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Supplementary material
Figure S1. Exposure framework in early National Research Council review (NRC
1991).
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Figure S2. Conceptual representation of the INTEGRA methodological framework.
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Figure S3. Exposure assessment methods around contaminated sites.
Note: municipality could be another small area unit.

Adapted from: Baker D, Kjellström T, Calderon R, Pastides H (eds). Environmental
epidemiology: a textbook on study methods and public health applications. Prelim. ed.
Geneva: World Health Organization; 1999.
Available from: http://apps.who.int/iris/handle/10665/66026).
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Detailed description of multi-media models
One of the most commonly model used in Italy is RISKNET, which applies the health risk
analysis procedure to contaminated sites, in accordance with the guidelines from the national
environmental agency (APAT-ISPRA guidelines, 2008) and the Italian legislation (Legislative
Decree 152/06 and Legislative Decree no. 04/08). This software allows to calculate both the risk
in a direct way (‘Forward’), associated with the concentration measured in the source (emission
concentration), and the objectives for remediation (CSR, risk threshold concentrations) in an
indirect way (‘Backward’), defining the limits of acceptability of the risk and the hazard index.
For each route of exposure and each scenario, the maximum expected concentrations in stationary
conditions at the receptor (contact point between environment and humans) are calculated through
analytical transport models. The model considers the distribution of contaminants in the different
soil phases (solid, liquid, air), and the attenuation during migration from the source to the
receptor. Subsequently, the daily dose of the different receptors is calculated. These doses,
combined with the corresponding toxicological parameters and concentrations at the point of
exposure, are used in the calculation of risk and remediation objectives (CSR). For each
contaminant, the effects related to the presence of several active exposure routes are cumulated
and the remediation targets and individual and cumulative risks are calculated.
HOUGH Model is a model and (more recently) a modelling framework designed to estimate
exposure and risks from contaminated soil. Originally designed to evaluate risks from inorganic
pollution associated with urban food production, the model has been developed with a strong
food-chain focus, although it also includes other exposure pathways such as soil ingestion and
dust inhalation. Within the food-chain, the model focus is primarily on fruits and vegetables
(covering 19 different types of produce); however, milk (cows milk) and meat (lamb, beef, pork;
muscle, and offal) products are also included. More recently, the model has been expanded to
include a range of organic pollutants including PCBs, PAHs, and PCDD/Fs. While a research tool,
the HOUGH Model has been used in several large-scale generalized risk assessments in Scotland.
These applications have been within a regulatory context. For example, the HOUGH Model was
used to examine the potential risks associated with the use of various soil amendments derived
from recycled materials (e.g., composts, digestates, biochars) in agriculture. For example, Hough
et al. (2012) describe an assessment of the use of green waste compost in animal production; the
results of this work leading to the lifting of a moratorium on compost use in meat production in
Scotland. In recent years, this model has evolved from being primarily deterministic to a fully
probabilistic framework. The model has been expanded to include benefits of urban food
production (e.g. increased consumption of fruit and vegetables, exercise, well-being) to provide a
more balanced assessment (Stubberfield, 2018).
In Belgium, S-Risk has been put forward as the standard model for use in the framework of
sustainable soil management (https://www.s-risk.be/). This web application enables the
calculation of generic or site-specific human health-based screening levels as well as the
prediction of human health risks associated with a contaminated site. Four main model systems
are combined, namely:
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1.
distribution of the chemical within the soil compartment;
2.
transfer from soil and groundwater to other environmental and biological compartments;
3.
human exposure from the different environmental and biological compartments;
4.
human health risk following from the calculated exposures.
S-Risk calculates the environmental fate and distribution of chemical substances according to
steady-state conservation of mass principles. Concentrations in ambient and indoor air are
estimated as a result of volatilization and soil resuspension, in drinking water from leaching or
permeation, and in food as a result of plant and animal uptake. Exposures are predicted for the
inhalation (ambient, indoor, bathroom air), oral (water, food, soil, dust) and dermal (water, soil,
dust) route. Health risk assessment is performed for a predefined set of age intervals, ranging from
children to adults. Risks are calculated by comparing exposures with toxicological reference
values and concentrations with toxicological or legal reference values. Built-in land use scenarios
can be modified by the user, defining the exposure pathways and parameters. Flexibility is also
offered with regard to critical ages and simultaneous runs can be done for chemical substances
with local and/or systemic effects, both with or without threshold.
Although the POPs toolkit was developed in order to complement the National Implementation
Plans for the Stockholm Convention on Persistent Organic Pollutants (POPs) as a part of the
Regional Capacity Building Program for Health Risk Management of Persistent Organic
Pollutants in South East Asia Project, it can be used worldwide and has been adopted in a number
of European countries, e.g., Estonia (where also no national reference software is available. The
goal of the tool is to provide basic guidance for managing contaminated sites with persistent
organic pollutants and other hazardous chemical substances using a human-health risk assessment
process. The toolkit enables the user to calculate hazard quotient (HQs) for non-carcinogens and
incremental lifetime cancer risk (ILCRs) for carcinogens via exposure by indirect soil ingestion,
water ingestion, food ingestion, inhalation of contaminated particles, and dermal contact with
contaminated soil. The POPs Toolkit provides default values for receptor characteristics and TDIs.
Merlin-Expo is a tool to assess environmental and human exposure to chemicals, developed
within the 4FUN project (EU 7th Framework programme). It allows the user to model complex
environmental phenomena, in order to carry out lifetime risk assessments for human populations,
including exposure through multiple pathways. This tool implements a full-chain exposure
assessment approach, that integrates environmental and transfer models that follow the
contaminants of interest from their sources to the human/population target, and a pharmacokinetic
based model (PBPK model) that computes the specific tissue concentration for each compound of
the mixture of substances entered in the organism via ingestion or inhalation. Merlin-Expo
considers all environmental matrices and every step of pollutants pathways, taking into account
many matrix physical parameters and biota (invertebrates included) living in that environment.
Merlin-Expo has been applied to assess inorganic arsenic exposure of adults related to past
emissions from non-ferrous smelters In Belgium (van Holderbeke, 2016). Model predictions
agreed well with As in urine, though on an individual level there was little correlation between
modelled and measured As in urine (van Holderbeke, 2016). Blood Pb lead levels of children
living in the vicinity of former industrial sites agreed well with model predictions, with little
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correlation on the individual level (Fierens, 2016). Given the complexity of the exposure setting,
the agreement between modelled and measured biomarker data is remarkably good.
INTEGRA is a computational platform framework aims at bringing together all available
information for assessing the source-to-dose continuum for the entire life cycle of substances
covering an extensive chemical space (Sarigiannis, 2015; Sarigiannis, 2016). The major
component of INTEGRA (Figure S2) is an integrative computational platform that comprises
environmental fate, exposure and internal dose dynamically in time using a Markov chain Monte
Carlo (MCMC) probabilistic analysis framework. The INTEGRA platform includes the following
components:
a. multimedia model to account for multi-scale (far field exposure) interactions affecting the
environmental transport and fate of chemicals. All different spatial scales (local, regional,
continental and global), media exchange (air, soil, water, sediment and transfer to food items such
as crops, meat, milk and fish) and environmental processes (emissions, advection, diffusion, and
degradation) used in EUSES (Lijzen, 2004) were taken into account;
b. indoor micro-environmental modelling and detailed personal exposure assessment, also
accounting for partitioning among gaseous, particles and settled dust phase (Sarigiannis et al.,
2012). Exposure is explicitly described for each pathway and route of exposure, taking into
account all the age and gender exposure modifiers, such as activity-based inhalation rate, dietary
patterns and intake rates per food item, amount of soil and dust ingested or hand-to-mouth
behaviour;
c. a generic PBTK model that captures satisfactorily life stage changes and physiological and
metabolic efficiency change over an individual’s lifetime (from conception till 80 years of age):
the generic PBTK model developed in INTEGRA is designed to describe in as much as possible
detail the ADME processes occurring in the human body at different life stages, so as to be easily
applicable to a broad variety of chemicals after proper parameterization. The model in its generic
form includes the parent compound and up to three generations of potential metabolites
(Sarigiannis, 2014). Advanced QSAR models are used to estimate physicochemical and
biochemical parameters of the model in order to expand its applicability domain to a large
chemical space;
d. an exposure reconstruction algorithm (coupled with the PBPK model), for back calculating
exposure from human biomonitoring data. The model has been applied for various industrially
contaminated sites (Sarigiannis, 2017), including both persistent (dioxins, furans) and nonpersistent compounds (heavy metals and plasticers).
(see references in the main text)
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Figure S4. Environmental media assessed in 54 selected epidemiological studies of
hazardous waste to support epidemiological analysis based upon indicators of
exposure.
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Table S1. Exposure assessment individual studies hazardous waste (Fazzo, 2017).
See Excel file on-line (http://www.epiprev.it/environmental-health-challenges-fromindustrial-contamination_art2)

Table S2. Exposure assessment individual studies identified for the current review.
See Excel file on-line (http://www.epiprev.it/environmental-health-challenges-fromindustrial-contamination_art2)
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