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1. Introduction 

 

Within 2-FUN Work Package 1, entitled “Methodologies for the selection, construction and 

visualisation of realistic scenarios, accounting for future environmental and societal changes”, the 

University of Venice (Interdepartmental Centre IDEAS), is charged to achieve the goals set for Task 

1.1.  

The first phase of activities of this Task is aimed at the development of a methodology for the ranking 

and selection of scenarios and, in particular, it focused on the development of a methodology for the 

selection of priority environmental chemical stressors to be further investigated.  

The present document illustrates the methodological development of this methodology for the ranking 

of environmental chemical stressors at the regional scale, allowing also the ranking of priority areas 

within the region. It is based on a Weight-of-Evidence approach, implemented through a Multi-Criteria 

Decision Analysis (MCDA) procedure.  

In the following chapters the scope and the main features of the methodology will be presented 

(Chapter 2), followed by a brief introduction on MCDA and Fuzzy Logic (Chapter 3) and the detailed 

description of the methodological development (Chapter 4). 

An additional part of this deliverable (Part 2) will be prepared during the following months and will 

describe the application and validation of the proposed methodology to an European case-study.  
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2.  Objectives and main features of the methodology 

2.1.Objectives of the methodology 

 

The first phase of activities of Task 1.1 has the specific objective of developing a screening 

methodology preliminary to a detailed human health risk assessment and aimed at identifying priority 

environmental chemical stressors and the associated health outcomes to be further investigated.  

In complex systems, where multiple stressors interact, many targets are contemporary involved and 

different health outcomes may be observed, initial assessment efforts have to be addressed to the 

most relevant scenarios, with the aim of focusing the further risk assessment on the most critical 

situations (Menzie et al., 2007). This is a “focusing exercise” aimed at guiding assessment efforts and 

resources towards those scenarios which could correspond to the greatest potential effects on human 

health. 

Typically, at the regional scale different types of environmental and health data may exist for the 

characterization of the environmental health status. Each chemical stressor (or class of chemical 

stressors) may be associated, on the basis of available toxicological and/or epidemiological 

knowledge, to different typologies of diseases identified as possible outcomes of environmental 

exposure to that chemical. The main objective of the proposed methodology consists in the evaluation 

of the existing information on environmental contamination and population health status in the region 

of interest in order to identify which pairs of “chemical – related health outcome” have to be 

investigated more urgently. Moreover, the methodology will allow the identification of priority areas 

within the considered region, where further assessment should be focused. 

It is important to highlight that the methodology to be developed is not aimed at demonstrate the 

causal relationship between a selected chemical and an adverse health effect. Rather, starting from 

the knowledge that environmental exposure to a specific chemical has been identified as a possible 

cause of a disease, the ranking methodology will try to highlight those cases where there is evidence 

suggesting a possible impact of environmental contaminants on human health. 

This screening phase should provide the adequate information for addressing the efforts of the further 

risk assessment towards the most critical scenarios, by identifying an appropriate and manageable 

number of chemical stressors which will be the object of a detailed human health risk assessment in 

the region of interest (for example, through the application of exposure models, Physiologically-Based 

Pharmaco-Kinetic models, pathology models such as those developed within 2-FUN project in WP2 

and WP3).  
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According to project purposes, the considered environmental stressors will exclusively be chemical 

substances (i.e. no physical or biological stressors will be included in the analysis). 

The main features of the ranking methodology can be summarized as follows. 

1)  The methodology should be a screening methodology to be applied in a preliminary phase of the 

assessment, at the regional scale. 

2)  The methodology should make use of the environmental and health data available in the region of 

interest (environmental and health data from existing monitoring systems, data from previous 

studies, etc.), and allows a first organization and evaluation of the available information with the 

purpose of framing and addressing subsequent risk assessment. 

3)  The methodology will be based on the integration of existing information about environmental 

contamination, population exposure and possible health effects, in order to identify priority 

environmental chemical stressors. For this purpose, a “Weight-of-Evidence” approach is 

proposed, which, can be described as “a framework for synthesizing individual Lines of Evidence, 

using methods that are either qualitative (examining distinguishing attributes) or quantitative 

(measuring aspects in terms of magnitude) to develop a conclusion regarding questions 

concerned with the degree of impairment or risk” (Linkov et al., 2009). 

The methodological framework that allows the evaluation and integration of data concerning 

different Lines of Evidence is offered by Multi Criteria Decision Analysis (MCDA) . MCDA tools 

support the choice among multiple alternatives based on different criteria and provide a systematic 

approach for handling different types of information overcoming the limitations of unstructured 

individual or group decision making (Linkov, 2006).  

4)  The ranking methodology will adopt a spatial-oriented approach. The spatial dimension of the 

assessment will require the identification of spatial entities, called Elementary Geographic Units 

(EGU), representing the smallest geographical level chosen for data aggregation and allowing the 

comparison and integration of different types of data (Figure 4). Generally, these EGUs could 

correspond to administrative areas, such as municipalities or counties, according to the spatial 

scale of the assessment and the availability of monitoring data. 
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Figure 2. Spatial framework for the assessment. 
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Each EGU will be characterized by a set of data (i.e., “attributes”) concerning each of the n 

environmental chemical stressors and corresponding m diseases considered in the assessment.  

2.2 Conceptual approach 

In human health risk assessment, the system to be analyzed is constituted by a temporal and spatial 

sequence of events starting from the release of a chemical in the environment and ending to the 

development of an adverse effect (health outcome) in human body. For pragmatic purposes, this 

continuous sequence can be divided into discrete stages (DeWoskin et al., 2007), as illustrated in 

Figure 3. For each stage, information obtained from experimental, monitoring or modelled data, can be 

used in the assessment process.  
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Figure 5.  Different steps of the exposure-effects sequence 

 (modified from DeWoskin et al., 2007) 

 

The first step concerns the release of a chemical substance in the environment as a consequence of 

industrial activities, transports, accidental releases, etc. The second step is related to fate&transport 

processes which determine the presence of a chemical substance with potential toxic health effect in 

one or more environmental media (soil, water, air, etc.). The third step is related to the evaluation of 
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the intake, i.e. the quantification of the amount of chemical that daily may enter the body through 

several exposure routes. This process is also influenced by the vulnerability of the exposed groups 

(e.g. children are characterized by higher contact rate with contaminated media than adults, which 

determine a higher intake if compared to adults in the same exposure conditions). 

The fourth step concerns the process of absorption of the chemical substance into the body, that 

determines an internal dose measurable by means of adequate biomarkers of exposure.  

Once a chemical stressor has entered the human body, it may cause an early effect on the organism 

(fifth step). The effects may be measured as changes (often reversible) in the biological systems by 

using biomarkers of effects, such as measurement of cholinesterase activity in blood, changes in 

cytochrome P450 enzyme activity, etc. The chain ends with the manifestation of the full disease state 

(sixth step): at this stage the population health status is measurable by collecting information on the 

incidence/prevalence of the diseases of interest in a defined area (epidemiological data).  

For the development of a disease as a consequence of environmental exposure, each step of the 

sequence has to be “accomplished”.  

The basic idea behind the ranking approach of environmental chemical stressors consists in the 

evaluation for each chemical and its associated health effects of the existing evidence for each step of 

the exposure-effect sequence. As stated in paragraph 2.1, the ranking methodology will make use 

only of existing monitoring data about the region of concern. In particular, for the development of the 

ranking methodology, 3 steps of the aforementioned sequence are chosen, which are more likely to be 

covered by monitoring data (Smolders and Schoeters, 2007). These steps can be referred to as 3 

Lines of Evidence (LoE), because data related to each of these steps provide information about a 

specific aspect of the investigated problem. Specifically,  the selected Lines of Evidence are: 

1)  LoE “Environmental Contamination”: this LoE provides information about the distribution and 

quantity of chemical stressors in the environment, taking different matrices into account (e.g. soil, 

air, surface water, groundwater,…) according to the scope of the analysis and the available data. 

This information is derived, for example, from existing environmental monitoring data and can be 

available as single point data or as distribution maps. For evaluating the “entity” of the 

contamination status, the comparison with reference/threshold values (e.g. Environmental Quality 

Standards) may be used. This LoE is included in the ranking methodology because it provides 

information about the potential contamination to which population is exposed (the higher the 

environmental contamination, the higher the probability that the population it is exposed is). 

2)  LoE “Intake”: this LoE includes data derived from biomonitoring of specific parameters. 

Biomarkers of exposure may include measurements of parent compounds, metabolites, or DNA or 

protein adducts of parent compound and/or metabolites that indicate a direct exposure to the 

compound of interest (Ryan et al., 2007). This LoE has been chosen to introduce in the 

assessment an evaluation of the actual exposure of population to the selected chemicals. 
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Biomarkers of exposure indeed represent an integration of exposure from all sources and routes, 

which provide an important perspective on overall exposure (Albertini et al., 2006). These data 

may thus indicate if the considered population living in the contaminated region is actually 

exposed to specific chemical substances. Some example of quite commonly used exposure 

biomarkers are concentration of Pb in blood, concentration of Cd in urine, etc. Therefore, this LoE 

will include data provided by biomonitoring campaigns such as the concentration of chemicals or 

metabolites in blood and other biological matrices. 

3)  LoE “Observed Effects”: this LoE is aimed at providing information about health effects measured 

in the population which are suggested to have, according to present toxicological and 

epidemiological knowledge, an environmental cause. This LoE may include basically 

epidemiological data. Epidemiological data consist in information about the distribution and/or the 

frequency of disease/deaths by means of morbidity and mortality data. Health effects may be 

evaluated as individual-level data or may be aggregated for populations (often identified by 

administrative units) like those available from local, regional and national surveys. Aggregated 

data consists in measures of disease frequency and involve the occurrence of new cases or 

deaths (measure of incidence or mortality) or the presence of existing cases (measures of 

prevalence) (Morgenstern and Thomas, 1993). 

Each LoE could be considered separately: for example, we can compare existing contamination data 

for several chemicals within a region and define a ranking where chemicals with the highest 

concentration are on the top. The same concept may apply to other LoEs. Instead of considering 

these aspects separately we propose to overlap and integrate the different pieces of information 

provided by the different LoEs for each chemical, through a Multi Criteria Decision Analysis (MCDA) 

approach (Linkov, 2006), with the aim of achieving a more robust and complete evaluation of available 

evidence. Chemicals resulting on the top of the ranking list are candidates to become the object of a 

detailed risk assessment, through the implementation of further monitoring and the use of specific 

predictive exposure and toxicological models.  

The information obtained through the integration of the 3 LoEs will provide the basis for the 

accomplishment of 3 methodological steps (which will be explained in detail in Paragraph 4.1) leading 

not only to a ranking of chemicals at local scale and at the regional scale but also to a ranking of 

Elementary Geographic Units within the considered region.  

2.3 Possible relationships among substances and diseases  

The identification of the possible causal relationship between a chemical substance and an health 

outcome should constitute the first step of the assessment. This identification should be based on 

available toxicological and epidemiological knowledge with the support of expert judgement.  

S = {S1, S2,…, Sn}   is the set of the n chemical substances to be taken into account 
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and 

D = {D1, D2, …, Dm}  is the set of the m diseases to be considered. 

Starting from the known relationships, a scheme illustrating the relationships between chemicals and 

health outcomes (as illustrated in the example in Figure 4) can be developed. 

The arrow exiting from the chemical and entering the health outcome indicates that this chemical has 

been identified among the possible causes of that pathology. 

 

S1

S2

S3

D1

D2

D3

S4 D 4

S1

S2

S3

D1

D2

D3

S4 D 4

 

Figure 4. An example of possible relationships among chemical substances (Si) and diseases (Dj) 

 

The same information can be translated into a matrix composed by n rows (for the corresponding n 

chemicals) and m columns (for the m health outcomes). 

 

 D1 D2 D3 … Dm 

S1 x x    

S2   x   

…      

Sn   x  x 

Figure 5. An example of a (n X m)  matrix representing the relationships between 

chemical substances (Si) and diseases (Dj).  

 

It could be useful to highlight that the possible kind of relationships could be traced back to 3 cases 

(an example of the resulting matrix is reported in each case): 
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D1 D2 D3 D4

S1 x x
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D1 D2 D3 D4
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A) the same stressor (Si) is identified as possible cause of two or more pathologies: 
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B) two or more stressors are identified as potential causes of the same pathology Mi: 

 

S1

S2

D1

D2
 

 

 

C) among the considered chemicals, each chemical is identified as possible cause of only one 

pathology  and this pathology at the same time is connected only to that chemical (the relationship is 

biunique):  

 

 

 

 

 

In chapter 4 it will be explained how we propose to deal with the described situations along the 

different methodological phases. 

 

 

 

3. Background Notes on Multi-Criteria Decision Analysis and Fuzzy 

Approach 

 

In this chapter, a brief overview will be provided about general principles and characteristics of Multi 

Criteria Decision Analysis methods and Fuzzy approaches, which are considered useful for a 

complete understanding of the proposed methodologies.  
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3.1 Multi-Criteria Decision Analysis (MCDA) 

MCDA includes a large number of methods for the evaluation and ranking or selection of alternatives 

that considers all the aspects of a decision problem involving many actors (Giove et al., 2009).   

A structural platform common to almost all the decision problems includes the following items: 

1. the decision maker (DM). A conceptual figure, a single person, a group of persons or an entity 

in charge of finding the best solution for the problem under assessment; 

2. a set  of alternatives, in the finite case: , beside whom the DM must 

choose the best solution; 

3. a countable family of criteria or attributes or parameters, . These are aspects 

of the problem that the DM considers crucial and they also define the alternatives. Criteria can 

be organized into a hierarchical structure, i.e. a decision tree where the root is the objective 

function whose leaves are the first-level criteria, each of them split again into second-level 

criteria (sub-criteria), and so on till the last level, whose terminal leaves are the indicators (or 

the last level sub-criteria) formed by the available information (data or judgments); 

4. an objective or target function (to be optimized) used to score, and in case rank, alternatives, 

usually an aggregation function; 

5. the decision maker’s preferences for the different evaluation of the criteria; 

6. an algorithmic tool designed to optimize the objective function, considering all the above 

information 

MCDA methods can be categorized into 3 groups (Vinke, 1992): MAUT/MAVT (Multi-Attribute 

Utility/Value Theory), Outranking and Interactive methods.  

The methodology proposed in this report is based on a MAUT/MAVT approach. In Multi-Attribute 

Utility/Value Theory (MAUT/MAVT), criterion values are first normalized into a common numerical 

scale by means of a suitable transformation function (or Utility/Value Function). Then criteria are 

aggregated by a suitable aggregation operator, a function that satisfies a set of rationality axioms.  

Using a bottom up approach, this operation is repeated for all the nodes in the decision tree (if the 

problem is hierarchically structured) for all the alternatives. Each branch or level of the tree may be 

aggregated to its root by using different aggregation functions based on the criteria relations. At the 

tree root (the objective) a single numerical value is finally computed, which is the score of the 

proposed alternatives. The alternatives can then be rated and ranked, since MAUT/MAVT produces a 

total ordering, and so the best one can be selected. 

 

Many different aggregation operators can be used in the evaluation of a MAVT decision tree. 

Aggregation operators can be classified, considering their behaviour, in three main classes: minimum 

operators, mean operators and maximum operators (Calvo, 2002). Aggregation operators can also be 
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associated to logical operators, especially when dealing with fuzzy sets and fuzzy logic problems (see 

paragraph 4.3 for a fuzzy logic overview).  

The ranking methodology presented in this document makes use of fuzzy measures, therefore 

aggregation operators which are counterparts of logical operators have been used. More precisely, the 

methodology implies the use of a conjunction operator. Conjunction operations (denoted by the “AND” 

word  and by the  symbol) are used when the aim is to highlight situations where all the elements 

under assessment must be valid at the same time (e.g. my car must be fast AND cheap). In traditional 

logic, propositions based on conjunction operators are satisfied when all their operands are satisfied, 

i.e. the proposition is true if and only if all of its operands are true.  

Fuzzy logic differs from classical logic because it introduces the concept of different degrees of truth 

(to be expressed in the range [0,1]). In a fuzzy environment the aforementioned definition of 

conjunction (demanding that all operands are completely true in order to obtain a true result), cannot 

be applied because the concept of “truth” may assume a value varying between 0 and 1. Conjunction 

operators, in a fuzzy logic environment, are therefore represented by the set of “minimum operators” 

which correspond to the family of Triangular-norms (abbreviated in T-Norm) functions (Klement, 

2000).  

A T-norms is a function T:[0,1] x [0,1]  [0,1], having the following properties: commutativity, 

monotonicity (increasing), associativity, 1 as the neutral element. The T-norm providing the maximum 

results is the minimum function, while  the one providing the lowest result is the product (Klement, 

2000). The most notable and commonly used T-norms are the minimum, the probabilistic T-norm, the 

Lukasiewicz T-norm and the drastic T-norm. Any of the mentioned T-norms can be used to represent 

conjunction in fuzzy logic, it is important to highlight that each T-norm has its specific properties to be 

evaluated when choosing the most suitable for the assessed problem. 

3.2 Fuzzy Approach 

Fuzzy logic was first introduced by Lofti Zadeh in 1965 with the aim of providing a means of 

processing data by extending classical set theory to handle partial membership (McKone and 

Deshpande, 2005).  

Fuzzy approaches have the quality to deal with the concept of “partial truth” to quantify uncertainties 

associated to linguistic variables and allow indeed to translate qualitative and vague information (e.g. 

qualitative judgement) into numerical reasoning with the aim of incorporating it into a mathematical 

framework (Chowdury et al., 2009; Li et al., 2007). 

Fuzzy logic allows the definition of membership functions (Zadeh, 1965) which correspond to 

characteristic functions in classical set theory. Membership functions represents the degree to which a 
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linguistic variable satisfies each term of a Fuzzy set (that is, membership degree). A membership 

function is a function  

f: D[0,1]  

where D is the domain of the fuzzy variable of concern.  

The membership function gives the degree of truth of the variable of concern in each of its domain’s 

values.  

In Figure 6 three membership functions for three linguistic variables (LOW, MEDIUM, HIGH) for the 

same term are presented in the same graph. As the term value increases, its membership moves from 

one variable to the other in a continuous way. 

 

  

Figure 6. An example of a membership function.  

 

 

 

 

 

4. Methods 

 

In this chapter the methodology proposed for the accomplishment of the goals identified in Chapter 2 

will be described in detail. First, in Paragraph 4.1 the methodological framework will be presented, 

then in the following paragraphs the specific procedures proposed for each step of the methodological 

framework will be described in detail.  

4.1 Methodological framework 

The proposed ranking methodology will constitute the basis for the development of a “Risk-based Tool 

for the Regional Ranking of Environmental Chemical Stressors”, a decision-support tool aimed at 
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helping end-users/decision-makers (e.g. local authorities, environmental and public health agencies, 

etc.) in the selection of priority environmental chemicals and priority areas to be further investigated.  

Three different methodological phases have been identified and will be implemented in the “Risk-

based Tool for the Regional Ranking of Environmental Chemical Stressors”: each phase is related to a 

specific objective and leads to the achievement of a specific ranking as explained in the following 

paragraphs.  

The first phase is aimed at obtaining a ranking of the environmental chemical stressors in each 

Elementary Geographic Unit (PHASE 1), for example in each county of the region covered by 

monitoring data.  

Afterwards, the results obtained for different EGUs will be integrated and properly treated for achieving 

a ranking of environmental chemical stressors at the regional level (PHASE 2), to select, within the 

region, those chemicals to be included in a detailed human health risk assessment (e.g. through 

implementation of further environmental or health monitoring, use of detailed exposure or toxicological 

predictive models, etc.).  

The last phase of the Ranking Tool is aimed at providing a ranking of the EGUs within the region 

(PHASE 3), in order to identify and select those EGUs where existing environmental and health 

monitoring data suggest a situation of possible or actual impacts on population health. 

The proposed methodology will be implemented in a dedicated software tool (we will refer to it as the 

“Risk-based Tool for the Regional Ranking of Environmental Chemical Stressors”) that will allow data 

storage, application of the different methodological phases of the ranking methodology and delivery of 

results. The tool will include a geo-database linked to a Geographic Information System (G.I.S.) 

framework for the spatial visualization of results.  

The system will be ”fed” with environmental and health monitoring data concerning the region of 

interest and adequately treated in order to satisfy methodological and software requirements.  

4.2 PHASE 1: Ranking of chemicals within each Elementary Geographic Unit  

In this paragraph, the procedure aimed at the ranking of environmental chemical stressors within each 

Elementary Geographic Unit is described.  

First, for each Elementary Geographic Unit (EGU), a set of pairs [chemical, disease] has to be 

identified, for which environmental and health monitoring data are available.  

For each EGU and each pair [chemical, disease] a set A including three type of data (corresponding to 

the 3 selected Lines-of-Evidence) could be available, that is: 

Ai,j = [Ci, Ii, Dj] 

where: 
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Ci = concentration of chemical i
th
 in the environmental matrix of interest (e.g. soil, water, air); 

Ii = concentration of the chemical i
th
 (or its metabolite) in a human biological matrix (e.g. blood, 

urine); 

Dj = indicator of incidence/prevalence of j
th
 disease in the EGU; 

with  

i = 1, 2, …, N (number of substances) 

j = 1, 2, …, M (number of diseases) 

Therefore, each EGU will be characterized by a number of sets Ai,j = [Ci, Ii, Dj] which equals the 

number of pairs [chemical, disease] identified in that unit.  

The information provided by the three Lines-of-Evidence (LoEs) has to be merged and evaluated in 

order to support the decision-maker in the selection of the priority chemicals in the EGU of interest. 

Different combinations of data from the 3 LoEs may correspond to different situations: the goal is to 

evaluate these combinations according to the decision-maker rules in order to select those chemicals 

which results to be related to the most critical situations. This goal requires the aggregation and 

evaluation of heterogeneous data, a suitable approach to deal with this type of issue is provided by 

MCDA techniques (Figueira et al., 2005) (see Paragraph 3.1). In fact MCDA supports decision-makers 

in evaluating and selecting among a number of alternatives based on multiple criteria and adopting 

systematic analysis that overcomes the limitations of unstructured individual or group decision-making 

(Linkov et al., 2006).  

The methodology for the ranking of environmental chemical stressors within each EGU can be 

summarized in the following 3 steps: 

1)  Normalization of criteria values; 

2)  Aggregation of normalized values into a unique indicator and weighting to estimate a 

ranking score for each pair chemical-disease; 

3)  Estimation of a score for each single chemical. 

These steps will be described in the following paragraphs and are illustrated in Figure 7. 

The results of this first phase (estimate of a score for each single chemical) represent the starting 

point also for the other two phases (i.e. ranking of chemicals at the regional scale and ranking of the 

EGUs). 
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Figure 7. Main steps of the MCDA-based methodology for the ranking of chemicals within each EGU 

 

4.2.1 Normalization of criteria values 

The data concerning each LoE have first to be properly transformed (i.e. normalized) into a common 

numerical scale. To this purpose, an approach based on Fuzzy logic is proposed. Fuzzy logic allows 

to define membership functions, representing the degree to which a linguistic variable satisfies each 

term of a Fuzzy set (that is, membership degree) (see paragraph 4.2). 

A properly defined function allows then to define the “degree of truth” of a sentence such as “the lead 

contamination in soil is high”. As an example, the classification and evaluation of the contamination 

value for the chemical i
th 

can be achieved by a function like the one represented in Figure 8. On the x-

axis are the values that can be assumed by the variable “concentration of the i
th
 substance in the 

environmental matrix” (e.g., mg/kg of dry soil), while on the y-axis (on the scale [0,1], but alternatively 

also the scale [0%, 100%] can be used) are the values representing the “degree of truth” of the 

sentence “contamination in the matrix due to the i
th
 substance is high”.  
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Figure 8. Example of membership function for data of the LoE “Environmental Contamination”. 

 

In order to build this membership function, it is necessary to define (and therefore to ask the 

expert/decision-maker) two thresholds: 

- the threshold below which the degree of truth of the sentence is considered equal to 0 (i.e. the 

sentence is false) 

- the threshold above which the degree of truth of the sentence is maximum, i.e. equal to 1, or 

100% (i.e. the sentence is true). 

In the range of values between these two thresholds, the function may have different shapes, but, for 

the sake of simplicity, we set it as a linear function.  

Adopting the same approach, two membership functions, for the LoE “Intake” and the LoE “Observed 

Effects”, can be defined. In the case of LoE “Intake”, on the x-axis is represented the variable 

“Concentration of substance i
th
 in biological matrix” (e.g. ug/dl of blood), in the case of LoE “Observed 

Effects” on x-axis a variable representing the incidence or prevalence of a disease (e.g. “number of 

new cases per year each 10.000 people”) is represented.  

By applying the above concepts, a set of three normalized data, expressed on the same scale (i.e., 

[0,1]), is obtained for each pair [chemical, disease], as follows:  

A’i,j = [xi, yi, zj] 

where:  

xi = “degree of truth” of the sentence “the concentration of the chemical substance i
th
  is high in 

the environmental matrix”; 

yi =  “degree of truth” of the sentence “intake of the substance i
th
 is high”; 

zi =  “degree of truth” of the sentence “the incidence/prevalence of the disease j
th
 is high”. 
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4.2.2  Aggregation of normalized values into a unique indicator and weighting 

The normalized values must then be aggregated into a unique numerical value. The selection of the 

aggregation operator/function depends on the relationships among the considered criteria and the 

meaning/objective of the final indicator to be obtained.  

Many aggregation operators exists (see 4.2), for our purposes the conjunction operator (⋀ ) is 

selected because our aim is to highlight those situations where all operands (i,e., all three LoEs) are 

contemporarily verified (not null). 

The ranking score for each pair “chemical i
th
 and disease j

th
” can be estimated as the degree of truth of 

the following statement: 

 

jjizjyixiji TzgygxgH ,, ),(),(),(  
(eq. 1) 

 

The ranking score Hi,j related to the i
th
 chemical and the j

th
 observed effect is thus estimated from the 

elements illustrated in details in the following paragraph.  

First, the ranking score depends on the normalized values obtained from each LoE, that are: xi, yi 

and zi.  

As the decision-maker can decide to assign a different importance  to each one of the single criterion 

(i.e. to each single LoE), there is the possibility to assign a specific relevance weight δp to each of 

them:  

δx = relevance weight assigned to LoE “Source”; 

δx = relevance weight assigned to LoE “Intake”; 

δx = relevance weight assigned to LoE “Observed Effects”. 

For example, the decision-maker could decide to attribute a higher weight to data of LoEs associated 

to exposure (“Environmental Contamination” and “Intake”) in comparison to the LoE “Observed 

Effects”.  

The relevance parameter δp can vary on the scale [0,1] and the function gp is a simple aggregation 

function between the normalized value for each LoE and the relevance of that LoE, which determines 

how much the normalized value has to be considered in the aggregation.  

As explained earlier (see paragraph 3.2), the conjunction operator ( ⋀ ) in fuzzy environments is 

expressed as a T-Norm. Among all possible T-Norms we decided to use the minimum function, which 

is the most widely used function in this kind of elaborations. As shown by the first part of equation 1 
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(inside the square brackets), a weighted minimum is applied between the LoEs. According to Yager’s 

definition (Yager, 1981) the weighted minimum can be written as follows: 

ii

n

i
nww xwxx

n
,1maxmin),,(min

1
1,,1
  

that in our context became: 

),1max(),,1max(),,1max(min jziyix zyx  

Therefore, it results that the g function can be written as follows: 

),1(max),( xxg  

To better understand what the weighted minimum means in practice, the first thing to keep in mind is 

that 1 is the neutral element of the minimum function. This means that an operand which value is 1 is 

non influential in the evaluation of the minimum (remember that we are always dealing with numbers 

in [0,1]). Therefore, it also means that if an operand has to be non influential, its value must approach 

1. As argument of the g function, the opposite of the weight parameter δ is used, so that the higher δ 

the lower its opposite is. Consequently low values of δ (i.e. scarce importance for the associated 

criterion) will likely generate high g function values, which will in turn be non influential in respect to the 

other g functions results within the weighted minimum equation. 

Another element to be included in the aggregating function is the parameter jiT , . 

This parameter allows to define how to face the cases in which two or more chemicals are associated 

to the same disease j
th
, as illustrated in Figure 9. 
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Figure 9. An example of a case where more chemicals (S1, S2 , S3) are related 

 to the same disease (M1) and generate different scores (H1,1, H1,2, H1,3). 

 

In this situation, the decision-maker can decide to evaluate “independently” each set (xi, yi, zj), that is, 

to consider the value of the LoE “Observed Effects”  (zi) unchanged for each set. Alternatively, the 

decision-maker can also decide to “subdivide” the value of zi among the involved chemicals, that is, to 
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attribute a “portion” of zi to each set. This choice is determined by his degree of knowledge about the 

system under analysis and the specific relationship between chemicals and diseases. 

To allow the decision-maker to set freely how to deal with this situation, a parameter jiT ,  is defined 

and introduced as an additional element in the aggregation phase. 

jiT ,  is estimated from a parametric formula defined as follows: 

 

Bk jkk

jii

ji
E

E
T

,

,

,  

 

where  

 B is the set including all chemicals associated to the disease j
th
; 

 ji ,  is a parameter representing the “probability” that chemical i
th
 causes disease j

th
 (it is a 

relative weight, defined on the scale [0, 1]  that has to be set a priori by the expert for each 

pair); 

 Ei is an indicator of the “overall evidence of exposure” (because it takes into account 

information related to both “Environmental Contamination” and “Intake”) and is calculated as 

follows: 

 ),(),( yixii ygxgE  

 

α is a parameter which allows the decision-maker to define how to deal with the situation where more 

chemicals are associated to the same disease. Specifically, α can be: 

1) α = 0, (it follows that is 1, jiT ): in this case the decision-maker is evaluating each set 

independently and is attributing to each chemical all the evidence of effect (zi); 

2) α = 1: the decision-maker attributes to each chemical a “partial responsibility” in causing the 

disease, according to the weights defined a priori; 

3) α   (it follows that Ti,j  0): in this case, the higher the value of α, the higher become the 

weight given to cases in which only one chemical is associated to a disease (i.e. cases where 

more chemicals are present tend to be disregarded due to an increasing uncertainty 

associated to the attribution of effects to one chemicals instead of another one) 
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As to the decision maker point of view, only few parameters need to be set, which are the importance 

of each LoE δ, the value of α and the parameter  . All these values can be asked to the user by 

means of a scale bar. In the case of the parameters δ and  , the scale bar will be continuous (in the 

range [0,1]), identifying the first the degree of importance and the latter the relative weight of the 

relationship chemical-disease. In the case of the α parameter the scale bar will be discrete and each 

point in the scale will be identified by a label which explains the corresponding logic.  

The last element to be included for the estimate of the ranking score is the parameter ωj.  

ωj is a parameter representing the seriousness of the j
th
 disease in terms of potential disability and 

thus in terms of potential impacts on society due to occurrence of a case of the disease. The decision-

maker can therefore decide if further distinguish among different pair [chemical, disease] based not 

only on the aggregation of information derived from each LoE, but also on the different degrees of 

seriousness of different diseases.  

The “seriousness” of the disease could be evaluated by using expert judgement, or a reference scale 

such as the system of Disability Weights proposed in the framework of assessment of the 

global/national environmental burden of diseases (WHO, 2004; Stouthard et al. 2000). This consists in 

a set of disease-specific empirical weights to evaluate the level of disability, following standardized 

methods (Stouthard et al., 2000). These weights are used to translate measures of incidence of 

environmental diseases (measured or estimated) into cumulative indicators (e.g. DALYs) in order to 

quantify the overall burden of disease for a selected population.  According to this reference system, 

and in case integrating also expert judgement, a “seriousness value” ωj could be attributed to each 

considered disease.  

This value ωj is included in the interval [0,1]. 

As a summary, information to be provided by the decision-maker (i.e. the whole set of values to be 

attributed to the different parameters included in the methodology) is illustrated in Box 1 at the end of 

Paragraph 4.2.  

4.2.3 Final ranking of the chemicals within each EGU 

With the objective of ranking chemicals within the EGU, in the case of a chemical associated to more 

than one disease, the proposed aggregation procedure is the following: 

n

J ji

CHEM

i HH
1 ,  

 

that is, Hi,j scores related to the same chemical are summed.  
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Finally, H i
CHEM

 obtained for each chemical will be compared to obtain the chemicals ranking. 

 

In Figure 10, is reported an example illustrating different possible situations (relationship single 

chemical-single disease, more chemicals associated to the same disease and more diseases 

associated to the same chemical). The way of aggregating Hi,j scores is illustrated. 
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Figure 10. An example of aggregation of scores Hi,j into a single score Hi
CHEM

  

taking into account different types of relationships between chemicals and diseases. 

 

Because the final objective is to achieve a ranking, the different values to be ranked need to be 

comparable. This implies that it is necessary to have for each pair [chemical, disease] the whole set of 

3 data corresponding to the 3 LoEs (Environmental Contamination, Intake, Observed Effects).  

This assumption is included in the system, which will discard all sets where the values for one or more 

LoEs are missing. It is in charge of the user to provide a dataset as much complete as possible in 

order to obtain the higher number of results as possible.   
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4.3. PHASE 2: Ranking of Environmental Chemical Stressors at the Regional Scale 

The objective of this step consists in selecting the priority chemicals at the regional level, after having 

obtained the ranking of chemicals within each EGU for which data are available.  

Within each EGU, a score for each pair [chemical, disease] (Hi,j)u and a final ranking score    (Hi
CHEM

) u 

for each chemical have been estimated in the previous phase of the methodology.  

At this point, the criteria chosen to rank the chemical at the regional scale are the following ones: 

- the number of EGU in which the chemical is detected; 

- the value of the score Hi,j in the u
th 

EGU; 

- the population pu of each EGU. 

To include all this information into a unique indicator, the Weighted Sum is chosen, where the scores 

(Hi
CHEM

)u obtained by a chemical in different EGUs are summed after multiplying each of them by the 

amount of the population in the corresponding EGU: 

 

BOX1:  Information to be asked to the expert/decision-maker 

 

1. for each chemical: 

- definition of the membership function for the LoE “Source” (to set the 2 thresholds) 

- definition of the membership functions for the LoE “Intake” (to set the 2 thresholds) 

2. for each disease:  

- definition of the membership function for the LoE “Observed Effects” (set the 2 thresholds) 

- definition of the value of parameter ωj 

3. for each pair [chemical, disease]: 

definition of the value of parameter ηi,j (relative value associated to the relationship 

chemical ith and disease jth in the case of more than one chemical related to one disease) 

4. for each LoE: 

- definition value of the relevance weight δp assigned to each LoE/criterion  

5. to define how to deal with cases where multiple substances are associated to one disease:  

- definition of the value of α representing end-user’s approach to deal with uncertainty in 

causes of diseases. 
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As values are summed up, the final ranking is influenced by the availability of data for the chemicals of 

concern within each EGU. Consequently, it is necessary to track the presence of data concerning 

each chemical.  

To face this issue, every score value has attached a “precision percentage value” which is calculated 

by dividing the number of EGUs (Eni) where the chemical of concern has a score value by the total 

number of EGUs (En): 

En

En
P iREGIONAL

i  

4.4  PHASE 3: Ranking of the Elementary Geographic Units (EGUs) 

The objective of this step is to obtain a ranking of the Elementary Geographic Units in order to 

highlight those areas (counties, provinces, …) within the region where further investigations can be 

focused.  

The criteria chosen for the evaluation of the “priority score” of each EGU is the sum of all the scores  

Hi 
CHEM

 estimated within that EGU for all the UC chemicals detected in that EGU. The number of 

inhabitants of that EGU is considered as well (as a weighting parameter). Therefore: 

u

C

i

CHEM

iu pHS
1

)(  
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5. Conclusions 

 

This report provides a complete description of the methodology proposed for the ranking of 

environmental chemical stressors at the regional scale, including the conceptual backgrounds 

(Chapter 3) and the methodological development (Chapter 4). The methodology is being implemented 

in a “Risk-based Tool for the Regional Ranking of Environmental Chemical Stressors”.  

The proposed methodology will be applied to a case-study, chosen within the European context, with 

the aim of testing and validating in on a real dataset. For this purpose, 2-FUN Case-Study n.3 (Upper 

Silesia case-study) was initially selected, but data needed for the application were made available only 

for two chemicals. As it is considered necessary to test the methodology on a more complete dataset, 

the search for an alternative case-study was also started in the last months, through contacts with 

European research institutes involved in HEIMTSA and ENVIRISK projects.  

The required case-study should have the following characteristics.  

For a minimum set of 4 substances, data are required for: 

- LoE “Environmental Contamination”, i.e. contamination data from environmental monitoring for 

one or more environmental matrices; 

- LoE “Intake”, i.e. data on exposure biomarkers measured in the population 

For a minimum set of 4 disease associable to at least one of selected chemicals, data are needed for: 

- - LoE “Observed Effects”, i.e. data on incidence/prevalence of the diseases in the population 

living in the region. 

 

A second part of this report will therefore be delivered after the application of the methodology to a 

selected case-study, critically illustrating advantages and possible limitations of the proposed 

approach.  
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