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1 Introduction 
Air pollution is still one of the major concerns regarding environmental factors of disease.  According 
to World Health Organization (WHO), the joint effects of indoor and outdoor air pollution resulted in 
556 000 premature deaths in the WHO European Region. What is also of particular importance is the 
disproportion of impacts among the low/middle income countries and the high-income countries.  

Although air pollution is a well-recognized human health environmental threat, there are still many 
challenges that have to be addressed for estimating the related health impacts, that pertain for both 
exposure misclassification, as well as for the uncertainty of the concentration response functions itself. 
An additional problem is the limited mechanistic understanding on the way pollutants affect human 
health, especially considering that air pollution includes gaseous compounds (NO2, O3), particulates 
and various organic compounds such as VOCs, PAHs and dioxins. Thus, in order to address these issues, 
various methodological tools have to be employed, taking stock of the well-established knowledge on 
health impact assessment, as well as the opportunities provided by recent advances in risk assessment 
that account for internal dosimetry. This will allow the estimation of the actual impacts related to 
exposure to air pollution, thus, to drive effectively the cost–effectiveness and cost–benefit analyses of 
changes in air quality policies, which is one of the major aim of the ICARUS project. Given that, it is 
particularly important to assess all the impacts associated to the investigated policies and measures, 
thus to include the pollutants change that is associated with the relevant sector(s); If this is not the 
case, then the actual benefits might be underestimated and the overall capacity of the 
policies/measures might not be properly valuated. 

Towards this aim, in ICARUS, we aim at a more precise translation of the environmental exposure into 
health effects, thus, various tools will be incorporated for enhancing the health impact assessment 
methodology. This will allow us to better translate the effect of different policies on emissions and 
public health. The concentration-response functions established by WHO in the HRAPIE project will be 
used for the health impact assessment of the major air pollutants (PM, CO, NO2, O3) as a starting point. 
Innovations beyond the state of the art will be incorporated taking into account (a) the integral of 
indoor/outdoor and in transit exposure and (b) when available, more refined methodologies that 
estimate intake and internal dose. These include the use of human respiratory tract deposition of 
particles accounting for their PAHs content and the use of a biokinetic model coupled to biology based 
does response relation for toxic organic pollutants such as benzene and dioxins.  
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2 Methodology 

2.1 Health effects of common air pollutants 
2.1.1 Particulate matter 
2.1.1.1 Rationale 

Particulate Matter is generally categorized on the basis of the size of the particles that reflects their 
aerodynamic diameter (e.g PM2.5 refers to particles with an aerodynamic diameter of less than 2.5µm). 
PM is made up of a wide range of components and are formed from a variety of sources and processes. 
Ambient air levels of PM comprise primary particles emitted directly into the atmosphere from 
combustion sources and secondary particles formed by chemical reactions in the air. Ambient air PM 
are released from both anthropogenic and natural sources (such as sea spray, Saharan dust or 
volcanos). The most common anthropogenic sources are stationary fuel combustion and transport. 
Road transport gives rise to primary particles from engine emissions, as well as various non-exhaust 
emissions such as tire and brake wear. Secondary PM is formed from emissions of ammonia, sulphur 
dioxide and oxides of nitrogen as well as from emissions of organic compounds from both combustion 
sources and vegetation. Both short-term and longterm exposure to ambient levels of PM are 
consistently associated with respiratory and cardiovascular illness and mortality as well as other 
adverse health effects. It is not currently possible to discern a threshold concentration below which 
there are no effects on public health. Fine particles are deposited in the lowest part of the human 
respiratory tract, where they can cause inflammation and a worsening of the condition of people with 
heart and lung diseases. In addition, they may carry surface-absorbed carcinogenic compounds into 
the lungs. 

To estimate the health effects of PM exposure, well established epidemiological concentrations-
response functions for outdoor PM from the meta-analysis of the HRAPIE report (WHO, 2013c) have 
been used. Differences in toxicity depending on particle composition (e.g. concentration and types of 
PAHs adsorbed) were not taken into account, since the current level of epidemiological knowledge 
does not allow the use of different concentration response functions based on the differences in 
composition, an opinion which is also supported by WHO (2007). Different concentration response-
functions might be used only for particles of different aerodynamic diameter (PM10 and PM2.5). Other 
authors have come to similar conclusions. Based on the above, the CRFs for both short-term and long 
term health effects are given below. 

2.1.1.2 Long-term health effects for PM 

It is evident, that the changes in emissions are better described by PM2.5 than PM10 (Sarigiannis et 
al., 2015). As the relationship between PM measurements and health effects is log-linear, the 
conversion from PM10 CRFs to PM2.5 CRFs followed the mathematical formula below: 

 ( )( ) ( )10
2.5 2.5

ln PM CRF
PM CRF = exp ln PM CRF = exp

0.65
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The detailed analysis for the extrapolation of PM10 concentration-response functions is given in the 
final deliverable of the HEIMTSA project case studies report (IOM, 2011), based on the initial concept 
described by WHO (2004).  

The CRFs used for the selected health endpoints are given in detail in Table 1. 

Table 1. Concentration response Functions (CRFs) for PM regarding long-term health effects 
Health endpoint CRF Reference Background rate Age group 

Mortality (all causes) 

6.2% (95% CI: 
4%, 8.3%) 
change per 10 
μg/m3 PM2.5 

(WHO, 2013c) 

MDB (WHO, 2013b), 
rates for deaths from 
all natural causes 
(ICD-10 chapters I–
XVIII, codes A–R) in 
each of the 53 
countries of the 
WHO European 
Region, latest 
available data 

Adults aged 30 
years and older 

Infant Mortality 
4% (95% CI: 2%, 
7%) change per 
10 μg/m3 PM10 

(Hurley et al., 
2005; IOM, 
2011) 

145 post-neonatal 
deaths per 100,000 
live births (9141 
annual births) 
(EUROSTAT, 2011; 
WHO, 2008) 

1 month to 1 
year 

Incidence of chronic 
bronchitis (adults) 

11.7% (95% CI: 
4%, 18.9%) 
change per 10 
μg/m3 PM10 

(WHO, 2013c) 

390 new cases 
annually per 100,000 
adults at risk 
(adjusted for 
remission - remission 
rate of 56.2%) 
(Schindler et al., 
2009) 

Adults aged 18 
years and older 

Chronic bronchitis 
(children) 

8% (95% CI: -2%, 
19%) change per 
10 μg/m3 PM10 

(Hoek et al., 
2012; WHO, 
2013c) 

18.6% (Hoek et al., 
2012) 

Children aged 
6–12 years 

Cardiac hospital 
admissions 

0.6% (95% CI: 
0.3%, 0.9%) 
change per 10 
μg/m3 PM10 

(Hurley et al., 
2005; IOM, 
2011) 

723 emergency 
cardiac admissions 
per 100,000 
population, all ages, 
per year (Hurley et 
al., 2005):  

All Ages 
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Respiratory hospital 
admissions 

0.9% (95% CI: 
0.7%, 1.0%) 
change per 10 
μg/m3 PM10 

(Hurley et al., 
2005; IOM, 
2011) 

617 emergency 
respiratory hospital 
admissions per 
100,000 population, 
all ages, per year 
(Hurley et al., 2005):  

All Ages 

 

 

2.1.1.3 Short-term health effects for PM 

Table 2. Concentration response Functions (CRFs) for PM regarding short-term health effects 
Health endpoint CRF Reference Background rate Age group 

Mortality (all causes) 

1.23% (95% CI: 
0.45%, 2.01%) 
change per 10 
μg/m3 PM2.5 

(WHO, 2013c) 

MDB (WHO, 2013b), 
rates for deaths from 
all natural causes 
(ICD-10 chapters I–
XVIII, codes A–R) in 
each of the 53 
countries of the 
WHO European 
Region, latest 
available data 

All ages 

Cardiac hospital 
admissions 

0.91% (95% CI: 
0.17%, 1.66%) 
change per 10 
μg/m3 PM2.5 

(WHO, 2013c) 

European hospital 
morbidity database 
(WHO, 2013a), ICD-9 
codes CVD: 390–429; 
respiratory: 460–519 
(ICD-10 codes I00–
I52; J00–J99) 

All Ages 

Respiratory hospital 
admissions 

1.9% (95% CI: 
0.99%, 4.02%) 
change per 10 
μg/m3 PM2.5 

(WHO, 2013c) 

European hospital 
morbidity database 
(WHO, 2013a), ICD-9 
codes CVD: 390–429; 
respiratory: 460–519 
(ICD-10 codes I00–
I52; J00–J99) 

All Ages 

Restricted activity 
days (RADs) 

4.7 % (95% CI: 
4.2%, 5.3%) 
change per 10 
μg/m3 PM2.5 

(WHO, 2013c) 

19 RADs per person 
per year: baseline 
rate from the Ostro 
and Rothschild 
(1989) study 

All Ages 



 

D.4.3: Report on the methodology for estimating health effects of individuals for 
population groups and health impact results in the ICARUS participating cities 

WP4: Population exposure and health 
impact assessment 

Security: Public 

Author(s): D. Sarigiannis, S. Karakitsios Version: Final 9/45 

 

 

Work days lost 

4.6% (95% CI: 
3.9%, 5.3%) 
change per 10 
μg/m3 PM2.5 

(WHO, 2013c) 
European Health for 
All database (2013, 
WHO) 

Working- age 
population (age 
20–65 years) 

Incidence of asthma 
symptoms in 
asthmatic children 

2.8% (95% CI: 
0.6%, 5.1%) 
change per 10 
μg/m3 PM10 

(WHO, 2013c) 

(Lai et al., 2009) –
western Europe: 
4.9%; northern and 
eastern Europe: 
3.5%. Daily incidence 
of symptoms in this 
group: 17% 
(interpolation from 
several panel 
studies) 

Children aged 
5–19 years 

 

2.1.2 Black carbon 
Black Carbon (BC) is a term aiming at describing carbon as measured by light absorption methods. BC 
originates from multiple sources related to combustion engines, mostly related to diesel, as well as 
other less elaborate combustion processes such as biomass and coal burning, which in turn is 
associated with many sectors of urban activities relevant to the ICARUS project. As a result, BC is in 
practice a more generic indicator of the multitude composition of combustion sources of particulate 
matter. At the moment there is limited toxicological in vivo and in vitro information on BC, however it 
is hypothesized that BC does not exert direct properties, but is acting as a substrate for strong 
adsorption of toxic components such as PAHs, quinones, nickel, vanadium and arsenic, related to 
emissions from various sectors involving combustion. As such, BC levels are associated with both PM 
mass concentrations, as well as their toxic burden. The latter is highlighted on the proposed CRF for 
BC associated to all-causes mortality, where an increase of 10 μg/m3 of BC, has been associated with 
an increase of 60% of all-causes mortality. 

Table 3. Black Carbon (BC) related all-cause mortality 
Health endpoint CRF Reference Background rate Age group 

Mortality, 
All causes 

60% (95% CI: 
10%, 110%) 
change per 10 
μg/m3 Black 
Carbon 

(Janssen et al., 
2011) 

MDB (WHO, 2013b), 
rates for deaths from 
all natural causes 
(ICD-10 chapters I–
XVIII, codes A–R) in 
each of the 53 
countries of the 
WHO European 
Region, latest 
available data 

30+ years 
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2.1.3 Ozone 
O3 is the tri-atomic form of molecular oxygen. It is a strong oxidising agent, which is considerd highly 
reactive. In Europe, Background levels of O3 are usually below 15 ppb; however, under high solar 
radiation conditions (usually in summer) concentrations up to 100 ppb are observed, associated with 
photochemical smog episodes. According to the Ambient Air Quality Directive (EU, 2008), a maximum 
daily 8-hour mean threshold of 120 µg/m3 has been established. Based on the health effects of ozone, 
several CRFs have been widely accepted for both long-term and (mainly) short-term health effects. 

2.1.3.1 Long-term health effects of ozone 

Health endpoint CRF Reference Background rate Age group 

Mortality, 
respiratory 
diseases 

1.4% (95% CI: 
0.5%, 2.4%) 
change per 10 
μg/m3 O3 

(WHO, 2013c) 
MDB (WHO, 2013b), 
ICD- 10 codes J00–
J99 

30+ years 

 

2.1.3.2 Short-term health effects of ozone 

Health endpoint CRF Reference Background rate Age group 

Mortality, all 
(natural) causes, (>35 
ppb (>70 µg/m³)) 
 

0.29% (95% CI: 
0.14%, 0.43%) 
change per 10 
μg/m3 O3 

(WHO, 2013c) 
MDB (WHO, 2013b), 
ICD-10 chapters I–
XVIII, codes A–R 

All ages 

Mortality, all 
(natural) causes, (>10 
ppb (>20 µg/m³)) 
 

0.29% (95% CI: 
0.14%, 0.43%) 
change per 10 
μg/m3 O3 

(WHO, 2013c) 
MDB (WHO, 2013b), 
ICD-10 chapters I–
XVIII, codes A–R 

All Ages 

Mortality, CVDs 
and respiratory 
diseases (>35 ppb 
(>70 µg/m³)) 
 
 
 
 

CDV: 0.49% 
(95% CI: 0.13%, 
0.85%) change 
per 10 μg/m3 O3  

Respiratory: 
0.29% (95% CI: 
0.099%, 0.7%) 
change per 10 
μg/m3 O3 

(WHO, 2013c) 

MDB (WHO, 2013b), 
ICD-10 codes CVD: 
I00–I99; respiratory: 
J00–J99 
 

All Ages 

Mortality, CVDs 
and respiratory 
diseases (>10 ppb 
(>20 µg/m³)) 

CDV: 0.49% 
(95% CI: 0.13%, 
0.85%) change 
per 10 μg/m3 O3  

(WHO, 2013c) 
MDB (WHO, 2013b), 
ICD-10 codes CVD: 
I00–I99; respiratory: 
J00–J99 

All Ages 
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Respiratory: 
0.29% (95% CI: 
0.099%, 0.7%) 
change per 10 
μg/m3 O3 

 

 

 

Hospital 
admissions, 
CVDs (excluding 
stroke) and 
respiratory 
disease(>35 ppb 
(>70 µg/m³)) 
 

CDV: 0.89% 
(95% CI: 0.5%, 
1.27%) change 
per 10 μg/m3 O3  

Respiratory: 
0.44% (95% CI: 
0.07%, 0.83%) 
change per 10 
μg/m3 O3 

(WHO, 2013c) 

European hospital 
morbidity database 
(WHO, 2013a), ICD-9 
codes CVD: 390–429; 
respiratory: 460–519 
(ICD-10 codes I00–
I52; J00–J99) 

Age 
65+ years 

Hospital 
admissions, 
CVDs (excluding 
stroke) and 
respiratory 
disease(>10 ppb 
(>20 µg/m³)) 
 

CDV: 0.89% 
(95% CI: 0.5%, 
1.27%) change 
per 10 μg/m3 O3  

Respiratory: 
0.44% (95% CI: 
0.07%, 0.83%) 
change per 10 
μg/m3 O3 

(WHO, 2013c) 

European hospital 
morbidity database 
(WHO, 2013a), ICD-9 
codes CVD: 390–429; 
respiratory: 460–519 
(ICD-10 codes I00–
I52; J00–J99) 

Age 
65+ years 

Minor restricted 
activity days 
(MRADs) (>35 ppb 
(>70 µg/m³)) 
 
 

1.54% (95% CI: 
0.60%, 2.49%) 
change per 10 
μg/m3 O3 

(WHO, 2013c) 

7.8 days per year, 
based on Ostro and 
Rothschild (1989) 
 

All Ages 

MRADs (>10 ppb 
(>20 µg/m³)) 
 

1.54% (95% CI: 
0.60%, 2.49%) 
change per 10 
μg/m3 O3 

(WHO, 2013c) 
7.8 days per year, 
based on Ostro and 
Rothschild (1989) 

All Ages 

 

2.1.4 NO2 
The main health effects associated to exposure to NO2 are shortness of breath or coughing and 
enhanced risk of respiratory disease. NO2 is associated with several respiratory adverse effects on 
human health. At high levels NO2 causes inflammation of the airways. Long-term exposure may affect 
lung function and respiratory symptoms. NO2 also enhances the response to allergens in sensitive 
individuals. Nitrogen dioxide can irritate the lungs and lower resistance to respiratory infections such 
as influenza. Continued or frequent exposure to concentrations that are typically much higher than 
those normally found in the ambient air may cause increased incidence of acute respiratory illness in 
children. The CRFs for long term and short health effects of NO2 are given below.  
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2.1.4.1 Long-term health effects of NO2 

Health endpoint CRF Reference Background rate Age group 

Mortality, all (natural 
causes>20 µg/m³) 

5.50% (95% CI: 
3.10%, 8.0%) 
change per 10 
μg/m3 NO2 

(WHO, 2013c) 

MDB (WHO, 2013b), 
rates for deaths from 
all natural causes 
(ICD-10 chapters I–
XVIII, codes A–R) in 
each of the 53 WHO 
Regional Office for 
Europe countries, 
latest available data 

Age 
30+ years 

Prevalence of 
bronchitic symptoms 
in asthmatic  

2.1% (95% CI: 
0.099%, 6.00%) 
per 1 µg/m³ 
change in 
annual mean 
NO2 

(WHO, 2013c) 

Background rate of 
asthmatic children, 
“asthma ever”, in Lai 
et al. (2009)  – 
western Europe: 
15.8%, standard 
deviation (SD) 7.8%; 
northern and eastern 
Europe: 5.1%, SD 
2.7%, with a 
recommended 
alternative of 
“severe wheeze” in 
Lai et al. (2009) – 
western Europe: 
4.9%; northern and 
eastern Europe: 3.5% 
 
Prevalence of 
bronchitic symptoms 
among asthmatic 
children 
21.1% to 38.7% 
(McConnell et al., 
2003; Migliore et al., 
2009) 

Children aged 
5–14 years 

 

 

2.1.4.2 Short-term health effects of NO2 

Health endpoint CRF Reference Background rate Age group 
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Mortality (all natural 
causes)  
(daily maximum 1-
hour mean) 

0.27% (95% CI: 
0.16%, 0.38%) 
change per 10 
μg/m3 NO2 

(WHO, 2013c) 

MDB (WHO, 2013b), 
rates for deaths from 
all natural causes 
(ICD-10 chapters I–
XVIII, codes A–R) in 
each of the 53 
countries of the 
WHO European 
Region, latest 
available data 

All ages 

Hospital admissions, 
respiratory diseases 
(daily maximum 1-
hour mean) 

0.15% (95% CI: 
0.099%, 0.38%) 
change per 10 
μg/m3 NO2 

(WHO, 2013c) 
European hospital 
morbidity database 
(2013, WHO) 

All Ages 

Hospital admissions, 
respiratory diseases 
(24-hour mean) 

1.8% (95% CI: 
1.15%, 2.45%) 
change per 10 
μg/m3 NO2 

(WHO, 2013c) 
European hospital 
morbidity database 
(2013, WHO) 

All Ages 

 

2.1.5 Carbon monoxide 
Carbon Monoxide (CO) is a colourless, odourless, tasteless gas that is slightly lighter than air. Natural 
background levels of CO fall in the range of 10-200 ppb. Levels in urban areas are highly variable, 
depending upon weather conditions and traffic density. 8-hour mean values are generally less than 10 
ppm (12 mgm-3) but have been known to be as high as 500 ppm (600 mgm-3). The European limit value 
for the maximum daily 8-hour mean concentrations of CO is set to 10 mg/m3 (EU, 2000). Based on the 
available measurements, it can be concluded that in EU the CO ambient concentrations above the limit 
value is very localised and infrequent, and is limited to a very few areas near traffic and industry. The 
main health effects related to exposure to CO are: headaches, dizziness, slows mental processes, and 
at high levels can lead to death. CO prevents the normal transport of oxygen by the blood. This can 
lead to a significant reduction in the supply of oxygen to the heart, particularly in people suffering from 
heart disease. Although several studies have identified associations between elevated short-term 
ambient air carbon monoxide and increasing mortality risk when carbon monoxide is considered in 
single-pollutant models, these associations were getting weak when models were adjusted for co-
exposure to other pollutants (ATSDR, 2012). Thus, for Europe, the most comprehensive analysis is the 
one considered by Samoli et al. (2007), where significant associations of CO were identified with total 
and cardiovascular mortality. 

2.1.5.1 Short-term health effects of CO 

Health endpoint CRF Reference Background rate Age group 
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Mortality (all natural 
causes)  
(2-day mean) 

1.2% (95% CI: 
0.63%, 1.77%) 
change per 1 
mg/m3 CO 

(Samoli et al., 
2007) 

MDB (WHO, 2013b), 
rates for deaths from 
all natural causes 
(ICD-10 chapters I–
XVIII, codes A–R) in 
each of the 53 
countries of the 
WHO European 
Region, latest 
available data 

All ages 

Mortality (CVDs)  
(2-day mean) 

1.25% (95% CI: 
0.3%, 2.21%) 
change per 1 
mg/m3 CO 

(Samoli et al., 
2007) 

MDB (WHO, 2013b), 
ICD-10 codes CVD: 
I00–I99 

All ages 

 

 

2.1.6 Relative risk, attributable burden and health impact calculation  
In order to translate the CRFs into impact, the following steps have to be follow: 

Firstly, relative risk is calculated for the average concentration X, using the following formula: 

10
X

RR CRF
 
 
 =  

The exponential is used because the original analyses used a proportional hazard, i.e. log-linear, 
regression model. From this relative risk is derived the attributable fraction AF is derived as follows: 

1RRAF
RR
− =  

 
 

and this is multiplied by the background rate of disease BR to derive the estimated health impact HI 
as the number of cases expected to present the respective adverse health outcome in the population 
of interest P. Thus, the health impact HI is given as: 

HI AF BR F= ⋅ ⋅  

The actual burden of mortality, (i.e. the attributable death due to PM2.5 exposure) is expressed in years 
of life lost (YLL). To estimate YLL, life tables (WHO, 2014) are employed, where national population 
and the corresponding mortality data per age band should be used. These data are used to derive the 
population-weighed annual average concentration for a pollutant C. The attributable fraction AF is 
multiplied with the background mortality rate D for the given age band in order to compute the 
number of attributable deaths (AD) per age band.  
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AD AF D= ⋅  

The number of attributable deaths AD per age band is then multiplied with the expected years of life 
(YLE) for the given age band. 

LEYLL AD Y= ⋅  

Demographic data regarding the population and mortality/morbidity rates distribution for the several 
age groups are usually obtained from the EUROSTAT databases (EUROSTAT, 2011). Additional data for 
background rate of disease and mortality can be obtained by WHO (2008) or from local and national 
authorities.    

 

2.2 Other air pollutants 
2.2.1 Benzene (in the view of BTEX mixture) 
2.2.1.1 Rationale 

Benzene is an air toxic emitted from gasoline service stations (Karakitsios et al., 2007), gasoline (mainly) 
motor vehicle exhaust and fuel evaporation, the burning of coal and oil, and to a lesser extend to 
various other combustion sources. Human exposure to benzene has been associated with a range of 
acute and long-term adverse health effects and diseases, including cancer and aplastic anemia (Rinsky 
et al., 1987b). Benzene is a recognized human carcinogen that interacts with the genetic material and, 
as such, no absolutely safe level can be specified in ambient air. Studies in workers exposed to high 
levels have shown an excessive risk of leukemia (Wong, 1987). Exposure can occur occupationally and 
domestically as a result of the ubiquitous use of benzene-containing petroleum products, including 
motor fuels and solvents (Perbellini et al., 1988). Active and passive exposure to tobacco smoke is also 
a significant source of exposure (Karakitsios et al., 2010; Lai et al., 2007). Since benzene is highly 
volatile, exposure occurs mostly through inhalation.  

2.2.1.2 Benzene PBPK model 
The whole metabolic chain of benzene (Figure 1) was modeled starting from previously developed 
PBPK/PD models for benzene metabolism in mice (Manning et al., 2010) and its extrapolation to 
humans (Yokley et al., 2006).  The model evaluates tissue levels of benzene, benzene oxide (BO), 
phenol (PH), and hydroquinone (HQ), as well as the total amounts of muconic acid (MA), 
phenylmercapturic acid (PMA), phenol conjugates, hydroquinone conjugates, and total catechol 
produced. For benzene oxide, phenol, and hydroquinone, the body is divided into five compartments: 
kidney; liver; fat; rapidly perfused tissues (RTP), and slowly perfused tissues (PPT). As for the benzene 
model the liver is subdivided into three compartments of equal volume according to the specific 
enzymatic distribution. The further metabolism of BO, PH and HQ is supposed to occur in the liver 
(main metabolism organ) and to a lesser extent in the kidney. 
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Figure 1. Metabolic chain of benzene to its primary metabolites 
The PBPK/PD model results were validated through successive and complementary steps: first we 
validated the interaction mechanism among toluene, xylene and ethylbenzene; then the biokinetics of 
benzene and finally the metabolic chain of benzene. Each one of these validations was carried out by 
comparing the model results with independent experimental data reported in literature (Pekari et al., 
1992; Tardif et al., 1997; Waidyanatha et al., 2004). Results show that the PBPK/PD model developed 
in the present study provides accurate estimations of the kinetics of the BTEX mixture in the human 
body. This also confirms that the mechanism of interaction based on the competitive inhibition 
between the four VOCs in the mixture describes the experimental data adequately. Some minor 
discrepancies from the empirical data are likely to be attributed to the use of reference physiological 
parameters in the absence of actual parameters and inherent variability in the experimental data. 

The high potential toxicity of benzene metabolites associated with leukaemia risk in humans, 
suggested taking into account in more detail the metabolic chain from benzene to its key metabolites 
through a more refined PBPK model for that chemical. The whole metabolic chain of benzene was 
modelled starting from previously developed PBPK models for benzene metabolism in mice and its 
extrapolation to humans. The model (Figure 2) evaluates tissue levels of benzene, benzene oxide (BO), 
phenol (PH), and hydroquinone (HQ), as well as the total amounts of muconic acid (MA), 
phenylmercapturic acid (PMA), phenol conjugates, hydroquinone conjugates, and total catechol 
produced. For benzene oxide, phenol, and hydroquinone, the body is divided into five compartments: 
kidney; liver; fat; rapidly perfused tissues (RTP), and slowly perfused tissues (PPT). As for the benzene 
model the liver is subdivided into three compartments of equal volume according to the specific 
enzymatic distribution. The further metabolism of BO, PH and HQ is supposed to occur in the liver 
(main metabolism organ) and to a lesser extent in the kidney. 
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The following metabolic transformations (mediated by CYP2E1) are supposed to occur in zone 3 of the 
liver as well as in the kidney: 

benzene → benzene oxide 

phenol → hydroquinone 

phenol → catechol 

hydroquinone → trihydroxy benzene 

The equations describing these metabolic reactions are given hereafter.  

CYP2E1 activity in the liver (zone 3 of the liver): 
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Since the kidney contains approximately 10% of the concentration of CYP2E1 found in the liver, it is 
assumed that relative to the metabolism in the liver, 10% of the metabolism mediated by CYP2E1 is in 
the kidney. The V2E1, that is the CYP2E1 specific activity as determined by the oxidation of p-
nitrophenol to p-nitrocatechol, is scaled by 10% to give us the rate equations for the metabolisms using 
CYP2E1 in the kidney: 
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Figure 2. Conceptual representation of benzene PBPK model 
 

 

CYP2E1 activity in the kidney: 
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HQPH
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PHBZ
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BZ
K CACACAD +++= 1

 

and TL and TK are respectively the total mass of the liver and the total mass of the kidney. Assuming 
that tissue has the same density as water, we obtain:  

L
gVT jj 1

103
×=

 

where j could be the liver (L) or the kidney (K) 

Since epoxide hydrolase, which mediates the metabolism of benzene oxide to muconic acid, is found 
in the centrilobular region (zone 3) of the liver, this metabolism is also assumed to occur in the zone 3 
of the liver and it can be described by the first-order equation: 

3343,
LBO

Liver
BO

LiverMA
V

CkRM =
  Benzene Oxide to Muconic Acid 

The metabolism of hydroquinone to its conjugates is assumed to occur in zone 3 since the 
glucuronidation capacity is greater in this region. It can be represented by the equation for 
glucuronidation from: 
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  Hydroquinone to its conjugates 

Since the sulfation takes place primarily in zone 1 of the liver, the conjugation of phenol was simulated 
as occurring only in zone 1 and is represented by the following equation: 
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 Phenol to its conjugates 

The metabolism of benzene oxide to phenol is nonenzymatic, so we assumed that this metabolism 
occurs in all compartments. This process is described by the first-order equation: 

j
BO
j

BO
jPH VCkRM 2, =

  Benzene Oxide to Phenol 

where j is the compartment index. 

Finally, glutathione S-transferase, which is required for the metabolism of benzene oxide to 
phenylmercapturic acid, is found in tissue such as the liver, kidney, muscle, and heart. Within the liver, 
glutathione S-transferase is found primarily in the plate-limiting hepatocytes of the central vein. Thus, 
we consider first-order metabolism to occur in the slowly and rapidly perfused tissues, the fat, the 
kidney, the blood, and the third zone of the liver according to the following equation: 
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2.2.1.3 Benzene cancer risk 

The final building block for estimating the leukemia associated risk, is the definition of the respective 
mathematical model of human pathology. Pathology modeling has focused on a few ill-health 
conditions such as cancer and organ malfunction (e.g. heart disease) to date. This approach varies from 
a purely phenomenological one, including statistical descriptions of the link between toxic insult and 
health effect, to sets of differential equations describing mechanisms of action and partial differential 
equation models that take into account the presence of xenobiotics in specific parts of organs, up to 
more advanced mathematical techniques including cellular automata, neural networks and other 
artificial intelligence methods for quantifying the link.  

According to Schollnberger et al (2006), the earliest approaches to mathematically investigate cancer 
began in the early 1950s. Nordling (1953) and Stocks (1953) proposed that several successive 
mutations in a cell would be necessary to explain the fact that, for many carcinomas, the incidence 
rate varies as a power function of age. This has been quantitatively formulated by Armitage and Doll 
(1954) in one of the best-known cancer models, a multi-stage model that accounts for the relationship 
between age and cancer incidence. The model reflects the number of stages needed for a normal cell 
to develop into a malignant cell. For the Armitage–Doll multi-stage model, no clonal growth was 
assumed. Because of discrepancies with the observed number of biological stages, Armitage and Doll 
further developed their model into one of two stages, with exponentially growing clones (Armitage 
and Doll, 1957). The Armitage–Doll two-stage model has limitations in cancer risk assessment because 
it assumed deterministic cell growth. When the growth rate is small, it is more appropriate to use a 
stochastic model because the probability of extinction of clones, which is not considered in a 
deterministic model, cannot be neglected. This led to the development of stochastic cancer models 
(Knudson Jr, 1971; Moolgavkar, 1978; Moolgavkar and Knudson Jr, 1981; Moolgavkar and Venzon, 
1979; Tan, 1991). Stochastic cell growth of intermediate cells is assumed for the stochastic two-
mutation model with clonal expansion. This two-step clonal expansion (TSCE) model is the best-known 
multi-step model and was developed by Moolgavkar, Venzon and Knudson (Moolgavkar, 1978; 
Moolgavkar and Knudson Jr, 1981; Moolgavkar and Venzon, 1979), after whom it is known as the MVK 
model. In contrast with the Armitage–Doll model, there is a considerable amount of experimental data 
supporting the stochastic two-mutation model (Chen, 1993).  

Among the four VOCs considered in this work (benzene, toluene, ethylbenzene and xylene), benzene 
represents certainly the most potentially dangerous to human health. Chronic exposure to low levels 
of benzene may produce reversible decreases in blood cell numbers but, at higher levels, an 
irreversible bone marrow depression, with pancytopenia, may establish. This pathological condition is 
called aplastic anemia. Pancytopenia can occur also in the so-called myelodisplastic syndrome (MDS). 
Benzene MDS usually proceeds to leukemia, mostly acute myeloid leukemia (AML). The approaches 
taken to assess the cancer risk from benzene exposure have been varied and have resulted in risk 
estimates that range considerably in magnitude. The U.S. EPA (2000) used the Goodyear Pliofilm study 
(Rinsky et al., 1987a; Rinsky et al., 1981) for their quantitative risk estimation. They estimated a range 
of 2.2·10-6 to 7.8·10-6 as the increase in the lifetime risk of an individual who is exposed for a lifetime 
to 1 ug/m3 benzene in air. This is based on a linear model and extrapolates to air concentrations of 1.3 
to 4.5 ug/m3 for a risk level of 1 in 100,000. The approach used by Crump directly linked external 
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exposure to cancer risk using the Area Under the Curve (AUC) as the dose metric. Finally, an empirical 
statistical D-R model based on Maximum Likelihood Estimation (MLE) is derived, based on 
experimental data about cancer incidence as function of the exposure. The dose-response model 
developed by Crump (1994) takes the following form: 

 

         

where P(x) represents the cancer probability attributable to x mg/kg/day of administered benzene to 
male mice. This equation implies that, at very low administered doses, the risk varies linearly with dose. 
To extend it to humans the authors of this study assumed that the same administered quantities of 
benzene “produce equal cancer risk in humans and animals, independent of the route of exposure”. A 
key weakness of this approach is that AUC might not be the best choice of dose metric for benzene 
since it does not distinguish between dose histories having different time evolution if they have the 
same integrated total dose. For these situations the risk estimate based on the AUC will produce the 
same risk, although many experiments have shown that different time patterns of benzene dose 
administration with the same AUC produce very different profiles of benzene metabolites (Crump and 
Allen, 1984) and very different hematotoxic effects. 

In this work we applied a method, originally developed by Cox Jr. (1996), based on the decomposition 
of the dose-response relationship into a set of causal micro-relations, each one describing a separate 
biologic process. Instead of evaluating the relationship between administered dose and cancer risk 
‘directly‘ through an empirical-statistical model, this relationship is thus decomposed into two 
different parts: the first one links the administered dose to the total amount of metabolites produced 
(internal dose), while the second connects the internal dose to the probability of cancer.  

The first relation is provided by the results of the PBPK/PD model, which has already been validated 
against human biomonitoring data (Sarigiannis and Gotti, 2008). The statistical relation between 
internal dose and cancer probability was calculated using a parameterized function (1) from Crump 
and Allen (1984). In particular, the administered dose was calculated assuming an average person of 
70 kg (adult) who inhales 10 m3 of air in 8 hours for an occupation period of 40 years over a life of 70 
years. 

The next step was to derive an empirical statistical relation linking the internal dose to cancer 
probability. This was found to be the following:  

 

       ( )
2 30.04296940 0.02633730 0.007640811 y y yP y e

 − + − = −

( ) ( )20.00145 0.00013
1

x x
P x e

 − + = −
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Figure 3. (a) lifetime excess cancer risk for 8hr/day lifetime inhalation exposure to benzene as 
predicted by Crump and Allen and our model. (b) the same at low doses 

The standard error for the model parameters varied from 23% (for the linear term) to 9% (for the cubic 
term). This relationship incorporates the results of the PBPK/PD models that allow us to estimate the 
actual biologically effective dose (BED) of benzene metabolites in the bone marrow (the main target 
tissue for leukemia). BED of benzene metabolites is associated with the intake dose of both benzene 
and other VOCs present in the BTEX mixture. It has to be noted, however, that metabolic inhibition of 
benzene by co-exposure to toluene, ethylbenzene and xylenes is dose-dependent. This kind of 
biochemical interaction is usually low at very low levels of exposure. Thus, cancer probability, P(y), can 
be linked mathematically to the average benzene exposure level, y, even though the cancer potency 
of benzene is attributed to its metabolites. In Figure 3 the estimated cancer risk as a function of the 
external benzene concentration as predicted by Crump and Allen model (solid line) and by our model 
(dashed line) is given.  

 

2.2.2 Benzo[a]pyrene and PAHs 
2.2.2.1 Rationale 

Several epidemiological studies have shown the adverse health effects of airborne particulate matter 
deposited in the human respiratory tract (HRT) (Kennedy, 2007; Pope Iii and Dockery, 2006). HRT 
deposition of a particular particle depends on its aerodynamic diameter (dp). Particulate matter can be 
divided to coarse particles (dp>2.5 μm), which are mainly deposited in the upper respiratory system, 
fine particles (0.1<dp<2.5 μm), which are deposited in the tracheobronchial region of the human 
respiratory tract, and ultrafine particles (dp<0.1 μm) which are deposited in the pulmonary/alveolar 
region (Lin et al., 2008). As a result, xenobiotics contained in ultrafine particles can be easily 
translocated in the human body via systemic circulation. 

Genotoxic effects of inhaled particulate matter are mainly attributed to adsorbed polycyclic aromatic 
hydrocarbons (PAHs). PAHs include a variety of semi-volatile organic compounds of low vapor pressure 
that can be transferred in long distances as they are mostly adsorbed in fine and ultrafine particles 
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(Dvorská et al., 2012; Venkataraman et al., 1994). Such compounds may be retained for long in human 
tissue due to their high lipophilicity. About 90% of PAHs are emitted by vehicles (Nielsen, 1996). Other 
sources include industry, biomass combustion, coke and tar production, as well as tobacco smoke 
(Freeman and Cattell, 1990; Masclet et al., 1987). Including benzo[a]pyrene (B[a]P), the only PAH 
classified as known carcinogen to humans by IARC, the most hazardous PAHs are mainly distributed in 
the particulate phase (IARC, 2010). After human exposure to particulate-bound PAHs, the compounds 
are distributed in alveolar (80%) and tracheobronchial region (20%) of the HRT. However, the ultimate 
dose of more toxic substances and their carcinogenic metabolites is much greater in the latter region 
due to the lower rate of diffusion through the bronchial epithelium. Ultimate PAH metabolites may 
alter the replication and transcription mechanisms of DNA and induce tumors (Armstrong et al., 1994; 
Boström et al., 2002). Taking as basis the toxicity of benzo[a]pyrene and using Toxic Equivalent Factors 
(TEFs), it is possible to calculate the overall toxicity (Toxic Equivalent Concentration, TEQ) of the PAHs 
mixture assuming that the TEF of benzo[a]pyrene is equal to 1 (Nisbet and LaGoy, 1992). The majority 
of studies related to carcinogenic potential of PAHs (e.g. (Wiriya et al., 2013; Yu et al., 2008) apply the 
EPA equation or calculate the Incremental Life Cancer Risk (ILCR) without any differentiation between 
age groups of the individuals exposed. HRT deposition modeling has been applied only by Chiang and 
Liao (2006) to determine the PM mass lung/indoor ratio after exposure to heavy incense burning in a 
Taiwanese temple and the PM size distribution in different HRT regions (these results are not linked 
with PM-bound PAHs), and by (Zhang et al., 2012) to estimate the distribution of PAHs to particles of 
different diameter and calculating Lifetime Cancer Risk (LCR). 

 

2.2.2.2 Human respiratory tract (HRT) deposition  

HRT particle deposition modeling is applied for the determination of PM deposition fraction (DF) to 
the three parts of the pulmonary system in order to estimate the internal dose of PAHs. Major 
mechanisms of PM deposition across HRT include diffusion, sedimentation and impaction. Secondary 
mechanisms involve interception and electrostatic deposition. Different HRT regions involve different 
deposition mechanisms, with regard to different PM size as follows:  

- Naso-pharyngeal region (or upper respiratory tract – URT): impaction, sedimentation, 
electrostatic (particles > 1 μm) 

- Tracheo-bronchial (TB) region: impaction, sedimentation, diffusion (particles < 1 μm) 

- Pulmonary (P) region: sedimentation, diffusion (particles < 0.1 μm) 

Several parameters affect HRT deposition, including PM properties (concentration and size 
distribution), air flow parameters (lung capacity and breathing frequency) and HRT physiology 
(structure and morphology). All of these parameters have been taken into account in the approach 
proposed herein.  

HRT deposition was carried out using the Multiple Path Particle Deposition (MPPD) v. 2.1 model (de 
Winter-Sorkina and Cassee, 2002). Age-specific lung geometries representing 10 distinct ages from 3 
months old to 21 years old are also provided. An idealized symmetric single-path model as well as a 5-
lobe symmetric multiple-path model are available for use with each age setting (Mortensen, 1983a; 
Mortensen, 1988; Mortensen et al., 1983b). Software inputs include morphological parameters of 
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pulmonary system – functional residual volume (FRC), tidal volume (TV), upper respiratory tract (URT) 
volume, as well as breathing frequency (BF) for each age group (Table 4). As MPPD results refer to a 
monodisperse distribution of particles, DF results are weighted by the use of volume distribution for 
average urban aerosols, given by Seinfeld and Pandis (2006.  

Table 4. Age dependent HRT morphological parameters (de Winter-Sorkina and Cassee, 2002) 

Age group FRC (ml) URT (ml) BF (min-1) ΤV (ml) 

0-3 months 27.4 2.45 39 30.4 

3-23 months 78.5 6.94 27 86.8 

23 months-3 years 95.4 9.47 24 121 

3-8 years 437 21.0 17 278 

8-14 years 881 30.6 16 388 

14-18 years 1935 37.4 15 447 

18-21 years 1855 42.3 14 477 

 

2.2.2.3 Cancer risk assessment 

In its Provisional Guidance for Quantitative Risk Assessment of Polycyclic Aromatic Hydrocarbons 
(EPA/600/R-93/089, July 1993) and regional guidance, EPA recommends that a toxicity equivalency 
factor (TEF) be used to convert concentrations of carcinogenic polycyclic aromatic hydrocarbons 
(cPAHs) to an equivalent concentration of benzo(a)pyrene when assessing the risks posed by these 
substances. Calculation of the overall toxicity of the mixture of the 19 PAHs is done using Toxic 
Equivalent Factors (TEFs), based on the assumption that the TEF for B[a]P is equal to 1 (Nisbet and 
LaGoy, 1992). 

TEQ values are calculated according to Eq. 3 using the median value of the measured concentrations, 
since the concentrations of individual compounds follow an asymmetric distribution: 

 

Genotoxic effects of PAHs are estimated through inhalation cancer risk (ICR) assessment. ICR is 
expressed as a linear function of ambient TEQ concentration and IURB[a]P (Eq. 4), as the exposure-
cancer risk relationship is considered linear in the low dose region (EPA, 2005). California 
Environmental Protection Agency recommends an IURB[a]P value of 1.1 × 10-3 m3/μg (CEPA, 2004). 
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Equation 4 is adapted to include the exposure and dose parameters discussed earlier for each age 
group. 

In order to calculate the risk of cancer that can be attributed to PAHs , we need to estimate the amount 
of TEQ deposited across the middle (tracheobronchial) and lower (alveoli) HRT regions (Bostrom et al., 
2002). This is calculated as the sum of the products of the different size fractioned PM mass deposited 
across the different HRT regions, multiplied to the TEQ estimated for the specific size fraction. 

 

The cancer risk function implemented is given in Equation 6, where BWi is the average body weight of 
each age group and SF is the B[a]P slope factor, derived from the assumption that IURB[a]P refers to a 
human of 70 kg inhaling 20 m3 of ambient air per day. SF is equal to 3.85 × 10-6 (kg day)/ng B[a]P. 

 

 

2.2.3 Dioxines and furans 
2.2.3.1 Rationale 

Dioxines and furans (PCDDs/PCDFs) are characterized by high carcinogenic potency (Cole et al., 2003). 
Because PCDDs/PCDFs appears to be acting like a potent and persistent hormone agonist, it appears 
reasonable to incorporate mechanistic information on receptor-mediated events in risk assessments 
for TCDD. This information may be obtained from steroid receptor action and from molecular data on 
the Ah receptor (Lucier et al., 1993). This receptor based toxicity, results in sex-dependent sensitivities, 
as a result of a set of sex-specific PCDD/PCDF-responsive genes. However, the estimation of the 
additional probability of cancer due to the additional exposure burden is quite difficult (Dong et al., 
2016). A major obstacle is that an elevated short term external exposure associated to the accidental 
event, has to be translated into long term risk estimates. Considering the significant persistence and 
bioaccumulation of PCDDs/PCDFs in the human body, assessing the actual internal dosimetry of this 
complex mixture is of particular importance. The biokinetics of TCDD are relatively well understood in 
adult humans (Kerger et al., 2006; Michalek and Tripathi, 1999; Milbrath et al., 2009). However, the 
impact of pregnancy and lactation on the elimination of TCDD and other dioxins is not clear (Emond et 
al., 2016). Additional insights regarding the biological perturbations induced by PCDDs/PCDFs 
exposure are provided by transcriptomics and metabolomics analysis, where altered levels of 
endogenous steroid metabolites and modified urinary bile acids profiles were identified as a result of 
acute exposure to PCDDs/PCDFs (Jeanneret et al., 2014). Taken together, these findings are compatible 
with an increased expression of cytochrome P450s, persistent hepatotoxicity, bile acid homeostasis 
dysregulation and oxidative stress. In in vivo studies (mice), serum metabolomics identified azelaic acid 
monoesters as significantly increased metabolites after TCDD treatment, due to downregulation of 
hepatic carboxylesterase 3 (CES3, also known as triglyceride hydrolase) expression in an 
arylhydrocarbon receptor (AhR)-dependent manner (Matsubara et al., 2012). The decreased CES3 
expression was accomplished by TCDD-stimulated TGFβ-SMAD3 and IL6-STAT3 signaling, but not by 
direct AhR signaling, indicating that PCDDs/PCDFs affect additional pathways beyond the ones 
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regulated by AhR. With regard to AhR deregulation, PCDDs/PCDFs exposure elicited metabolite and 
gene expression changes in vivo subjects (mice) associated with lipid metabolism and transport, 
choline metabolism, bile acid metabolism, glycolysis, and glycerophospholipid metabolism (Forgacs et 
al., 2012). From transcriptome analysis of mitogen-induced lymphocytes cultured with 10 nM TCDD, 
all AhR-dependent genes were induced by 1.2- to 13-fold and plasma TCDD was associated with 
decreased 7-ethoxyresorufin O-deethylase activity, as well as strong positive correlation between AhR 
and CYP1A1/ CYP1B1 expression (Landi et al., 2003).  

2.2.3.2 PCDDs/PCDFs toxicokinetics 

The biokinetics of TCDD are relatively well understood in adult humans (Kerger et al., 2006; Michalek 
and Tripathi, 1999; Milbrath et al., 2009) and several key parameters (tissue partition coeficients and 
clearance rates) were used from literature. The key aspects characterizing TCDD biokinetics are very 
high lipophilicity (adipose:tissue blood patrition coefficient is equal to 220) and very slow elimination 
rate, resulting in a half-life elimination rate of 7.5 years, explaining its long persistance and 
bioaccumulation potential. Another important issue that needed to be addressed was the transfer of 
PCDDs/PCDFs through the placenta during pregnancy and maternal milk during lactation. The model 
describes mother fetus interactions by modelling the intra-placental properties that govern the 
transfer of xenobiotics and their metabolites from the mother to the fetus as it grows. The 
anthropometric parameters of the models are time dependent, so as to provide a lifetime internal 
dose assessment, as well as to describe the continuously changing physiology of the mother and the 
developing fetus. The model include diffusive flow from the uterus to the placenta and back during 
pregnancy (Beaudouin et al., 2010). Excretion via lactation is described as an output from the 
mammary tissue compartment through a partitioning process between mammary tissue and milk, and 
milk withdrawal by suckling, as described for PCBs in rats (Lee et al., 2007) and further adopted for 
humans (Verner et al., 2008). 

2.2.3.3 Cancer risk potency 

Mixtures of PCDDs/PCDFs are complex environmental mixtures of 210 interrelated chemicals 
composed of different dioxins and furans. For PCDD/PCDF mixtures, the reference chemical is 2,3,7,8 
– tetrachlorodibenzo-p-dioxin (2,3,7,8–TCDD) because it is the most toxic and best-studied of the 210 
PCDDs/PCDFs. The toxicity equivalence factor (TEF) methodology was developed by the U.S. 
Environmental Protection Agency to evaluate the toxicity and assess the risks of a mixture of 
structurally related chemicals with a common mechanism of action. A TEF is an estimate of the relative 
toxicity of a chemical compared to a reference chemical. Toxic Equivalents, or TEQs, are used to report 
the toxicity-weighted masses of mixtures of PCDDs/PCDFs. The TEQ method of PCDDs/PCDFs reporting 
is more meaningful than simply reporting the total number of grams of a mixture of variously toxic 
compounds because the TEQ method offers toxicity information about the mixture. Within the TEQ 
method, each PCDDs/PCDFs compound is assigned a Toxic Equivalency Factor, or TEF. This factor 
denotes the toxicity of a given dioxin compound relative to the toxicity of 2,3,7,8-TCDD, which is 
assigned the value of one. Other dioxin compounds are given equal or lower numbers, with each 
number roughly proportional to its toxicity relative to that of 2,3,7,8-TCDD. Developed by the World 
Health Organization, TEFs are used extensively by scientists and governments around the world (Van 
den Berg et al., 1998), finally expressing the so-called TEQ WHO (toxicity equivalent concentration in 
accordance with the methodology of the World Health Organization), that uses units of grams-TEQ. 
The EPA uses TEQ WHO to report emissions of PCDDs/PCDFs from known sources to the open 
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environment in its Inventory of Sources of Dioxin in the United States and similar practices have been 
adopted worldwide, including all the data presented in this study. To obtain the number of grams-TEQ 
of a dioxin mixture, one simply multiplies the mass of each compound in the mixture by its TEF and 
sums them up. 

EPA has classified 2,3,7,8-TCDD as a Group B2, meaning a probable human carcinogen (USEPA, 1985). 
With regard to 2,3,7,8-TCDD, EPA has calculated an inhalation cancer slope factor of 1.5·105 (mg/kg/d)-

1 and an inhalation unit risk estimate of 3.3 x 10-5 (pg/m3)-1 for 2,3,7,8-TCDD.  

 

2.2.4 Cadmium 
2.2.4.1 Rationale 

Cancer risk in occupational cohorts exposed to cadmium is limited by the insufficient number of 
workers that have been exposed for a long time at high levels. Moreover, the isolation of the effects 
of exposure to cadmium from other heavy metals (mainly arsenic and nickel) introduces more 
difficulties in the dissociation of the effects. However, the analyses of workers with low levels of 
exposure to arsenic still showed an increased lung cancer risk associated with cadmium exposure 
(Vimercati et al., 2017). Additional support for a cadmium-linked lung cancer risk comes from a 
prospective population-based study in environmentally polluted areas in Belgium (Nawrot et al., 2006). 
Cadmium, has been associated with prostate cancer, based on the findings from occupational cohorts 
exposed to cadmium, as well as studies of people residing in cadmium-contaminated areas and case–
control studies, however, no consisted patern occurred among the various studies (Armstrong and 
Kazantzis, 1985; Sahmoun et al., 2005; Sorahan and Esmen, 2004). In any case, this hypothesis is 
further strengthened by a hospital-based case–control study of a highly exposed population (Vinceti 
et al., 2007). From case–control studies, findings indicate that also other cancer sites of the urinary 
trackt (kidney and bladder), but not limited to, including  also breast and endometrium (Åkesson et al., 
2008; Antila et al., 1996; Hu et al., 2002; Jarup et al., 1998; Kriegel et al., 2006; Pesch et al., 2000; 
Sorahan and Esmen, 2004). The International Agency for Research on Cancer in the most recent 
evaluation of the cadmium evidence for carcinogenicity in 2009, concluded once more that cadmium 
is carcinogenic to humans. The evidence was classified as sufficient for lung cancer and limited for 
prostate and kidney cancer (Straif et al., 2009). 

2.2.4.2 Cadmium toxicokinetics 

For the parameterization of the generic PBTK model, information on previous well validated models 
have been used. Cadmium has specific toxicokinetic properties, such as that cadmium metal and 
cadmium salts are not well absorbed; approximately 25, 1–10, or <1% of the dose is absorbed following 
inhalation, oral or dermal exposure. Inhalation and oral absorption can be influenced by several factors. 
Specifically, cadmium in cigarette smoke has a higher absorption efficiency due to its small particle 
size, while its absorption from the gastrointestinal tract is increased in individuals with poor iron status. 
After absorption from any route of exposure, cadmium widely distributes throughout the body. 
Animals and humans appear to have a similar pattern of distribution that is relatively independent of 
route of exposure, but somewhat dependent on duration of exposure. Cadmium (+2) ion does bind to 
anionic groups (especially sulfhydryl groups) in proteins (especially albumin and metallothionein) and 
other molecules (Nordberg et al., 1985), while plasma cadmium circulates primarily bound to 
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metallothionein and albumin (Foulkes and Blanck, 1990). It is known that cadmium does not undergo 
any direct metabolic reaction, such as oxidation, reduction or alkylation.  

 

Figure 4. Conceptual PBTK model for cadmium developed by Kjellström and Nordberg (1978) 
 

Absorbed cadmium is excreted very slowly, with urinary and fecal excretion being approximately equal, 
0.007 and 0.009% of the body burden, respectively, per day (Kjellström et al., 1978). When cadmium 
enters human body through ingestion or inhalation, is transported to the gut via mucociliary clearance, 
is not absorbed and is excreted through feces. Cadmium is eliminated very slowly and the human 
biological half-time is above 25 years (Shaikh and Smith, 1980). Liver and kidney are tissues where 
cadmium is highly accumulated, followed by other tissues (mainly muscle, skin, and bone). The 
Nordberg-Kjellström (1978) model, illustrated in Figure 4, is a linear multi-compartment model that 
describes the disposition of cadmium via oral and inhalation routes of exposure. Thus, the INTEGRA 
generic PBPK model (Sarigiannis et al., 2014), was parameterized based on the data retrieved from the 
Nordberg-Kjellström (1978) model.  

2.2.4.3 Cadmium cancer risk estimation 

Another way to associate internal dose with cancer health effects beyond the one described above for 
benzene, is to use an established slope factor and to translate the intake based slope factor into a 
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lifetime Area Under the Curve (AUC) related cancer potency factor, defined as AUCSF. Hence, the 
respective cancer risk (RC), will be estimated by multiplying the actual AUCE for a given period of time 
as defined by the exposure scenario, with the related unit risk URSF, that results in risk associated to 
10-6.  

610E
C

SF

AUCR
UR

−= ⋅
 

The area under the curve / slope factor (URSF) is defined as the AUC that results in risk associated to 
10-6. This in turn is derived as follow:  

- Starting from the slope factor of the respective chemical, the chronic daily intake (CDI) that 
results in cancer risk equal to 10-6 is estimated. It has to be noted that this level of 
environmental risc is characterized as acceptable, hence, this intake levels is now defined as 
CDIAR. 

- The CDIAR is used as an input to the respective PBPK model, and the AUC for a period of 70 
years is estimated; the product of this computation, describes the AUC that corresponds to a 
risk of 10-6 and is defined as URSF, since it is originally based in the initial slope factor.  

This method has clear advantages, since it allows us to incorporate all key parameters that induce 
inter-individual variability related to physiology (e.g. bodyweight, genetic polymorphism of enzymes 
associated with metabolism), as well as related to the exposure scenario, such as route dependent 
bioavailability differences. Moreover, considering that AUC is by definition the integral of internal 
exposure over time, the effect of highly dynamic exposure scenarios (including short term accidental 
events) to internal dose fluctuations are effectively captured and incorporated in the risk calculation. 
This is of particular importance for compounds that are not rapidly metabolized or eliminated, where 
short term exposure events result in long term internal exposure changes. Up to now, the method has 
been effectively applied in the case of dioxins release in an accidental fire of a plastic recycling plant 
(Sarigiannis, 2017).   

It has to be noted that cancer risk estimates derived by this method are more conservative to the ones 
derived by original BBDR models. BBDR models translate human epidemiological data into micro 
relationships, associating them with internal dose; in contrast, the AUC/slope factor association 
method, starts from an animal based slope factor, which is already conservative in its nature.  

The slope factor is the result of application of a low-dose extrapolation procedure and is presented as 
the risk per (mg/kg)/day (U.S. EPA, 1987). Since, there are no positive studies of orally ingested 
cadmium suitable for quantification, the quantitative estimate of carcinogenic risk from inhalation 
exposure was only considered. A mortality study of 292 cadmium production workers employed for a 
minimum of 2 years was used for estimating risks regarding respiratory and prostate cancer (Thun et 
al., 1985). To examine further the mortality experience of these workers, investigators from the 
National Institute for Occupational Safety and Health extended the study to include 602 white males 
with at least 6 months of production work in the same plant between 1940 and 1969. Vital status was 
determined through 1978, which included the addition of 5 years to the original follow-up. The unit 
risk should not be used if the air concentration exceeds 6 ug/m3, since above this concentration the 
unit risk may not be appropriate. The data were derived from a relatively large cohort. Effects of 
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arsenic and smoking were accounted for in the quantitative analysis for cadmium effects. It was 
considered that the use of available human data was reliable because of species variations in response 
and the type of exposure (cadmium salt vs. cadmium fume and cadmium oxide).  

For cadmium, the slope factor of 6.3 (mg/kg/day)-1 was used for estimating the respective URSF. As a 
result, the respective CDIAR was equal to 0.00016 μg/kg_bw/d, that was translated in an URSF of 0.18 
μg*h/L. To estimate the cancer risks associated with cadmium exposure, the changes in internal dose 
associated with the changes in exposure were accounted for. 

 

2.2.5 Lead 
2.2.5.1 Rationale 

At the moment there is a lot of evidence that children’s intellectual ability is adversely affected at 
blood lead concentrations < 10 μg/dL (Jusko et al., 2008). To examine some of this evidence in detail, 
a working group was convened by the CDC, and the fifth revision of the CDC’s Preventing Lead 
Poisoning in Young Children (CDC, 2005). The working group concluded that the “overall weight of 
evidence supports an inverse association between blood lead levels < 10 μg/dL and the cognitive 
function of children,” with the caveat that the available data were limited by the small number of 
“directly relevant cohort studies”—studies that include multiple measures of lead exposure throughout 
early life and key covariate information to reduce the potential for residual confounding (CDC, 2005). 
Also in Europe, it has been estimated that the monetary cost in the EU associated to reduced IQ as a 
result of exposure only to Pb, amounts to almost 50 billion euro (Bierkens et al., 2012), since Pb, can 
disrupt normal development of the central nervous system, especially during fetal life and early 
childhood (Sarigiannis and Salifoglou, 2016). 

2.2.5.2  Lead toxicokinetics 

Inorganic lead is highly absorbed when inhaled, at almost 95% of the amount that was initially 
deposited. On the other hand, adsorption through gastrointestinal tract is greatly affected by the 
physiological state of the exposed individual and the species of the lead compound, as well as the 
presence of food. However, it has been noticed that children absorb higher levels (40–50%) of lead, 
than adults (3–10%). Regarding deposition, almost 94% of lead internal burden is contained in the 
bones and teeth versus about 73% in children (O'Flaherty, 1991). Inorganic lead presents a very long 
biological half-life that accounts for 30 days and 27 years for blood and bones, respectively(O'Flaherty, 
1998). Lead entering human body is mainly excreted through urine and feces, independently of the 
route of exposure (CDC, 2007). All this information in toxicokinetics was used for parameterizing the 
generic PBPK model incorporated in the INTEGRA computational platform (Sarigiannis et al., 2014).  

2.2.5.3 Lead neurodevelopmental disorders risk 

With regard to the associated neurodevelopmental effects, it has been found (Jusko et al., 2008) that 
at environmentally relevant lifetime average blood lead concentration 7.2 μg/dL, was inversely 
associated with Full-Scale IQ (p = 0.006) and Performance IQ scores (p = 0.002). Compared with 
children who had lifetime average blood lead concentrations < 5 μg/dL, children with lifetime average 
concentrations between 5 and 9.9 μg/dL scored 4.9 points lower on Full-Scale IQ (91.3 vs. 86.4, p = 
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0.03). Thus, the assessment of scenarios where lead levels are going to be affected, will be based on 
assessment of the lead blood levels using the respective toxicokinetic model.  

 

2.3 Noise 
2.3.1 Rationale 
Noise is a harmful environmental pollutant with adverse psychosocial and physiologic effects on public 
health (Berglund, 1999). Common psychosocial effects are annoyance and sleep disturbance (Babisch, 
2005; Passchier-Vermeer and Passchier, 2000). WHO suggests that daytime and nighttime limits at 55 
dB(A) and 40 dB(A) respectively, should not be exceeded in order to prevent possible such psychosocial 
effects (Murphy and King, 2010). Focusing on the road generated noise, it is estimated that more than 
30% of the EU citizens are exposed to noise levels above those regarded as acceptable by the World 
Health Organization (WHO) and about 10% report severe sleep disturbance because of transportation 
noise at night (EEA, 2003). Furthermore, recent studies suggest that 24 million people in the European 
Union are highly annoyed by road traffic noise (EEA, 2000). The effects of the primary sleep disturbance 
include amongst other, the difficulty in falling asleep (increased sleep latency time), awakenings and 
alterations in the sleep stages or depth. Other primary physiological effects can also be induced by 
noise during sleep, including increased blood pressure, increased heart rate, increased finger pulse 
amplitude, vasoconstriction, change in respiration, cardiac arrhythmia and an increase in body 
movements. According to WHO (Berglund, 1999), exposure to night-time noise also induces secondary 
effects, including reduced perceived sleep quality, increased fatigue, depressed mood or well-being 
and decreased performance. Noise annoyance can be defined as “a feeling of displeasure associated 
with any agent or condition, known or believed by an individual or group to adversely affect them” 
(Lindvall & Radford 1973; Koelega 1987). However, apart from “annoyance”, according to WHO 
(Berglund, 1999) people may feel a variety of negative emotions when exposed to community noise, 
and may report anger, disappointment, dissatisfaction, withdrawal, helplessness, depression, anxiety, 
distraction, agitation, or exhaustion . The effects of night-time annoyance are expressed in the 
following day, where studies have shown that people living in areas exposed to night-time noise have 
an increased use of sedatives or sleeping pills. Other frequently reported behavioural effects of night-
time noise include closed bedroom windows and use of personal hearing protection. It is noted that 
sensitive groups of the above health effects include the elderly, shift workers, persons especially 
vulnerable to physical or mental disorders and other individuals with sleeping difficulties. 

2.3.2 Noise response functions 
Sleep disturbance, is classified as low, medium and high, according to the noise level the population is 
exposed to; it is computed via the polynomial equations 1-3 (Miedema and Vos, 2007), 

LSD = -8.4 + 0.16*Lnight + 0.01081*(Lnight)2      (1) 

SD = 13.8 – 0.85*Lnight + 0.01670*(Lnight)2      (2) 

HSD = 20.8 – 1.05*Lnight + 0.01486*(Lnight)2     (3) 
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where the LSD is the low sleep disturbance exposed to Lnight in the range of 0 – 45 dB(A), SD is the sleep 
disturbance exposed to Lnight in the range of 45 – 65 dB(A) and ΗSD is the  high sleep disturbance 
exposed to Lnight above 65 dB(A). 

The sleep annoyance due to road transport is computed from equation 4 (Miedema and Oudshoorn, 
2001), 

HA[%] = 0.5118*(Lden - 42) – 1.436*10-2*(Lden - 42)2 + 9.868*10-4*(Lden - 42)3   (4) 

where HA are the highly annoyed persons 

Myocardial infraction for an Lday in range of 57 to 80 dB(A) is computed from the Odd Ratio presented 
by equation 5  and used for the calculation of the relative risk presented by equation 6 (Babisch, 2008). 

OR = 1.63 – 6.13*10-4*(Lday,16h)2 + 7.36*10-6*(Lday,16h)3    (5) 

RR = (e ((OR-1)/10)*(Lday,16h) – 1) / e ((OR-1)/10)*(Lday,16h) * BHE * EP    (6) 

Where the BHE is the background health effect per year i.e. 1.4 hospital admissions per 1000 
population (WHO, 2011b) and EP is the fraction of the exposed population. 

 

2.4 Disability adjusted life years lost (DALY) 
The Disability Adjusted life Years or DALY for a disease or a health condition, are utilized defined as 
the sum of the Years of Life Lost (YLL) due to premature mortality in the population and the Years lost 
due disability (YLD) for people living with the health condition or its consequence, i.e.  

DALY = YLL + YLD          

Where YLL corresponds to the number of deaths multiplied by the standard life expectancy at the age 
at which death occurs and YLD to the number of incident cases in that period, multiplied by the average 
duration of the disease and a weight factor that reflects the severity of the disease on a scale from 0 
(perfect health) to 1 (dead), as defined in the following equations. 

YLL = N * L            

Where N is the number of deaths and L the standard life expectancy at age of death in years 

YLD = I * DW * L           

Where I is the number of incident cases, DW is the disability weight and L is the average duration of 
the case until remission or death in years. 

It is noted that, for the mortality induced cases, DALY are computed solely from the YLL, where as for 
morbidity incidences the YLD are utilized with appropriate use of a disability weight and duration of 
the case. 
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Data on severity weights for the European population, have been retrieved from the Salomon et al. 
(2015) study. This resulted from the combined data that have been collected from previous studies, 
(Salomon et al., 2012), further enhanced by a set of four new surveys, under the frame of  the European 
disability weights measurement study (Haagsma et al., 2015). The demographic of the participants are 
presented in Table 5, while severity weights for selected outcomes relevant to ICARUS are presented 
in Table 6.  

 

Table 5. Characteristics of the study population (Salomon et al., 2015) 
 

 

GBD 2010 web-based surveys 
(n=16328) 

European surveys (n=30660) 

Age (years)   

18-29 5186 (32%) 6338 (21%) 

30-49 6660 (41%) 13 989 (46%) 

50-69 4127 (25%) 10 333 (34%) 

>70 355 (2%) 0 

Unknown 0 0 

Sex   

Men 5268 (32%) 14 719 (48%) 

Women 11 011 (67%) 15 941 (52%) 

Unknown 49 (<1%) 0 

Education   

None 59 (<1%) 144 (<1%) 

Primary 11 (<1%) 834 (3%) 

Secondary 1035 (6%) 11 335 (37%) 

Higher 15173(93%) 18 347 (60%) 

Unknown 50 (<1%) 0 
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Table 6. Disability weights for selected health states in the Global Burden of Disease 2013 study 
(Salomon et al., 2015) 

 Estimate 

Cancer 

Cancer 

Diagnosis and primary treatment 0.288 (0.193-0.399) 

Metastatic 0.451 (0.307-0.600) 

Mastectomy 0.036 (0.020-0.057) 

Stoma 0.095 (0.063-0.131) 

Terminal phase  

With medication (for cancers and end-stage kidney or liver disease) 0.540 (0.377-0.687) 

Without medication (for cancers and end-stage kidney or liver disease) 0.569 (0.389-0.727) 

Cardiovascular and circulatory disease 

Acute myocardial infarction 

Days 1-2 0.432 (0.288-0.579) 

Days 3-28 0.074 (0.049-0.105) 

Angina pectoris  

Mild 0.033 (0.020-0.052) 

Moderate 0.080 (0.052-0.113) 

Severe 0.167 (0.110-0.240) 

Cardiac conduction disorders and cardiac dysrhythmias 0.224 (0.151-0.312) 

Claudication 0.014 (0.007-0.025) 

Heart failure  

Mild 0.041 (0.026-0.062) 

Moderate 0.072 (0.047-0.103) 

Severe 0.179 (0.122-0.251) 

Stroke  
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Long-term consequences, mild 0.019 (0.010-0.032) 

Long-term consequences, moderate 0.070 (0.046-0.099) 

Long-term consequences, moderate, plus cognition problems 0.316 (0.206-0.437) 

Long-term consequences severe 0.552 (0.377-0.707) 

Long-term consequences, severe, plus cognition problems 0.588 (0.411-0.744) 

Diabetes and digestive and genitourinary disease 

Diabetic foot 0.020 (0.010-0.034) 

Diabetic neuropathy 0.133 (0.089-0.187) 

Chronic kidney disease (stage 4) 0.104 (0.070-0.147) 

End-stage renal disease 

With kidney transplantation 0.024 (0.014-0.039) 

On dialysis 0.571 (0.398-0.725) 

Decompensated liver cirrhosis 0.178 (0.123-0.250) 

Gastric bleeding 0.325 (0.209-0.462) 

Crohn's disease or ulcerative colitis 0.231 (0.156-0.320) 

Benign prostatic hypertrophy: symptomatic 0.067 (0.043-0.097) 

Urinary incontinence 0.139 (0.094-0.198) 

Stress incontinence 0.020 (0.011-0.035) 

Impotence 0.017 (0.009-0.030) 

Infertility 

Primary 0.008 (0.003-0.015) 

Secondary 0.005 (0.002-0.011) 

Chronic respiratory disease 

Asthma 

Controlled 0.015 (0.007-0.026) 

Partly controlled 0.036 (0.022-0.055) 
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Data in parentheses are 95% uncertainty intervals. 

 

 

 

 

Uncontrolled 0.133 (0.086-0.192) 

Chronic obstructive pulmonary disease and other chronic respiratory diseases 

Mild 0.019 (0.011-0.033) 

Moderate 0.225 (0.153-0.310) 

Severe 0.408 (0.273-0.556) 

Neurological disorders 

Intellectual disability 

Mild 0.043 (0.026-0.064) 

Moderate 0.100 (0.066-0.142) 

Severe 0.160 (0.107-0.226) 

Profound 0.200 (0.133-0.283) 

Motor impairment 

Mild 0.010 (0.005-0.019) 

Moderate 0.061 (0.040-0.089) 

Severe 0.402 (0.268-0.545) 

Motor and cognitive impairments 

Mild 0.031 (0.018-0.050) 

Moderate 0.203 (0.134-0.290) 

Severe 0.542 (0.374-0.702) 

Data in parentheses are 95% uncertainty intervals. 
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