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1. Introduction 
Particulate matter is associated with various adverse health effects and mortality. The 
toxicological mechanism however and the role of particulate matter elemental composition 
in it is still unclear. The European Study of Cohorts for Air Pollution Effects (ESCAPE) has 
been launched in 2008 in order to quantify health impacts of air pollution and to reduce 
the uncertainty. One of these uncertainties is the role of particulate matter elemental 
composition on adverse health effects and mortality. The ESCAPE project cannot manage 
to evaluate all elements present in particulate matter. A selection of relevant elements 
needs to be made based on the current knowledge available. 

1.1 Description of airborne particulate matter 

Airborne particulate matter is a complex mixture of particles from different size and 
different chemical composition. In scientific literature and reports ‘particulate matter’ can 
be divided into two principle groups: fine particles and coarse particles. The limit between 
those fractions is fixed at 2.5 µm. Particulate matter (PM) up to 2.5 µm are referred as fine 
particles or PM2.5. PM up to 10 µm is abbreviated as PM10. PM between 2.5 µm and 10 µm 
is referred as coarse fraction [WHO, 2003]. 

1.2 Major sources of airborne particulate matter 

Airborne PM can be a result of natural emission or anthropogenic activity. The natural 
sources consist of sea salt, hemispheric activity and terrestrial substances. In 
anthropogenic activity traffic, industry and refinery, agricultural activity and consumers are 
the major sources of PM [RIVM, 2005]. 

1.3 Formation and sources of different types of airborne particulate matter 

There are different types of formation and sources of PM leading to different types of PM.  
The coarse fraction of PM is mechanically produced by the break-up of larger solid particles 
[WHO, 2003]. There are different sources contributing to the coarse fraction. These 
sources have different pathways into the eventual formation of PM. Particles from the 
coarse fraction can be wind-blown dust from agricultural processes, uncovered soil, 
unpaved roads or mining operations [WHO, 2003]. Traffic produces road dust which is 
being stirred up by the air turbulence caused by the traffic. Also combustion of fossil fuels 
such as coal, oil and petrol creates large particles, due to the release of non-combustible 
materials. In coastal areas the evaporation of sea spray may create large particles. But 
also particles from biological sources such as pollen grains, mould spores, plant parts and 
insect parts contribute to the coarse fraction [WHO, 2003]. 
The fine fraction is largely formed from gasses. The smallest particles of the fine fraction 
(smaller than 0.1 µm) can be formed by nucleation (nucleation provides a high enough 
temperature for low-vapor pressure substances to condense) or by chemical reactions in 
the atmosphere [WHO, 2003]. These small particles are able to grow into larger particles 
via coagulation (two or more particles are forming into one large particle) or condensation 
(gas or vapor molecules condense on the surface of existing particles). There are four 
major classes of PM that is being formed via nucleation and later on grow into larger 
particles via coagulation and condensation: 1.Heavy metals vaporized during combustion; 
2. Elemental carbon, generated from short C molecules during combustion; 3. Organic 
carbon and sulfates; 4. Nitrates. However these particles do not grow larger than 1 µm, 
because the efficiency of both coagulation and condensation decreases when the particles 
size is increasing. Another source of fine sized particles is the combustion of fossil fuels. 
Materials vaporized during combustion are able to condense into fine particles [Who, 
2003]. 
Another major source of PM is the so called secondary particles. The secondary particles 
are a result of intermediate reactions of gasses in the atmosphere. Secondary sulphate and 
nitrate are usually the most dominant components of fine particles [WHO, 2003]. 
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1.4 European limit values  

In 1999 the European Union has decided to implement limit values for PM concentrations. 
The EU handles a limit value for average annual concentrations of PM10 of 40 µg m-3 and a 
36th highest day concentration of 50 µg m-3. This means the average concentration in a 
day may only be higher than 50 µg m-3 for 35 days in a year [EU, 1999]. On January the 
1st of 2010 the EU introduced a target value of 25 µg m-3 for PM2.5. This target value will 
be converted into a limit value on January the 1st of 2015 [EC, 2010]. 
 
1.5 Exposure to airborne particulate matter in Europe 
There are different levels of exposure to airborne PM at different types of locations. In 
order to have a nuanced perspective on the exposure of airborne PM on the European 
population, it is sensible to distinguish the following location types [Putaud et al, 2009], 
see table 1. 
 
Table 1. Different types of exposure locations. Source Putaud et al, 2009 

Location Description of location 

Natural 
background 
 

distance from large pollution sources > 50 
km 

Rural background distance from large pollution sources 10 - 
50 km 
 

Near-city 
background 
 

distance from large pollution sources 3 - 10 
km 

Urban background less then 2500 vehicles/day within 50 m 
radius 
 

Industrial 
background 
 

located within industrial areas 

Kerbsides (also 
referred as traffic 
locations) 
 

located by traffic lanes 

 
 
The European Environment Agency (EEA) has interpolated PM exposure data from urban 
and rural background stations into an exposure map of Europe for the year 2005. Current 
background concentrations of PM10 exceed both the annual average value and 36th highest 
day value in many European Regions [EEA, 2009]. See figure 1 and 2. This means parts of 
the European population are exposed to a concentration of PM exceeding the limit values 
[EEA, 2009]. See figure 3.  
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Figure 1. Combined urban and rural map for PM10 annual average concentration in Europe 2005. 
Source: EEA, 2009 
 

 
Figure 2. Combined urban and rural map for PM10 36th highest day concentrations in Europe. Note: in 
comparison to its neighboring countries, the PM10 concentration in France is relatively low due to PM10 
values not being measured by using the recommended reference method and by applying a correction 
factor of (only) 1.0. Source: EEA, 2009. 
 
The concentrations of PM10 in the air are in many European regions exceeding the limit 
values. See figure 3. 
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Figure 3. Exposure of the European to PM10 concentrations, annual mean (left) and 36th highest daily 
mean (right). Source: EEA, 2009. 
 
The PM exposure at kerbsides consists of the urban background concentration added to the 
PM emitted by the traffic passing by. Concentrations are measured directly next to the 
traffic lane. These measured concentrations mainly apply for traffic participants such as 
cyclists and pedestrians experiencing a peak exposure of PM at traffic locations [RIVM, 
2005]. The PM emission related to traffic can be divided into three groups: 1. Direct 
exhaust emissions; 2. Direct emissions other than exhausts; 3. Indirect or re-suspended 
emission from the tire and road interface [Ketzel et al, 2006]. Exposure factors related to 
traffic are the number of vehicles, types of vehicles, average speed, share of constant 
speed and non-exhaust emissions [Brizio et al, 2007].  
Therefore the amount of PM exposure at kerbsides is dependable on a number of traffic 
related factors and local conditions at the kerbside itself. Local conditions influencing PM 
exposure are meteorological conditions, presence of buildings, building roof heights and 
presence of trees [Brizio et al, 2007]. 

1.6 Health effects and mortality due to particulate matter 

Fine dust particles are a hazardous component of air pollution is, since there is a 
correlation between mortality rate and PM10 exposure [Dominici et al, 2003]. PM2.5 seems 
to be an even more hazardous component. It is estimated that mortality rate effects are 
greater at a higher ratio of (PM2.5)/PM10 [Levy et al, 2000]. The European Environmental 
Agency (EEA) has made an estimation for the mortality due to exposure to PM10. See 
figure 4. 

 
Figure 4. Mortality of PM10 in various European countries, presented in premature deaths per million 
per year. Source: EEA, 2009. 
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Besides an increase in mortality rate, the presence of fine dust particles also leads to 
various health effects, such as chronic obstructive lung diseases and cardiovascular 
morbidity [Schlesinger, 2003], cancer [Roller, 2009] and health effects on pregnancy 
outcomes [Dejmek, 2000].  

1.7 Most important proposed mechanism of PM toxicity: oxidative stress 

It is proposed that different health effects due to PM may share the same toxicological 
mechanism. The most important mechanism that has been proposed for respiratory 
infections, lung cancer and chronic cardiopulmonary diseases is oxidative stress caused by 
reactive oxygen species (ROS) [Valavanidis et al, 2008]. All aerobic organisms have 
antioxidant defenses in order to protect important biological macromolecules such as 
proteins, carbohydrates, membrane lipids, and mitochondrial and cellular DNA. Oxidative 
stress occurs when the antioxidant defenses fail to protect these macromolecules from 
oxidizing. If the level of ROS is too high, the antioxidant defenses cannot protect the 
macromolecules anymore. When the antioxidant defenses are overwhelmed with ROS, 
mitochondria may be involved, releasing proapoptotic factors and inducing apoptosis of 
lung cells [Valavanidis, 2008].  

1.8 ESCAPE 

Since fine dust is such a threat to public health it has become an important issue in 
European politics. However the European policy is hampered by considerable uncertainty 
about the magnitude and nature of the impacts of long term exposure to air pollution on 
human health [Brunekreef, 2008]. Therefore the European Study of Cohorts for Air 
Pollution Effects (ESCAPE) has been launched in 2008. ESCAPE is a collaboration of more 
than 30 European cohort studies including some 900,000 subjects. The aim of ESCAPE is 
to quantify health impacts of air pollution and to reduce the uncertainty. Also ESCAPE tests 
new hypotheses on specific health effects of air pollution [Brunekreef, 2008]. The focus of 
ESCAPE lies on four categories of cohort studies: 1. Pregnancy and birth cohort studies; 2. 
Studies on respiratory diseases in adults; 3. Studies on cardiovascular disease in adults; 4. 
Studies on cancer incidence and mortality [Brunekreef, 2008]. 

1.9 Research goal of the Thesis 

The ESCAPE project also wants to investigate how important the composition of elements 
of fine dust particles is when assessing possible health effects and mortality due to fine 
dust particles. Several studies have measured over 60 different elements present in a fine 
dust particle. Therefore it seems unachievable to perform a proper epidemiological health 
study for every different element. Instead the investigators of the ESCAPE project have 
decided to focus on a selection of elements. However they have not decided which 
elements to prefer in this selection. The goal of this thesis is therefore to give advice about 
which elements should be selected for further analysis in the epidemiological studies that 
ESCAPE is performing.  
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1.10 Main question and sub questions 

With regard to the research goal, the main research question is the following:  
 
“Which elements in airborne fine dust particles are preferred to be analyzed in the 
air pollution epidemiological analysis of the ESCAPE project?” 
 
ESCAPE focuses on four end points: 1. Pregnancy and birth outcomes; 2. Respiratory 
diseases in adults; 3. Cardiovascular disease in adults; 4. Cancer incidence and mortality. 
Because oxidative stress is proposed to be the main mechanism for these effects, the sub 
research questions are: 
 
1.”Which elements in fine dust particles are associated with oxidative stress” 
 
2.”Which elements in fine dust particles are associated with cancer?” 
 
3.”Which elements in fine dust particles are associated with cardiovascular diseases?” 
 
4.”Which elements in fine dust particles are associated with respiratory diseases?” 
 
5.”Which elements in fine dust particles are associated with higher mortality?” 
 
6.”Which elements in fine dust particles are associated with health effects in pregnancy 
and birth outcome?” 
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2. Method 
This thesis is based on literature research only. Therefore all the data and results that have 
obtained are extracted from published scientific articles or educational books.  

2.1 General elemental composition of PM 

In order to place study results of the various elements in the proper perspective, study 
results of Putaud and co-authors are presented addressing the general composition of PM 
in Europe. This way it can be analyzed if the most toxic elements are also the most 
common elements in PM.  

2.2 Selection of endpoints 

The selection of endpoints is based on the interests of the ESCAPE project. ESCAPE has 
chosen four endpoints: 1. Pregnancy and birth outcomes; 2. Respiratory diseases in 
adults; 3. Cardiovascular disease in adults; 4. Cancer incidence and mortality. Because it is 
proposed that oxidative stress is the main mechanism of these effects, ‘Oxidative stress’ is 
added as an endpoint in this report. 
Therefore the potential health effects of PM elemental composition has been assessed over 
6 endpoints: 1. Oxidative stress; 2. Carcinogenesis; 3. Cardiovascular disease; 4. 
Respiratory disease; 5. Mortality; 6. Health effects on pregnancy and birth outcome. 

2.3. Scientific publications for each endpoint 

The aim has been to find at least one recent scientific publication for each endpoint, but 
preferably two or three. All the scientific publications must address PM elemental 
composition in relation with a certain endpoint. A study associating cancer incidence with 
certain elements in PM has not been found. Instead the carcinogenesis of elements 
according to the IARC and an in vitro study performed in rats by Roller is presented. 

2.4 Summary of study results 

A large table has been made to summarize the results for all endpoints. In the first column 
a selection is presented of all the elements relevantly mentioned in the scientific 
publications. In the other columns study results of these elements are noted, categorized 
to the different endpoints. In these columns is noted what type of association a study 
found for each element. If there has not been found any association, the table cell remains 
blank.   

2.5 Comparing and discussing study results for each endpoint 

If two or more scientific publications are found for one endpoint, the results of these 
studies are compared on differences and similarities. When an endpoint has only one 
scientific publication available, the interpretation and validation of this publication study 
results has been discussed. 

2.6 Concluding which elements are most appropriate for further investigation by 
ESCAPE  

Because a study associating cancer incidence with certain PM elements has not been find, 
there has not been drawn any conclusion on this endpoint. Endpoint ‘oxidative stress’ is no 
endpoint in the ESCAPE project itself. Study results on oxidative stress are supposed to act 
as support in the findings on the other endpoints. This means that conclusions are only 
drawn for   ‘cardiovascular disease’, ‘respiratory disease’, ‘mortality’ and ‘pregnancy and 
birth outcome’. An element with significant association for every of these points is 
regarded as ‘most advisable’ for the ESCAPE project to further investigate. Elements 
associated with the majority (3) of these endpoints are regarded as ‘appropriate’ for 
further investigation. It is also possible that an element is associated in multiple studies 
with just one of the endpoints, but none of the other endpoints. In that case the element is 
‘specifically appropriate’ for its endpoint. 
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3. Results 

3.1 General composition of particulate matter in Europe  

Putaud and co-authors have performed a study on physical and chemical characteristics of 
PM from 60 rural, urban and  locations across Europe. The study has calculated the 
proportion of major contributors of PM for the Northwestern, Southern and Central regions 
of Europe. The outcomes of these calculations are summarized in table 2. 
 
Table 2. Proportion of major contributors to particulate matter in Northwestern, Southern and Central 
Europe. Source: Putaud et al, 2009 
 

 
* OM = Organic matter. EC = Elemental Carbon. TC = Total Carbon 
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3.2. PM elements associated with oxidative stress 

Important chemicals in particulate matter contributing to oxidative stress are organic 
carbon compounds and heavy metals [Henkler et al, 2010]. A strong correlation has been 
found between PM concentration of redox-active organic carbon compounds such as 
quinones and PAHs and damage in macrophages and bronchial epithelial cells. Studies 
showed that the carcinogenicity of quinones results from the formation of ROS 
[Valavanidis, 2008].  
Particulate matter can contain heavy soluble metals such as Fe, Ni, V, Co, Cu and Cr. 
These soluble metals are associated with increase in ROS production and cellular oxidative 
stress [Valavanidis, 2008], because they are able to host as a catalyst in a Fenton reaction 
creating ROS [Hodgson, 2010]. See formula 1. 
 
Fe2+ + H2O2  Fe3+ + •OH + OH- 
Formula 1: Iron as example for a metal acting as a catalyst in a Fenton reaction where peroxide is 
converted into ROS radical hydroxyl.  

3.2.1 Study of Maciejczyk and co-authors on PM elements and oxidative stress 

It is proposed that heavy metals and organic carbon compounds such as PAHs are able to 
induce oxidative stress because of they are soluble and because of their redox potential 
[Valavanidis, 2008]. In order to assess which metals or organic compounds can be 
associated with oxidative stress Maciejczyk and co-authors performed a study on the 
oxidant generation capacity of source-apportioned PM2.5 [Maciejczyk et al, 2010]. 
Maciejczyk and co-authors collected samples in a rural New York area between March 2003 
and January 2005. These samples were analyzed in a source-apportionment model. Then 
human epithelial cells were indirect exposed to these samples in an in vitro analysis by 
placing the cultured cells into an aqueous suspension. Maciejczyk and co-authors have 
used the activation of NF-kB (nuclear factor-κB) as biomarker for cellular responses related 
to oxidative stress [Maciejczyk et al, 2010].  They found a relatively strong association 
between Ni concentration and activation of NF-kB. They also found a significant but weaker 
correlation for Ba, Mn and Fe [Maciejczyk et al, 2010]. See table 3. 
 
Table 3. Correlation coefficients between average elemental concentration PM and NF-kB activation. 
Source: Matiejczyk et al 2010 
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After source identification analysis Maciejczyk and co-authors concluded that metals are 
the only significant PM source contributing to the activation of NF-kB [Maciejczyk et al, 
2010]. See table 4. 
 
Table 4. Correlation coefficients (r) of the cellular response NF-kB with the sources identified by factor 
analysis. Source: Matiejczyk et al, 2010 

 

3.2.2 Study of Ntziachristos and co-authors on PM elements and oxidative stress 

Ntziachristos and co-authors have performed a study on the relationship between redox 
activity and chemical speciation of size-fractioned PM. They measured dithiothreitol (DDT) 
consumption in order to quantitatively determine superoxide radical anion formation, the 
first step in the generation of ROS. The PM samples were collected at various locations 
(road tunnel, freeway, background sites) so the redox activity of different PM samples 
could be determined and associated with their chemical characteristics [Ntziachristos et al, 
2007].  
Ntziachristos and co-authors have determined three fractions of PM: PM0.15, PM2.5 and 
coarse fraction. They found DDT activity the highest for PM0.15, followed by PM2.5 and the 
coarse fraction. When assessing the chemical components’ DDT activity potential in a for 
all particle sizes univariate regression model, Ntziachristos and co-authors only found OC 
and PAHs to be significant correlation coefficients between DDT activity and different PM 
species. See table 5. However when specifically assessing the PM0.15 and PM2.5 mode they 
also found NO3, SO4 and several metallic elements (Cr, Mn, Fe, Cu, Zn, Ba and Pb) to be 
significant correlation coefficients. See table 6.  
 
Table 5. Correlation coefficients for DDT activity with different PM species for all PM modes. Source: 
Ntziachristos et al, 2007 
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Table 6. Correlation coefficients for DDT activity with different PM species for PM modes PM0.15 and 
PM2.5 in an univariate regression model. Source: Ntziachristos et al, 2007. 

 
 
Ntziachristos and co-authors state that the univariate regressions may not be in the 
position to discriminate and independently quantify the impact of PAHs and transition 
metals. Therefore they have applied a multivariate regression analysis in order to separate 
their effects. Cl and Cr + V were found to be able to improve the correlation of PAH with 
DDT activity [Ntziachristos et al, 2007]. See table 7.    
 
Table 7. Coefficients of significant correlation in multivariate regression analysis 

 
 
Ntziachristos and co-authors concluded that the correlation of DDT activity with PAHs 
indicates that organic compounds with affinity to PAH or PAH derivatives are responsible 
for the redox properties of the PM samples. Inorganic species such as metals also show up 
in the correlations. Metals are not expected to contribute to the measured DDT 
consumption in a direct mechanism. Their presence in statistical associations however 
demonstrates that they act as surrogates of a particularly redox active PM source 
[Ntziachristos et al, 2007]. 
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3.3 Association between carcinogenicity and different elements in PM  

Large epidemiological studies in the United States have shown a statistical association 
between air concentration of the fine dust fraction PM2.5 in the general environment and 
increased risk of lung cancer [Roller, 2009]. Inhalible organic compounds and heavy 
metals are known to be carcinogenic. However this does not clarify all the carcinogenicity 
of PM such as diesel exhaust particles [Roller, 2009]. 

3.3.1 Carcinogenicity induced by metalloid elements in PM composition 

Inhalible metalloid compounds are known to be carcinogenic via oxidative stress [Henkler 
et al, 2010]. The International Agency for Research on Cancer (IARC) have classified As, 
Cr, Ni and Cd as category 1 carcinogens: “Carcinogenic to humans” [IARC, 2010]. However 
other metals such as Fe, V, Pb, and Co are also able to cause oxidative DNA damage, but 
their relevance to human carcinogenesis is much less clear [Henkler et al, 2010]. 

3.3.2 Carcinogenicity induced by organic compounds 

An important mechanism of ROS generation is the conversion of organic compound into 
quinones [Henkler et al, 2010]. H2O2 and O2•

- are generated in this process. PAHs are the 
main contributors of organic compound carcinogenicity, because they are able to 
constantly generate H2O2 and O2•

- via futile redox-cycling as long as the reducing capacity 
of cells is maintained [Henkler et al, 2010].   
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3.3.3 Carcinogenicity of diesel particles  

Several independent rat studies have shown surprisingly strong carcinogenic effects to 
inhaled diesel particles, even if the particles are virtually free of organic compounds. 
Further research of the IARC has lead to sufficient evidence of the carcinogenicity of black 
carbon and titanium oxide. The number of publications of in vitro studies researching TiO2 
and carbon black nano particles has increased over the last years. Overall they show clear 
positive evidence for carcinogenicity in rats, see table 8. [Roller, 2009]. 
 
Table 8. Quantitative overview of rat study results from several studies on diesel engine emission, 
carbon black and TiO2. Source: Roller, 2009. 

 
The IARC have found it necessary to critically evaluate the carcinogenic hazards of carbon 
black and TiO2. Therefore the IARC committed in 2006 a working group to evaluate the 
hazard of inhaled carbon black and TiO2. This working group concluded there is no 
adequate evidence of carcinogenicity of carbon black and TiO2 based on epidemiological 
studies. However the overall data from rodent cancer studies have provide sufficient 
evidence of carcinogenicity for both carbon black and TiO2. The working group’s conclusion 
is that carbon black and TiO2 are possibly carcinogenic to humans [Baan, 2007]. 
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3.4 PM elements associated with cardiovascular disease 

Although airborne PM is associated with cardiovascular disease, the chemical constituents 
that cause harm are unknown [Bell et al, 2009]. Recent studies have been able to link 
short-term cardiovascular effects to certain PM elements. 

3.4.1 Study of Bell and co-authors on PM elements and cardiovascular disease. 

The relationship between PM and health varies seasonally and regionally, as well as the 
composition of elements in PM [Bell et al, 2009]. Different universities in the USA have 
cooperated in a study performed by Bell and co-authors with measurements of PM2.5 and 
administration of hospital admissions. They were able to set up two national data bases for 
the USA: 1. A database of long-term average concentration of PM2.5 chemical compositions 
for 2000 – 2005; 2. A database of relative risks (RR) for cardiovascular and respiratory 
hospitalizations for persons 65 years or older associated with a 10 μg m-3 increase in PM2.5 
total mass on the same day for 106 U.S. counties for 1999 through 2005 [Bell et al, 2009]. 
By linking the two databases the universities were able to link cardiovascular 
hospitalizations to specific elements in PM [Bell et al, 2009].  The conclusion of the study is 
that V, Elemental Carbon (EC) and Ni are significantly linked to an increase of 
cardiovascular risk estimates, even when their values were adjusted for co-pollutants. NO3, 
Cl, Na, Zn, Cu and Pb are also linked to an increase, but they lack statistical significance 
[Bell et al, 2009]. See figure 5. 
 
 

 
Figure 5. Percent increase in health effects estimates for particulate matter with aerodynamic 
diameter 2.5 mm or less (PM2.5) lag 0 and risk of 
cardiovascular hospitalizations per IQR increase in the fraction of PM2.5 total mass for each component. 
The points reflect the central estimate and the horizontal line represents the 95% posterior interval. 
Statistically significant associations are shown in bold. CVD 5 cardiovascular disease; EC = elemental 
carbon; IQR = interquartile range; OCM = organ carbon matter. Source: Bell et al, 2009. 
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3.4.2 Study of Zanobetti and co-authors on PM elements and cardiovascular disease. 

Another similar study has been performed in the USA showing slightly different results. 
This study lead by Zanobetti was focused on the association between daily PM and 
emergency hospital admissions due to cardiac cause [Zanobetti et al, 2009]. The study 
used meta-regression to investigate the seasonal and community specific PM2.5 

composition as an effect modifier. Zanobetti has chosen three different endpoints that 
were related cardiovascular health effects in a study over 26 US communities, for the 
years 2000-2003: 1. Hospital admissions for cardiac causes (CVD); 2. Myocardial infarction 
(MI); Congestive heart failure (CHF). Zanobetti has found different elements to be a 
significant effect modifier for CVD and MI. See table 9. 
 
Table 9: Effects modifiers cardiac events. Source: Zanobetti et al, 2009. 
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3.5 PM elements associated with respiratory effects 

Respiratory effects are associated with PM exposure. However it still remains uncertain 
which elements in PM are responsible for these effects [Bell et al, 2009]. Recent studies 
have been able to link PM elements with short-term respiratory effects. 

3.5.1 Study of Bell and co-authors on PM elements and respiratory effects 

In order to assess respiratory effects of specific elements in PM Bell and co-authors have 
used the same methods as for cardiovascular effects: they have linked a national USA 
database of long-term average concentration of PM2.5 chemical compositions for 2000 – 
2005 with a database of relative risks (RR) for cardiovascular and respiratory 
hospitalizations for persons 65 years or older associated with a 10 μg m-3 increase in PM2.5 

total mass on the same day for 106 U.S. counties for 1999 through 2005. See paragraph 
3.4.1. By linking these two databases Bell and co-authors were able to associate 
respiratory related hospitalizations with specific elements of PM. They conclude EC, V and 
Ni are significantly associated with hospital admissions due to respiratory effects. Elements 
Ca, Na+, OC, Cu, Cl, Si, Ti, Mg, Al, NO3 and K are insignificantly associated [Bell et al, 
2009]. See figure 6. 
 

 
Figure 6. Percent increase in health effects estimates for particulate matter with aerodynamic 
diameter 2.5 mm or less (PM2.5) lag 0 and risk of respiratory hospitalizations per IQR increase in the 
fraction of PM2.5 total mass for each component. The points reflect the central estimate and the 
horizontal line represents the 95% posterior interval. Statistically significant associations are shown in 
bold. CVD 5 cardiovascular disease; EC 5 elemental carbon; IQR 5 interquartile range; OCM 5 organ 
carbon matter. 

3.5.2 Study of Zanobetti and co-authors on PM elements and respiratory effects 

Another similar study has been performed in the USA by Zanobetti and co-authors. The 
study was focused on the association between daily PM and emergency hospital admissions 
due to respiratory cause [Zanobetti et al, 2009].  The study used meta-regression to 
investigate the seasonal and community specific PM2.5 composition as an effect modifier. 
Zanobetti and co-authors have chosen respiratory disease as endpoint in a study over 26 
US communities, for the years 2000-2003. Zanobetti and co-authors did not find a specific 
element to be significantly correlated with respiratory diseases. Only elements Ni and Na 
are presented as almost significant with a p-value of 0.06.  
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3.5.3 Study of Happo and co-authors on PM elements and respiratory effects 

Happo and co-authors conducted an experiment on mice within the framework of the 
project “Chemical and biological characterization of ambient air coarse, fine, and 
ultrafine particles for human health risk assessment in Europe” (PAMCHAR) coordinated by 
the National Public Health Institute of Finland. Happo and co-authors investigated the 
inflammatory activity and tissue damage in the mouse lung due to exposure to elements in 
PM. For their study they collected samples in six European cities (Duisburg, Prague, 
Amsterdam, Helsinki, Barcelona and Athens) in periods between October 2002 and July 
2003. These size-segregated particulate samples were prepared for animal experiments. 
The dry particulate samples and blanks were thawed out and stabilized to room condition. 
Thereafter they were suspended into pathogen free water to obtain a final concentration of 
5 mg/ml to be used in animal exposure. The mice were intratracheally instilled with a 
single particulate dose of 10 mg/kg (50ųl/animal). After the mice were instilled, 
bronchoalveolar lavage fluid (BALF) was collected from the mice at 4h, 12h, and 24h after 
exposure. The BALF samples were analyzed for inflammatory and tissue damage 
indicators: Tumor necrosis factor alpha (TNF-α), interleukin-6 (Il-6), and keratinocyte-
derived chemokine (KC). Happo and co-authors regarded a p-value < 0.05 to be significant 
and p-value < 0.2 to be nearly significant. They found significant correlations for Mg2+, 
Ca2+, Al, Cu and Fe with certain indicators. They also found nearly significant correlations 
for NO3

-, NH4
+, K+, Ca2+, As, Ni, V, Al and Fe. See table 10.  

 
Table 10. Correlation between elements in PM fine fraction and coarse fraction with inflammatory and 
tissue damage indicators. Source: Happo et al, 2008. 
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They also found nearly significant association for general organic compound and significant 
associations for some specific organic compounds. See table 11. 
 
Table 11. Association between organic compounds and inflammatory markers. Source: Happo et al, 
2008 

 
 
 
Happo and co-authors also performed a regression analysis between elements in PM and 
inflammatory response. They found a negative curve linear association for PAHs, a positive 
close to linear association for dicarboxylic acids and a consistent close-to-linear positive 
association for transition metals Ni and V. See figure 7. 
 

 
Figure 7. Regression between dose of Ni, V, dicarboxylic acids and PAH. 
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Happo and co-authors conclude that their study results suggest that oxidized organic 
compound and transition metals, most consistently Ni and V, contribute to the 
inflammatory activity of fine particulate samples in the mouse respiratory tract. Soil 
derived particulate constituents (Ca2+, Al, Fe, Si) show similar contributions, however their 
role in coarse particulate samples is not obvious. Regionally and long-transported inorganic 
ions (NO3

-,NH4
+,SO4

2-) have either negative or inconsistent associations with inflammatory 
activity [Happo et al, 2008].  
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3.6 PM elements associated with mortality 

Although the association between PM mass and mortality is well established, there remains 
uncertainty about which chemical components of PM are most harmful to human health 
[Franklin et al, 2008]. 

3.6.1. Study of Franklin and co-authors on PM elements and mortality 

Franklin and co-authors used a hierarchical approach in order to determine how the 
association between daily PM2.5 mass and mortality is modified by PM2.5 composition. They 
selected 25 communities in the USA based on availability of PM2.5 mass concentrations and 
daily mortality records between the years 2000 and 2005. The study combined PM2.5 mass 
and species concentration data recorded by the U.S. Environmental Protection Agency 
(EPA) with mortality data recorded by the U.S. National Center of Health Statistics and 
meteorological data from the U.S. National Climate Data Center. Then Franklin and co-
authors performed a seasonal analysis. In order to determine season-specific associations 
between daily PM2.5 mass concentration and mortality for each community, they used 
Poisson regression. In the next stage Poisson regression effect estimates and standard 
errors were combined using random effects meta-analysis to obtain an overall effect across 
the study domain. Mean seasonal concentration ratios of species to the total PM2.5 mass 
were determined for each community. These proportions were then used in meta-
regression to quantify the extent of the association between PM2.5 mass and mortality 
modified by particle composition [Franklin et al, 2008]. Franklin and co-authors found 
significant effect modification to PM2.5 mass proportion for elements Al, As, Ni, S and Si and 
nearly significant effect modification by Br, Cr, NO3 and Zn. See table 12. 
 
Table 12. Effect modification by species to PM2.5 mass proportion. Source: Franklin et al, 2008. 
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3.7 PM elements associated with health effects in pregnancy and birth outcomes 

Little is known about the influence of PM elemental composition and its influence on birth 
outcome. Bell and co-authors are one of the first to conduct a study on this subject. Their 
study also provides on of the first investigations of PM2.5 and pregnancy outcomes. Their 
research was aimed to identify which PM2.5 constituents or sources are most strongly 
associated with loss of birth weight. Therefore they have identified which constituents were 
most associated with specific sources to assist interpretation of estimates for constituents 
[Bell et al, 2010]. This means the study does not present a spectrum of different PM 
elements, but a small selection of elements representing their source. See table 13. 
 
Table 13. Elements representing sources in Bell and co-authors study on PM elements and pregnancy 
and birth outcomes. Source: Bell et al, 2010 

Source Representing 
elements 

Motor Vehicles  Zn, EC 
Road dust Si, Al 
Oil Combustion V, Ni 
Salt Cl 
Other regional 
sources 

S 

 
This means the study only presents results for small number of PM elements. Elements Zn, 
EC, Si, Al, V and Ni are significantly associated with an increase in risk of Small-at-term 
Birth, only Cl and S are not significantly associated. However only Zn, V and Ni show 
significant association with actual loss of birth weight. See table 14.  
 
Table 14. Elements and constituents associated with change in birth weight and risk increase Small-
at-term Birth. Source: Bell et al, 2010 
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3.8 Summary of endpoint study results  

 
Table 15. Summary of study results on all endpoints 

Oxidative stress Carcinogenisis Cardiovascular disease Respiratory effects Mortality Pregnancy and birth outcome Element 
Association to 
NF-kB 
activity*1 

Association to DDT 
activity*2 
 
 

Proposed as carcinogenic 
to human*3 

Association with 
increase of risk 
estimate*4  

Effect 
modifier of 
PM*5  

Association with 
risk estimate 
increase*4 

Effect modifier of 
PM*5 

BALF response in 
mice lung*6  

Effect 
modification to 
PM2.5  mass*7 

Actual loss of 
birth weight*8 

Increase of risk estimate for small-at-term 
birth*8 

Al . . . . Significant 
effect 
modifier 

Insignificant 
association 

. Significantly 
associated 

Significant 
effect modifier 

Insignificantly 
associated 

Signifanctly associated 

As . . Carcinogenic to human . . . . Nearly significant 
associated 

Significant 
effect modifier 

. . 

Ba Significant but 
weaker 
association 

Significant 
association in fine 
PM fraction 

. . . . . . . . . 

Br . . . . Significant 
effect 
modifier 

. . . Nearly 
significant 
effect modifier 

. . 

Ca . . . . . Insignificant 
association 

. Significantly 
associated 

. . . 

Carbon 
black 

. . Possibly carcinogenic to 
human 

  . . . . . . 

Cd . . Carcinogenic to human   . . . . . . 
Cl . Improves PAH 

correlation 
. Insignicant 

association 
 Insignificant 

association 
. . . Insignificantly 

associated 
Insignificantly associated 

Co . . Possibly carcinogenic to 
human 

  . . . . . . 

Cr . Significant 
association in fine 
PM fraction 

Carcinogenic to human   . . . Nearly 
significant 
effect modifier 

. . 

Cu . Significant 
association in fine 
PM fraction and 
improves PAH 
correlation 

 Insignicant 
association 

 Insignificant 
association 

. Significantly 
associated 

. . . 

EC . . . Significant 
association 

Difficult to 
assess 

Significant 
association 

. . . Insignificantly 
associated 

Signifanctly associated 

Fe Significant but 
weaker 
association 

Significant 
association in fine 
PM fraction 

Possibly carcinogenic to 
human 

. . . . Significantly 
associated 

. . . 

K . . . . . Insignificant 
association 

. Nearly significant 
associated 

. . . 

 



  26

Resume table 15 
Oxidative stress Carcinogenisis Cardiovascular disease Respiratory effects Mortality Pregnancy and birth outcome Element 
Association to 
NF-kB 
activity*1 

Association to 
DDT activity*2 

Proposed as carcinogenic to 
human*3 

Association with 
increase of risk 
estimate*4  

Effect 
modifier of 
PM*5  

Association with 
risk estimate 
increase*4 

Effect modifier of 
PM*5 

BALF response in 
mice lung*6  

Effect 
modification to 
PM2.5  mass*7 

Actual loss of birth weight*8 Increase of risk estimate for small-
at-term birth*8 

Mg . . . . . Insignificant 
association 

. Significantly 
associated 

. . . 

Mn Significant but 
weaker 
association 

Significant 
association in 
fine PM 
fraction 

. . . . . . . . . 

Na . . . Insignicant 
association 

Significant 
effect 
modifier 

Insignificant 
association 

Nearly significant 
effect modifier 

. . . . 

NH4 . . . . . . . Nearly significant 
associated 

. . . 

Ni Strong 
significant 
association 

. Carcinogenic to human Significant 
association 

Significant 
effect 
modifier 

Significant 
association 

Nearly significant 
effect modifier 

Consistent nearly 
linear regression 

Significant 
effect modifier 

Signifanctly associated Signifanctly associated 

NO3 . Significant 
association in 
fine PM 
fraction 

. Insignicant 
association 

 Insignificant 
association 

. Nearly significant 
associated 

Nearly 
significant 
effect modifier 

. . 

OC . Significant 
association in 
all PM modes 

Carcinogenic to human  Difficult to 
assess 

Insignificant 
association 

. . . . . 

Pb . Significant 
association in 
fine PM 
fraction 

Possibly carcinogenic to human Insignicant 
association 

 . . . . . . 

S . . . . . . . . Significant 
effect modifier 

Insignificantly associated Insignificantly associated 

Si . . . . . Insignificant 
association 

. . Significant 
effect modifier 

Insignificantly associated Signifanctly associated 

SO4 . Significant 
association in 
fine PM 
fraction 

   . . . . . . 

Ti . . Possibly carcinogenic to human . . Insignificant 
association 

. . . . . 

V . Improves PAH 
correlation 

Possibly carcinogenic to human Significant 
association 

Significant 
effect 
modifier 

Significant 
association 

. Consistent nearly 
linear regression 

. Signifanctly associated Signifanctly associated 

Zn . Significant 
association in 
fine PM 
fraction 

 Insignicant 
association 

  . . Nearly 
significant 
effect modifier 

Signifanctly associated Signifanctly associated 

*1 According to Maciejczyk et al, 2010. *2 According to Ntziachristos et al, 2007. *3 According to Baan, 2007, Roller 2009, IARC 2010. *4 According to Bell et al, 2009. *5 
According to Zanobetti et al, 2009. *6 According to Happo et al, 2008. *7 According to Franklin et al, 2008. *8 According to Bell et al, 2010.   
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4. Discussion 

4.1 Limitations 

4.1.1 Number of studies 

The effects of PM elemental composition on human health have been assessed over 6 
different endpoints. It was preferred to find two or three recent studies associating PM 
elemental composition with the endpoint. This goal has not been succeeded. See table 16. 
 
Table 16. Number of studies associating PM elemental composition with each endpoint 

Endpoint Number of studies found 
Oxidative stress 2 
Carcinogenesis 0 
Cardiovascular disease 2 
Respiratory disease 3 
Mortality 1 
Pregnancy and birth outcome 1 
 
This means the study results for ‘Mortality’ by Franklin and co-authors and ‘Pregnancy and 
birth outcome’ by Bell and co-authors is not checked by comparing them with other 
studies. As a consequence the consistency of found associations between PM elements and 
‘Mortality’ and ‘Pregnancy and birth outcome’ is unclear. A study associating carcinogenesis 
with elements in PM has not been found. Instead the carcinogenesis of elements according 
to IARC and an in vitro study performed by Roller is assessed. This assessment shows 
which elements present in PM are carcinogenic or possibly carcinogenic to human. 
However it is still unclear if these elements are also carcinogenic in the exposure pathway 
of PM.  

4.1.2 Studies do not address long-term effects 

The focus of the ESCAPE project lies on the long-term effects of exposure to PM 
[Brunekreef, 2008], whereas the found study results for each endpoints are mainly 
focusing on short-term effects. See table 17. 
 
Table 17. Summary of studies for each endpoint, description of studied effects and whether they are 
long or short term effects.  
Endpoint Study Description of studied effect Short or 

long term  
Oxidative stress Maciejczyk et al, 

2010 
NF-kB activity Short  

 Ntziachristos et 
al, 2007 

DDT-activity Short 

Carcinogenesis Baan, 2007 Proposed as carcinogenic to human by IARC Long 

 Roller, 2009 Rats with lung tumors Short 

Cardiovascular 
disease 

Bell et al, 2009 Hospital admissions Short 

 Zanobetti et al, 
2009 

Hospital admissions Short 

 Happo et al, 
2008 

BALF response in mice lung Short 

Respiratory Bell et al, 2009 Hospital admissions Short 

 Zanobetti et al, 
2009 

Hospital admissions Short 

Mortality Franklin et al, 
2008 

Effect modification to PM2.5 mass on mortality . 

Pregnancy and birth 
outcome 

Bell et al, 2010 Actual loss of birth weight and increase risk estimate 
small-at-term birth 

Short 

 
There are various studies performed on long-term exposure to PM associated with adverse 
health effects and mortality [Lippman, 2009]. However these studies do not address PM 
elemental composition. Since long-term effects contributed by PM elemental composition is 
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still unavailable, the short-term effects associated with PM components found in the recent 
studies must act as an indicator for possible long-term effects of these components. 

4.1.3 Correlation between components 

PM is a complex mixture of various components. Therefore it is difficult to associate 
individual elements in PM with health effects, because the inevitable association between 
species originating from the same source confounds the ability to assess the degree to 
which they are individually responsible for toxic effects attributable to PM [Ntziachristos et 
al, 2007]. However the described studies do not present quantitative data related to this 
issue, except for Ntziachristos and co-authors study on DDT-activity, Bell and co-authors 
study on cardiovascular and respiratory disease and Happo and co-authors study on 
inflammation and tissue damage in mice lung.  
Ntziachristos and co-authors performed a multivariate regression analysis in order to 
tackle this issue. They found Cl and Cr + V to significantly improve the effect of PAH on 
DDT-activity. However they also state transition metals Mn, Fe, Cu, and Zn could also 
improve the effect, but because of their high correlation with PAH they offer no additional 
explanation of DDT-activity [Ntziachristos et al, 2007].    
Bell and co-authors have found EC, Ni and V to be elements that significantly increase the 
risk estimates for both cardiovascular and respiratory related hospital admissions. They 
have made estimations for adjustments for EC, Ni and V acting as a co-pollutant on each 
other [Bell et al, 2009]. See appendix 1, table 18. These estimations show that EC, Ni and 
V possibly influence on each others effects.  
Happo and co-authors have presented a matrix showing the correlations of each 
component with the other elements. See appendix 1, table 19 and 20. They have found 
several significant and nearly significant correlations between components.  
The quantitative results of Ntziachristos and co-authors, Bell and co-authors and Happo 
and co-authors prove that correlation between components needs to be taken into account 
when assessing the effects of components individually. Correlation between components is 
a confounding factor because the presence of a certain component is related to the 
outcome and exposure of another component. Therefore results of individual elements 
could best be regarded as indicative for an effect rather than actual effects.   
  

4.1.4 Outdoor concentration measurements and indoor and personal exposure 

The described studies have related outdoor measurements with mortality and adverse 
health effects. However outdoor monitors are likely to underestimate exposure to many of 
the elements present in PM [Adgate et al, 2007]. Adgate and co-authors have performed a 
study measuring trace elements of PM concentration outdoor, indoor and personally. They 
often found personal concentrations to be the highest, except for trace elements such as 
Ca and Al originating from crustal material [Adgate et al, 2007]. See appendix 2, table 21.  
 

4.1.5 Described epidemiological studies were performed in the U.S.A. 

There are four different studies discussed linking the endpoints to epidemiological data. All 
of these studies have been performed in the U.S.A., whereas ESCAPE is performing its 
studies in Europe. The results found on the U.S. population may not be totally applicable 
on Europe, because of possible difference in PM characteristics and population 
characteristics.  
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4.2 Comparison between the study results of Maciejczyk and co-authors and 
Ntziachristos and co-authors on oxidative stress 

Maciejczyk and co-authors and Ntziachristos and co-authors have used different methods 
in order to explain the potential of different PM elements to induce oxidative stress. A 
major difference is that Maciejczyk only have measured OC and nitrates in their 1st stage 
of their 3-stage measurement campaign. In the 2nd and 3rd stage the measurements for 
OC and nitrates were unavailable [Maciejczyk et al, 2010]. Maciejczyk and co-authors 
found Ni to have the most significant correlation with NF-kB response, whereas 
Ntziachristos did not find a significant correlation for Ni and DDT activity. This may be the 
result of the relative low contribution of Ni in the total PM mass (< 0.1%) in Ntziachristos 
and co-authors samples [Ntziachristos et al, 2007] in comparison to the Maciejczyk 
samples (0.18%) [Maciejczyk et al, 2010]. 
When comparing the results of Maciejczyk and co-authors with Ntziachristos and co-
authors it is clear that Ba, Fe and Mn have significant correlation with an indication for 
oxidative stress inducement. There is disagreement on Cu, Ni, Pb and Zn being 
significantly correlated. OC, NO3, SO4 and Cr are significant in Ntziachristos and co-
authors’ study but not measured in Maciejczyk and co-authors’ study.  
 

4.3 Comparison between study results  on carcinogenesis by Roller, Baan and 
IARC 

The publications of Baan, Roller and the IARC are not typical epidemiological researches 
linking PM elemental composition to carcinogenesis. Roller has performed a study on rats, 
concluding TiO2 and carbon black induce lung tumors in rats [Roller, 2009]. The evaluation 
by the IARC working group published by Baan agrees TiO2 and carbon black are ‘possibly 
carcinogenic to human’ [Baan, 2007]. The ‘list of agents classified by the IARC 
monographs’ show elements As, Cd, Ni and OC are considered to be carcinogenic [IARC, 
2010]. However it is not clear if they are also carcinogenic in the PM exposure pathway, 
because an epidemiological study linking PM elemental composition to cancer incidence is 
lacking. 
 

4.4 Comparison between study results on cardiovascular disease by Bell and co-
authors and Zanobetti and co-authors  

Zanobetti and Bell have chosen both for cardiovascular disease related hospital admissions 
as one of the endpoints. However their results are slightly different. See table 15. It must 
be noted that the study of Bell and co-authors probably is not very informative, for they 
present risk estimate increase on a very large scale (>1000%). See figure 5. 
Zanobetti and Bell both agree that high composition of Ni and V are significant effect 
modifiers. Bell and co-authors found EC to be a significant effect modifier, whereas 
Zanobetti and co-authors found EC to be not. EC and OC are often highly correlated with 
PM2.5 mass, making it very difficult to distinguish EC or OC effect from mass effect 
[Zanobetti et al, 2009].  
Zanobetti and co-authors have discussed the results of Bell in their publications. They refer 
to a small difference between their study design and Bell’s study design: Bell and co-
authors did not take indoor infiltration into account, where Zanobetti and co-authors did. 
This may be confounder, since temperature is an important predictor PM composition.  
Bell and co-authors have performed a study over 106 communities, whereas Zanobetti and 
co-authors on 26, meaning Bell and co-authors’ study probably has more power.   

4.5 Comparison between study results on respiratory disease by Bell and co-
authors, Zanobetti and co-authors and Happo and co-authors. 

Despite the different study designs, the study results of Happo and co-authors can be 
compared with the study results of Bell and co-authors and Zanobetti and co-authors. 
However the study of Happo and co-authors shows little power, because only 6 effect 
points are compared. Most of the presented components show relatively high (> |0.75|) 
correlation with one of the effect points, but these correlations are still insignificant. Only 
components SO4

2-, Na+, Cd, Fe, Pb, Zn and insoluble Al and K did not show such a 
correlation, see table 11. The study of Bell and co-authors on respiratory disease is also 
not very informative. They present risk estimate increases on a very large scale (> 
1000%). 



  30

When comparing the study results of Bell and co-authors, Zanobetti and co-authors and 
Happo and co-authors it is clear that V and Ni are most associated with respiratory health 
effects. Furthermore EC, OC, Ca, Na+, Cu, Cl, Si, Ti, Mg, Al, NO3 and K have a possible 
association with respiratory health effects. See table 15.  

4.6. Discussion on study of Franklin and co-authors on PM elements and mortality 

Franklin and co-authors discuss there was too little variability in the species proportions 
among the communities, making it difficult to detect effect modification of the PM2.5-
mortalitity association. The proportion of EC and OC had small variability across the 
different communities. Their small coefficients of variation may explain why no effect 
modification was seen [Franklin et al, 2008]. Franklin and co-authors did not assess 
within-community variability, because their monitoring and availability of health data was 
limited. However they were able to reduce measurement error by averaging the species 
proportions over each season and multiple years. They also analyzed sub seasonal 
temporal patterns and correlations between seasonally averaged and unaveraged species 
ratios. These analyses indicate that their approach adequately represented the 
predominant temporal variability of species ratio [Franklin et al, 2008].  
Furthermore Franklin and co-authors observed a lower effect estimate for PM2.5 mass 
mortality in the west than in the east, despite the higher PM2.5 mass concentrations. This 
may be due to the amount of indoor exposure and ventilation. Homes in the west are 
generally newer and better ventilated. Therefore the difference in relationship between 
population exposure and outdoor concentrations needs to be taken into account [Franklin 
et al, 2008].  
The results of the study of Franklin and co-authors do not agree with the results of the 
early study of Mar on PM composition and mortality. Mar and co-authors have conducted a 
study on the association between PM composition and mortality for the region of Phoenix, 
Arizona in the U.S.A. over the period of 1995 to 1997. They concluded K, EC and TC can 
be significantly associated with cardiovascular mortality. They also found a negative 
association for soil (the summing of the oxides Al, Si, Ca, Fe and Ti), S and Pb [Mar et al, 
2000]. Franklin and co-authors have stated they there was to little variability in the 
proportion of EC and OC across the different communities for a significant association. Mar 
and co-authors did find an association for EC and TC, however they only performed a study 
over 1 community. Furthermore it is surprising that Franklin and co-authors found Al, S 
and Si to be significant effect modifiers of PM, whereas Mar and co-authors found a 
negative association for soil (including Al and Si) and S. 
The results of Franklin and co-authors are more agreeable with the results of the early 
study on PM composition and mortality performed by Laden and co-authors. Laden and co-
authors investigated the elemental composition of size-fractioned particles in order to 
identify several distinct source-related fractions of fine particles. They examined the 
association of these fractions with daily mortality for six U.S. cities. The conclusion of this 
study was that particles from mobile and coal combustion contribute to mortality and 
crustal particles do not [Laden et al, 2000]. Laden and co-authors also evaluated specific 
elements in PM2.5. They found Ni, Pb and S to be significantly associated with an increase 
in mortality. Elements Fe and V are significant predictors for mortality when they are 
evaluated separately, however when Ni, Pb and S were included in the model they were 
not significant anymore [Laden et al, 2000]. Franklin and co-authors study results agree 
with the significant association with Ni and S, however they also found Al, As and Si to be 
significant effect modifiers. Laden and co-authors did not include these elements in their 
study because they were not routinely found above the limit of detection.  
 

4.7 Discussion on study of Bell and co-authors on PM elements and pregnancy 
and birth outcome 

Bell and co-authors have discussed various limitations of their study in their publication. 
They have used a source-apportionment method with a selection of indicator constituents 
that are characteristic for individual sources. Bell and co-authors state the indicator 
constituents are not unique for their sources and the results should be interpreted with an 
understanding that they are not exclusive source markers. Additional research is needed to 
further illuminate the health effects of PM characteristics and sources [Bell et al, 2010].  
The study also suffers on a lack of spatial variation data. Bell and co-authors have used 
county-wide exposure estimates, whereas spatial heterogeneity of PM2.5 constituents and 
sources may vary within the county, introducing potential misclassification. Because the 
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spatial variation is larger for some constituents and sources than others, the degree of 
misclassification could differ per constituent or source. This within-community variation 
may have affected the results, possibly leading to an underestimation of effects [Bell et al, 
2010].  
The exposure estimates were based on residence at delivery. Studies of residential 
mobility during pregnancy are limited, but research suggests that most mothers only move 
short distances during pregnancy, suggesting that PM10 and ozone exposure is similar on 
the address during delivery and the addresses during pregnancy [Bell et al, 2010].                 
Bell and co-authors also state future work is needed to investigate other model structures 
and variables for which they did not have sufficient data. For example body mass index 
(BMI) of the mother. A 1 kg/m increase in mothers’ BMI has been associated with a 20-g 
increase in birth weight [Fleten et al, 2010]. BMI may be associated with pollutant 
exposures, since it can follow community patterns [Bell et al, 2010].   

 

5. Conclusion 
 
ESCAPE has chosen four different endpoints for their cohort studies: 1. Pregnancy and 
birth cohort studies; 2. Studies on respiratory diseases in adults; 3. Studies on 
cardiovascular disease in adults; 4. Studies on cancer incidence and mortality. A study 
associating cancer incidence with certain elements in PM has not been found. Instead the 
carcinogenesis of elements according to the IARC and an in vitro study in rats have been 
discussed. Because a study associating cancer incidence with certain PM elements lacks in 
this report, a conclusion on this endpoint has not been drawn.  
Oxidative stress has not been chosen as an endpoint in the ESCAPE project. Because 
oxidative stress is the main proposed mechanism for the other endpoints, the findings 
about certain elements in PM influencing oxidative stress serve to support the findings on 
the other endpoints. Therefore pregnancy and birth outcome, respiratory disease, 
cardiovascular disease, and mortality are the endpoints for which a conclusion has been 
drawn. Nickel and Vanadium have been significantly associated with al of these endpoints, 
supported by a respectively strong association and a PAH improving association with 
oxidative stress. There are no other elements with such strong associations for every 
endpoint. See table 15. Therefore it is advisable for ESCAPE to investigate the health 
impacts and uncertainties of elements Nickel and Vanadium in PM. Aluminum and 
Elemental Carbon show significant association for 3 endpoints. See table 15. From these 
elements, only Elemental Carbon is an element with a relative large proportion in PM in 
Europe. See table 2. Surprisingly none of these elements seem to have a significant 
association with oxidative stress. However, because these elements show significant 
association for the majority of the endpoints, they seem to be appropriate for an ESCAPE 
study that does not focus on one endpoint. There is no element significantly associated to 
a certain endpoint in more than one study, and show no significant associations to the 
other endpoints. However this may be still the case for elements Arsine, Sulfur and Silicon 
in association with mortality and for Zinc in association with pregnancy and birth outcome, 
because these endpoints only have been discussed with a single study. See table 15.  
Overall it is most advisable for the ESCAPE project to select element Nickel and Vanadium 
for further investigation. Aluminum and Elemental Carbon seem to be appropriate for 
further investigation. There are no elements specifically appropriate for just one endpoint. 
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List of PM component abbreviations 

 

Abbreviation PM Component 
Al Aluminum 
As Arsenic 
Ba Barium 
Br Bromine 
Ca Calcium 
Carbon black Carbon black 
Cd Cadmium 
Cl Chlorine 
Co Cobalt 
Cr Chromium 
Cu Copper 
EC Elemental Carbon 
Fe Iron 
K Potassium 
Mg Magnesium 
Mn Manganese 
Na Sodium 
NH4 Ammonium 
Ni Nickel 
NO3 Nitrate 
OC Organic Carbon 
PAH Polycyclic Aromatic 

Hydrocarbon 
Pb Lead 
S Sulfur 
Si Silicon 
SO4 Sulfate 
TC Total Carbon 
Ti Titanium 
V Vanadium 
Zn Zinc 
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Appendix 

Appendix 1. Quantitative data on correlation between components in PM 
Table 18. Adjustment for co-pollutants in PM in Bell and co-authors study on cardiovascular and 
respiratory disease. Source Bell et al, 2009 

 

Table 19. Correlation between elements in PM in the study of Happo and co‐authors on respiratory disease. 
Source: Happo et al, 2008 

 

* p < 0.2 **p < 0.05  

Table 20. Abbreviations Happo and co‐authors for describing PM components . Source: Happo et al, 2008 
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Appendix 2.  Outdoor, indoor and personal exposure concentrations of PM 
elements 
Table 21. Outdoor, indoor and person exposure of PM elements. Source: Adgate et al, 2007. 

 

 


