitoring station. Consequently, we think that if we restricted more this 

distance criteria, assessing the PM10 exposure in a more personalized way, which was 

not possible due to the huge sample reduction, associations will be probably found 

regarding the remaining blood count parameters. 

When considering the modelled PM10 concentrations obtained by the air quality 

modelling system (WRF-CAMx), in the sensitivity analysis, only results on the 

association between long-term PM10 exposure and RDW, among males, were supported. 

One possible explanation for this result is that modelled PM10 concentrations, when 

compared with measured PM10 concentrations, could be less representative of the real 

participants PM10 exposure because they are a mathematical representation of the reality 

with a certain degree of uncertainty of the input data, namely in the atmospheric 

emissions data. Consequently, it is expected that modelled PM10 concentrations are 

associated with a higher degree of individual exposure misclassification (and not 

representative of high spatial detail) and only the strong association with the RDW was 

detected when considering this PM10 exposure assessment methodology. 
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Strengths and limitations 

In the present study we detect multiple associations regarding the short and long-term 

effect of PM10 exposure on blood count parameters with potential to mediate a 

cardiovascular event and also sex-differences were reported regarding these 

associations, which have not been described/identified before, to the best of our 

knowledge. We were careful to perform an extensive bibliographic review and construct 

a conceptual model before the statistical analysis, in order to guarantee that the main 

confounding variables on the relationship between PM10 and blood count parameters 

were considered. Moreover, due to the diversity observed regarding the air pollution 

exposure assessment methodology (230), we tried to consider multiple methodologies 

to obtain PM10 concentrations, by using both measurements and numerical modelling 

(WRF-CAMx) approaches, as presented in the sensitivity analysis.  

One of the main limitations of our study is related to the exposure assessment method, 

due the high distance considered between participant’s residence and the air quality 

monitoring stations (30 km) in the inclusion criteria. In fact, as the sensitivity analysis 

indicates, exposure misclassification could be present in our study. However, the number 

and the spatial distribution of air quality monitoring stations in the Portuguese mainland 

does not allow us to apply a more restrictive distance due to a substantial sample 

reduction that could compromise the power of the estimates. Even with a more restrictive 

distance, the air quality data available (both monitoring and modelled-based PM10 

concentrations) are limited to assess the real individual exposure. A better assessment 

of this exposure could be possible through the use of new technology, with Global 

Position Systems (GPS) and mobile devices with low-cost air pollution sensors (56) that 

would capture the unique activity-patterns of the real individual exposure. 

Finally, even with the adjustment for several potential confounders, there is still a 

possibility of the observed estimates to have been affected by residual confounding due 

to other unmeasured confounders. Moreover, effect estimates presented in this study 

were based on a single-pollutant model, due the scarce available air quality monitoring 

data for the remaining air pollutants. However, it is known that there are important 

interactions between the atmospheric pollutants, namely the potential additive effects of 

multiple pollutants and they should be considered in future studies (221,222). 
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Conclusions 

In the present study we detected some associations regarding the short and long-term 

effect of PM10 exposure on blood count parameters with potential to mediate a 

cardiovascular event and also we report sex-differences regarding these associations 

that, to the best of our knowledge, were never been described. It is uncertain whether 

changes in blood count parameters due to PM10 exposure constitute an adverse health 

outcome or it reflect only a normal immunity response in healthy individuals. However, 

due to its potential to trigger cardiovascular events, more studies are essential to better 

understand the effects of PM10 on these parameters. 

Finally, even at relatively low-levels of PM10 concentrations, in Portugal, it was possible 

to detect the PM10 exposure effect on blood count parameters with potential to mediate 

a cardiovascular event, suggesting that there is no safe level of air pollutants. Our 

findings suggest that reducing PM10 levels would result in additional benefits concerning 

the cardiovascular health of the population. 
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Abstract 

Introduction and objectives: High blood pressure (BP) remains a major modifiable 

cardiovascular (CV) risk factor. Several epidemiologic studies have been performed to 

assess the association between air pollution exposure and this CV risk factor but results 

remain inconsistent. This study aims to estimate the effect of short-term PM10 exposure 

(3-day average concentration) on diastolic (DBP) and systolic (SBP) blood pressure 

values of the resident mainland Portuguese population.  

Methods: Our study was based on available DBP and SBP data from 2272 participants 

of the first Portuguese Health Examination Survey (INSEF, 2015) living within a 30km 

radius of at least one air quality monitoring station with available PM10 measurements. 

We used data from the air quality-monitoring network of the Portuguese Environment 
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Agency to obtain the individual allocated PM10 concentrations. Generalized linear models 

were used to assess the effect of PM10 exposure on DBP and SBP values. 

Results: No statistically significant association was found between PM10 exposure and 

both DBP and SBP values (0.42% DBP change per 10 µg/m3 of PM10 increment (95%CI:-

0.85; 1.70) and 0.47% SBP change per 10 µg/m3 of PM10 increment (95%CI:-0.86; 1.79)). 

Results remain unchanged after restricting the analysis to hypertensive or obese 

participants or changing the PM10 assessment methodology. 

Conclusions: Taking into account the PM10 levels observed in 2015, our results 

suggests that exposure to PM10 concentrations have a small or no effect on the blood 

pressure values. Other air pollutants and mixtures of pollutants that were not included in 

our study should considered in future studies.  

 

Key-words: Particulate matter; blood pressure; INSEF 2015; Air quality data 

 

Introduction 

High blood pressure (BP) or hypertension remains a major modifiable 

cardiovascular (CV) risk factor, being responsible for at least 45% of all deaths due to 

heart disease and 51% of deaths due to stroke (126,127). Worldwide, it is estimated that 

around 31% of adults aged 25 years and over had hypertension, defined as systolic BP 

(SBP) ≥140 mmHg and/or diastolic BP (DBP) ≥90 mmHg (128). In Portugal, according 

to the Portuguese Health Examination Survey (INSEF), the overall prevalence of 

hypertension, in the population aged 25 to 74 years of age, was 36.0%, in 2015, defined 

as having a SBP ≥140 mmHg and, or, a DBP ≥90 mmHg and, or, taking antihypertensive 

medication (129). 

The causes of high blood pressure are complex and are related to genetic, 

behavioural and environmental factors, including air pollution exposure (254). Over the 

last decades, several epidemiological studies assessed the association between air 

pollution exposure, including particulate matter (PM), and BP values. Evidence from a 

recent meta-analysis which pooled studies published before May 2017, supports the 

association between PM10 and a DBP elevation. The authors of this meta-analysis found 

a DBP elevation of 0.86 mmHg, 95%CI (0.37; 1.35) and 0.15 mmHg, 95%CI (0.01-0.29) 
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per each 10 µg/m3 increase of PM10 in long (≥30 days) and short-term (<30 days) periods 

of exposure, respectively (17). The compiled evidence in this systematic review failed to 

support the association between PM10 and SBP values. 

Direct PM translocation into de blood, oxidative stress, inflammatory mediator’s 

production and neuroendocrine activation are the potential biological mechanisms 

responsible for the pathophysiological mechanisms through which PM exposure can 

raise blood pressure, including vascular dysfunction and aortic stiffness (58), sodium 

retention at the kidney level (135) and chronic kidney disease (136). According to 

Newman and his colleagues, the first three pathophysiological responses associated 

with BP elevation will occur in a few hour to days after exposure and are reversible 

whereas the last physiological response will occur mainly in a long-term exposure 

context and will be irreversible (137). 

To the best of our knowledge, in Portugal, the association between PM exposure 

and blood pressure values has never been published before. Consequently, our study 

aims to assess/investigate the association between individually allocated environmental 

PM10 concentrations and individual level systolic (SBP) and (DBP) diastolic blood 

pressure, considering a short period of time (previous 3 days before blood pressure 

measurements) as the window of exposure, in the mainland resident Portuguese 

population aged between 25 and 74 years old, in 2015. 

 

Methods 

Study population 

This study used data from the first Portuguese National Health Examination Survey 

(INSEF), collected between February and December 2015. This survey was described 

in more detail by Nunes and his colleagues  (153). The present analysis was restricted 

to the subsample of INSEF participants from mainland Portugal (n=3467) who consented 

to have their data linked, provided a residence zip code number, were living within a 

30-km radius of an air quality monitoring station with available PM10 concentration values 

and had blood pressure values measured in INSEF (n=2272). The INSEF survey 

received approval from the Ethics Committee of the Portuguese National Health Institute 

Doutor Ricardo Jorge, the National Data Protection Authority (Authorization nº 

9348/2010) and from the regional Ethics Committees. 
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Health related data 

Health data collection in INSEF was performed by trained health professionals, 

according to the European Health Examination Survey (EHES) procedures (154). Blood 

pressure values were measured according to the previous published study of Rodrigues 

and colleagues (129).  

Sociodemographic (age, sex, educational level and occupation), lifestyle (smoking, 

excessive alcohol consumption, sedentary and unhealthy diet) and health status 

variables (diagnosed-dyslipidaemia, diagnosed diabetes, lipid-lowering medication 

usage and diabetes medication usage) were obtained by self-report through the 

interview. Smoker’s definition includes current daily and occasional smokers and 

excessive alcohol consumption was defined as reporting three or more days/week of 

consumption of at least one of the following alcoholic beverages: wine, beer, 

brandy/spirits, Port wine/Martini/liqueur, Whisky/Gin/Vodka. Unhealthy diet was defined 

as no consumption of fruit and vegetables at least once a day and sedentary was defined 

as reporting reading, watching television or other sedentary activities as the best 

description of leisure time activities during the last 12 months. 

 

Environmental exposure assessment 

Hourly validated PM10 values were obtained from the QualAr database, available 

online at the Portuguese Environment Agency (APA) website 

(https://qualar.apambiente.pt/) and the individual allocated PM10 concentrations were 

obtained as previously reported by Gaio and colleagues (255). Briefly, for each individual 

the allocated 3-day average PM10 concentration was the weighted average of 3-day 

averaged PM10 concentrations of all stations within a 30 km radius from each participant’s 

residence. This average was weighted by the inverse of the squared distance between 

the residence and the air quality monitoring stations.  

The individually-allocated 3-day average temperatures were also obtained using 

data from the National Oceanic and Atmospheric Administration database 

(www.ncdc.noaa.gov) and we assumed the 3-day average value of the closest 

temperature monitoring station as being representative of the individual exposure. 

https://qualar.apambiente.pt/
http://www.ncdc.noaa.gov/
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Statistical analysis 

The statistical analysis was performed using the R statistical package version 3.6.3 

(234). All estimates were weighted to account for different selection probabilities resulting 

from the complex sample design of INSEF 2015 and to match the geographic region, 

age group and sex population distribution of 2015. T-test and the Wilcoxon test were 

used to access differences of quantitative variables according to their adherence to the 

normal distribution or not. Proportions were compared using Pearson's chi-squared test. 

The significance level for all analysis was set at 5%. 

Regression coefficients of effect (β) of PM10 on DBP and SBP with the corresponding 

95% confidence intervals (CI) were obtained by generalized linear regression models 

analyses for each 1 μg/m3 increment of PM10. We used the svyglm function from the 

“survey” R package to run each Gaussian family model with a link log function (family= 

gaussian (link = "log")).Then, percent change per each 10 μg/m3 increment of PM10 with 

corresponding 95% CIs were calculated by using the formula 100 × [exp (β)−1]*10. 

Additionally, to obtain estimates comparable with previous studies, we also run the 

models using the (family= gaussian (link = "identity")) to obtain results in mmHg increase 

per each 10 μg/m3 increment of PM10 and these results are presented as supplementary 

data.  

First, an unadjusted exposure-outcome model was fitted for each outcome. Then, a 

second model confounder-adjusted for sex (Male/Female), age group (25-49 years; 

50-74 years), educational level (Low education/Medium education/High education), 

occupation (White-collar occupation/Blue–collar occupation), smoking (smoker/no 

smoker), excessive alcohol consumption (Yes/No), sedentary (Yes/No), unhealthy diet 

(Yes/No) and individual allocated 3-day average temperature (continuous) was 

performed for each outcome. Additionally, as the objective was to assess only the 

short-term effects of PM10 exposure, an adjustment for the long-term effect of PM10 was 

also included by adding the variable 1-previous year average of PM10 concentrations. 

 

To assess the sensitivity of our analysis to the 30 km radius criteria, we also fit the 

models considering only participants living within a 20 km radius of an air quality 

monitoring station with available PM10 measurements. To evaluate the sensitivity of our 

analysis regarding the exposure assessment method, we also fit the models considering 
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the modelled PM10 concentrations obtained by the application of a numerical air quality 

model - the WRF-CAMx modelling system, that has been extensively applied over 

Portugal region with satisfactory skills, as previously described (255).  

Finally, we also repeat the analysis after excluding the participants taking 

anti-hypertensive medication and also when considering only more vulnerable groups, 

namely restricting the analysis to the hypertensive participants (defined as measured 

SBP ≥140 mmHg or measured DBP ≥90 mmHg or self-report of taking antihypertensive 

medication) or participants with abdominal obesity (assessed by using the formula: waist 

to height ratio >0.5). 
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Results 

Participants ‘characteristics and PM10 values description 

Included and excluded participants were similar regarding all the analysed general 

characteristics (Table S21). Among the 2272 participants in our study, 52.8% were 

females, 53.0% aged between 25 and 49 years old, 57.8% had low education level and 

63.6% had a white-collar occupation. Most participants reported to be non-smokers 

(78.5%), non-excessive alcohol consumers (64.2%), to have a healthy diet (73.6%) and 

to be not sedentary (55.0%). The prevalence of hypertension was 36.4% and 25.1% of 

the participants reported to take antihypertensive medication. The mean values of DBP 

and SBP were 74.4 mmHg and 125.1 mmHg, respectively and the Individual allocated 

3-day average temperature was 16.1 ºC. Differences between males and females were 

found regarding level of education, occupation, smoking, alcohol consumption, 

unhealthy diet, hypertension prevalence and blood pressure values (Table 20).  

The individual allocated 3-day average PM10 concentration values ranged between 

3.31µg/m3 and 64.35µg/m3 (median = 17.19µg/m3, IQR=12.40-24.27µg/m3) and 

differences between males and females were not found (Figure 21). The distribution of 

the 3-day average PM10 concentration values are above the daily limit value given by the 

EU Ambient Air Quality Directives (not to be exceed on more than 35/year) and also by 

the World Health Organization air quality guidelines (not to be exceed more than 3 

days/year). 

 

Association between PM10 and DBP and SBP values 

There was no association between individual allocated 3-day average PM10 

concentration and DBP or SBP values (0.42% DBP increase per each 10 µg/m3 PM10 

increment, 95%CI: -0.85%; 1.70% and 0.47% SBP increase per each 10 µg/m3 PM10 

increment, 95%CI: -0.86%; 1.79%). Correspondent estimates in mmHg increase per 

each 10 μg/m3 increment of PM10 are presented as supplementary data, in Table S29 

(0.33 mmHg DBP increase per each 10 µg/m3 PM10 increment, 95%CI: -0.62%; 1.27% 

and 0.57 mmHg SBP increase per each 10 µg/m3 PM10 increment, 95%CI: -1.10%; 

2.54%). Similar results were obtained in the stratified analysis, when considering only 

males or females (Table 21). 
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Table 20 – Description of the general characteristics of the study participants. 

Characteristics Total 
(n=2272) 

Males 
(n=1037) 

Females 
(n=1235) 

Age (n=2272) - %    

25-49 years old 
50-74 years old 

53.0 
47.0 

53.6 
46.4 

52.4 
47.6 

a Level of Education (n=2271) - %    
Low education 
Medium education 

High education 

57.8 
21.9 

20.3 

62.1 
21.9 

16.0 

54.0 
21.9 

24.1 
b Occupation (n=2102) - % 
White-collar occupation 

 
63.6 

 
56.1 

 
70.7 

Blue-collar occupation 36.4 43.9 29.3 

Lifestyles variables - %    
c Smokers (n=2272) 
d Excessive alcohol consumers (n=2271) 
e Unhealthy Diet (n=2271) 
f Sedentary (n=2258) 

21.5 
35.8 
36.4 

45.0 

27.0 
53.5 
46.0 

42.0 

16.6 
20.0 
27.8 

48.0 
g Hypertension (n=2272) - % 
h Hypertensive medication (n=2272) 
Diastolic Blood Pressure (n=2272) – mmHg 
(mean, sd) 

Systolic Blood Pressure(n=2272) mmHg (mean, 
sd) 

36.4 

25.1 
 
74.0 (10.2) 

 
125.1 (16.0) 

40.8 

24.4 
 
76.1 (9.9) 

 
130.0 (14.3) 

32.4 

25.7 
 
72.0 (9.9) 

 
120.8 (16.3) 

Individual allocated 
3-day average Temperature (n=1887) - ºC 
(mean, sd) 

 

16.1 (4.0) 

 

16.1 (4.0) 

 

16.1 (4.0) 

3-day average PM10 (n=2272) - ºC (mean, sd) 18.7 (8.3) 18.6 (8.2) 18.7 (8.4) 

a Low education: levels 0–2 of the ISCED 2011; medium education: levels 3–4 of the ISCED 2011; high 

education: levels 5–8 of the ISCED 2011; b White-collar occupation: Managers, Professionals, Technicians 

and Associate Professional, Clerical Support Workers and Services and Sales Workers; Blue-collar 

occupation: Skilled Agricultural Workers, Craft and  Related trades Workers, Plant and Machine Operators 

and Elementary occupations; c Smokers include current daily and occasional smokers; d 3 or more days/week 

of consumption of at least one of the following alcoholic beverages (wine, beer, brandy/spirits, port 

wine/martini/liqueur, whisky/gin/vodka); e No consumption of fruit and vegetables at least once a day; f 

Reading, watching TV or other sedentary activities declared as the best description of the leisure time 

activities during the last 12 months; g defined as defined as measured SBP ≥140 mmHg or measured DBP 

≥90 mmHg or self-report of taking antihypertensive medication; h self-report of taking antihypertensive 

medication.Results in bold are those with statistically significant difference between females versus males, 

according to the Pearson’s chi-square test (p<0.05) 
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Figure 21 - Boxplot of the PM10 distribution according to sex. The dashed lines represent the daily limit value 

given by the EU Ambient Air Quality Directives (not to be exceed on more than 35 days/year) and also by 

the World Health Organization air quality guidelines (not exceeded more than 3 days/year).  

 

Table 21 – Percent changes in DBP and SBP per 10 µg/m3 increment of PM10 according to sex. 

 % Change per 10 µg/m3 of PM10 increment 

 DBP SBP 

Total (n=2272)   

Unadjusted model -0.73 (-1.92; 0.47) -0.60 (-1.88; 0.69) 

*Adjusted model 0.42 (-0.85; 1.70) 0.47 (-0.86; 1.79) 

Males (n=1037)   

Unadjusted model -0.61(-1.95; 0.73) -0.50 (-1.87; 0.88) 

*Adjusted model -0.04(-1.09; 1.02) 0.68 (-0.81; 2.18) 

Females (n=1235)   

Unadjusted model -0.80 (-2.84; 1.25) -0.64 (-2.75; 1.46) 

*Adjusted model 0.76 (-1.42; 2.94) 0.16 -1.98; 2.31) 

*adjusted for age, sex, educational level, occupation, smoking status, excessive alcohol consumption, 

unhealthy diet, sedentary, individual allocated ambient temperature, individual allocated 1-year average of 

PM10 concentrations. Abbreviations: DBP, Diastolic blood pressure; SBP, Systolic blood pressure.  
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Sensitivity analysis 

Regarding the sensitivity analysis, when we restricted our sample to the 

participants living within a 20 km radius of an air quality monitoring station with available 

PM10 values, similar results were found when considering the total sample and also when 

considering both males or females. Per each 10 µg/m3 PM10 increment, there was a 

0.51% (95% CI: -1.35; 2.37) increase in the DBP values and a 0.75% (95% CI: -1.02; 

2.53) increase in the SBP values, being these results not statistically significant (Table 

S22). When we considered different exposure periods of time (2 previous days or 5 

previous days instead of 3 previous days) similar results were found (Table S23 and 

S24). Additionally, when we considered the individual allocated PM10 concentrations 

obtained by the air quality modelling system (WRF-CAMx), no associations were neither 

found (Table S25). Finally, when we restricted our analysis to participants not taking 

hypertensive medication, or when we considered only more susceptible individuals like 

those obese or diagnosed with hypertension, results remain similar (Tables S26, S27 

and S28).  
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Discussion  

Main finding of this study 

In this study, no statistically significant association was found between PM10 

exposure and both DBP and SBP values. However, the point estimates obtained were 

similar or even higher than those from the last published meta-analysis about the global 

association between ambient air pollution and blood pressure (17) (DBP: 0.33 versus 

0.15 mmHg increase per each 10 µg/m3 PM10 increment; SBP: 0.57 versus 0.21 mmHg 

increase per each 10 µg/m3 PM10 increment). These results were consistently maintained 

by the sensitivity analysis performed, namely when considering a more restrictive criteria 

to the exposure assessment (participants living within a 20 km radius of an air quality 

monitoring station with available PM10 values), when considering the 2 or 5-previous 

days instead of 3-previous days as the exposure period of time, when considering an 

individual allocated PM10 concentrations obtained from an air quality model instead of 

the direct measurements from the air monitoring stations or when considering only 

hypertensive, participants with abdominal obesity or participants not taking anti-

hypertensive medication. 

 

What is already known on this topic 

According to a recent systematic review and meta-analysis performed on the 

association between ambient air pollution and blood pressure, that pools studies 

published before May 2017 (17), evidence already supported the association between 

short-term PM10 exposure and DBP values (0.15 mmHg, 95%CI: 0.01;0.29, per each 10 

µg/m3 increase of PM10), which our study was unable to confirm. However, the point 

estimate obtained in our study was higher than the one reported by the cited meta-

analysis (0.33 versus 0.15 mmHg increase per each 10 µg/m3 PM10 increment). 

Additionally, the same meta-analysis did not support the association between PM10 

exposure and SBP values (0.21 mmHg, 95%CI: -0.01; 0.43, per each 10 µg/m3 increase 

of PM10), which is in concordance to our results. 

It is important to mention that the polled estimates of the meta-analysis previously 

mentioned (17) were obtained using data from studies mostly from America and Asia 

regions where the levels of PM10 are higher in comparison to the majority of the European 

countries. When we consider only the pooling of the estimates from studies performed 
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in European countries (256–259), we found a -0.01 mmHg DBP decrease (95%CI: -0.14; 

0.13) per each 10 µg/m3 increase of PM10. Accordingly, when considering only European 

countries, the published meta-analysis also did not support the association between 

short-term exposure to PM10 and diastolic (DBP) or systolic (SBP) blood pressure values, 

which is corroborated by our study. 

After the publication of the meta-analysis previously cited (17), additional studies 

have been published on this issue but the association between short-term PM10 exposure 

and blood pressure values remains controversial (260,261). The majority of the studies, 

mostly performed in China, provide evidence of a positive association between PM10 and 

blood pressure values (260,262) but there are some other studies that did not support 

this association (261). For an instance, in a panel study performed in Italy and Sweden, 

with a range of PM10 values comparable to those from Portugal, no associations were 

found between PM10 levels and either systolic (SBP) or diastolic (DBP) blood pressure 

but short-term exposure to PM10 results in reductions in carotid elasticity among elderly 

population which means that PM exposure could be associated with other important CV 

outcomes (261).  

 

What this study adds 

This study suggests us that exposure to PM10 concentrations in the levels observed 

in Portugal, similar to other European countries, have a small or no effect on the blood 

pressure values, however it could have impact in other important cardiovascular 

outcomes. In fact, in a recent published study performed in the Portuguese population 

(255), a significant association between short-term PM10 exposure (3-day average PM10 

concentration) and white blood cells (WBC) among females was found (a 2.76% WBC 

increase, 95% CI: 0.65–4.87, per each 10μg/m3 PM10 increment) suggesting that PM10 

exposure could impact on other outcomes with potential to mediate a cardiovascular 

event. Additionally, it is also important to mention that studies reporting significant results 

are more likely to be published and the possibility of a publication bias on this issue 

cannot be rejected (263,264). 

The point estimates obtained in this study were not statistically significant, which 

will be probably due to the lack of statistical power to estimate effects of this magnitude 

with a sample size of just over two thousand participants. However, even if the point 
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estimates had statistical significance, we considered that obtained estimates would 

represent a small effect of the exposure to PM10 concentrations on blood pressure, taking 

into account the daily mean values of PM10 concentrations observed in the Portuguese 

context, in 2015 (3-day average PM10: 18.7 µg/m3).  

 

Limitations of this study 

Our study have some limitations. A first one is related to the exposure assessment 

method, due to the high distance considered between participants’ residence and the air 

quality monitoring stations (30 km) in the inclusion criteria. The number and the spatial 

distribution of air quality monitoring stations in the Portuguese mainland does not allow 

us to apply a more restrictive distance due to a substantial sample reduction that could 

compromise the power of the estimates and result in selection bias. However, our results 

remain similar when we apply more restrictive criteria (including only participants living 

within a 20 km radius of an air quality monitoring station with available PM10 

measurements) or when we used data from a numerical model.  

A second limitation of our study is related to the possibility of an erroneous 

assumption on the temporal relationship between exposure to PM10 and the BP changes. 

In fact, the considered time window of exposure, that was the 3 previous days in our 

study, varied a lot in the previously published studies, ranging from days to months and 

even years. Despite the time window of PM exposure that is causally-linked to BP levels 

is not well established, according to the perspective of Newman and his collaborators 

(137), it will be on the order of a few days given the rapid occurrence of the physiological 

responses whereby PM influences on BP. Consequently, we assumed that the 3 

previous days’ average PM10 concentrations were adequate to represent the individual 

exposure of each participant. Additionally, we also tested the associations when 

considering 2 and 5 previous days instead of the 3 previous days and results remain the 

same.  

Finally, even considering the adjustment for several potential confounders, there 

is still a possibility that the observed estimates have been affected by residual 

confounding due to other unmeasured confounders. In addition, effect estimates 

presented in this study were based on a single-pollutant model and considering only 

PM10, due the scarce available air quality monitoring data for the remaining air pollutants, 
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but there are important interactions between the atmospheric pollutants, namely the 

potential additive effects of multiple pollutants, that should be considered in future studies 

(221,222). 

 

Conclusions 

To the best of our knowledge, this is the first study assessing the association between 

an air pollutant exposure and the blood pressure values in Portugal. Our results suggest 

that exposure to the PM10 levels observed in 2015, have a small or no effect on the blood 

pressure values. However, we only analysed one of a large amount of air pollutants, and 

future studies should investigate whether the exposure to other air pollutants, including 

particulate matter of a smaller size, can explain some of the causal link between 

short-term exposure to ambient air pollution and diastolic or systolic blood pressure 

values. 
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6. Discussion  

The overall purpose of developing this thesis was to improve scientific knowledge 

on the relationship between exposure to environmental air particulate matter and 

cardiovascular related biomarkers. The hypothesis of this research was that exposure to 

ambient particulate matter (PM10) is associated with changes in the values of some 

cardiovascular risk biomarkers in the Portuguese resident population, in 2015. This 

section includes the overall discussion of the key findings, implications to public health 

as well as strengths and limitations of all the developed research that is included in the 

four articles presented in the previous section.  

 

6.1. Key findings 

Concerning objective 1 of this thesis, that aimed to systematically review and meta-

analyse studies on the association between AAP and biomarkers of dyslipidaemia, I 

consider that it was successfully achieved. In addition to its usefulness in summarising 

the state of knowledge prior to design the analysis strategy in the Article 2 of this thesis, 

it has also been useful to other researchers all over the world, having so far more than 

25 citations. At this time, given that some additional studies have already been carried 

out after the meta-analysis presented in Article 1, including the one described in Article 

2 of this thesis, it would be pertinent to update the analysis in order to ascertain whether 

the latest studies corroborate the finding previous described.  

Still regarding the systematic review, that also included other air pollutants beyond 

PM10, the recommendation presented in Article 1 to further investigate exposure to 

gaseous pollutants that are less frequently included in studies of the association between 

AAP exposure and dyslipidaemia biomarkers. However, in the studies developed in this 

thesis, only PM10 were considered because it was the pollutant that, in the studied period 

(2014-2015) had the greatest coverage of measurements from the Portuguese air quality 

stations. For the remaining pollutants, there was a higher percentage of missing values 

in the time series of the hourly measured values and a small percentage of participants 

was covered. However, taking into account that the systematic review also found 

evidence of an association between NO2 and TG values, data on NO2 should be explored 

more deeply in the future to try to study the combined effect of PM10 and NO2 on this 

outcome. 
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Table 22 summarize the key findings of this thesis, answering to the delineated 

objectives 2 to 5, that aimed to assess the association between PM10 exposure and each 

studied biomarker group. The described key findings support the case for a positive 

association between PM10 exposure and some biomarkers of cardiovascular risk, namely 

those related to dyslipidaemia (TG in people with abdominal obesity) and inflammatory 

response (WBC in females and RDW in males). Consequently, it suggests that reduction 

of PM10 below current air quality standards would result in additional cardiovascular 

health benefits for the population. 

 

Table 22 – Summary of the Key findings of this thesis.  

Biomarker Group Parameter Long-term Exposure  Short-term Exposure 

1-year average PM10 3-day average PM10 

Dyslipidaemia (Article 2) TC ×  

 HDL-C ×  

 LDL-C ×  

 TG *  

Diabetes( Article 2) HbA1c ×  

Inflammatory response WBC × ** 

(Article 3) PLAT × × 

 RBC × × 

 RDW *** × 

 HEMOG × × 

Hypertension (Article 4) DBP  × 

 SBP  × 

Represents the significant associations found in this thesis. × represent the no statistically significant 

associations found in this thesis. Grey zones represents associations that were not assessed in this thesis. 

*Only in participants with abdominal Obesity; **only in females; ***only in males. Abbreviations: TC, Total 

cholesterol; HDL-C, High-density lipoprotein cholesterol; LDL-C, Low-density lipoprotein cholesterol; TG, 

Triglycerides; HbA1c, Glycated haemoglobin; DBP, Diastolic blood pressure; SBP, systolic blood pressure; 

WBC, White blood cells; PLAT, Platelets; RBC, Red blood cells; RDW, Red cell distribution width; HEMOG, 

Haemoglobin; DBP, Diastolic blood pressure; SBP, systolic blood pressure. 

 

It is important to mention that Article 2 describes, to the best of my knowledge, the 

first study demonstrating that, even at relatively low levels of exposure (below the EU 

limits), long-term exposure to PM10 interacts with abdominal obesity (as a proxy of 

Visceral Adipose Tissue) to increase non-fasting blood TG levels by about 2% per each 

1 µg/m3 PM10 increment. It supports the hypothesis that PM could act as an 
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environmental endocrine disruptor through adipokines dysregulation at the adipose 

tissue level and this biological mechanism should be considered to be explored deeply 

in future in vitro and in vivo animal experiments.  

Additionally, Article 3 reports some sex-differential associations regarding the 

short and long-term effect of PM10 exposure on blood count parameters with potential to 

mediate a cardiovascular event, namely on the RDW parameter, that to the best of my 

knowledge were never been described. It is uncertain whether changes in blood count 

parameters due to PM10 exposure constitute an adverse health outcome or it reflects 

only a normal immunity response. Nevertheless, due to its potential to trigger 

cardiovascular events, exploring PM deleterious effects on immunity system must also 

be considered.  

As presented in Table 22, associations between PM10 exposure and the remaining 

studied biomarkers were not supported by the studies developed in this thesis. A 

possible explanation to not identify these associations in the Portuguese context, some 

of them already well recognised in other parts of the globe, could be the high PM diversity 

not only in terms of concentration but also in terms of constituents. In fact, according to 

the last report of the Portuguese Environment Agency (APA) (42), the levels of pollutants 

measured in Portugal for the time period under analysis (2014-2015) are largely lower 

(annual mean values above 20 µg/m3 for the years 2014- 2015) when compared to levels 

reported for other parts of the world, namely Asian or American countries (annual mean 

values around 80 µg/m3 and 55 µg/m3 for the years 2014-2015 in China and USA, 

respectively) (265,266). At the European level, PM10 values have been decreasing over 

the years (267) and therefore, epidemiological studies carried out in European Countries 

that may have identified an association between PM10 exposure and certain outcomes 

could no longer be comparable to the current context of exposure used in this thesis. 

Additionally, PM are a heterogeneous and complex mixture of solid and liquid particles 

suspended in the atmosphere, which can in turn transport a wide variety of compounds 

harmful to human health, varying in particle size and chemical composition on a range 

of temporal and spatial scales (28). Consequently, it is plausible to expect that PM 

exposure could affect different health outcomes in different parts of the globe as its 

constituents will diverge and possibly will have different health effects.  

Concerning objective 6, that aimed to assess the potential mediation/modifier 

effect of abdominal obesity on the association between exposure to PM10 and biomarkers 
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of dyslipidaemia, diabetes and blood pressure (Articles 2 and 4) it was only possible to 

identify the modification action of abdominal obesity regarding the association between 

PM10 and biomarkers of dyslipidaemia. I consider that it was also an important result 

obtained through this thesis as obesity is a particular important cardiovascular risk factor, 

highly prevalent in the Portuguese population (268), meaning that a high percentage of 

the population could be at risk regarding the potential PM effect on blood lipid levels.  

Finally, concerning objective 7 that aimed to compare the usage of two different 

indirect methods to assign the individual-level exposure (PM10 values obtained by direct 

measurements from the air quality monitoring stations versus PM10 values obtained by 

air quality modelling system) in assessing associations between PM10 and biomarkers of 

cardiovascular risk, only the positive association between PM10 and RDW was detected 

using both indirect methods. For the remaining described associations, they are not 

found significant when using PM10 values obtained by air quality modelling system. 

Although this could be due to measurement errors associated with the usage of the direct 

measurements from the air quality monitoring stations, our results suggest that using 

modelled PM10 values could be a less sensitive method to assess individual exposure 

and only the most robust association was identified. Additional discussion on the 

exposure assessment methodology is presented in the strengths and limitations 

subsection of this thesis. 
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6.2. Public Health implications 

Exposure to AAP is largely beyond the control of individuals and requires action by 

public authorities at the national and international levels (43). Results obtained within this 

thesis provide scientific arguments for taking actions to improve air quality, even when 

the standard air quality limits are target. The results show that cardiovascular related 

effects can occur at air pollution concentrations lower than established guidelines and, 

as previous reported by World Health Organization, there is no evidence of a safe level 

of PM exposure or a threshold below which no adverse health effects occur (43). 

Furthermore, the positive associations found in this research reinforce the requirement 

for the reduction of pollution levels which must gain an additional strength to contribute 

to the reduction of the cardiovascular diseases’ burden (6). 

In Portugal, the few epidemiologic studies that have been published on the 

association between air pollution exposure and cardiovascular outcomes were focused 

on risk of mortality or hospital admissions due to cardiorespiratory diseases (11-14). This 

was probably due to data availability, but the result was that subclinical and clinical 

cardiovascular risk conditions are less well understood, requiring more research, since 

the percentage of the Portuguese population affected by these less severe health effects 

is much larger that the percentage of the population affected by the more severe health 

effects. Consequently, it is important to analyse the air pollution effects on these less 

severe effects as done in the studies performed in this thesis, given their prevention 

potential. Additionally, results of this thesis contribute to increase the knowledge base of 

the biologic plausibility explaining the results of previous epidemiologic studies that 

reported an association between air pollution and increased cardiovascular mortality and 

hospital admissions due to cardiovascular diseases in the adult Portuguese population 

(11-14). In future experimental studies, including in animal models and in vitro, it would 

be important to explore deeply the hypothetical biological mechanisms presented in this 

thesis to explain the identified associations.  

To my knowledge, studies presented in this thesis that linked air quality data 

collected through air quality monitoring network of the Environmental Portuguese 

Agency and individual data from a Health Examination Survey have never been 

performed previously in the Portuguese population. Based on an adequate study design 

and a wide span of measured variables, the associations between PM10 and biomarkers 

of cardiovascular risk were assessed with reduced confounding bias. Methodology 
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approach presented in this thesis can be used to study the association between other air 

pollutants and other health outcomes in a perspective to improve the use of 

environmental and health data already collected and available to all the scientific 

community instead of collecting new data.  
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6.3. Strengths and limitations 

Specific studies limitations and strengths were previously discussed in each of the 

articles’ discussion sections. This section is dedicated to the overall thesis limitations 

and strengths. One limitation of the studies developed in thesis is related to the study 

design. Longitudinal studies investigating changes in biomarkers of cardiovascular risk 

in relation to PM exposure are required to confirm the findings as studies described in 

Articles 2, 3 and 4 are cross-sectional studies. Additionally, all the studies developed in 

this thesis are related to the covered population. It only included adults from the general 

population and not children and elderly that could be more vulnerable population groups. 

In fact, PM exposure is nearly ubiquitous, affecting everyone, but those at greatest risk 

are children, people aged 65 and over, people with pre-existing comorbidities namely 

CV and respiratory diseases, people who work outdoors and people of lower socio-

economic status because they are more likely to live in areas with worst air quality (72). 

Specific studies in these sub population groups must be considered in the future.  

Another possible limitation is related to the exposure assessment methodology. 

When using data from air quality stations, I make the assumption that measurements at 

a single site are representative of air quality over a larger area. Data from air quality 

models was also considered to test if results persist as it is expected that increased 

resolution associated with the air quality modelling (5 km instead of 30 km) would result 

in reduced measurement error of the exposure and more robust associations with 

cardiovascular outcomes (54). In this way, we were only able to find the association 

between PM10 values and RDW, when using PM10 modelled values, and the remaining 

associations were not obtained when using this method. Consequently, we could not 

discharge the possibility of a misclassification of exposure error associated with the use 

of data from air quality stations. However, more advanced modelling techniques may 

also bring additional uncertainty into the resulting estimates and interpretation of results 

(269). In this particular case, the modelled PM10 concentrations that were also analysed 

in this thesis, when compared with the measured PM10 concentrations, could be less 

representative of the real participants PM10 exposure because they are a mathematical 

representation of the reality with a certain degree of uncertainty of the input data, namely 

in the atmospheric emissions data, being potentially associated with a higher degree of 

individual exposure misclassification. As exposure assessment methods vary by study, 

making the results from the associations between PM and cardiovascular related 
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outcomes difficult to compare, it will be very important, in future studies, to assess which 

method is more appropriate to use in this kind of study.  

In this thesis, only PM10 concentrations were considered as exposure, and these 

particles do not penetrate very deep into the respiratory system. However, the biological 

mechanisms that were assumed to potentially explain the associations described in this 

thesis only make sense based on the assumption that particles penetrate deep into the 

respiratory system. Consequently, to study PM2.5 instead of PM10 would be more 

appropriate taking into account the objectives of this thesis, however there is no data 

available with sufficient coverage of the Portuguese territory to allow its study using the 

INSEF data. Even so, PM10 levels were analysed, the ones available to be analysed in 

our period of study, and it was assumed that they are correlated with smaller particles 

concentrations, as previously reported (242). 
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7. Conclusions 

Despite the downward trend of PM concentrations in most recent years not only in 

Portugal but also in other European Countries and in other parts of the world (265,267) 

air pollution continues to be a key global public health issue to solve and it is largely 

beyond the control of individuals, requiring action by public authorities at the national and 

international levels (43). PM is being considered an important risk factor for 

cardiovascular diseases, which continue to be the leading cause of death in many 

countries including in Portugal. However, while scientific evidence supporting the 

association between PM and CV mortality and morbidity is well-established at both 

international and national level, the pathophysiologic mechanisms linking PM and CVD 

are not entirely known, being a currently research area with a lot of scientific debate. In 

this sense, epidemiological studies on the association between PM and biomarkers of 

subclinical and clinical CV risk conditions are essential to establish the biologic 

plausibility of the association between PM and CV mortality and morbidity. 

In Article 1, that approaches the systematic review and meta-analysis of 

epidemiologic evidence on the association between ambient air pollution exposure and 

lipid profile parameters, despite the few studies included in the meta-analysis, it suggests 

some epidemiologic evidence supporting the association between PM10 (and also NO2) 

exposures and increased TG levels. Due to the very low level of evidence, more studies 

are essential to support the association and it was recommended further investigation of 

the gaseous pollutants exposure, that were less frequently included, to explore the 

potential additive effects of multiple pollutants, as well as developing more robust 

spatiotemporal models to assess air pollution exposure more precisely. 

Article 2 suggested that even at low levels of exposure, long-term PM10 exposure 

interacts with abdominal obesity to increase blood triglycerides. It supports the 

hypothesis that PM could act as an environmental endocrine disruptor through 

adipokines dysregulation at the adipose tissue level and this biological mechanism 

should be considered to be explored deeply in future in vitro and in vivo animal 

experiments.  

In Article 3, a long-term exposure to PM10 was associated with higher RDW values 

among males and a short-term exposure to PM10 as associated with higher WBC values 

among females. It is still uncertain whether changes in blood count parameters due to 
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PM10 exposure constitute an adverse health outcome or if it reflects only a normal 

immune response but due to its potential to trigger cardiovascular events, exploring PM 

deleterious effects on immunity system must also be considered in experimental studies 

using animal models or in vitro studies.  

Finally, Article 4 suggests that exposure to PM10 concentrations in the levels 

observed in Portugal, similar to other European countries, have a small or no effect on 

the blood pressure values. 

Overall, results obtained within this thesis provide more scientific arguments for 

taking actions to improve air quality, even when the standard air quality limits are 

targeted. It indicates that cardiovascular related effects can occur at air pollution 

concentrations lower that those considered in establishing guidelines. Finally, to my 

knowledge, this thesis describes a methodology never performed in Portugal to link air 

quality data and health data that could be used to study other air pollutants and other 

health outcomes. Consequently, studies developed in this thesis are just the first of many 

linkage studies that can be done between data obtained through national health surveys 

and environmental data that could answer to important research questions with public 

health relevance.  
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9. Supplementary materials 

 

Table S1. Search terminology strategy (Article 1). 

DataBase Search terminology Number of 
Records  

PubMed (“air pollution”[Title/Abstract] OR “air 
pollutant*”[Title/Abstract] OR “particulate 
matter”[Title/Abstract] OR “PM10”[Title/Abstract] OR 

“PM2.5”[Title/Abstract] OR “ozone”[Title/Abstract] OR 
“O3”[Title/Abstract] OR “sulphur dioxide”[Title/Abstract] OR 
“SO2”[Title/Abstract] OR “nitrogen dioxide”[Title/Abstract] OR 

“NO2”[Title/Abstract] OR “carbon monoxide”[Title/Abstract] 
OR “black carbon”[Title/Abstract] OR “ultrafine 
particles”[Title/Abstract] OR “NOx”[Title/Abstract])  AND 
(“lipid profile”[Title/Abstract] OR “high density lipoprotein 

cholesterol”[Title/Abstract] OR “HDL”[Title/Abstract] OR “low 
density lipoprotein cholesterol”[Title/Abstract] OR 
“LDL”[Title/Abstract] OR “cholesterol”[Title/Abstract] OR 

“triglycerides”[Title/Abstract] OR “dyslipid*”[Title/Abstract] OR 
“hypercholesterol*”[Title/Abstract], OR 
“hypertriglycerid*”[Title/Abstract] OR dyslipidemias [MeSH 
Terms] OR triglycerides [MeSH Terms] OR cholesterol 

[MeSH Terms]) 
 
Filters: Humans 

 

542 

Web of 
Science 

TS=(“air pollution” OR "air pollutant*” OR "particulate matter” 
OR "PM10” OR "PM2.5” OR "ozone” OR “O3” OR "sulphur 
dioxide” OR “SO2” OR "nitrogen dioxide” OR “NO2” OR 
"carbon monoxide” OR "black carbon” OR "ultrafine 

particles” OR "NOx” ) AND TS=(“lipid profile” OR 
"high_density lipoprotein cholesterol” OR "HDL” OR 
"low_density lipoprotein cholesterol” OR "LDL” OR 

"cholesterol” OR "triglycerides” OR “dyslipid*” OR 
“hypercholesterol*” OR “hypertriglycerid*“) 
NOT TS=(“mice” OR “rat” OR “rats” OR “cell*” OR “in vitro”) 
 

605 

Scopus TITLE-ABS(“air pollution” OR "air pollutant*” OR "particulate 

matter” OR "PM10” OR "PM2.5” OR "ozone” OR “O3” OR 
"sulphur dioxide” OR “SO2” OR "nitrogen dioxide” OR “NO2” 
OR "carbon monoxide” OR "black carbon” OR "ultrafine 

particles” OR "NOx”) AND TITLE-ABS(“lipid profile” OR 
"high_density lipoprotein cholesterol” OR "HDL” OR 
"low_density lipoprotein cholesterol” OR "LDL” OR 
"cholesterol” OR "triglycerides” OR “dyslipid*” OR 

“hypercholesterol*” OR “hypertriglycerid*“) NOT TITLE-ABS 
(“mice” OR “rat” OR “rats” OR “cell*” OR “in vitro”) 

363 
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Table S2. Classification of the included cross-sectional studies based on items from the JBI Checklist (Article 1). 

Author, year 
Items from the JBI Checklist for Analytical Cross Sectional Studies* Score 

classification 
Quality 

1 2 3 4 5 6 7 8 

Bell et al. 2017 Yes Yes Yes Yes Yes Yes Yes Yes 8 High 

Cai et al. 2017 Yes Yes Yes Yes Yes Yes No Yes 7 High 

Chen et al. 2016 Yes Yes Yes Yes Yes Yes Yes Yes 8 High 

Chuang et al. 2010 Yes Yes Yes Yes Yes Yes Yes Yes 8 High 

Chuang et al. 2011 Yes Yes Yes Yes Yes Yes Yes Yes 8 High 

Eze et al. 2015 Yes Yes Yes Yes Yes Yes Yes Yes 8 High 

Fioravanti et al. 2018 Yes Yes Yes Yes Yes Yes Unclear Yes 7 High 

McGuinn et al. 2019 Yes Yes Yes Yes Yes Yes Yes Yes 8 High 

Poursafa et al. 2017 Yes Yes Yes Yes Yes Unclear Yes No 6 Moderate 

Shanley et al. 2016 Yes Yes Yes Yes Yes Yes No Yes 7 High 

Shin et al. 2019 Yes Yes Yes Yes Yes Yes Unclear Yes 7 High 

Sorensen et al. 2015 Yes Yes Yes Yes Yes Yes Yes Yes 8 High 

Wang et al. 2018 Yes Yes Yes Yes Yes Yes Unclear Yes 7 High 

Yang et al. 2018 Yes Yes Yes Yes Yes Yes Yes Yes 8 High 

*Item 1: Were the criteria for inclusion in the sample clearly defined? Item 2: Were the study subjects and the setting described in detail? Item 3: 

Was the exposure measured in a valid and reliable way? Item 4: Were objective, standard criteria used for measurement of the condition? Item 

5: Were confounding factors identified? Item 6:  Were strategies to deal with confounding factors stated? Item 7: Were the outcomes measured 

in a valid and reliable way? Item 8: Was appropriate statistical analysis used? (Moola et al. 2017).
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Table S3. Classification of the included cohort studies based on items from the JBI Checklist (Article 1). 

Author, year 
Items from the JBI Checklist for Analytical Cohort Studies* Score 

classification 
Quality 

1 2 3 4 5 6 7 8 9 10 11 

Bind et al.2016 Yes Yes No Yes Yes Yes Unclear Yes No No Yes 7 Moderate 

Ghosh et al.2018 Yes Yes Yes Yes Yes Yes Unclear Yes Yes Not applicable Yes 10 High 

Lee et al. 2019 Yes Yes Yes Yes Yes Yes Yes Yes No No Yes 9 High 

Li et al.2019 Yes Yes Yes Yes Yes Yes Yes Unclear Yes Not applicable Yes 10 High 

Sade et al.2016 Yes Yes Yes Yes Yes Not applicable Yes Unclear Unclear Unclear Yes 8 Moderate 

Wallwork et al.2017 Yes Yes Yes Yes Yes Yes Yes Yes Unclear Unclear Yes 9 High 

Yeatts et al.2007 Yes Yes Yes No No Yes Yes Yes Yes Not applicable Yes 9 High 

Wu et al. 2019 Yes Yes Yes Yes Yes Yes Yes Yes Unclear Unclear Yes 9 High 

*Item 1: Were the two groups similar and recruited from the same population? Item 2: Were the exposures measured similarly to assign people to both exposed and unexposed 

groups? Item 3:  Was the exposure measured in a valid and reliable way? Item 4: Were confounding factors identified? Item 5: Were strategies to deal with confounding factors stated? 

Item 6: Were the participants free of the outcome at the start of the study? Item 7: Were the outcomes measured in a valid and reliable way? Item 8: Was the follow up time reported 

and sufficient to be long enough for outcomes to occur? Item 9: Was follow up complete, and if not, were the reasons to loss to follow up described and explored? Item 10: Were 

strategies to address incomplete follow up utilized? Item 11: Was appropriate statistical analysis used? (Moola et al. 2017). 
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Table S4. GRADE classification of the cumulative evidence from the seven meta-analysis (Article 1). 

Pollutant/outcome Global Effect Estimate  
Quality assessment* 

Quality of evidence 
Risk of bias Inconsistency Indirectness Imprecision Publication bias 

PM10/TC 0.23 (−0.98 to 1.45) No Very serious No Yes No Very low 

NO2/TC 0.22 (−0.59 to 1.03) No Serious No Yes - Very low 

PM10/HDL 0.10 (−0.36 to 0.56) No No No Yes No Very low 

NO2/HDL −0.45 (−2.65 to 1.81) No Very serious No Yes - Very low 

PM10/LDL 0.12 (−1.78 to 2.06) No Very serious No Yes - Very low 

PM10/TG 3.14 (1.36 to 4.95) No Serious No No No Very low 

NO2/TG 4.24 (1.37 to 7.19) No Serious No No - Very low 

* Risk of bias based on the study design characteristics of the included studies, namely the appropriate eligibility criteria. Inconsistency based the I2 statistic: if the value was <50%, 

we considered that there is not inconsistency; if the value was ≥50% and <80%, we considered that there is a serious risk of inconsistency; and if the value was ≥80%, we considered 

that there is a very serious risk of inconsistency. Indirectness: we considered no indirectness because evidence comes from research that directly compares the outcomes that we are 

interested in this meta-analysis; Imprecision based on the examination of the 95% confidence intervals. Publication bias based the Egger’s test for asymmetry. In the case of only 2 

studies, it was not possible to apply Egger’s test and publication bias was not assessed (Balshem et al. 2011). 
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Table S5. Comparison of the general characteristics of the included versus excluded INSEF mainland participants (Article 2). 

Characteristics Included 
participants 

(n=2390) 

Excluded 
participants 

(n=1077) 

Total mainland 
INSEF participants 

(n=3467) 

Sex (n=3467) - %    

Males 
Females 

47.41 
52.59 

47.92 
52.08 

47.50 
52.50 

Age group (n=3467) - %    
25-49 years 

50-74 years 

52.76 

47.24 

51.47 

48.53 

52.53 

47.47 
a Level of Education (n=3464) - %    

Low education 
Medium education 
High education 

58.44 
21.86 
19.70 

60.85 
20.20 
18.95 

58.86 
21.57 
19.57 

b Occupation (n=3200) - % 

White-collar occupation 

 

62.61 

 

60.13 

 

62.18 
Blue-collar occupation 37.39 39.87 37.82 

Lifestyles variables - %    
c Smokers (n=3465) 
d Excessive alcohol consumption (n=3465) 
e Unhealthy Diet (n=3463) 
f Sedentary (n=3443) 

20.95 

36.07 
36.10 
44.53 

26.21 

36.00 
36.58 
45.68 

21.87 

36.06 
36.19 
44.73 

g Abdominal Obesity (n=3435) - % 75.21 78.60 75.81 

Diagnosed Dyslipidaemia (n=3433) - % 24.95 26.74 25.26 

Lipid-Lowering medication (n=3467) - % 19.34 19.92 19.44 

Diagnosed Diabetes (n=3453) - % 7.78 10.75 8.31 

Diabetes medication (n=3467) - % 7.09 9.87 7.58 

Individual allocated 1-year average temperature 
(n=3465) - ºC(mean ± standard deviation) 

 
15.70±1.4 

 
15.30±1.4 

 
15.60±1.4 

a Low education: levels 0-2 of the ISCED 2011; Medium education: levels 3-4 of the ISCED 2011, High education: levels 5-8 of the ISCED 2011; b White-collar occupation: Managers, 

Professionals, Technicians & Associate Professional, Clerical Support Workers and Services & Sales Workers; Blue–collar occupation: Skilled Agricultural Workers, Craft & Related 

trades Workers, Plant & Machine Operators and Elementary occupations. c Smokers include current daily and occasional smokers. d 3 or more days/week of consumption of at least 

one of the following alcoholic beverages (wine, beer, brandy/bagasse, Port wine/Martini/liqueur, Whisky/Gin/Vodka). e No consumption of fruit and vegetables at least once a day. 

f Reading, watching TV or other sedentary activities declared as the best description of leisure time activities during the last 12 months. g Waist-to-height ratio (WHtR) ≥0.5. 

Results in bold are those with statistically significant difference between included versus excluded INSEF mainland participants, according to the Pearson's chi-squared test (p<0.05).  
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Table S6- Percent changes in TG, TC, HDL-C, LDL-C and HbA1C per 1 µg/m3 increment of PM10 among all participants, participants with AO and participants 

without AO, assuming the criteria of 20 km instead of 30 km to select the air monitoring stations contributing to Individual allocated 1-year average PM10 concentrations 

(Article 2). 

 % Change per 1 µg/m3 of PM10 increment  

 TG TC HDL-C LDL-C HbA1C 

All included participants (n=1819) 
Not adjusted model 0.27  

(-1.00; 1.56) 
 

0.08  

(-0.39; 0.49) 
 

0.09  

(-0.51; 0.69) 
 

-1.42 

(-2.47; -0.35) 

 

0.02  

(-0.22; 0.27) 
 

*Adjusted model 1.78  
(0.31; 3.28) 

0.50  
(0.04; 0.96) 

-0.33 
(-1.12; 0.46) 

-0.12  
(-0.83; 0.60) 

0.17  
(-0.13; 0.46) 

Participants with AO (n=1363)a  
Not adjusted model 0.97  

(-0.71; 2.69) 
 

0.12  
(-0.30; 0.53) 
 

-0.22  
(-0.78; 0.35) 
 

-1.30  
(-2.37; -0.21) 

 

-0.01 
(-0.29; 0.28) 
 

*Adjusted model 2.00  
(0.26; 3.76) 

0.53 
(0.11; 0.94) 

-0.60  
(-1.26; 0.07) 

-0.06  
(-0.82; 0.71) 

0.13 
(-0.23; 0.50) 

Participants without AO (n=439)  
Not adjusted model -1.59 

(-4.18; 1.08) 

 

0.06  
(-0.82; 0.95) 

 

0.47  
(-0.74; 1.69) 

 

-1.57  
(-3.04; -0.08) 

 

0.33  
(0.02; 0.65) 

 
*Adjusted model -0.12  

(-3.27; 3.13) 
0.60  
(-0.43; 1.64) 

0.40  
(-1.14; 1.97) 

-0.17  
(-1.41; 1.08) 

0.30  
(-0.04; 0.64) 

*adjusted for age, sex, educational level, occupation, smoking status, excessive alcohol consumption, unhealthy diet, sedentary and Individual allocated estimated 

1-year average temperature; a Participants without available data on waist or height measurements (n=17) and consequently without AO data were excluded from 

the stratified analysis. Abbreviations: AO- Abdominal Obesity; TC -  Total Cholesterol; HDL-C – High density Lipoprotein cholesterol; LDL-C – Low density 

lipoprotein cholesterol; TG – Triglycerides.; PM- Particulate matter. 
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Table S7- Percent changes in TG, TC, HDL-C, LDL-C and HbA1C per 1 µg/m3 increment of PM10 among all participants, participants with AO and participants 

without AO, assuming the PM10 obtained by the air quality modelling system (WRF-CAMx) (Article 2). 

 % Change per 1 µg/m3 of PM10 increment  

 TG TC HDL-C LDL-C HbA1C 

All included participants(n=2390) 
Not adjusted model -0.60  

(-1.25; 0.05) 
-0.02  
(-0.43; 0.38) 

0.06  
(-0.33; 0.46) 

-0.31  
(-1.06; 0.45) 

-0.07  
(-0.27; 0.14) 

*Adjusted model 0.14  

(-0.89; 1.19) 

0.04  

(-0.42; 0.50) 

0.02  

(-0.44; 0.47) 

-0.20  

(-1.02; 0.62) 

-0.03  

(-0.25; 0.20) 

Participants with AO (n=1831)a  
Not adjusted model -0.03  

(-0.77; 0.72) 
0.06  
(-0.37; 0.48) 

-0.10  
(-0.55; 0.36) 

-0.14  
(-0.91; 0.64) 

-0.03  
(-0.30; 0.24) 

*Adjusted model 0.43  
(-0.67; 1.55) 

0.09  
(-0.37; 0.54) 

-0.08 
(-0.66; 0.51) 

-0.09 
(-0.90; 0.74) 

-0.03 
(-0.33; 0.27) 

Participants without AO (n=536)  
Not adjusted model -1.25  

(-2.75; 0.28) 
-0.11  
(-0.62; 0.40) 

-0.10  
(-0.76; 0.57) 

-0.47  
(-1.48; 0.55) 

0.17  
(-0.05; 0.38) 

*Adjusted model -0.63  
(-2.02; 0.78) 

0.01  
(-0.61; 0.63) 

-1.36  
(-0.51; 0.51) 

-0.36  
(-1.54; 0.83) 

0.14  
(-0.05; 0.33) 

 

*adjusted for age, sex, educational level, occupation, smoking status, excessive alcohol consumption, unhealthy diet, sedentary. Individual allocated 1-year average 

temperature was not included because PM10 obtained by air quality modelling already taking into account meteorological variables including temperature. a 

Participants without available data on waist or height measurements (n=17) and consequently without AO data were excluded from the stratified analysis. 

Abbreviations: AO- Abdominal Obesity; TC -  Total Cholesterol; HDL-C – High density Lipoprotein cholesterol; LDL-C – Low density lipoprotein cholesterol; TG – 

Triglycerides.; PM- Particulate matter. 
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Table S8- Percent changes in TG, TC, HDL-C, LDL-C and HbA1C per 1 µg/m3 increment of PM10 among all participants, participants with AO and participants 

without AO after exclusion of participants with diagnosed dyslipidaemia or taking lipid-lowering medication (in the TG, CT, HDL-C and LDL-C modelling) and diabetic 

participants or taking medication for diabetes treatment (in the HbA1C modelling) (Article 2). 

 % Change per 1 µg/m3 of PM10 increment  

 TG TC HDL-C LDL-C HbA1C 

All included participants  

(n=1709, n=2165 for HbA1C) 
Not adjusted model -0.03  

(-1.65; 1.629 
 

0.09  
(-0.70; 0.89) 

0.30  
(-0.33; 0.94)  

-0.95 
(-2.03; 0.15) 

-0.05  
(-0.28; 0.18) 

*Adjusted model 2.08  
(0.40; 3.80) 

0.63  
(-0.22; 1.48) 

-0.11  
(-0.74; 0.52)  

0.50  
(-0.29; 1.30) 

0.01  
(-0.33; 0.35) 

Participants with AO a 
(n=1208, n=1625 for HbA1C) 

Not adjusted model 0.93 
(-1.02; 2.92) 
 

0.21  
(-0.60; 2.92) 
 

0.00  
(-0.62; 0.63) 
 

-0.64  
(-1.71; 0.43) 
 

-0.07 
(-0.38; 0.25)  
 

*Adjusted model 2.30  

(0.22; 4.43) 
0.66  

(-0.18; 1.50) 

-0.28  

(-1.06; 0.50) 

0.56  

(-0.25; 1.38) 

-0.01  

(-0.44; 0.42) 

Participants without AO  
(n=482, n=519 for HbA1C) 

Not adjusted model -1.73  

(-3.63; 0.20) 
 

0.10  

(-0.74; 0.94) 
 

0.47  

(-0.54; 1.49) 
 

-1.20  

(-2.48; 0.09) 
 

0.22  

(-0.04; 0.49) 
 

*Adjusted model 1.08  
(-1.41; 3.65) 

0.74  
(-0.30; 1.79) 

0.40  
(-0.59; 1.40) 

0.38  
(-0.69; 1.47) 

0.10  
(-0.28; 0.48) 

*adjusted for age, sex, educational level, occupation, smoking status, excessive alcohol consumption, unhealthy diet, sedentary and individual allocated 1-year 

average temperature; a Participants without available data on waist or height measurements (n=19, n=21 for the HbA1C) and consequently without AO data were 

excluded from the stratified analysis. Abbreviations: AO- Abdominal Obesity; TC -  Total Cholesterol; HDL-C – High density Lipoprotein cholesterol; LDL-C – Low 

density lipoprotein cholesterol; TG – Triglycerides.; PM- Particulate matter. 
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Table S9- Percent changes in TG, TC, HDL-C, LDL-C and HbA1C per 1 µg/m3 increment of PM10 among all participants, participants with AO and participants 

without AO, considering waist-to-hip ratio as the measure of Abdominal Obesity. (Article 2). 

 % Change per 1 µg/m3 of PM10 increment  

 TRIG TC HDL-C LDL-C HbA1C 

All included participants (n=2390) 
Not adjusted model 0.19  

(-1.08; 1.48)  

 

0.09  
(-0.52; 0.70) 

0.12  
(-0.43; 0.68) 

-0.89  
(-1.87; 0.11) 

-0.09 
(-0.37; 0.19) 

*Adjusted model 1.70  
(0.11; 3.32) 

0.59 
(-0.07; 1.24)  

-0.20  
(-0.74; 0.33) 

0.47  
(-0.20; 1.15) 

-0.01 
(-0.48; 0.47) 

Participants with AO (n=1583)a  
Not adjusted model 0.84  

(-0.40; 2.09) 
 

0.11  

(-0.52; 0.74) 
 

-0.28  

(-0.77; 0.21) 
 

-0.67  

(-1.66; 0.33) 
 

-0.11  

(-0.52; 0.30) 
 

*Adjusted model 1.68  

(0.03; 3.35) 
0.50  

(-0.20; 1.21) 

-0.46  

(-1.16; 0.24) 

0.41  

(-0.34; 1.16) 

-0.07 

 (-0.75; 0.61) 

Participants without AO (n=791)  
Not adjusted model -1.06  

(-3.24; 1.18) 

 

0.15  
(-0.29; 0.58) 

 

0.62  
(-0.34; 1.5) 

 

-1.19  
(-2.10; -0.27) 

 

0.17  
(0.03; 0.32) 

 
*Adjusted model 1.35  

(-0.51; 3.25) 
0.78  
(-0.07; 1.62) 

0.51  
(-0.46; 1.35) 

0.54  
(-0.20; 1.28) 

0.11  
(-0.12; 0.34) 

*adjusted for age, sex, educational level, occupation, smoking status, excessive alcohol consumption, unhealthy diet, sedentary and individual allocated 1-year 

average temperature. a Participants without available data on waist or hip measurements (n=16) and consequently without AO data were excluded from the stratified 

analysis. Abbreviations: AO- Abdominal Obesity; TC -  Total Cholesterol; HDL-C – High density Lipoprotein cholesterol; LDL-C – Low density lipoprotein cholesterol; 

TG – Triglycerides.; PM- Particulate matter. 
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Figure S1- A Directed Acyclic Graph (DAG) for the association between long-term air pollution exposure (PM10 annual mean values) and blood lipid and glucose 

levels. The dashed row representing the modification effect of abdominal obesity was not included in the analysis of the minimal sufficient adjustment set of variables. 

Abbreviations: HbA1c, Glycated haemoglobin; TC, Total Cholesterol; HDL-C, High-Density Lipoprotein Cholesterol; LDL-C, Low-Density Lipoprotein Cholesterol; 

TG, Triglycerides; PM, Particulate matter; WHtR, Waist-to-Height Ratio (Article 2). 
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Figure S2. Flow diagram of the Participants’ selection (Article 3). 



170 
 

Table S10. Comparison of the general characteristics of the included versus excluded INSEF mainland participants (Article 3). 

Characteristics Included participants 

(n=2211) 

Excluded 

participants(n=1256) 

Total mainland INSEF 

participants (n=3467) 

Sex (n=3467) - %    

Males 

Females 

47.6 

52.4 

47.1 

52.9 

47.5 

52.5 

Age group (n=3467) - %    

25-49 years 

50-74 years 

53.4 

46.6 

49.7 

50.3 

52.5 

47.5 
a Level of Education (n=3464) - %    

Low education 

Medium education 

High education 

58.2 

21.6 

20.2 

61.2 
21.4 

17.4 

58.9 

21.6 

19.5 
b Occupation (n=3200) - % 

White-collar occupation  

 

63.0 

 

59.2 

 

62.2 

Blue-collar occupation 37.0 40.8 37.8 

Lifestyles variables - %    
c Smokers (n=3465) 
d Excessive alcohol consumption (n=3465) 
e Unhealthy Diet (n=3463) 
f Sedentary (n=3443) 

21.1 

36.1 

36.1 

45.1 

24.5 

36.0 

36.4 

43.5 

21.9 

36.1 

36.2 

44.7 
g Anaemia (n=3389) - % 5.2 5.7 5.4 

 

a Low education: levels 0-2 of the ISCED 2011; Medium education: levels 3-4 of the ISCED 2011, High education: levels 5-8 of the ISCED 2011;  
b White-collar occupation: Managers, Professionals, Technicians & Associate Professional, Clerical Support Workers and Services & Sales Workers; Blue–collar 

occupation: Skilled Agricultural Workers, Craft & Related trades Workers, Plant & Machine Operators and Elementary occupations.  
c Smokers include current daily and occasional smokers. 
d 3 or more days/week of consumption of at least one of the following alcoholic beverages (wine, beer, brandy/bagasse, Port wine/Martini/liqueur, 

Whisky/Gin/Vodka).  
e No consumption of fruit and vegetables at least once a day.  
f Reading, watching TV or other sedentary activities declared as the best description of leisure time activities during the last 12 months.  
g Hemoglobin concentrations below 13 g/dL in men and below 12 g/dL in women.  
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Table S11 – Percent changes in WBC, PLAT, RBC, HEMOG and RDW per 10 µg/m3 increment of PM10 according to sex in the short-term exposure scenario 

(3 previous days - average PM10 concentrations) (Article 3). 

 Total 

(n=2211) 

Females 

(n=1195) 

Males 

(n=1016) 

RDW    

Unadjusted model 0.20 (-0.47; 0.88) 0.12 (-0.60; 0.84) 0.29 (-0.54; 1.12) 

Adjusted model -0.35 (-1.03; 0.34) 0.00 (-0.00; 0.00) -0.33 (-1.28; 0.63) 

WBC    

Unadjusted model 1.59 (0.16; 3.01) 2.03 (-0.36; 4.42 ) 1.05 (-0.83; 2.93 ) 

Adjusted model 2.08 (0.42; 3.73) 2.76 (0.65; 4.87) 1.46 (-1.46; 3.73) 

PLAT    

Unadjusted model 0.59 (-0.63; 1.82 ) 0.76 (-1.00; 2.53) 0.28 (-1.90; 2.47 ) 

Adjusted model 0.48 (-1.33; 2.30 ) 0.91 (-1.16; 2.98) -0.04 (-2.58; 2.52 ) 

RBC    

Unadjusted model -0.12 (-0.64; 0.40) -0.25 (-0.78; 0.28 ) -0.09 (-0.82; 1.00) 

Adjusted model -0.12 (-0.99; 0.74) -0.09 (-1.13; 0.54 ) -0.30 (-1.14; 0.95) 

HEMOG    

Unadjusted model 0.00 (-0.61; 0.61) 0.24 (-0.38; 0.86 ) -0.16 (-1.19; 0.87) 

Adjusted model 0.35 (-0.39; 1.09 ) 0.69 (-0.29; 1.05) -0.06 (-1.16; 1.67) 

*adjusted for age, sex, educational level, occupation, smoking status, excessive alcohol consumption, unhealthy diet, sedentary and individual allocated 2 

previous day-average temperature. Abbreviations: WBC, White blood cells count; PLT, platelets count; RBC, Red blood cells count; HEMOG, Haemoglobin; 

RDW, red cell distribution width. Results in bold are those statistically significant (p<0.05). 
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Table S12 – Percent changes in WBC, PLAT, RBC, HEMOG and RDW per 10 µg/m3 increment of PM10 according to sex in the short-term exposure scenario 

(3 previous days - average PM10 concentrations) after exclusion of participants with anaemia (Article 3). 

 Total 

(n=2092) 

Females 

(n=1107) 

Males 

(n=985) 

RDW    

Unadjusted model 0.20 (-0.53; 0.94 ) 0.05 (-0.73; 1.17 ) 0.38 (-0.41; 1.17 ) 

Adjusted model -0.26 (-0.90; 0.38 ) -0.42 (-1.11; 0.28 ) -0.12 (-0.93; 0.69) 

WBC    

Unadjusted model 1.80 (0.33; 3.28) 2.57 (0.05; 5.11 ) 0.92 (-1.03; 2.86) 

Adjusted model 2.34 (0.69; 3.99 ) 3.38 (1.15; 5.63 ) 1.43 (-0.69; 4.41) 

PLAT    

Unadjusted model 0.67 (-0.61; 1.95 ) 0.85 (-1.23; 2.93 ) 0.43 (-1.58; 2.46) 

Adjusted model 0.62 (-1.20; 2.44 ) 1.19 (-1.07; 3.44) -0.36 (-2.76; 2.04 ) 

RBC    

Unadjusted model -0.11 (-0.52; 0.30 ) -0.14 (-0.62; 0.34) -0.07 (-0.78; 0.64 ) 

Adjusted model -0.11 (-0.98; 0.77 ) 0.06 (-1.04; 1.17 ) -0.40 (-1.16; 0.36) 

HEMOG    

Unadjusted model -0.04 (-0.57; 0.49) 0.25 (-0.24; 0.73) -0.31 (-1.20; 0.57) 

Adjusted model 0.21 (-0.37; 0.78) 0.57 (-0.19; 1.32 ) -0.20 (-1.22; 0.82 ) 

*adjusted for age, sex, educational level, occupation, smoking status, excessive alcohol consumption, unhealthy diet, sedentary and individual allocated 2 

previous day-average temperature. Abbreviations: WBC, White blood cells count; PLT, platelets count; RBC, Red blood cells count; HEMOG, Haemoglobin; 

RDW, red cell distribution width. Results in bold are those statistically significant (p<0.05). 
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Table S13 – Percent changes in WBC, PLAT, RBC, HEMOG and RDW per 10 µg/m3 increment of PM10 according to sex in the short-term exposure scenario 

(3 previous days - average PM10 concentrations) after restricting participants to those living within a 20km radius of at least one air quality monitoring station 

with available PM10 measurements (Article 3). 

 Total 

(n=1683) 

Females 

(n=905) 

Males 

(n=778) 

RDW    

Unadjusted model 0.18 (-0.87; 1.23) 0.11 (-1.08; 1.31 ) 0.22 (-0.87; 1.30 ) 

Adjusted model -0.33 (-1.31; 0.65 ) -0.26 (-1.86; 0.76) -0.46 (-1.28; 0.94) 

WBC    

Unadjusted model 1.43 (-0.80; 3.66) 2.24 (-0.85; 5.34) 0.46 (-2.01; 2.94 ) 

Adjusted model 2.52 (-0.59; 5.63) 3.56 (0.72; 6.48) 1.45 (-3.56;6.41)  

PLAT    

Unadjusted model 0.32 (-1.24; 1.89 ) 0.70 (-1.22; 2.62) -0.54 (-3.18; 2.11) 

Adjusted model 0.53 (-2.64; 3.72) 1.28 (-1.94; 4.51) -0.47 (-4.30; 3.37) 

RBC    

Unadjusted model -0.31 (-0.92; 0.29) -0.33 (-1.02; 1.10 ) 0.01 (-1.07; 0.37) 

Adjusted model -0.18 (-1.57; 1.22 ) -0.35 (-1.90; 1.21) -0.14 (-1.30; 1.03 ) 

HEMOG    

Unadjusted model -0.11 (-0.85; 0.62) 0.33 (-1.38; 1.04 ) -0.17 (-0.40; 1.05) 

Adjusted model 0.42 (-0.82; 1.66 ) 0.54 (-0.94; 2.01 ) 0.25 (-1.65; 2.15) 

*adjusted for age, sex, educational level, occupation, smoking status, excessive alcohol consumption, unhealthy diet, sedentary and individual allocated 2 

previous day-average temperature. Abbreviations: WBC, White blood cells count; PLT, platelets count; RBC, Red blood cells count; HEMOG, Haemoglobin; 

RDW, red cell distribution width. Results in bold are those statistically significant (p<0.05). 
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Table S14 – Percent changes in WBC, PLAT, RBC, HEMOG and RDW per 10 µg/m3 increment of PM10 according to sex in the short-term exposure scenario 

(3 previous days - average PM10 concentrations) considering the PM10 obtained by the air quality modelling system (WRF-CAMx) (Article 3). 

 Total 

(n=2211) 

Females 

(n=1195) 

Males 

(n=1016) 

RDW    

Unadjusted model 0.10 (-0.81; 0.61) -0.28 (-0.95; 0.39) 0.05 (-0.78; 0.89 ) 

Adjusted model 0.17 (-0.46; 0.81) -0.19 (-0.97; 0.59) 0.58 (0.00; 1.16) 

WBC    

Unadjusted model -0.37 (-2.01; 1.28 ) -1.25 (-3.81; 1.31) 0.65 (-0.71; 2.01) 

Adjusted model -0.16 (-2.76; 2.44 ) -0.83 (-4.33; 2.69 ) 0.55 (-2.38; 3.50) 

PLAT    

Unadjusted model 0.70 (0.16; 1.24) 0.14 (-0.82; 1.10 ) 0.81 (-0.22; 1.84 ) 

Adjusted model -0.11 (-1.40; 1.19) 0.32 (-1.52; 2.16) -0.44 (-2.16; 1.28 ) 

RBC    

Unadjusted model -0.15 (-0.57; 0.27) -0.18 (-0.56; 0.19 ) 0.42 (-0.11; 0.95) 

Adjusted model -0.09 (-0.51; 0.32) -0.45 (-1.19; 0.30 ) 0.08 (-0.37; 0.54) 

HEMOG    

Unadjusted model 0.00 (-0.42; 0.42) 0.13 (-0.23; 0.49) 0.50 (-0.04; 1.04) 

Adjusted model 0.16 (-0.31; 0.64) 0.07 (-0.72; 0.87) 0.13 (-0.35; 0.62 ) 

*adjusted for age, sex, educational level, occupation, smoking status, excessive alcohol consumption, unhealthy diet, sedentary and individual allocated 2 

previous day-average temperature. Abbreviations: WBC, White blood cells count; PLT, platelets count; RBC, Red blood cells count; HEMOG, Haemoglobin; 

RDW, red cell distribution width. Results in bold are those statistically significant (p<0.05). 
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Table S15 – Percent changes in WBC, PLAT, RBC, HEMOG and RDW per 10 µg/m3 increment of PM10 according to sex in the short-term exposure scenario 

considering a different previous period of time (2 previous days - average PM10 concentrations) (Article 3). 

 Total 

(n=2211) 

Females 

(n=1195) 

Males 

(n=1016) 

RDW    

Unadjusted model 0.21 (-0.36; 0.79) 0.17 (-0.41; 0.76) 0.25 (-0.58; 1.08) 

Adjusted model -0.21 (-0.84; 0.42) -0.29 (-1.05; 0.46) -0.16 (-1.01; 0.69) 

WBC    

Unadjusted model 1.31 (0.05; 2.68 ) 1.87 (-0.49; 4.22) 0.65 (-1.16; 2.46) 

Adjusted model 1.90 (0.38; 3.43) 3.07 (0.96; 5.18 ) 0.78 (-1.76; 3.33 ) 

PLAT    

Unadjusted model 0.47 (-0.50; 1.44 ) 0.66 (-0.81; 2.13 ) 0.12 (-2.15; 2.40 ) 

Adjusted model 0.34 (-1.22; 1.90) 0.73 (-0.93; 2.38) -0.11 (-3.00; 2.80 ) 

RBC    

Unadjusted model -0.06 (-0.55; 0.43 ) -0.08 (-0.64; 0.47) -0.04 (-0.77; 0.84 ) 

Adjusted model -0.04 (-0.96; 0.87 ) 0.11 (-0.91; 1.13 ) -0.31 (-1.15; 0.54 ) 

HEMOG    

Unadjusted model 0.08 (-0.68; 0.52 ) 0.20 (-0.38; 0.79) -0.26 (-1.20; 0.67) 

Adjusted model 0.26 (-0.46; 0.98) 0.74 (-0.18; 1.67 ) -0.26 (-1.11; 0.59 ) 

*adjusted for age, sex, educational level, occupation, smoking status, excessive alcohol consumption, unhealthy diet, sedentary and individual allocated 2 

previous day-average temperature. Abbreviations: WBC, White blood cells count; PLT, platelets count; RBC, Red blood cells count; HEMOG, Haemoglobin; 

RDW, red cell distribution width. Results in bold are those statistically significant (p<0.05). 
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Table S16 – Percent changes in WBC, PLAT, RBC, HEMOG and RDW per 10 µg/m3 increment of PM10 according to sex in the short-term exposure scenario 

considering a different previous period of time (5 previous days - average PM10 concentrations) (Article 3). 

  

 Total 

(n=2211) 

Females 

(n=1195) 

Males 

(n=1016) 

RDW    

Unadjusted model 0.29 (-0.43; 1.00) 0.07 (-0.78; 0.93) 0.51 (-0.26; 1.28) 

Adjusted model -0.49 (-1.42; 0.44 ) -0.72 (-1.62; 0.18 ) -0.31 (-1.47; 0.84 ) 

WBC    

Unadjusted model 1.46 (-0.44; 3.37) 1.55 (-1.63; 4.75 ) 1.35 (-0.70; 3.39 ) 

Adjusted model 1.48 (-0.66; 3.63) 1.27 (-1.70; 4.25) 1.80 (-1.45; 5.06 ) 

PLAT    

Unadjusted model 0.64 (-0.84; 2.12 ) 0.30 (-2.16; 2.76) 0.89 (-1.46; 3.25) 

Adjusted model 0.22 (-1.25; 1.69 ) -0.12 (-2.80; 2.56) 0.61 (-1.94; 3.17) 

RBC    

Unadjusted model -0.30 (-1.10; 0.49 ) -0.57 (-1.11; 0.04) -0.08 (-0.91; 1.07 ) 

Adjusted model -0.33 (-0.85; 0.18) -0.48 (-1.20; 0.24 ) -0.27 (-1.00; 0.46) 

HEMOG    

Unadjusted model 0.05 (-0.86; 0.77 ) 0.14 (-0.46; 0.74) 0.07 (-1.15; 1.02) 

Adjusted model 0.26 (-0.48; 1.01) 0.40 (-0.48; 1.29) 0.12 (-1.20; 1.44) 

*adjusted for age, sex, educational level, occupation, smoking status, excessive alcohol consumption, unhealthy diet, sedentary and individual allocated 2 

previous day-average temperature. Abbreviations: WBC, White blood cells count; PLT, platelets count; RBC, Red blood cells count; HEMOG, Haemoglobin; 

RDW, red cell distribution width. Results in bold are those statistically significant (p<0.05). 
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Table S17 – Percent changes in WBC, PLAT, RBC, HEMOG and RDW per 10 µg/m3 increment of PM10 according to sex in the long-term exposure scenario 

(1-year average PM10 concentrations) (Article 3). 

 Total 

(n=2211) 

Females 

(n=1195) 

Males 

(n=1016) 

RDW    

Unadjusted model 4.33 (2.81; 5.86) 4.80 (2.91; 6.70) 3.84 (2.05; 5.62) 

Adjusted model 2.82 (0.62; 5.02) 2.88 (-0.61; 6.38) 2.96 (0.80; 5.12) 

WBC    

Unadjusted model 4.54 (-0.15; 9.26) 3.56 (-5.75; 12.96) 5.64 (1.03; 10.27) 

Adjusted model 2.43 (-1.82; 6.70) -1.31 (-10.31; 7.78) 5.78 (1.46; 10.13) 

PLAT    

Unadjusted model 2.12 (-0.96; 5.20) 1.41 (-2.87; 5.71) 3.11 (-0.98; 7.22) 

Adjusted model 3.31 (0.61; 6.01) 3.34 (-1.73; 8.45) 2.96 (-0.39; 6.32) 

RBC    

Unadjusted model -0.24 (-2.17; 1.69) -0.95 (-2.96; 1.06) 0.35 (-2.35; 3.05) 

Adjusted model -0.44 (-2.23; 1.34) -0.17 (-2.38; 2.04) -0.60 (-2.54; 1.33) 

HEMOG    

Unadjusted model -0,64 (-2,35; 1,07) -1,18 (-2,95; 0,60) -0,25 (-2,89; 2,39) 

Adjusted model 0,61 (-1,18; 2,40) 0,27 (-2,01; 2,56) 0,84 (-1,04; 2,72) 

*adjusted for age, sex, educational level, occupation, smoking status, excessive alcohol consumption, unhealthy diet, sedentary and individual allocated 1-year 

average temperature. Abbreviations: WBC, White blood cells count; PLT, platelets count; RBC, Red blood cells count; HEMOG, Haemoglobin; RDW, red cell 

distribution width. Results in bold are those statistically significant (p<0.05). 
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Table S18 – Percent changes in WBC, PLAT, RBC, HEMOG and RDW per 10 µg/m3 increment of PM10 according to sex in the long-term exposure scenario 

(1-year average PM10 concentrations), after exclusion of participants with anaemia (Article 3). 

 Total 

(n=2092) 

Females 

(n=1107) 

Males 

(n=985) 

RDW    

Unadjusted model 4.33 (2.88; 5.79) 4.88 (3.07; 6.70) 3.77 (1.96; 5.57) 

*Adjusted model 2.99 (0.81; 5.18) 3.18 (-0.37; 6.73) 2.82 (0.69; 4.97) 

WBC    

Unadjusted model 4.75 (0.06; 9.59) 3.99 (-5.13; 13.20) 5.62 (0.79; 10.48) 

*Adjusted model 2.52 (-1.78; 6.84) -1.23 (-9.94; 7.56) 5.67 (0.87; 10.49) 

PLAT    

Unadjusted model 2.29 (-0.63; 5.23) 0.76 (-3.36; 4.90) 4.41 (0.50; 8.33) 

*Adjusted model 4.01 (1.26; 6.76) 4.16 (-0.97; 9.31) 3.63 (0.44; 6.82) 

RBC    

Unadjusted model -0.37 (-1.93; 1.18) -1.03 (-2.87; 0.80) 0.01 (-1.98; 2.01) 

*Adjusted model -0.93 (-2.28; 0.42) -0.72 (-2.63; 1.19) -0.95 (-2.79; 0.90) 

HEMOG    

Unadjusted model -0.57 (-2.06; 0.93) -0.94 (-2.68; 0.80) -0.49 (-2.72; 1.74) 

*Adjusted model 0.31 (-1.46; 2.08) 0.00 (-2.13; 2.14) 0.68 (-1.11; 2.46) 

*adjusted for age, sex, educational level, occupation, smoking status, excessive alcohol consumption, unhealthy diet, sedentary and individual allocated 1-year 

average temperature. Abbreviations: WBC, White blood cells count; PLT, platelets count; RBC, Red blood cells count; HEMOG, Haemoglobin; RDW, red cell 

distribution width. Results in bold are those statistically significant (p<0.05). 
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Table S19 – Percent changes in WBC, PLAT, RBC, HEMOG and RDW per 10 µg/m3  increment of PM10 according to sex in the long-term exposure scenario 

(1-year average PM10 concentrations), after restricting participants to those living within a 20km radius of at least one air quality monitoring station with available 

PM10 measurements (Article 3). 

  

 Total 

(n=1683) 

Females 

(n=905) 

Males 

(n=778) 

RDW    

Unadjusted model 5.01 (3.25; 6.78) 5.64 (3.95; 7.33) 4.36 (2.24; 6.49) 

*Adjusted model 3.08 (1.63; 4.53) 3.09 (0.18; 6.02) 3.38 (1.02; 5.76) 

WBC    

Unadjusted model 4.04 (-2.03; 10.15) 3.95 (-7.76; 4.55) 4.15 (1.40; 6.90) 

*Adjusted model 

2.91 (-3.21; 9.07) 

0.44 (-11.32; 

12.33) 4.92 (-1.63; 11.52) 

PLAT    

Unadjusted model 0.21 (-3.77; 4.21) -0.74 (-4.80; 3.34) 1.41 (-4.70; 7.57) 

*Adjusted model 2.44 (-1.17; 6.06) 3.05 (-1.34; 7.46) 2.35 (-3.57; 8.31) 

RBC    

Unadjusted model -0.20 (-2.14; 1.74) -0.67 (-2.74; 1.40) 0.17 (-2.67; 3.01) 

*Adjusted model 0.00 (-2.10; 2.09) 0.58 (-1.88; 3.04) -0.39 (-3.62; 2.84) 

HEMOG    

Unadjusted model -0.74 (-2.47; 0.98) -0.68 (-2.41; 1.05) -0.88 (-3.18; 1.42) 

*Adjusted model 0.81 (-1.69; 3.32) 1.06 (-1.95; 4.08) 0.49 (-2.13; 3.11) 

**adjusted for age, sex, educational level, occupation, smoking status, excessive alcohol consumption, unhealthy diet, sedentary and individual allocated 1-year 

average temperature. Abbreviations: WBC, White blood cells count; PLT, platelets count; RBC, Red blood cells count; HEMOG, Haemoglobin; RDW, red cell 

distribution width. Results in bold are those statistically significant (p<0.05). 
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Table S20 – Percent changes in WBC, PLAT, RBC, HEMOG and RDW per 10 µg/m3  increment of PM10 according to sex in the long-term exposure scenario 

(1-year average PM10 concentrations), considering the PM10 obtained by the air quality modelling system (WRF-CAMx) (Article 3). 

  

 Total 

(n=2211) 

Females 

(n=1195) 

Males 

(n=1016) 

RDW    

Unadjusted model 1.78 (0.56; 3.00) 1.81 (0.28; 3.35) 1.62 (0.17; 3.08) 

*Adjusted model 1.59 (0.17; 3.01) 1.71 (-0.25; 3.67) 1.58 (0.10; 3.06) 

WBC    

Unadjusted model 3.60 (-0.51; 7.72) 3.50 (-3.21; 10.26) 3.61 (-1.86; 9.12) 

*Adjusted model 4.42 (-1.36; 10.24) 3.62 (-4.55; 11.85) 5.33 (-1.33; 12.04) 

PLAT    

Unadjusted model 1.22 (-2.41; 4.88) 0.15 (-4.62; 4.95) 1.26 (-4.48; 7.03) 

*Adjusted model 0.56 (-3.25; 4.40) 0.26 (-3.71; 4.25) 1.68 (-4.99; 8.38) 

RBC    

Unadjusted model -0.76 (-2.54; 1.03) -0.87 (-2.73; 1.00) 0.40 (-2.15; 2.96) 

*Adjusted model -0.31 (-2.48; 1.87) -1.05 (-3.13; 1.04) 0.03 (-2.17; 2.24) 

HEMOG    

Unadjusted model -0.56 (-2.36; 1.24) -0.39 (-2.26; 1.49) 0.52 (-2.06; 3.11) 

*Adjusted model 0.23 (-2.25; 2.73) -0.82 (-3.27; 1.63) 0.77 (-1.79; 3.33) 

*adjusted for age, sex, educational level, occupation, smoking status, excessive alcohol consumption, unhealthy diet, sedentary and individual allocated 1-year 

average temperature. Abbreviations: WBC, White blood cells count; PLT, platelets count; RBC, Red blood cells count; HEMOG, Haemoglobin; RDW, red cell 

distribution width. Results in bold are those statistically significant (p<0.05). 
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Table S21. Comparison of the general characteristics of the included versus excluded INSEF mainland participants (Article 4). 

 

Characteristics Included 
participants  

(n=2272) 

Excluded 
participants 

(n=1195) 

Total mainland INSEF 
participants (n=3467) 

Sex (n=3467) - %    
Males 
Females 

47.2 
52.8 

48.7 
51.3 

47.5 
52.5 

Age group (n=3467) - %    

25-49 years 
50-74 years 

53.0 
47.0 

50.8 
49.2 

52.5 
47.5 

a Level of Education (n=3464) - %    
Low education 
Medium education 

High education 

57.8 
21.9 

20.3 

63.3 
20.2 

16.5 

58.9 
21.6 

19.5 
b Occupation (n=3200) - % 
White-collar occupation  

 
63.6 

 
56.3 

 
62.2 

Blue-collar occupation 36.4 43.7 37.8 

Lifestyles variables - %    
c Smokers (n=3465) 
d Excessive alcohol consumption (n=3465) 
e Unhealthy Diet (n=3463) 
f Sedentary (n=3443) 

21.5 
35.8 
36.4 
45.0 

23.6 
36.9 
35.5 
43.6 

21.9 
36.1 
36.2 
44.7 

g Hypertension (n=3466) - % 
h Hypertensive medication (n=3467) - % 

36.4 

25.1 

35.0 

25.0 

36.1 

25.1 
a Low education: levels 0–2 of the ISCED 2011; medium education: levels 3–4 of the ISCED 2011; high  
education: levels 5–8 of the ISCED 2011; b White-collar occupation: Managers, Professionals, Technicians and Associate Professional, Clerical Support Workers 
and Services and Sales Workers; Blue-collar occupation: Skilled Agricultural Workers, Craft and  Related trades Workers, Plant and Machine Operators and 

Elementary occupations; c Smokers include current daily and occasional smokers; d 3 or more days/week of consumption of at least one of the following alcoholic 
beverages (wine, beer, brandy/spirits, port wine/martini/liqueur, whisky/gin/vodka); e No consumption of fruit and vegetables at least once a day; f Reading, 
watching TV or other sedentary activities declared as the best description of the leisure time activities during the last 12 months; g defined as defined as measured 
SBP ≥140 mmHg or measured DBP ≥90 mmHg or self-report of taking antihypertensive medication; h self-report of taking antihypertensive medication.
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Table S22. Percent changes in DBP and SBP per 10 µg/m3 increment of PM10 according to sex 

after restricting participants to those living within a 20km radius of at least one air quality 
monitoring station with available PM10 measurements (Article 4). 

 

 % Change per 1 µg/m3 of PM10 increment 

 DBP SBP 

Total (n=1740)   

Unadjusted model -0.71 (-2.03; 0.61) -0.33 (-1.65; 0.99) 

*Adjusted model 0.51 (-1.35; 2.37) 0.75 (-1.02; 2.53) 

Males (n=797)   

Unadjusted model -0.39 (-1.96; 1.17) -0.06 (-1.53; 1.42) 

*Adjusted model 0.26 (-1.75; 2.27) 1.06 (-1.30; 3.43) 

Females (n=943)   

Unadjusted model -0.84 (-3.29; 1.63) -0.38 (-2.88; 2.13) 

*Adjusted model 0.61 (-2.30; 3.53) 0.41 (-2.54; 3.37) 

*adjusted for age, sex, educational level, occupation, smoking status, excessive alcohol 

consumption, unhealthy diet, sedentary, individual allocated ambient temperature, individual 
allocated 1-year average PM10 concentrations. Abbreviations: DBP, Diastolic blood pressure; 
SBP, Systolic blood pressure.  

 
 
 
 

 
 
 

Table S23. Percent changes in DBP and SBP per 10 µg/m3 increment of PM10 according to sex 

considering a different previous period of exposure (2 previous days’ average PM10 
concentrations instead of 3 previous days’ average PM10 concentrations) (Article 4). 
 

 % Change per 1 µg/m3 of PM10 increment 

 DBP SBP 

Total (n=2272)   

Unadjusted model -0.85 (-1.86; 0.16) -0.71 (-1.78; 0.37) 

*Adjusted model -0.12 (-1.41; 1.18) 0.00 (-1.05; 1.06) 

Males (n=1037)   

Unadjusted model -0.82 (-1.88; 0.23) -0.76 (-1.87; 0.35) 

*Adjusted model -0.63 (-1.55; 0.30) 0.05 (-1.16; 1.25) 

Females (n=1235)   

Unadjusted model -0.85 (-2.66; 0.95) -0.62 (-2.52; 1.28) 

*Adjusted model 0.25 (-1.82; 2.32) -0.17 (-2.07; 1.74) 

*adjusted for age, sex, educational level, occupation, smoking status, excessive alcohol 

consumption, unhealthy diet, sedentary, individual allocated ambient temperature, individual 
allocated 1-year average PM10 concentrations. Abbreviations: DBP, Diastolic blood pressure; 
SBP, Systolic blood pressure.  
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Table S24. Percent changes in DBP and SBP per 10 µg/m3 increment of PM10 according to sex 

considering a different previous period of time (5 previous days’ average PM10 concentrations 
instead of 3 previous days’ average PM10 concentrations) (Article 4). 

 

 % Change per 1 µg/m3 of PM10 increment 

 DBP SBP 

Total (n=2272)   

Unadjusted model -0.83 (-2.26; 0.60) 0.60 (-2.04; 0.84) 

*Adjusted model 0.59 (-0.61; 1.79) 0.53 (-0.86; 1.92) 

Males (n=1037)   

Unadjusted model -0.55 (-2.08; 0.98) 0.53 (-2.11; 1.05) 

*Adjusted model 0.29 (-0.86; 1.44) 0.66 -0.65; 1.98) 

Females (n=1235)   

Unadjusted model -1.04 (-3.12; 1.06) 0.58 (-2.76; 1.60) 

*Adjusted model 0.80 (-1.05; 2.65) 0.41 (-1.85; 2.68) 

*adjusted for age, sex, educational level, occupation, smoking status, excessive alcohol 

consumption, unhealthy diet, sedentary, individual allocated ambient temperature, individual 
allocated 1-year average PM10 concentrations. Abbreviations: DBP, Diastolic blood pressure; 
SBP, Systolic blood pressure.  

 
 
 
 

 
 
 
Table S25. Percent changes in DBP and SBP per 10 µg/m3 increment of PM10 according to sex 
when considering the PM10 obtained by the air quality modelling system (WRF-CAMx) (Article 
4). 

 

 % Change per 1 µg/m3 of PM10 increment 

 DBP SBP 

Total (n=2272)   

Unadjusted model 0.08 (-0.99; 1.16) 0.11 (-0.74; 0.95) 

*Adjusted model 0.33 (-0.97; 1.63) 0.44 (-0.54; 1.41) 

Males (n=1037)   

Unadjusted model -0.13 (-1.01; 0.76) 0.03 (-0.75; 0.81) 

*Adjusted model -0.16 (-1.44; 1.12) 0.22 (-0.90; 1.35) 

Females (n=1235)   

Unadjusted model 0.50 (-1.04; 2.04) 0.48 (-0.76; 1.72) 

*Adjusted model 0.74 (-1.04; 2.52) 0.54 (-0.75; 1.82) 

*adjusted for age, sex, educational level, occupation, smoking status, excessive alcohol 

consumption, unhealthy diet, sedentary, individual allocated ambient temperature, individual 
allocated 1-year average PM10 concentrations. Abbreviations: DBP, Diastolic blood pressure; 
SBP, Systolic blood pressure.  
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Table S26. Percent changes in DBP and SBP per 10 µg/m3 increment of PM10 according to sex 
after exclusion of participants taking hypertensive medication (Article 4). 

 
 

 % Change per 1 µg/m3 of PM10 increment 

 DBP SBP 

Total (n=1688)   

Unadjusted model -0.97 (-2.22; 0.29) -0.43 (-1.69; 0.83) 

*Adjusted model 0.05 (-1.41; 1.51) 0.43 (-0.88; 1.74) 

Males (n=776)   

Unadjusted model -0.82 (-2.11; 0.48) -0.33 (-1.49; 0.82) 

*Adjusted model -0.23 (-1.93; 1.46) 0.76 (-0.45; 1.97) 

Females (n=912)   

Unadjusted model -1.10 (-3.28; 1.08) -0.51 (-2.75; 1.73) 

*Adjusted model 0.31 (-2.01; 2.64) 0.13 (-2.30; 2.56) 

*adjusted for age, sex, educational level, occupation, smoking status, excessive alcohol 

consumption, unhealthy diet, sedentary, individual allocated ambient temperature, individual 
allocated 1-year average PM10 concentrations. Abbreviations: DBP, Diastolic blood pressure; 
SBP, Systolic blood pressure.  

 
 
 
 

 
 
Table S27. Percent changes in DBP and SBP per 10 µg/m3 increment of PM10 according to sex 

after restricting participants to those having hypertension (defined as SBP ≥140 mmHg and/or 
DBP ≥90 mmHg or taking antihypertensive medication) (Article 4). 

 

 % Change per 1 µg/m3 of PM10 increment 

 DBP SBP 

Total (n=851)   

Unadjusted model -0.43 (-2.20; 1.34) -0.44 (-2.21; 1.34) 

*Adjusted model 0.47 (-1.42; 1.52) 0.29 (-1.61; 2.20) 

Males (n=440)   

Unadjusted model -0.42 (-2.83; 2.00) -0.22 (-2.56; 2.11) 

*Adjusted model -0.45 (-3.37; 2.49) 0.31 (-2.83; 3.53) 

Females (n=411)   

Unadjusted model -0.31 (-2.83; 2.21) -0.57 (-2.99; 1.86) 

*Adjusted model 0.68 (-1.89; 3.26) 0.04 (-2.71; 2.79) 

 

*adjusted for age, sex, educational level, occupation, smoking status, excessive alcohol 

consumption, unhealthy diet, sedentary, individual allocated ambient temperature, individual 
allocated 1-year average PM10 concentrations. Abbreviations: DBP, Diastolic blood pressure; 
SBP, Systolic blood pressure.  
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Table S28. Percent changes in DBP and SBP per 10 µg/m3 increment of PM10 according to sex 
after restricting participants to those with abdominal obesity (Waist to height ratio >0.5) (Article 
4). 

 

 % Change per 1 µg/m3 of PM10 increment 

 DBP SBP 

Total (n=1738)   

Unadjusted model -0.88 (-1.93; 0.18) -0.62 (-1.87; 0.62) 

*Adjusted model 0.08 (-1.06; 1.23) 0.31 (-1.12; 1.74) 

Males (n=829)   

Unadjusted model -0.61 (-1.80; 0.58) -0.42 (-1.76; 0.92) 

*Adjusted model -0.42 (-1.88; 1.04) 0.54 (-1.50; 2.58) 

Females (n=909)   

Unadjusted model -1.14 (-2.85; 0.58) -0.82 (-2.69; 1.05) 

*Adjusted model 0.40 (-1.43; 2.24) 0.95 (-2.06; 1.87) 

*adjusted for age, sex, educational level, occupation, smoking status, excessive alcohol 

consumption, unhealthy diet, sedentary, individual allocated ambient temperature, individual 
allocated 1-year average PM10 concentrations. Abbreviations: DBP, Diastolic blood pressure; 
SBP, Systolic blood pressure.  

 
 
 

 

Table S29–Changes in DBP and SBP (mmHg) per 10 µg/m3 increment of PM10 according to sex 
(Article 4). 

 mmHg change per 10 µg/m3 of PM10 increment 

 DBP SBP 

Total (n=2272)   

Unadjusted model -0.53 (-1.41;0.35) -0.74 (-2.34; 0.86) 

*Adjusted model 0.33 (-0,62;1.27) 0.57 (-1.10; 2.54) 

Males (n=1037)   

Unadjusted model -0.46 (-1.48;0.55) -0.64 (-2.42; 1.14) 

*Adjusted model -0.02 (-0.83;0.79) 0.88 (-1.04; 2.80) 

Females (n=1235)   

Unadjusted model -0.56 (-2.04; 0.90) -0.77 (-3.31;1.76) 

*Adjusted model 0.58 (-0.96; 2.12) 0.19 (-2.36; 2.74) 

*adjusted for age, sex, educational level, occupation, smoking status, excessive alcohol 

consumption, unhealthy diet, sedentary, individual allocated ambient temperature, individual 

allocated 1-year average of PM10 concentrations. Abbreviations: DBP, Diastolic blood pressure; 

SBP, Systolic blood pressure.  
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Comissão de Ética para a Saúde 

 

Parecer sobre o Projeto: Association between air pollution exposure and cardiovascular 

parameters: Linkage between the first National Health 

Examination Survey and the Environmental data. 

Investigador Principal: Vânia Isabel da Silva Gaio 

Orientador e co-orientador: Baltazar Nunes, Coordenador executivo do Departamento de 

Epidemiologia  e Carlos Matias Dias, Coordenador do 

Departamento de Epidemiologia 

Após análise e apreciação do projeto supracitado, na reunião da Comissão de Ética para a 

Saúde (CES) no passado dia 21/02/2018, envia-se abaixo o parecer emitido por esta Comissão. 

I – DESCRIÇÃO DO PROJETO 

As doenças cardiovasculares continuam a ser a principal causa de morte em Portugal e a 

poluição do ar é hoje, reconhecido, como um importante fator de risco para o desenvolvimento 

destas doenças. Neste sentido, é essencial produzir evidência científica relativamente à 

associação entre a exposição aos poluentes atmosféricos e a alteração dos parâmetros 

cardiovasculares. Por outro lado, tendo em conta que uma grande proporção da população 

continua a ser exposta a níveis de poluentes atmosféricos acima dos valores recomendados, é 

importante verificar se os níveis de poluição do ar em Portugal estão a ter impacto ao nível 

cardiovascular. Através dos resultados deste projeto, nomeadamente se for estabelecida a 

associação entre os níveis de poluentes e os valores dos parâmetros cardiovasculares, será 

reforçada a importância da redução dos níveis de poluentes, o que por sua vez, terá potencial 

para reduzir o burden das doenças cardiovasculares. 

O estudo proposto pretende estimar a associação entre a exposição a poluentes ambientais 

(PM10, O3, NO2) e alguns parâmetros de risco cardiovascular, incluindo os valores da tensão 

arterial, do perfil lipídico (Colesterol total e triglicéridos) e de biomarcadores de inflamação 

(contagem de glóbulos brancos e plaquetas).  
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Como objetivos secundários, pretende-se: desenvolver um modelo conceptual da relação entre 

a exposição aos poluentes e os seus efeitos sobre os parâmetros cardiovasculares; estimar a 

associação entre a exposição a cada poluente e os valores dos parâmetros cardiovasculares, bem 

como entre a exposição combinada dos vários poluentes e os parâmetros cardiovasculares; 

estimar os níveis de PM10, 03 e N02 a partir dos quais existe maior probabilidade da pessoas 

terem os parâmetros cardiovasculares alterados; e avaliar o potencial efeito de modificação de 

alguns fatores como o consumo de tabaco, as comorbilidades e a medicação, sobre a associação 

anteriormente descrita  

O presente estudo pretende confrontar os dados obtidos através do Inquérito nacional de 

saúde com Exame Físico (INSEF) com os dados disponibilizados publicamente pela Agência 

Portuguesa do Ambiente, através das Comissões de Coordenação regionais, sobre os níveis de 

poluição da qualidade do ar medidos em 68 estações de monitorização.  

Estas estações estão classificadas de acordo com o tipo de área geodemográfica que 

representam (rural, urbano e suburbano) e as fontes de emissão dominantes nessa área (fundo, 

tráfego e industrial) seguindo os critérios propostos pelas Estações Europeias da Agência 

Ambiental. 

Os dados obtidos através dos participantes no INSEF, através do código postal, serão 

correlacionados com os dados das estações de monitorização, de forma a averiguar a existência 

de associações entre poluentes do ar e cada parâmetro cardiovascular, avaliadas e medidas por 

modelos lineares generalizados após ajuste para um conjunto de possíveis fatores de confusão.  

Os possíveis fatores de confusão e / ou modificadores de efeito que serão considerados desde 

o início são: idade, sexo, nível de escolaridade, situação profissional, atividade ocupacional, 

tabagismo, tabagismo passivo, consumo de álcool, índice de massa corporal, comorbidades 

(hipertensão, hipercolesterolemia, diabetes e doenças respiratórias) e medicamentos. As 

variáveis meteorológicas (temperatura e umidade) também serão consideradas como potenciais 

fatores de confusão. No entanto, através da construção do modelo conceitual, variáveis 

adicionais podem ser adicionadas a este conjunto descrito. 
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Para medir a associação entre os três poluentes combinados e os parâmetros cardiovasculares, 

serão introduzidos os modelos de interação para a associação entre poluentes. Quanto à 

estimativa dos níveis de PM10, O3 e NO2 dos quais existe maior probabilidade de aumentar os 

parâmetros cardiovasculares, serão utilizados métodos de curvas ROC. 

Para avaliar o potencial efeito de modificação do estado de tabagismo, comorbidades 

(hipertensão, hipercolesterolemia e diabetes) e medicação sobre a associação entre exposição a 

poluentes do ar e parâmetros cardiovasculares, será feita uma análise estratificada. 

Alternativamente, a avaliação da modificação pode ser feita pela inclusão da interação entre a 

variável modificadora e os níveis de poluentes variáveis no modelo. 

Considerando que o estudo é realizado através da análise secundária dos dados do INSEF, não 

está previsto o pedido de consentimento informado, nem a notificação do estudo à CNPD. 

II - ANÁLISE 

1. Instrução do pedido de parecer 

O presente projeto foi remetido à CES INSA em 30 de janeiro de 2018, contendo os elementos 

instrutórios essenciais para a sua análise e para a formação de decisão. 

2. Utilidade 

Considera-se fundamentada a utilidade, tendo presente a necessidade de melhorar o 

conhecimento científico sobre os efeitos da poluição do ar na saúde, especificamente no que 

concerne ao aumento do risco de doença cardiovascular. 

3. Princípio da beneficência/não maleficência 

Face à metodologia adoptada, o estudo consiste basicamente numa análise estatística, com base 

em dados já recolhidos no âmbito do INSEF, pelo que não existem riscos de maleficência. 

4. Consentimento Informado 
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Não está previsto e concorda-se que não será aplicável na medida em que foi devidamente 

utilizado para a recolha dos dados no âmbito do INSEF, sendo que a utilização dos dados ora 

recolhidos é anonimizada. 

5. Parecer CNPD 

Não está previsto e concorda-se que não será aplicável dada a anonimização dos dados. 

6. Conflito de interesses 

Nada a observar. 

7. Financiamento 

O estudo será financiado por uma Bolsa de Doutoramento da FCT (SFRH/BD/129426/2017), 

sendo referida a inexistência de qualquer ligação dos parte dos investigadores à esta instituição 

financiadora. 

 

III - CONCLUSÃO 

Pelo exposto, parece poder concluir-se: 

i) O presente Estudo contém os elementos essenciais para enformar a decisão da CES; 

ii) Considera-se fundamentada a utilidade.  

iii) Não existem riscos de maleficência. 

iv) Não se vê necessidade de uso de pedido de consentimento informado e da intervenção da 

CNPD, salvaguardada a manutenção da anonimização dos dados do INSEF utilizados. 

v) Nada a observar em matéria de conflito de interesse ou financiamento. 
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A CES - INSA delibera positivamente quanto à realização do Estudo “Association between air 

pollution exposure and cardiovascular parameters: Linkage between the first National Health 

Examination Survey and the Environmental data”, nos termos propostos. 

Por último, solicita-se que, ao abrigo do disposto no nº23 da atual versão da Declaração de 

Helsínquia, dê igualmente conhecimento à CES INSA do relatório final com as conclusões do 

estudo, de eventuais alterações ao protocolo de investigação e demais informações tidas por 

relevantes. 

Aproveitamos ainda para desejar o maior sucesso no desenvolvimento deste trabalho.  

Com os melhores cumprimentos. 

 

A Comissão de Ética para a Saúde do INSA, I.P. 

 

 

 

 


