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Preface
The issue of susceptibility has been developed in the framework of INTARESE sub-project 1 (SP1) that is focused on the methodology for integrated risk assessment. This manuscript has been
planned as a distinct report of the work package (WP 1.5) dealing with the cross – cutting issues in
the process of risk assessment, i.e. uncertainty, multiple exposure, susceptibility, and environmental
justice. The cross-cutting nature of these issues may be attributed to all the sets of analytical
techniques of the assessment chain. In more specific terms, the issues should be considered in the
developments of methods to link sources to exposure (WP 1.2), methods to link exposure to health
outcome (WP 1.3), and methods to characterize the resulting risks and impacts (WP 1.4). In any
case, they belong to the more complex framework of INTARESE aimed at addressing the scientific
problems affecting the risk assessment process.

Introduction
In the past years, some individual characteristics have been frequently reported in the scientific
literature as factors that increase the probability of health effects attributable to different
environmental exposures (i.e. susceptibility). There are several examples in the field of air pollution
(Katsouyanni et al. 2001; Zeka et al. 2006), high temperature-related mortality (Stafoggia et al,
2006), and some factors have been suggested in the area of pesticides exposure (Giannandrea et al,
2008), radon in homes (Darby S et al, 2005), and arsenic in drinking water (Goering et al., 1999).
Although some factors are clearly inherited (e.g. gender) and are related to the genetic individual
make up (e.g. detoxification ability), more often we are dealing with acquired susceptibility such as
age (children and the elderly), socio-economic status (people of lower socioeconomic status), preexisting morbidity (e.g. respiratory and cardiovascular diseases, diabetes) and specific treatment
(e.g. statins).
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There are several possible reasons why susceptibility is becoming more and more recognized in the
epidemiologic literature and certainly the availability of new epidemiological methods to analyse
individual effect modifiers of the relationship between environmental exposures and health effects,
e.g. the case-crossover design (Maclure, 1991) has played an important role. In addition, several
large data sets are now accessible from multicentre studies or large cohorts (Pope et al, 2002;
Beelen et al, 2008; Park et al, 2008; Krewski et al, 2009; O’Neil et al, 2009). Finally, new
developments are available to model and to detect non linearity of the exposure-response
relationship (Olin et al. 1995; Abrahamowicz et al, 2003; Samoli et al, 2005; Cheng et al, 2006).
The new different approaches have been used to analyse the impact of both short-term (Goldberg,
2005) and the long – term effects (Brunekreef, 2003; Krewski et al, 2009) of air pollution in
susceptible groups.

Overall, the issue of susceptibility is emerging in the health field and it has important implications
for health impact assessment.

Why assess susceptibility?
The occurrence of a disease in a population depends on many individual and environmental factors.
There is only a theoretical possibility of predicting in a deterministic way which individuals will
develop the disease, if one was only able to know all the variables involved. However, adoption of
the probabilistic model in public health reflects the need to “average out” some unknown individual
characteristics that ultimately determine the occurrence of individual cases. In other words, a first
level of susceptibility (who gets the disease within a homogeneous population) is incorporated and
effectively removed by the probabilistic model, where each individual in the population has the
same probability of developing the disease over a given time period. Such probabilities or rates also
estimate the average health effect of an environmental exposure at a population level and provide an
adequate picture of the situation when the population is homogeneous or when the groups of
otherwise vulnerable individuals within the population are numerically limited. In a large
population the average effect measure may be affected only to a small extent even when sub-groups
have a markedly different susceptibility, as it may happens for children or ethnic minorities. On the
other hand, a relevant change in the average effect may arise because of an important shift in the
distribution that increases the proportion of seriously affected individuals within a population.
(AIRNET, 2003)
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Therefore, the first need of the risk assessors is to detect susceptible groups in a population, to
estimate the size of these susceptible groups, and to assess the influence they have on the impact
measures in a population.
A good example of the problem can be found in the results of multicity studies on air pollution
where some factors measured at individual level were found to be effect modifiers of the particulate
matter (PM) mortality association (Zeka et al, 2006; Forastiere et al, 2008). Different coefficients of
PM10-mortality relationship were found by gender and age. . In the American study (Zeka et al,
2006), pre-existing diabetes modified the effect of PM10 for respiratory and stroke mortality.
Increased effects has been reported also in specific subgroups of people as due not to their
individual characteristics, but to higher levels of long term exposure. Those living in areas where
the relevant pollution levels is high (e.g. near power plants, waste incinerators or in dense traffic
areas) are considered as “population-at-risk”. The case is even more extreme when the exposure
distribution is markedly skewed with the majority of people is virtually unexposed but only a small
group receive the exposure (e.g. asbestos, radiation, chemicals).
There is an additional condition conferring susceptibility, namely when the increased susceptibility
is not due to personal characteristics, nor to increased exposure levels to the putative toxicant, but is
due to concurrent exposure to some other toxicants that increase the probability of an health effects.
This is a matter linked to the issue of multiple exposures, but it is also referred to susceptibility
when an exposure factor is hypothesised to increase the probability of a health effect to other
concurrent exposures. Good examples for this situation are those of exposure to radon in dwelling
and smoking (Darby et al, 2005), air pollution and smoking (Wong et al. 2007) or air pollution and
noise effects on ischemic heart disease (Schwela et al. 2005), or air pollution and chronic lead
exposure (Park et al, 2008).
So, why to assess susceptibility? What are the reasons to target different groups of susceptible
people? From a research point of view, this is clearly motivated by the need to improve the study of
the causal relationship between an exposure and the health outcomes. However, from an impact
assessment point of view the final aim is to gather correct information about the importance of
susceptible groups and later to identify adequate risk management strategies. In fact, the nature and
the size of susceptible groups in a population may potentially affect the impact that policy
interventions have in preventing the health effects of the environmental exposures, overshadowing
the positive impact of an intervention. On the other hand, ethic problems arise specially when the
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susceptible groups are involuntary exposed, such as children. Though they do not limit the
preventing impact of interventions in the general population, specific indications should be
suggested for the threshold value of exposure.
What is susceptibility?
Several attempts have been made to define susceptibility. The AIRNET (2003) document on health
impact assessment defines susceptibility as the presence of a population subgroup that may be
affected to greater extent than general population following an environmental exposure and/or the
presence of highly exposed individuals who are expected to have more serious health effect than
general population due to the higher levels of exposure (AIRNET, 2003).

A WHO working group (WHO Europe CAFE 2004) defined susceptibility (innate or acquired) as
the likelihood of producing a significantly larger-than-average response to a specified exposure to
air pollutants; while vulnerability denotes the likelihood of being unusually severely affected by air
pollutants either as a result of susceptibility or as a result of a greater-than-average exposure. The
specific definition adopted from the WHO working group are reported in the box.
BOX
WHO working Group (2004): Definition of Susceptibility and Vulnerability
“The terms sensitivity, susceptibility and vulnerability are used, sometimes interchangeably and
incorrectly, to describe a greater than expected response of an individual or group of individuals to
air pollutants. We use the terms susceptibility and vulnerability as defined below. We have not used
the term sensitivity.
Susceptibility: The likelihood of producing a significantly larger-than-average response to a
specified exposure to air pollutants.
Vulnerability: The likelihood of being unusually severely affected by air pollutants either as a
result of susceptibility to the effects of these substances or as a result of a greater than average
exposure. “Susceptibility” is thus seen as a subset of “vulnerability”.
Susceptibility
Susceptibility can be subdivided into innate and acquired susceptibility. Innate susceptibility may
be due to genetic predisposition or to incomplete development of normal (adult) physiological
functions. A young child may be susceptible to a given pollutant because detoxification processes
are not yet fully developed. Such susceptibility is transient and disappears with age and growth.
Acquired susceptibility may be due to disease, socioeconomic status or age. A number of
mechanisms are known to play a part and are discussed below. It should be noted, however, that
“socioeconomic status” is not a precise identification of a causal factor.
Vulnerability
In addition to the susceptible groups outlined above some individuals are vulnerable to the effects
of air pollutants as a result of their greater than average exposure to these substances. Such
exposure may be due to living near busy roads or spending long hours outdoors each day. It is
important to distinguish clearly between vulnerability due to increased exposure and vulnerability
due to innate or acquired susceptibility”.
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Following the definitions reported above and the given practical examples, we may distinguish
different groups of the population at higher probability of harmful effects due to exposure to an
environmental factor:
• those

with higher exposure to an agent, who may be more affected as a result of their

higher than average exposure;
• those

with genetic predisposition;

• those

who develop an increased susceptibility because of aging, illness (such as cardio-

respiratory disease or diabetes);
• those

living in settings with multiple social risk factors such as lifestyle, social context,

living conditions, lack of access to protective resources,
• those

with concomitant exposure to other toxic agents that increase the probability of their

health effects.

Some confusion arises because of a different cultural background of these terms that may be
interesting to recall. In everyday language, susceptibility has a positive value since it suggests the
ability to answer the external influence and it is usually referred to the individual. In the medical
language susceptibility is a term used to mean as well the ability of a person to answer the external
influence developing a too strong reaction inducing often a disease. The two medical fields most
often interested in dealing with susceptibility are infectious diseases and occupational medicine.
•

In infectious diseases, susceptibility includes the ability to develop an inflammatory reaction
against the infections (Anderson, 1992).

•

In occupational medicine, susceptibility has been evaluated in the field of biologic markers to
describe the biological relationship between exposure and disease development and to
estimate the damage reversibility when decreasing or stopping the exposure (Schulte, 1991).

The term “vulnerability” comes from environmental sciences. It is a characteristic of the complex
systems, such as the ecosystems, and it is defined as weakness to contrast degradation or damage
from adverse factors or influences, due to an impairment of the system adaptation or to a reduced
functional reserve [US – EPA, 2006]. This definition maintains the negative value it has in the
current language.
Also, vulnerability has been used in psychiatry and gerontology to denote an impaired capacity of
the body to respond to stressors, in older or mentally ill people. The term has being replaced by
“frailty”, a more complex conceptualisation involving physical, cognitive/psychological, nutritional
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and social factors (Paganelli et al, 2006; Levers et al, 2006).
On the basis of these conceptual definitions,, the term susceptibility should be reserved to those
conditions that cause a higher probability of damage in subgroups of population exposed to defined
levels of pollutants which causes less severe effects (or even no effect) in other groups. If we apply
this definition to the above reported groups at higher probability of harmful effects, the term
susceptibility should be used only for those with genetic predisposition (innate susceptibility), those
who develop an increased susceptibility because of aging or illness (acquired susceptibility) and
those with concomitant exposure to other toxic agents (susceptibility due to concomitant
exposures). Those exposed to higher levels of pollutants or with multiple social risk factors should
be defined vulnerable.

How to assess susceptibility?
The methods usually employed to evaluate the presence of susceptibility in epidemiologic studies
include the classical approaches to test the heterogeneity of response, that is evaluation of effect
modification. Testing the heterogeneity of the effect of an exposure in our contest means to analyse
if specific population sub-groups, having an individual characteristic or being chronically exposed
to higher values of the relevant exposure or being exposed to another specific factor, present effect
measures heterogeneous with respect to other comparable groups in the population
The evaluation of effect modification is usually carried out with a test for interaction or by means of
a stratified analysis. The test for interaction is generally performed adding an interaction term
between the exposure and the hypothesised effect modifier and evaluating a potential departure
from the postulated underlying model (additive or multiplicative). The stratification analysis
estimates the effect measure in each of the groups under study and evaluates whether they differ
between the strata. Some issues need to be considered :
1. The debate in the epidemiological literature about the biological and mathematical model of
interaction underlines the problem of interpretation of the interaction term coefficients. The
absence of statistical interaction in a multiplicative model implies risk additivity; as
consequence (though a multiplicative model is not always explicitly hypothesised) the risk
ratio (or rate ratio) homogeneity is often interpreted as indicating absence of biological
interaction. However we would rarely expect the biological factors to act independently in all
people, even if they act at different stages of the disease process (Greenland and Rothman
1998; Pearce, 1989; Knol, 2007). Thus risk ratio homogeneity has to be interpreted as some
type of biological interaction; this means that the regression coefficient of the product term
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should be interpreted as departure from additivity instead of from multiplicativity and the two
biological factors as two causes both needed to produce the effect. Methodological solutions
to turn in practice the additivity hypothesis have been suggested [Rothmans, 1986; Hosmer
and Lemeshow, 1992]
2. Up to now, there are no rigid criteria for accepting or rejecting the homogeneity hypothesis in
the stratification analysis, although statistical tests are available. For example some authors
consider effect modification in a stratified analysis when the estimate is increased (or is
reduced) by a factor of two or more regardless of statistical significance (Zeka et al, 2006). In
the APHEA2 study (Atkinson et al, 2001), effect modifiers were defined as the factors that
reduce the chisquared statistic by at least 40%. Specific criteria for a “suggested effect
modification” have been recently proposed [Stafoggia et al, 2009; Stafoggia, et a, 2010]
combining in the same definition an effect size larger than twofold in a specific subgroup in
comparison to a reference group and a p-value of the relative effect modification in a 0.05 0.20 range. These criteria influence the definition of susceptible groups and affect the
comparison between the studies.
3. Apparent absence of interaction may result from misclassification of the susceptibility
characteristics, when susceptible groups are loosely defined (e.g., when distance from the
pollution source is used), or when presence of a chronic illnesses is defined using sub optimal
or not reliable diagnostic criteria. On the other hand, the statistical power to detect interaction
is usually limited and lack of interaction may be simply due to insufficient power.
4. In some cases, it is the form of exposure-response curve that may differ in different
subgroups. In many cases the assumption of linearity underlying the exposure-response curve
should be adequately evaluated in specific subgroups. A linear relationship may be observed
only after a threshold is reached: consider for example that the PM10 related mortality from
deaths due to causes other than cardio-respiratory diseases have a threshold at 50 micrograms
/m3 of PM10 (Daniels et al, 2000) or that the excess risk of leukaemia in children exposed to
electromagnetic fields is evident only above the threshold of 0.4 microTeslas (Maslanyi,
2007).
Examples from the air pollution literature
Airborne particular matter (PM) is one of the most studied environmental factors in the last decade
and its relationship with morbidity and mortality is well established. In order to provide a practical
example of how to deal with susceptibility, we review some cases from the literature where the
effect of PM was found to be modified in relation with different health outcomes. It is obvious that
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for each specific exposure-outcome association to be used in the assessment a systematic search of
the literature of the studied susceptibility factors should be performed.

Living along busy roads: Several studies have indicated that people living along busy roads receive
a greater exposure to traffic-related pollutants and a range of health effects have been described in
both children and adults (HEI, 2009). These are example of social vulnerability, but even the
hypothesis of susceptibility has been supported by observing that short term effects on mortality of
people living along high traffic roads were stronger than for other people. This observation was
based on analyses of the air pollution effects stratified by spatial setting of sub-groups consistent
with different long-term exposure. (Roemer and Wijnen, 2001)
Low socioeconomic status: several studies have shown that people of low socioeconomic status
tend to live along more busy roads or close to industries and are more exposed to air pollution
(O’Neill et al, 2003; Jerret, 2009). Poverty has been associated with increase morbidity and
mortality and confers an high probability of harmful effects (Forastiere et al. 2006). Therefore,
control for socio-economic status to remove confounding, as traditionally applied in
epidemiological studies, may mask the occurrence of an effect modification. Statistical power
permitting, interaction should be tested when such data are available.
Genetics: particulate matter has been associated with systemic inflammation indicated by blood
markers. Susceptibility to ambient particulate matter may be partly genetically determined by
polymorphisms that alter early physiological responses such as transcription of fibrinogen (Peters et
al, 2009) or interleukin-6 expression (Ljungman et al, 2009).
Children: A strong effect on mortality in the first year of life has been detected (Schwartz, 2004)
and high PM-related hospitalisations for asthma and bronchitis (Pope, 1989) has been detected in
childhood.
Elderly: People older than 64 year show an increase in daily mortality higher than general
population (Aga et al, 2003; Ostro et al, 2006, Forastiere et al, 2008) and Zeka (IJE, 2006) showed
higher levels of inflammation biological markers in 75+ year-old people.
Cardio-vascular diseases: those with a previous heart failure showed a PM-related daily mortality
up to 4.1 times higher than general population (Kwon et al, 2000); those with a previous acute
myocardial infarction were hospitalised more frequently than general population during high air
pollution days (von Klot et al, 2005).
Chronic respiratory diseases: COPD patients had a PM-related decrease in FVC and FEV1 stronger
than healthy people (Lagorio et al, 2006), a higher access to hospital emergency departments for
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heart failure and cerebro-vascular diseases (Peel et al, 2006) and a higher hospitalisation rate for
heart failure (Zanobetti et al, 2000).
Diabetes: immediately after a sudden increase of PM, people with diabetes showed a higher
frequency of hospitalisation episodes for cardiovascular diseases (Zanobetti & Schwartz, 2002) and
an increased access to emergency departments for arrhythmia and cerebrovascular diseases (Peel et
al, 2006) when compared with people without diabetes.
Exposure to other pollutants: the APHEA-2 study did indicate that the effects of PM10 on mortality
were stronger in areas with higher NO2 levels (Katsouyanni et al, 2001) whereas the effects on
hospital admissions for respiratory diseases were stronger with higher ozone level (Atkinson et al,
2001).

Impact of susceptibility and vulnerability in the risk assessment process
All the steps of the integrated assessment chain may be affected by the presence of
susceptible/vulnerable groups in the study population.
In particular, one of the first steps in impact assessment is to define the size of the population
exposed, the population characteristics and the exposure levels. In the first pass of the INTARESE
Waste case study, an approach for the health impact assessment of landfills and incinerators has
been applied in Italy, England and Slovakia (Forastiere et al, 2009). A total of 49 (Italy), 2
(Slovakia), and 11 (England) incinerators were operating in 2001 while the landfills were 118, 121
and 232, respectively. The study population consisted of residents living within 3 km of an
incinerator and 2 km of a landfill. A direct relationship was found between social class and
residence near waste facilities in Italy and England and an inverse relationship was found in
Slovakia. The social class difference was particularly high for incinerators in England where 55.4%
of population living within 3 km from the plant belong to the most deprived social class and only
3% to the most affluent class. These results reflect the fact that the property values decrease due to
the presence of pollutant sources, and it is likely that lower economic prices attract inhabitants of
lower SES. It should be noted that not only people of lower SES were more represented close to the
plants, but also the PM10 and NO2 exposure levels predicted with dispersion models within the area
of 3 km were higher among poorer people in both England and Italy than in more affluent people
indicating that the gradient of exposure is linked with individual characteristic of social
vulnerability.

In a context where the sources of pollution are more than one, source apportionment techniques are
increasingly used to identify the source of pollution mainly involved in causing the health effect.
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These methods are based on assessing effects of the different components of particulate matter,
which in turn, allow the identification of the source of pollution. For example, in American studies
no effects were observed for crustal PM10 while important effects were detected for exposure to
traffic-related PM10 and, to a lesser extent, to PM10 from coal combustion (Ostro et al, 2006;
Seagreave, 2006; Laden et al, 2000). In this case, if the components of PM related to the specific
sources have an heterogeneous spatial distribution and, at the same time, there is a different spatial
distribution of high risk groups due to individual characteristics, the ability to assess the effect due
to the components of PM may be hampered.

In order to estimate the impact of the exposure levels on the health outcomes, specific exposureresponse relationships (or dose-response functions) should be defined. It is obvious here that one
has to apply the specific dose-response function for the sensitive subgroup when there is evidence
of effect modification. Even in cases when there is no evidence of effect modification, may be
worth to calculate the effect for the different subgroups when they have different background rates
(see for example radon, smoking and lung cancer). In the INTARESE Transport case study, the
Rome and London policies involved zoning systems to prohibit the entry of old high-emission cars
in the central districts of the city were evaluated. The policies in Rome and London resulted in PM10
and NO2 emission decreases of about 30% (at street level) and 10% (city average level),
respectively. At the city area level modelled changes in concentration of NO2 and PM10 related to
the policy interventions were modest (< 1 µg/m3). Predicted changes were larger for NO2 than for
PM10. Consistent with the modest change in air pollution concentrations, the policies in Rome and
London resulted in small gains in life expectancy and a small reduction in the number of hospital
admissions, when expressed at the city area level. In Rome the decrease in NO2 concentration was
slightly larger in the lowest socio-economic class compared to the highest socio-economic class.
Because baseline mortality rates were higher in the lowest socio-economic class, the difference in
gain in life expectancy was more substantial between socio-economic classes. These findings
allowed to conclude that the policy in Rome made a modest contribution towards reducing
differences in health status between different socioeconomic groups.

The final possibility is the availability of information regarding the size of the susceptible groups,
the specific disease background rates of these groups, and the specific exposure-response functions
to be applied to these subgroups. In the Transport case study for Rome, different coefficients for
long term PM10 exposure by educational level (as a proxy of socioeconomic status) are applied to
evaluate the years of life gained for the effect of the traffic policy.
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Concluding remarks
Once the results of the health impact assessment are ready, at least two questions arise with respect
to the development of policy decisions: what kind of strategies should be implemented to address
the problem of susceptible groups: an intervention for the entire population or an intervention only
for the most sensitive individuals? are adequate technical solutions available to prevent the high
exposure/high burden at the population level?

Thus when the harmful effects in subgroups are due to higher levels of exposure, reasons of
environmental equity suggests to control the emissions of specific identifiable sources or to.move
vulnerable groups from polluted areas. On the other hand, the presence of susceptibility suggests to
use the precautionary principle to protect the weak groups in the population such as children or
adopting measures to avoid exposure for susceptible groups, such as elderly or ill people. If the
precautionary principle would be inspiring the policy intervention, a population strategy to face the
problem of susceptible groups would lead to define pollution standards low enough to take into
account the greater sensitivity of susceptible groups. In contrast, the adoption of the high-risk
strategy would lead to preventive actions confined to high-risk groups, more sensitive to noxious
exposure because of individual problems. These measures may be aimed at controlling the level of
exposure for these specific individuals (for example air conditioning against high temperature and
air pollution) and to protect against the damaging effect of such exposures (for example antioxidant
supplementation to prevent the oxidative stress from air pollution). The weaknesses of the high-risk
preventive strategy have been already underlined in the classical work of Geoffrey Rose, because of
the poor ability to detect in advance the potentially susceptible individuals in the future and the
small contribution to overall control of a disease (Rose, 1992). This point is of relevant interest
when the susceptibility factor is also, at the same time, a possible direct effect of the noxious
exposure, such as in the case of particulate matter (the exposure) leading to atherosclerosis (the
susceptibility factor and the intermediate health effect) and myocardial infarction (the final health
effect).
Whatever is the strategy to be adopted, the problem of the availability of adequate and acceptable
technical solutions remains. In other words, even in presence of highly reliable methods to detect
sensitive subgroups, the question remains, namely: do we have efficacious and affordable solutions
to protect them? It is obvious that the risk assessor should ask the stakeholders to promote research
and development of technical solutions in the policy risk management.
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