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Abstract

Environmental burden of disease (EBD) and health impact assessment (HIA) are tools to provide
scientists and policy makers with quantitative insights into the impact of environmental exposures
(risk factors or stressors) or interventions on public health. More specifically, EBD estimates the
disease burden attributable to environmental exposures (e.g. chemicals), while HIA quantifies the
health effects of policies and interventions in a population of interest. As such, both frameworks
allow for evidence-based actions and resource allocation for combating the burden of disease in a
population. Moreover, HIA can be used to assess health impact (in)equities between subpopulations.
EBD and HIA combine information on internal/external exposure levels, frequency
(prevalence/incidence) of health outcomes, exposure-response functions derived from
epidemiological studies and demographic data. More often than not, EBD and HIA analyses require
several assumptions or extrapolations due to lack of data. In Y2-3 of PARC (2023-2024) six case
studies on EBD or HIA were started to bridge these gaps and to enhance our understanding and
inform policy makers on burden of disease related to PARC priority chemicals. These case studies
(T6.2.4c) address the three overarching aims of task T6.2.4 for bridging such gapsi.e. data generation
(T6.2.4a), methodology (T6.2.4b) and health indicators (T6.2.4d). The current report provides an
overview of the methodological challenges, summaries of the case studies with a focus on their
contributions to the three aims of Task 6.2.4 (including both findings and challenges) and on what is
still pending for their completion. Finally, in addition to the case study summaries, this report (April
2025) provides also an overview of their coordination process by the T6.2.4 leaders and partners, a
summary of new case studies initiated in late 2024 and a short description of the adapted procedure
for selecting new cases studies for Y5-7 (2026-2028).

Key Words

Environmental Burden of Disease (EBD), Health Impact Assessment (HIA), exposure-response
function (ERF), health impact indicators
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1. Introduction

1.1. Background

Pollution from anthropogenic activities is widespread, exposing people to numerous
chemicals and as such posing a significant threat to public health. Exposure can be measured in
various ways and measures of exposure can be categorized either as external or internal exposure.
External exposure refers to the amount of a chemical an individual is exposed to. Internal exposure
refers to the measurement of biomarkers internally present in the body (e.g. blood, urine) which
provides an estimate of the types and amounts of chemicals that an individual has been externally
exposed to. Estimation of both types of exposure (external and internal) is applied to characterize
exposure, and for internal exposure the recent European HBM4EU project
(https://www.hbm4eu.eu/) generated substantial new knowledge on chemical exposures.
Information is provided on geographical exposure differences, exposure differences by SES (socio-
economic status) etc. (https://hbm.vito.be/eu-hbm-dashboard).

For air pollution, a large body of evidence on health effects and exposure-response functions
is available, summarized e.g. by the WHO in their Air Quality Guidelines (World Health Organization,
2021) that enables health impact assessments, e.g. estimations of the number of premature deaths
caused by air pollution (https://www.eea.europa.eu/en/topics/in-depth/air-pollution). However,
for many chemicals, the impact on health associated with certain exposure is unknown. Moreover,
the health impact of exposure to mixtures of chemicals is even more poorly understood. This is even
more so the case for vulnerable subpopulations including groups of different ages, socioeconomic
status and underlying diseases (Makri and Stilianakis, 2008). Such missing knowledge on the
distribution of the burden of disease in a population can be critical for policymakers. For some
chemicals, information on exposure-response (effect) associations is available from toxicological or
epidemiological studies. The combination of exposure scenarios with exposure-response functions
(ERFs) allows the estimation of the health impact, e.g.,, how many people exhibit a certain health
effect or disease related to a certain exposure.

Environmental burden of disease (EBD) analyses are quantitative assessments of health
impact (including morbidity and mortality) in a specific population that is attributable to
environmental factors such as chemicals. Health impact assessment (HIA) is a tool to estimate the
potential effects of a policy or program on a population’s health. Both EBD and HIA therefore allows
for evidence-based prioritization of resources to reduce the burden of disease. EBD and HIA analyses
for current chemical exposure of EU populations can be used to compare the burden of disease
attributable to different environmental exposures and to prioritize preventive or mitigatory actions
to be taken. Availability of data on external or internal exposure (including geographic variation and
variation between sociodemographic groups), health outcomes (disease frequency (incidence or
prevalence), life expectancy), exposure-response functions (ERF; based on data from
epidemiological as well as toxicological studies and confirmed by mode of action studies), and
demographic data are a prerequisite to perform EBDs or analytical HIAs for chemical exposures
prioritized in PARC. However, the data required to perform an EBD assessment or HIA are often
incomplete. In the first year of PARC (2022-2023), the availability of data for EBD calculations or
HIAs was evaluated for PARC priority substances in PARC task T6.2.4.a. Links to other projects in
T6.2.4 were made with respect to availability of data for implementation of methodologies to
estimate the burden (T6.2.4.b), prioritizing of case studies (T6.2.4.c), and selection health impact
indicators to be developed within PARC (T6.2.4.d). Transversal collaborations has been established
in with partners from T6.2.3 or mixture RA, partners from T7.2 regarding the FAIRification of data,
and partners from T8.3 regarding the development of an EBD/HIA toolbox add-on for the MCRA
toolbox.
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1.2. Scientific, societal and regulatory questions

Risk assessment (RA), environmental burden of disease (EBD) calculations, health impact
assessment (HIA), and (social) cost benefit analyses (SCBA) inform stakeholders and policymakers
to help protect and eventually improve human health. SCBA in particular evaluates how the costs and
benefits of interventions are distributed among various social and stakeholder groups. The EU Green
Deal, in particular the Zero Pollution Ambition (ZPA) policy, in which the Chemical Strategy for
Sustainability (CSS) is a cornerstone, aims at reducing the planetary health impact from chemical
exposures. EBD and HIA allow to objectify the impact of current chemical exposure on health in EU
populations, prioritize preventive or mitigatory actions to be taken, and estimate the EBD and costs
avoided as a result of EU policies and regulations. Thus, this project contributes to PARC'’s specific
objective 2 (S02), namely, European and national RA entities and their scientific networks carry out
a joint R&I program to respond to the agreed priorities in chemicals RA.

1.3. Prioritized chemical families

The PARC strategy prioritized chemical families considers pre-existing knowledge on
exposure, hazardous properties including epidemiological data for some of the compounds and
concerns on cumulative risks. The identification of the first set of priorities for PARC started before
the launch of the Partnership with the legacy from HBM4EU and with a survey sent to the interim
governing board members. In order to have a clearer view on the prioritization strategy within the
different WPs, a survey dedicated to the prioritization of substances and meetings with work package
leaders (WPLs) and task leaders (TLs) to discuss the prioritization of methods took place after the
beginning of PARC. The approach and results are summarized in PARC deliverable D2.1 Prioritization
criteria report WP2. This process led to a list of 9 families prioritized by PARC stakeholders
(academia, HBM4EU workshop, European Commission, Ministries of several Member States). The
PARC T6.2 task leaders on integrative RA refined these prioritized groups of chemicals with the EFSA
and the European Commission to ensure synergies with results reported in EFSA opinions or ongoing
discussions within working groups of DG SANTE. Based on these discussions, PFAS, bisphenols, flame
retardants, phthalates, pesticides, metals, mycotoxins, endocrine disrupting chemicals, and mixtures
were prioritized in T6.2. These PARC 6.2 priority chemicals were taken into account in selection of
case studies in T6.2.4 as well as other chemical families in considering other priority criteria.

2. Organization of the work

At first, a data availability matrix has been created based on knowledge of the partners
involved in task 6.2.4. This matrix contains information on exposure, exposure-response functions,
health data and former estimates of EBD or costs related to chemical exposure (see further results
6.2.4.a and Additional Deliverable 6.6). In 6.2.4.b the methodological challenges of health impact
assessments for chemicals that will be faced and addressed in the different case studies are
described. In addition, a glossary has been developed under 6.2.4.b with relevant definitions for task
6.2.4 on EBD and HIA of chemicals. In the later stages of the first year of PARC, partners were
encouraged to propose potential case studies for collaborative work during the second year. A multi-
criteria decision analysis tool was developed by ANSES to prioritize case studies. Partners were then
invited to contribute to case studies of their choice based on their expertise, experience, and/or
ownership of data relevant to the specific case studies. After these initial tasks, the case studies were
placed centrally in Task 6.2.4, providing input to the other three sub-tasks within 6.2.4, namely, data
availability, methodological improvements, and indicators. During the second year, partners worked
on various case studies focusing on data availability, methodological issues, what the burden

Co-funded by
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estimate(s) would mean from a policy perspective, and which indicators should be generated in case
studies as well as how these will support policy makers.

The projects under 6.2.4 contribute to the aim of T6.2 to develop innovative and practical
approaches for human health risk and impact assessment of single, aggregated and combined
exposure to chemicals. By doing so, the projects will support the understanding of the contribution
of chemicals as upstream determinants of diseases, will contribute to the reduction of human health
impact of exposure to hazardous chemicals, and as such to the protection of public health.
Additionally, these studies raise awareness among citizens, professionals, and policy makers about
the risks of chemical exposures.

Given the great emphasis placed on the case studies, and the fact that each case study
generates new data, indicators, and may contribute to methodological developments, it was decided
to report in the next section from a central perspective from the case studies.

The six case studies (6.2.4c) developed and carried out within Y2-3 of PARC (i.e. 2023-2024)
had three overarching goals. Specifically, these goals were data availability and generation (6.2.4a),
improvements in methodology (6.2.4b) and development of new indicators (6.2.4d).

Contributions to data
availability:
e Collection of exposure-

- - data (incl. SES-data)

5 . e T
( Tg;/i'::t')iﬁ?;a > e Collection of ERFs

Contributions to e *
methods:
o New ERF-
methodology
Egis((iegn(l)irological ey Contributions to indicators:
toxicological and 4 T6'§t'j§;:sase \ ) cD}ﬁeIr‘Kisc;(f?;Sgstl?re
in vitro data \_// e 9% of disease
* New attributable to chemical
methodology for exposure
El]?)]if;aslysm of o e Cost-benefit analyses
e \ related to chemical
.{_/_V-_-;_,_,_,_f —-— T T6.2.4d: \ exposure
(-/ T6.2._4b:MethodoIog|caI N Indjtors,/“ e Time trends on
\\w/,_// = chemical exposure

levels
[ )

Figure 1. Organization of project in task 6.2.4 with case studies having a central position and other
projects linked.

3. The Health Impact Assessment Concept

Public health practitioners and policymakers have a responsibility to ensure good health and
wellbeing for the population. To achieve this, they need to be able to evaluate the distribution of
diseases and disabilities as well as major risk factors of these diseases in the population to be able to
compare different policy options. This supports the best use of limited resources and helps to obtain
the best results concerning population health and well-being as well as health equity. Health Impact

Co-funded by
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Assessments (HIAs) can support the creation of new policies or identify the need to refine the ones
already implemented based on most recent evidence.

The aim of a HIA is to predict the effect of an intervention (i.e. proposed policy, program or
project) on health and the distribution of these health effects across sub-populations (European
Center for Health Policy (ECHP), 1999). Comprehensive HIAs consist of three phases, 1) screening
and scoping, 2) appraisal, and 3) reporting and monitoring (World Health Organization (WHO)). In brief,
during the screening and scoping phase, an intervention, policy or a project for which a HIA would
be beneficial, is selected and potential effects on the determinants of health, health outcomes and
population groups are identified. Moreover, the health risks and benefits to be considered are
identified, major stakeholders are involved, and the process is clarified. The appraisal is the core of
the HIA activity. All relevant data and evidence are gathered and analyzed, affected populations are
identified, and health impacts are estimated. In the third phase, results are presented to decision-
makers. Also, the process and the effectiveness of the HIA as well as the influence of the HIA on the
decision-making process are evaluated. Monitoring the implementation of the planned intervention
and the longer-term monitoring of the health of populations can be used to see if the predictions
made during the appraisal were accurate, and to see if the health, or health-promoting behaviors of
the community, have improved.

Analytical HIAs focus on the collection of information and data for the estimation of health
impacts and require the modeling of the impact of the intervention on the distribution of exposure
of the population to the environmental factor(s) of interest. HIAs consist of several linked stages that
are summarized in Figure 2. In brief, an analytical HIA consists of the monitoring or mapping of the
exposure of interest in the population; identifying the population at risk; deciding on which
pollutant-effect (or impact) pathways are relevant and which of them will be quantified; choosing
exposure-response functions; assessing the background disease rates for the health outcomes
considered in the population at risk; and predicting the chosen health effects (Amman et al., 2003).
HIAs can be supplemented by cost-benefit analyses (CBAs) that quantify the economic costs of the
intervention and the (monetized) benefits for public health that result from an intervention. In this
document, we will briefly discuss the monetization of health benefits; CBAs, however, are beyond the
scope of this document

Once the burden of a disease that is attributable to a specific risk factor or the health impact
of an intervention has been assessed in terms of attributable cases or DALYs, it is possible to
monetize this impact, i.e. to give it a monetary value, and to estimate the costs that this risk factor
represents for society. Unlike market goods and services, there is no market or price associated with
pain, disease or death. Thus, monetization can be done through different methodologies, reflecting
different points of view.

To assess the costs of premature death, studies typically use the concepts of the value of a
statistical life (VSL) or the value of a statistical life year (VOLY). In the most recent analysis for the
revision of the EU ambient air quality directives the European Commission is using a value of 94,660
€ for one VOLY allowing the estimation of the cost of one year of life saved - equivalent to the cost of
averting one year lost due to premature death (Quinet etal. 2013; European Commission, 2022). This
value is unique and does not depend on the age of the person “saved”.

Co-funded by
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Chemicals Population at risk
(before/after intervention) (all, by age, by SES,...)
Population weighted Exposure-response Background disease
exposure function rates
Valuations Health impact
Costs/benefits

Figure 2. Schematic overview of a quantitative assessment of the health impact of chemicals
(analytical HIA).

To evaluate the costs of morbidity, the number of cases can be multiplied by the direct costs
of health care (including medication use, doctor visits, etc.), which encompass the part supported by
society and, in some cases, the part supported by the patient. Indirect costs including absenteeism
and presenteeism (productivity loss) can be added to the direct costs. Apart from the direct and
indirect costs, there are also intangible costs related to the loss in quality of life (Ougier et al., 2021).

More detailed information can be found also in Annex A1.

4. Methodological challenges

The availability of data on the distribution of exposure and health outcomes in the population
of interest as well as information on the exposure-response functions for the different exposure-
response relationships is a key requirement of EBD and HIAs. Other challenges include differences
in health impacts between groups with some groups (e.g. low socio-economic status groups) being
more susceptible, the extrapolation from a single study to the (inter)national context, the definition
of the counterfactual, the assessment of the health impact of mixtures of chemicals and persistent
chemicals, probabilistic modeling and causality and weight of evidence of the exposure-health
relationships of interest. The challenges with regard to the different types of data are discussed
below.

4.1 Exposure data

Exposure to chemicals starts at conception and occurs over the entire lifespan. Chemicals
enter the human body through various routes of exposure including inhalation (e.g., via air and dust),
ingestion (e.g.,, via water and foods, pica behavior) and dermal contact (e.g., via direct contact,
cosmetics). Other exposure routes such as parenteral exposures are not considered within the scope
of this document. Furthermore, fetuses can be exposed through the exposure of their mother. In the
context of EBD analyses for the general population, inhalation and oral exposure are typically

Co-funded by
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considered of highest relevance, although this is certainly not the case for all chemicals (e.g.
benzophenones).

Exposure can be divided into external and internal exposure. External exposure refers to the
whole dose a human is exposed to while internal exposure refers only to that fraction of the initial
chemical dose that is absorbed and distributed throughout the body via systemic circulation
(European Commission, 2007) External exposure is often reduced to dietary exposure when
ingestion is the main exposure route. Aggregate exposure is the exposure to a chemical via all
exposure routes and from different sources.

Exposure assessment is defined by the International Programme on Chemical Safety (IPCS) as
“[...] the process of estimating or measuring the magnitude, frequency, and duration of exposure to
an agent, along with the number and characteristics of the population exposed. Ideally, it describes
the sources, pathways, routes, and the uncertainties in the assessment [...]” (International
Programme on Chemical Safety & Organisation for Economic Co-operation and Development, 2004).

Internal exposure can be assessed through human biomonitoring, i.e., the measurement of
substances and/or their metabolites in human body fluids or tissues. Both estimates of external
exposure, e. g. to particulate matter air pollution (GBD 2019 Risk Factors Collaborators et al., 2020),
and internal exposure, €. g. to dioxins (Hanninen et al., 2014) or cadmium (Ougier et al., 2021) have
been used in EBD analyses and HIAs.

With the PARC Task 6.2.4. data inventory, we identified the HBM4EU database as an important
source of human biomonitoring data for PFAS, bisphenol, flame retardants, phthalates, and
pesticides, while data for mycotoxins are more limited. Other sources of exposure data, mainly
biomonitoring data, but also some data on concentrations of especially metals in food or drinking
water, have been identified (European Food Safety Authority (EFSA), 2024).

Considering that exposure assessment is a key step for further assessments such as risk
characterization and EBD assessments, it is fundamental to collect data as representative of the
population of interest as possible to decrease the associated uncertainties and to avoid misleading
results.

Data referring to external exposure, i.e., exposure through inhalation, food intake or dermal
absorption (https://www.efsa.europa.eu/en/supporting/pub/e201001) (European Food Safety
Authority (EFSA) et al., 2022), are usually collected at the group level by means of air and food
sampling/analysis, implying a higher level of uncertainty related with the characteristics of these
sampling processes. Exposure through food consumption may be assessed with different levels of
representativity (e. g. national, regional, local surveys) and different instruments (e.g. duplicate diet,
total diet studies, food frequency questionnaires (FFQs), 24-h dietary recalls) (Scalbert et al., 2019).
For each instrument, several sources of uncertainty may be considered (de Nijs et al., 2016), but for
a matter of representativity, the use of national food consumption surveys is the best option,
especially when performed with harmonized methodologies as recommended by EFSA (Ioannidou
etal, 2020). Nevertheless, external exposure assessment presents limitations in the characterization
of different levels of exposure within and between different populations, as was previously
recognized (Aylward et al., 2014).

Human biomonitoring (HBM) studies may overcome some of these constraints, namely the
uncertainty derived from interindividual variability in the uptake since it estimates the exposure at
the individual level (Calafat, 2016). However, HBM studies are not exempted from constraints with
regard to the representativeness of the sampling that may arise from variation in timing of sample
collection in relation to exposure events for chemicals with a short half-life, variation in the
physiological characteristics of the biological matrix, and interindividual variation in chemical
toxicokinetics (Aylward et al, 2014). Considering these possible sources of uncertainty and
designing studies to overcome these aspects, the assessment of internal exposure at the population
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level is an important tool and a strong data source for EBD assessments and HIAs (Govarts et al,,
2023).

According to the PARC Task 6.2.4 data inventory, for most priority chemicals under scope of
this work (see 1.3), HBM data are available for children and adults including pregnant women. For
bisphenols, data are largely limited to adults however in the EU DEMOCOPHES HBM project (2010-
2012) some countries provided measurements of bisphenols and alternatives in children and
pregnant women. Geographical coverage of databases varies between chemicals from single or a few
(regions) countries to > 10 EU countries (HBM4EU). Some HBM studies are representative of the
exposure of the general population in the whole country whereas others are not.

4.2 Vulnerable groups/socioeconomic context

Fetuses and children (as their organs are still developing), the elderly and people with chronic
diseases (because of various vulnerabilities such as compromised immune responses among others),
and economically and/or socially disadvantaged individuals (because of higher exposure and/or less
favorable health) are considered being particularly susceptible to the effects of exposure to
chemicals. However, susceptibility to the same chemical stressors may differ between these groups.
For example, neurodevelopmental effects of lead exposure in children (reduced intelligence and
cognitive function) have been observed at relatively low levels of lead exposure, with long lasting
consequences. In the elderly group, similar internal body burdens of lead would not have such drastic
consequences (Agency for Toxic Substances and Disease Registry (ATSDR), 2020). Due to extrinsic
factors (e.g. cultural, social, economic or related to lifestyle) some groups may also be more
vulnerable than others. Therefore, a group-specific, tailored approach is needed to mitigate the
impact of chemical exposures on the health of vulnerable or more susceptible groups. Such an
approach requires the identification of the specific chemicals that are most relevant to each group
and developing appropriate strategies to protect their health and wellbeing. In this way, it can be
ensured that everyone has the opportunity to live a healthier life, irrespective of their age, gender,
health status, or socioeconomic status.

Socioeconomic status (SES) is determined by a combination of social and economic factors
such as income, level of education, occupation, perceived social standing, place of residence, and
potentially also ethnic origin or religious background. The potential differences in exposure to
chemicals and pollutants and the health effect thereof between socioeconomic groups have gained
increased attention in recent years. Different indicators are being used to capture different aspects
of SES, with education, income, and deprivation being the indicators that are included most often. A
central theory that is posited in research on environmental chemical exposure and SES is the
environmental justice hypothesis. This hypothesis can be interpreted in two ways, namely, that
socially disadvantaged individuals experience a larger health impact from the same level of exposure
(i.e., outcome inequality), or that socially disadvantaged individuals are more exposed to chemicals
and pollutants than their socially more prosperous peers (i.e, exposure inequality). In
epidemiological research on chemical exposure, this hypothesis is often interpreted as an unequal
distribution in exposure to chemicals. However, recent studies suggest a more nuanced reality,
wherein internal exposure to chemicals is heterogeneously distributed across the socioeconomic
groups (Tyrrell et al., 2013a)(Den Hond et al., 2015a)(Morrens et al., 2017)(Buekers et al., 2018).
More concretely, an association has been found between socioeconomic indicators (proxy for overall
socioeconomic status defined differently per study) and exposure to Hg, As, PFAS, polychlorinated
biphenyls (PCBs) and chlorinated pesticides (Ramon et al., 2011)(Vrijheid et al., 2012)(Tyrrell et al,,
2013b)(Den Hond et al, 2015b)(Morrens et al., 2017)(Buekers et al., 2018)(Montazeri et al,
2021)(Govarts et al., 2023). The other way in which the environmental justice hypothesis can be
interpreted is in terms of inequality in the outcome, i.e.,, the more socially disadvantaged an
individual is, the larger the health impact will be for the same level of exposure. This last
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interpretation is corroborated by contemporary public health studies. Individuals further down the
social ladder have an overall worse health status and are at greater risk of developing several serious
illnesses and dying prematurely than those closer to the top (Vrijheid et al., 2012)(Morrens et al,,
2017). Moreover, large EU Human Biomonitoring (HBM) campaigns (DEMOCOPES and HBM4EU)
showed a significant relationship between socioeconomic standing and chemical biomarker
concentrations. An additional concern is that individuals from lower socioeconomic standing are
both more susceptible to the health effects of chemicals and more exposed to chemicals, this scenario
is more commonly known as “double jeopardy”. Thus, understanding the socioeconomic
environment is essential for targeted public health policies and can further help guide resource
allocation more effectively to those population groups that are most disadvantaged. This in turn can
help address health inequalities, leading to an overall healthier and more equitable society. This
furthermore aligns with the objective of the ZPA, which aims at reducing exposure inequalities and
related health impacts.

The case studies will consider differences in vulnerability across different subpopulations where
data are available. For example, if sex-specific or SES-specific differences are identified in chemical
exposure or susceptibility to the associated health effects, a subpopulation-stratified (be it sex- or
SES-specific) EBD analysis would be recommended.

4.3 Extrapolation from single studies to (inter)national estimates

For EBD assessments, it is important to select the study population considering the policy
relevance (the study will be relevant for the policy needs of a country or region), the data availability
(exposure and health outcome data may be available only for a certain subpopulation group or a
specific geographic area) and population subgroups (the impact of a risk factor may be limited to a
population subgroup and/or data may be only available for these groups) (Priiss-iistiin et al., 2003).
When data is missing, assumptions can be made, increasing the uncertainty of the estimates. If
exposure data are missing for a certain region or subgroup, it can be assumed that exposure follows
the same patterns of the data actually reported/available or data gap filling methods based on
associations between exposure, demographic and environmental data could be applied. This
approach is exemplified by the GBD (2021) study, which estimated lead exposure in data-poor
countries based on lead exposure information from data-rich regions, as well as covariates strongly
linked to lead exposure—such as the socio-demographic index (SDI), urbanicity, vehicles per capita,
the phase-out of leaded gasoline, and the subject’s age (GBD 2021 Risk Factors Collaborators, 2024).
In the ETC HE (European Topic Center for Health and Environment) a similar approach is being
scrutinized for blood lead concentrations in the EU. Different techniques that can be applied to
estimate exposure information include read across, kriging, interpolation, regression analysis etc. If
health data are available only at the national level and an estimation at the regional level is needed,
then it can be assumed that the distribution of the outcome is similar across all the regions (Priiss-
istlin et al.,, 2003).

If exposure data are available for a specific age group only, for instance adults, extrapolations
to other populations i.e., pediatric or geriatric populations, can be performed with modeling tools
such as Population Pharmacokinetics (PopPK) analysis to create virtual populations. These tools
make use of population characteristics like height, body weight etc. including variability which
through probabilistic modeling and Physiological based pharmacokinetic (PBPK) modeling can
address variability and uncertainty in EBD assessments by including the variations in the anatomy
and physiology of the population for all age groups. These tools provide more suitable estimates for
a given population by considering all data points for the calculations. Moreover, probabilistic
approaches can consider both the variability and uncertainty in the population through Monte Carlo

Co-funded by
the European Union 15

ID_A_ID)_
YR




D6.4 P-A-R-C HORIZON-HLTH-2021-ENVLTH-03 CONTRACT N. 101057014

simulations and predict mean burden with confidence intervals (Greco et al.,, 2020). However, the
major setback is to have a reliable interval of uncertainty for EBD estimates. Many times, the
uncertainty for the major parameters in a single study is not quantified, making it difficult to use
Monte Carlo analysis for an EBD uncertainty estimate. For such scenarios, the best approach is to use
“low” and “high” estimates which can be obtained from confidence intervals of exposure estimates
using empirical techniques and lower and upper confidence intervals of ERFs (e. g. relative risks).
Such uncertainty evaluations have little statistical meaning, but they provide an estimate of the range
of the health impact of a given environmental risk factor or intervention.

4.4 Defining the counterfactual

When estimating the burden of disease attributable to a certain risk factor, there is a need to
define a counterfactual value to which the actual exposure towards that risk factor is compared.
There are different options for selecting a counterfactual, depending on how the exposure is
classified. In the case of dichotomous exposure (e. g. exposed yes/no), no exposure would be the
counterfactual, e. g. no smoking, which carries the lowest risk for health effects. When the exposure
is presented in classes, the lowest exposure class can be used as the counterfactual, e. g. the lowest
concentration class of particulate matter air pollution. Having a continuous exposure, the lowest
observed, the lowest possible or the concentration of a pollutant for which we assume that below
that concentration no adverse health effects occur, can be used as the counterfactual. The GBD study
has introduced the so-called Theoretical Minimum Risk Exposure Level (TMREL), which defines a
theoretical level of exposure associated with the lowest possible risk, a risk defined as an RR close to
or equal to one.

The choice of the counterfactual value considerably impacts the quantification of the EBD,
making it a sensitive and crucial input parameter. Thus, the selection of the counterfactual value
should be evidence-based, transparent and serve the purpose of the assessment. For this reason,
results from different studies should be compared with caution. Some outcomes could, at the first
glance, lead to erroneous conclusions comparing seemingly similar studies but working with
different counterfactual values.

4.5 Exposure to mixtures

A chemical mixture can be defined as any combination of two or more chemicals to which an
individual is exposed regardless of the source(s) and spatial or temporal proximity. Mixtures can be
intentional or coincidental and several methods are available to assess combined exposure to
chemicals (Boobis et al., 2008a)(Organisation for Economic Co-operation and Development (OECD),
2018)(Ottenbros et al., 2021).

Over the past decade, considerable efforts have been made to propose concepts, methods,
guidance and applications of the assessment of the risk related to mixtures (Boobis et al,
2008b)(Meek et al., 2011)(Fox et al., 2017)(EFSA Scientific Committee et al., 2019)(World Health
Organization (WHO), 2019)(Beronius et al., 2020)(Fischer et al., 2020) (EFSA Scientific Committee et
al,, 2021). Regarding mixture effects, there is a consensus on the fact that dose addition can be used
as the default assumption to perform RA for substances sharing the same common mode of action
and (specific) effect(s) or affecting the same target organ (Faust et al, 2001)(Faust et al,
2003)(Jonker et al., 2004)(Junghans et al., 2006)(Kortenkamp et al.,, 2009)(Backhaus and Faust,
2012)(Altenburger et al., 2013)(European Food Safety Authority (EFSA), 2013)(EFSA PPR Panel
(EFSA Panel on Plant Protection Products and their Residues), 2013). Under this assumption the
converted dose of each single compound can be summed up to estimate a single exposure dose of the
mixture and compared to the toxicological value to perform RA. Another way to perform a RA for
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mixtures is to sum up the ratio between the exposure and the toxicological value of each mixture
component. Cumulative RAs have been deployed by EFSA for pesticides using food consumption data
(European Food Safety Authority (EFSA) et al., 2020b)(European Food Safety Authority (EFSA) et al,,
2020a)(European Food Safety Authority (EFSA) et al., 2021). This approach has also been recently
applied to biomonitoring data from several European countries (Karrer et al.,, 2020)(Crépet et al,,
2022)(Socianu et al., 2022) for contaminants in breastmilk (Crépet et al, 2022) and for PFAS
regarding (National Research Council (US) Committee on Pesticides in the Diets of Infants and
Children., 1993)(U.S. Environmental Protection Agency Office of Pesticide Programs, 2001) liver
toxicity (Bil et al., 2022) and immunotoxicity (Bil et al,, 2023).

In the last decade, several European projects (Acropolis, Euromix, EDCMix, HBM4EU, etc.)
have produced data, methods and tools to assess health risks associated with mixtures of chemicals
(vanKlaveren etal.,, 2015)(Bopp etal., 2018)(van der Voet et al., 2020)(Vanacker et al.,, 2020) (Sprong
et al,, 2023a). Moreover, the European Food Safety Authority presented a roadmap for action on RA
of a combined exposure to multiple chemicals with the objective to implement human health RA to
mixtures in its regular activities by 2030 (De Jong et al., 2022). Finally, the PARC project 6.2.3 and
associated deliverable (D6.2) builds further the method and application of mixture RAs based on
human biomonitoring data in a harmonized way. Thus, whereas RA of mixtures is well covered in
other projects, the EBD and HIA of exposure to mixtures is a rather unexplored domain.

The assessment of the health impact of mixtures is therefore a major challenge in EBD and HIA
(Organisation for Economic Co-operation and Development (OECD), 2018). Biomonitoring data
illustrate that humans are exposed simultaneously to several chemicals through different sources
(e.g. food, personal care products, environment). Considering co-exposure to chemicals when
assessing the disease burden attributable to environmental risk factors will improve HIA. Thus, there
is a need to develop a strategy to account for the environmental burden of disease associated with
mixtures. One broad hypothesis is to sum up for example the DALYs obtained from individual
substance environmental burden of disease estimates; the results would be inconsistent compared
to observed number of cases. However, this approach relies on the assumption that exposures and
their corresponding effects are independent, which we know is not the case, thus likely leading to an
overestimation of the burden/impact. Another way to account for mixtures in HIA that will be
developed in Task 6.2.4 of PARC is to use the approach developed in Task 6.2.3 to cumulate the
exposure first and then perform HIA. This approach will be developed in the case studies on lead and
methylmercury.

4.6 Persistent chemicals in the environment

The degradation rates of the chemical stressors are also of importance. Some chemicals are
resistant to degradation in the environment, which allows them to accumulate in the food chain and
ecosystems, and to travel from contamination sites to other locations. Such chemicals are referred to
as persistent chemicals and include persistent organic pollutants (POPs) or persistent, bio
accumulative, and toxic substances (PBTs). In particular, POPs have gained attention with the
international legally binding agreement, the Stockholm Convention on Persistent Organic Pollutants,
adopted by most countries globally to protect human health and the environment from POPs by
reducing or eliminating the release of such substances (United Nations Environment Programme and
the World Health Organization, 2013a). Human biomonitoring has been identified as essential when
evaluating the trends in human exposures to POPs over time and allows for implementation of
actions to reduce and prevent human and environmental exposures to these substances. The Global
Monitoring Plan for POPs is an example of a comprehensive human biomonitoring program of POPs
(Swackhamer et al, 2009)(United Nations Environment Programme and the World Health
Organization, 2013b)(Liu et al., 2022). Although human biomonitoring of internal doses of POPs
represents the actual exposure in humans, it neither provides information on the pathways or
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sources of exposure nor does it inform about when the exposure happened. The internal dose of
POPs, as for other chemicals, can also be estimated via exposure modelling based on information on
the source of exposure (e.g. food), concentrations of the POPs in the source, information on exposure
frequency and duration, bioavailability from the source, and pharmaco-/toxicokinetics of the given
POPs (Swackhamer et al., 2009). Due to the long half-life and bioaccumulation of POPs and other
persistent chemicals, physiologically based pharmacokinetic models that take into account the
absorption, distribution, metabolism and elimination (ADME) of a given chemical, may be useful to
predict the relationship between exposure and tissue concentrations of POPs (Liu et al., 2022). The
PARC project 6.2.2 and associated deliverable (D6.2) develops and implements methods to predict
internal exposure starting from external exposure, for different routes of exposure and life stages.

In a case study that started in Y4 VITO will lead a case study on studying the association between
respiratory effects and exposure to PFAS.

4.7 Probabilistic modelling in EBD

Parameter uncertainty and variability are major sources of uncertainty in EBD calculations.
Uncertainty refers to the fact that all empirically measured quantities such as mean or median values
mostly do not represent the true value (e.g. uncertainty of the concentration of lead in contaminated
drinking water due to measurement errors). Variability describes the possible values an empirical
quantity has due to real world characteristics of the measured quantity of interest (e.g. the range of
lead concentration in contaminated drinking water) (Knol et al., 2009) The sources of uncertainty
and variability in EBD are divers and can be dealt with in different ways. Insufficient knowledge
about the input parameters, for example, is one source: What is the range and distribution of lead
concentration in drinking water in a specific geographic area? And does the sample, which is
gathered for determining this, accurately represent the lead concentration of drinking water in that
specific area? One way to deal with uncertainty and variability in exposure assessments and also in
the EBD calculations is using probabilistic modeling techniques. By following a probabilistic
modeling approach, single model parameters are replaced with respective probability distributions.
This allows the presentation of the final outcome as an uncertainty distribution, which depicts the
probability of possible values for the outcome (Bokkers et al., 2017). This can be applied at several
stages of the EBD calculations, in which uncertainty is manifesting, e.g. for common parameters such
as relative risks, attributable fractions or disability weights (Knol et al.,, 2009). An example for a
probabilistic method that is commonly used is the Monte Carlo Simulation. Instead of running a
model with single point estimates (deterministic), the Monte Carlo simulation runs the model
repetitively with random values for each input variable, drawn from respective probability
distributions. This results in the generation of a random sample with randomly generated values for
each input variable. This is particularly helpful for non-gaussian distributions where using means to
represent a population is less representative of the population. After several iterations of this
random sampling, a new distribution for the outcome variable is created. Typical statistics like the
mean and the standard deviation can be obtained from these distributions. Compared to
deterministic approaches, probabilistic modeling techniques using Monte Carlo simulations contain
more information about the likelihood and range of e.g. an exposure and thus, can identify
parameters with strong impact on the results (Finley and Paustenbach, 1994).

Probabilistic modeling is commonly applied in environmental burden of disease assessments.
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4.8 Health data

Health effects from exposure to chemicals can occur from conception onwards, during the
entire lifespan. Similar to exposure, health effects can be classified as acute and chronic. Acute health
effects vary from unnoticed (subclinical) physiological changes, increased symptoms and medication
use, restrictions in daily activities to emergency department visits, hospital admission and in the
worst case lead to death (Kiinzli et al., 2010). Chronic effects include the onset of the disease, which,
depending on the type of disease, can result in a reduced life expectancy. Chronic conditions are
mostly not curable and result in life-long disabilities, strongly increasing the morbidity-related
disease burden.

Incidence and prevalence are commonly used measures of health impact. Incidence is the number of
new cases of disease in a given population, i.e. the number of new cases of a disease divided by the
total number of persons at risk for the disease over a specified period of time (New York State
Department of Health, 1999a). Prevalence is the proportion of a population with a specific disease or
condition at a certain time point. It is a measure of the total number of cases in a defined population
at a particular time or during a given time period (New York State Department of Health, 1999b).
Clinical diagnosis allows identification of a disease, condition, or injury based on a patient’s signs and
symptoms. Adverse effects observed in experimental animal studies are not directly linkable to
human symptoms or pathologies. From a toxicological point of view the critical effect refers to the
adverse effect observed at the lowest dose tested on the most sensitive species. Some of these effects
are broad outcomes such as decreases of bodyweight or increase of hormones levels, which are not
necessarily easily translated into a clinical effect, which is crucial for proper EBD calculations. Thus,
knowledge on the association between observed effects and the risk of a given health outcome, for
which a disability weight is available, is needed to calculate the health impact. Disability weights,
which represent the magnitude of health loss associated with specific health outcomes, are used to
calculate years lived with disability (YLD) for these outcomes in a given population. Disability
weights can be established from different methodological designs. Depending on the health state
description, medical expertise, valuation methods or surveying techniques, the set of obtained
disability weight may vary (Charalampous et al., 2022). The GBD study provides disability weights
for 440 health states (Global Burden of Disease Collaborative Network, 2020).

With the PARC Task 6.2.4. data inventory, we identified sources of population health data.
Data coverage ranges from sub-national to national and global. Important data sources with
international coverage include the WHO Global Health Observatory
(https://www.who.int/data/gho), EUROCAT (https://eu-rd-platform.jrc.ec.europa.eu/eurocat_en,
congenital malformations) and the European Cancer Information System
(https://knowledge4policy.ec.europa.eu/cancer/topic/cancer-information/ecis_en). Further, e.g.
cause of death statistics can be obtained from the European statistical office EUROSTAT which
gathers data from European countries and provides free of charge access to stratified data
(https://ec.europa.eu/eurostat/web/main/home). Lastly, the secondary use of data within the
European Health data space provides additional new opportunities
https://health.ec.europa.eu/ehealth-digital-health-and-care/reuse-health-data en

While the standardization of health outcome data from different countries is a strength of the
international databases, the amount of detail might be more limited in these databases. However, the
larger detail available from the (sub)national databases comes at the cost of heterogeneity of
definitions between countries, which may limit the comparability of disease frequencies between
countries. For European analyses such as the ones planned for PARC, we would strongly recommend
the use of standardized sets when comparisons of the final results are intended.

Health outcomes included in the identified data sources include morbidity and mortality with
causes of death. Some registries date back to the 1940ies (e.g. the Norcan database of the Association
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of the Nordic Cancer Registries) or 1950ies (e.g. the Belgian Statistical Office), but many databases
provide data from the 1990ies onwards.

Like for the exposure data, it is fundamental to collect data that is representative for the (general)
population of interest. This helps reduce uncertainty, as relying on single or local estimates may not
accurately reflect the situation at a national level or within the study population.

4.9 Exposure-response relationships

The implementation of a HIA or EBD is performed for substances for which information on
causality and biological plausibility is available and for which sufficiently robust ERFs exist.
Preferably, the ERFs used to calculate the EBD, should be derived from a comprehensive review of
the epidemiologic literature and accompanying meta-analysis. They should be supported by
experimental findings and mechanistic evidence. As for the other data used in EBD and HIA
calculations, the ERFs come with uncertainties that we try to minimize as much as possible and at
least make them explicit and discuss them. Sources of uncertainty include the context or formulation
(e. g. the selected health outcomes and exposure indicators), the data per se (e. g confidence interval,
representativity, robustness, sources), the models (e. g their limits) and the communication of the
results (including interpretation).

For air pollution data, ERFs are proposed by an international organisation such as WHO, e.g.
for morbidity outcomes there are the REVIHAAP studies which are being extended (WHO, 2013).
This process is completely lacking for most chemical data. Therefore, more effort should be made to
improve the application of more robust ERFs. In the case studies elaborated on this project, reviews
to select adequate ERF were performed.

Causality and weight of the evidence

Causality is an essential element that needs to be scrutinized when performing EBD or HIA.
Randomized clinical trials are the gold standard for establishing causality. For environmental
exposures, however, randomized trials are mostly not feasible and unethical, and causality needs to
be established from the results of observational studies based on a set of criteria e. g. the criteria
established by Bradford Hill (Hill, 1965). Different Weight of Evidence (WoE) frameworks have been
defined by international agencies or organizations or defined in research projects (EFSA (European
Food Safety Authority (EFSA) etal., 2019), ECHA (European Chemicals Agency (ECHA), 2017), ANSES
(Bladier et al, 2017). In an EU project Athlete (https://athleteproject.eu/), causality and WoE
assessment is defined as a stepwise process starting with defining the problem and assembling
evidence from different types of sources in lines of evidence like epidemiological studies, in vivo
studies, in vitro, in silico studies followed by weighting and integration. Often expert judgement
based on some defined criteria is used for weighing and integration of multi-source and
heterogenous evidence. However, combining heterogeneous data often involves pooling or meta-
analyzing data from several and different sources (e.g., multiple cohorts and/or datasets with the
same characteristics, literature reports or available published studies), which inevitably suffers from
problems associated with high variability and uncertainty (Borenstein et al., 2021). New
methodologies in which different types of data are integrated are being developed like the
development of Bayesian networks (Krewski et al., 2022), Directed Acyclic Graphs (DAGs) (Ferguson
etal., 2020), Adverse Outcome Pathways (AOPs) (Perkins et al., 2019). For these networks, modified
or evolved Bradford Hill criteria can be applied. According to Hill,
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“All scientific work is incomplete - whether it be observational or experimental. All scientific work is
liable to be upset or modified by advancing knowledge. That does not confer upon us a freedom to ignore
the knowledge we already have, or to postpone the action that it appears to demand at a given time”
(Hill, 1965).

Next to this, Bayesian models are being developed in which the ERF is based on multiple data sources
(epidemiological, in vivo) (Scholten et al., 2020). For addressing causality in this case, plausible
biological hypotheses will still be necessary with consideration of mechanistic data including new
approach methodologies (NAMs).

WOoE assessments are important in several steps of the EBD or HIA calculation. First, EBD is
performed for substances for which information on causality and biological plausibility is available
and for which sufficiently robust ERFs exist. The weight of the evidence could thus be used to identify
and/or prioritize the substances and effects to be considered. Second, beyond the lines of evidence
and their conclusions, the frameworks/approaches of WoE provide us with tools to assess confidence
in and uncertainty around the selected data and ERF. This uncertainty can be incorporated into the
EBD/HIA calculations, through qualitative or quantitative use. For example, Trasande and colleagues
(Trasande et al., 2015) used the results of their WoE approach, so-called probability of causation, in
a series of Monte Carlo simulations providing uncertainty ranges in the monetization of their EBD
estimates. Such indication of uncertainty comes in addition to the statistical uncertainty traditionally
translated with confidence intervals.

According to Grandjean and Bellanger, the Global Burden of Disease project relies upon expert
input to select those exposure-outcome relationships that meet stringent criteria of causality. As a
consequence, some causal connections are favored: those focusing on infectious diseases and injury
and those supported by randomized clinical trials. In the environment and health domain
intervention studies are too complex to obtain information on the adverse impact of environmental
risk factors. However, Grandjean and Bellanger do find that a “realistic and precautionary approach”
can be taken to characterize the possible health impact of chemical substances (Grandjean and
Bellanger, 2017).

Methodologies to establish exposure-response functions

The choice of ERF is a crucial step in EBD and HIA and considerably impacts and adds
uncertainty around the EBD/HIA estimates. The ERF will mostly be based on association measures
such as a relative risk (RR) from epidemiological studies, in terms of an RR function expressing the
increase in risk per unit increase in exposure to a given risk factor (Barendregt and Veerman,
2010)(Plass et al., 2022). The evidence is considered to be highest for ERFs that have been derived
from a meta-analysis of multiple longitudinal studies as the longitudinal design reflects new cases
(incidence) related to exposure, and is indicative of disease development. The degree of certainty is
lower for ERFs based on single or small numbers (longitudinal) studies or cross-sectional studies
only. Nevertheless, EBD calculations that are based on single high-quality studies can still be
meaningful (Hdnninen et al., 2014).

For many chemicals, the epidemiological evidence is limited to a relatively small number of
(often cross-sectional) studies (Van den Brand et al., 2022). In such situations, where evidence from
epidemiological studies is limited, data from in vitro animal studies can also be considered in an
integrative approach by combining them with data from epidemiological studies using Bayesian
meta-regression models in exposure-response relationship modeling (Scholten et al., 2020). The
application of such ERFs in EBD assessments or HIA calculations remains challenging.
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In addition to the above, a number of other considerations need to be taken into account when
deriving ERFs for use in EBD/HIA. When ERFs are derived from epidemiological studies,
assumptions made during the analysis inevitably introduce some uncertainty into the results. The
choice of an ERF should consider several aspects such as the matching of range of concentrations,
population of interest and the health outcome (Ferguson et al., 2020). The exposure scale of the ERF
should be aligned with the exposure data applied in the assessment. Furthermore, the existence of a
lower threshold of the effect needs to be considered, in particular in the case of non-genotoxic
carcinogens. Finally, the need for use of uncertainty factors should be assessed, such as for
extrapolating between individuals (intraspecies extrapolation) and for extrapolating from animals
to humans (interspecies extrapolation).

Representativeness of the exposure-response function

The representativeness of the derived ERF for the target population(s) is another important
issue that adds to the uncertainty around the EBD/HIA estimates. For example, what is the
geographical coverage of the studies on which the ERF is based? Are specific regions or countries
over- or underrepresented and can we realistically assume that the ERF can be transferred to
underrepresented regions? Other important concerns are the representativeness with regard to
demographics (such as age range) and the representation of specific, more susceptible groups.
Persons living in deprived areas may be more sensitive or susceptible to the adverse effects of
environmental pollution for several reasons including higher exposure levels, co-exposure to other
environmental exposures (not limited to chemicals e.g. due to poorer housing conditions or
occupational exposures), worse general health status, a poorer lifestyle (e.g. diet, smoking), higher
stress levels, and poorer socio-economic status (being associated with lower awareness and more
limited financial resources resulting in more limited ability or possibility to choose) (Forastiere et
al, 2007)(Morello-Frosch et al, 2011)(Sacks et al, 2011)(Shiue and Bramley, 2015). Greater
susceptibility of subjects with a lower SES has been observed for several stressors like air pollution
and exposure to lead (Schwartz, 1994)(Jerrett et al., 2004)(Marshall et al., 2020). Ideally, for an EBD
assessment or HIA, information should be available on SES-specific exposures and SES-specific ERFs.
Estimates of the EBD are sometimes stratified for sex and age but too often SES is considered as a
confounder and corrected for in the ERF instead of showing differences by SES.

4.10 Overview of methodological challenges

We described a number of methodological challenges for EBD calculations and HIAs for
chemicals in this methodological chapter. These challenges are summarized in Table 1 below and
are/will be addressed within the T6.2.4 case studies. A total of 6 case studies have been performed
in 2023/24. A description of the case studies can be found in Chapter 4.1.

Table 1. Checklist of methodological challenges for the case studies

Challenge
Exposure(s) of interest
- Main exposure routes and exposure routes included in EBD/HIA
- Exposure period(s) included (e.g. short-term, long-term, years)
- Exposure assessment method
- Representativeness of exposure data for population of interest
(demographics, geographical coverage, relevant time period)
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- Extrapolation of exposure data to population of interest? If yes, method
used (e.g. PopPK, PBK)
- Selection of the counterfactual
- Exposure to mixtures addressed? If yes, method used
Health data
- Health outcomes included/incidence or prevalence
- Data source
- Disability weights available (e.g. from GBD)
- Representativeness for population of interest (demographics,
geographical coverage, relevant time period)
Exposure-response function
- WoE assessment approach
- Method to establish ERF (epidemiological studies - longitudinal, cross-
sectional, single/multiple studies, experimental data)
- Representativeness for population of interest (demographics,
geographical coverage, relevant time period)

4.11 Development of EBD toolbox in MCRA

In Y3 of PARC, WR and UBA started with the implementation of modules for EBD analysis in the
MCRA software. These modules should allow users of MCRA to perform EBD assessments based on
harmonised methodology, as developed in T6.2.4.

The current implementation serves as a proof-of-principle and demonstrator. It enables users to
conduct basic bottom-up EBD assessments based on: (i) internal exposure estimates derived from
HBM data (further developed in T6.2.3), (ii) internal (aggregate) exposure estimates obtained from
external exposure models (further developed in T6.2.1), and (iii) external (dietary) exposure
estimates. These modules are integrated within MCRA’s generic modular framework, allowing for
the propagation of uncertainties from the exposure estimates to the EBD analysis module. Users
provide ERFs and BoD indicators as input data using specifically developed data formats. The ERF
data format accommodates a wide variety of ERF types (e.g., specified as functions, expressed as
effect per doubling of exposure, or expressed for different exposure classes) as well as different effect
measures including RR and odds ratios (OR). Similarly, the BoD indicator data format supports
multiple indicator types, including DALYs and numbers of cases, enabling specification of disease
burden associated with specific effects in defined populations.

The current implementation provides the foundation for a generic framework for EBD analysis in
MCRA, designed to accommodate the wide range of EBD analysis types encountered in practice. This
framework will be further extended and refined in alignment with the harmonised methodology
developed under T6.2.4. Planned short-term extensions include enabling the specification of
uncertainty in the ERFs and incorporating this uncertainty into the overall analysis, as well as
supporting ERFs that measure effects as shifts in continuous outcomes (e.g., changes in IQ).
Additional extensions will be driven by the ongoing development of harmonised methods and the
needs identified through case studies in T6.2.4.
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5.1 Overview of the case studies

Within Y2-3 of PARC (2023-2024) six EBD case studies (i.e. T6.2.4c) were carried out. Table 2 provides an overview of their context, their main
findings or most updated progress and their completion status. Following Table 1 each case study is summarized individually along with their
contributions to the sub tasks of T6.2.4a, T6.2.4b, T6.2.4d.

Table 2. Overview of all case studies

Switzerland: 2.0 MEUR
Iceland: 1.7 MEUR
Germany: 0.3 MEUR

Title EBD/HIA | Exposure Outcome (Indicator) Source Main findings Completed/Pu
populatio blished
n
Preliminary EBD Pyrethroids ADHD (DALYs) France, Annual DALYs per million Yes;
estimate of Germany, inhabitants attributable to https://ehjourn
the Iceland, pyrethroids al.biomedcentra
environment Switzerlan | Israel: 27 DALYs l.com/articles/
al burden of d, and France: 21 DALYs 10.1186/s1294
disease Israel 0-19 | Switzerland:12 DALYs 0-024-01131-w
related to years old Iceland: 12 DALYs
pyrethroid- Germany: 3 DALYs
insecticide
exposure and Direct health economic burden
ADHD in attributable to pyrethroid-induced
Europe based ADHD (per year, per million of
on Human inhabitants)
Biomonitorin Israel: 2.5 MEUR
g (VITO) France: 2.4 MEUR
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Annual ADHD cases per million
inhabitants attributable to
pyrethroids

Israel: 2189

France: 1710

Iceland: 969

Switzerland: 944

Germany: 209

Environment | EBD Lead (Pb) CVD (DALYs) Adults in Under development No
al burden of Germany,
cardiovascula Czech
r diseases Republic,
attributable Spain,
to lead Belgium,
exposure in Slovenia,
European and
adults (Lead: Norway
DTU)
Environment | EBD Led (Pb) and | IQ (points loss) and IQ 6-11 years | Under development No
al burden of methylmercu | (DALYs), and
lead (Pb) and ry (MeHg) Economic loss indicator women of
methylmercu proposed childbearin
ry (MeHg) g age (18-
exposure on 45y) from
IQ loss in seven
children in European
Europe - countries
single - (Belgium,
substance Czech
and mixture Republic,
approach Germany,
(ANSES) France,
Slovenia,
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Sweden,

and Spain)
Environment | EBD Municipal Lung cancer associated Population | Population attributable fraction Under
al burden of solid waste mortality (PAF, attributable living in 14.53% (2.91, 24.24) preparation for
municipal incinerator deaths) exposed Attributable number of deaths per | publication
solid waste (MSWI) parishes year 17.6 (3.5, 29.5) based on
incineration emissions (based on | meta-analysis
emissions on estimated | Attributable death rate (per year,
cancer- ground per 100,000 habitants) 6.2 (1.2,
related level 10.3) based on meta-analysis
mortality concentrati
(FMUL) ons), in

Portugal
Environment | EBD Inorganic As Lung, bladder and skin cancer | Belgium, See Figures 3,4,5 Under
al burden of through (DALYs stratified by education | Portugal preparation for
disease study dietary route | level) and publication
on arsenic Denmark
exposure and
lung, bladder,
and skin
cancer
(Sciensano)
Influence of | EBD Emmissions | All cancers but non-melanoma | Portugal Exposure of adults to tAs, Pb, POPs
waste co- from waste skin (geographical vicinity, and (sum of dioxins, furans and dioxin | 1)Assessing the
incineration co- PM10, PAH, Cr), lung cancer | Slovenia - like PCBs) and PAH in the Impact of Waste
in a cement incineration | (geographical vicinity, PM10, Gorisko region does not differ Co-Incineration
plant on in a cement Cr), non-Hodgkin lymphoma significantly to exposure in other at the Anhovo
cancer plant and sarcoma (geographical areas of Slovenia indicating that Cement Plant
burden (OI (Gorisko vicinity, PAH), RA for As, Cd, the risk to residents from exposure (Slovenia) on
and NIJZ) region, W Hg, Pb, PAH and POPs, using to selected chemicals is not higher | the Regional

Slovenia) national HBM surveys’, and than in the rest of Slovenia. The Cancer Burden

environmental monitoring
data to assess exposure. Adult

data from the HBM survey in

by Zadnik et al
submitted for
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inhabitants of twelve
Slovenian regions (three rural,
three urban and six polluted
areas) were included in the
first national HBM survey.
Children and adolescents from
eight “hot spots” were
included in the second
national HBM survey.
Exposure levels will be
compared among the regions
to establish whether the
residents in Gorisko region
have higher exposures. Risk
wil be assessed using the
latest HBM-GV values.

children and adolescents is being
analyzed.

publication; 2)
Areporton RA
and comparison
of risk from
exposure to
selected
chemicals in
general
population
among included
Slovenian areas
Ahacic et al,
under
preparation
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5.1.1 Pyrethroid-insecticide exposure and ADHD in Europe based on Human

Biomonitoring

Title

Preliminary estimate of the environmental burden of disease
related to pyrethroid-insecticide exposure and ADHD in Europe
based on Human Biomonitoring

Institutions involved

VITO (Lead), DTU, UBA, ANSES, BPI, Sciensano, RUMC, IISPV, EEA

Status

Completed

Publications

https://ehjournal.biomedcentral.com/articles/10.1186/s12940-
024-01131-w#Abs1

Contribution to task 6.2.4a
(Data)

The PARC priority chemical was pyrethroids and already existing
data on exposure, disease burden, exposure-response functions
(ERF) and direct health costs related to ADHD were collected and
used to generate new EBD-data. Those data are publicly available in
the European HBM dashboard (exposure), in scientific publications
(data on ERF) and in the IHME database (data on disease burden).
The main data gaps identified were:

i. In the HBM4EU studies several countries only measured
urinary 3-PBA in children, while others only in adults. This is a
problem given that children have higher body burdens of pyrethroids
while the EBD-analysis was carried out on adults. Moreover, during
HBM4EU it was not mandatory to measure pyrethroid metabolites,
making the number of countries with available pyrethroid exposure
data limited. Though, this problem will be solved in the PARC HBM
studies as pyrethroids will now be a mandatory biomarker to be
measured. In this case study, this issue was resolved by only using
adult exposure data, as the ERF was based on gestational exposure.
ii. The lower SES-groups were systematically underrepresented,
therefore it was not possible to perform SES-stratified EBD-analysis
iii. There is a lack of epidemiological studies addressing this
exposure-effect association which makes it difficult to perform a
meta-analysis. On top of this, a meta-analysis is even more
complicated seeing differences in exposure window, effect measured
(different tools to assess ADHD). At EU level there should be more
correspondence or an overview is lacking of which epidemiological
studies will be carried out and what (exposure and effect markers)
will exactly be measured.

iv. The population aggregate exposure values were used as
opposed to individual data (though, this would not be a major issue).

Contribution to task 6.2.4b
(Methodology)

No new methodological challenges were identified - with the only
challenge encountered in Table 1 being to some extent the
representativeness of the exposure data, though this was addressed
through arguments and justifications - and all the methods used
were standard approaches (top-down approach as described in 2.2
of Annex Erreur ! Source du renvoi introuvable.).

Contribution to task 6.2.4d
(Indicators)

The indicators used in this case study were population
attributable fraction and disability-adjusted life years which are
routinely used indicators for these evaluations. Communication of
the indicators to the policymakers is not done explicitly. The
publishing of the results in the peer reviewed scientific literature is
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for the moment the only communication that is intended (not as in
HBM4EU in which indicators are explicitly generated for policy
makers).

Overview summary (i.e. Abstract from the published paper)

“Human biomonitoring (HBM) data indicate that exposure to pyrethroids is widespread in
Europe, with significantly higher exposure observed in children compared to adults. Epidemiological,
toxicological, and mechanistic studies raise concerns for potential human health effects, particularly,
behavioral effects such as attention deficit hyperactivity disorder (ADHD) in children at low levels of
exposure. Based on an exposure-response function from a single European study and on available
quality-assured and harmonized HBM data collected in France, Germany, Iceland, Switzerland, and
Israel, a preliminary estimate of the environmental burden of disease for ADHD associated with
pyrethroid exposure was made for individuals aged 0-19 years. The estimated annual number of
prevalence based disability-adjusted life years (DALYs) per million inhabitants were 27 DALYs for
Israel, 21 DALYs for France, 12 DALYs for both Switzerland and Iceland, and 3 DALYs for Germany;
while the annual ADHD cases per million inhabitants attributable to pyrethroids were 2189 for Israel,
1710 for France, 969 for Iceland, 944 for Switzerland, and 209 for Germany. Direct health costs
related to ADHD ranged between 0.3 and 2.5 million EUR yearly per million inhabitants for the five
countries. Additionally, a substantial number of ADHD cases, on average 18%, were associated with
pyrethroid exposure. Yet, these figures should be interpreted with caution given the uncertainty of
the estimation. A sensitivity analysis showed that by applying a different exposure-response function
from outside the EU, the population attributable fraction decreased from an average of 18 to 7%. To
ensure more robust disease burden estimates and adequate follow-up of policy measures, more HBM
studies are needed, along with increased efforts to harmonize the design of epidemiological studies
upfront to guarantee meta-analysis of exposure response functions. This is particularly important
for pyrethroids as evidence of potential adverse health effects is continuously emerging.”
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5.1.2 Lead exposure and cardiovascular diseases in European adults

Title

Environmental burden of cardiovascular diseases attributable to
lead exposure in European adults

Institutions involved

DTU (lead), SCIENSANO, VITO, STAMI, RIVM, ANSES

Status

In progress (31/12/2025)

Publications

In progress (2026)

Contribution to task 6.2.4a
(data)

Data on lead in blood has been collected for six countries (Germany,
Czech Republic, Spain, Belgium, Slovenia, and Norway) via the

European = HBM  dashboard  (https://hbm.vito.be/eu-hbm-
dashboard). Additionally, data from Sweden and the Netherlands
have been compiled via case study partners.
The data that will be generated are:

- Exposure response function of the pair lead-CVD

- Burden of CVD associated with lead exposure in European

countries (DALYs)

Systematic review and meta-analysis of longitudinal studies with
burden of proof meta-regression for lead in relation to SBD and CVD
(in collaboration with IHME)
Top-down probabilistic approach to calculate attributable
Disability-Adjusted Life Years (DALYs) with 2-d Monte Carlo
techniques to distinguish between uncertainty (e.g. from ERFs,
DALY per case estimates derived from the GBD) and variability (e.g.
blood and/or bone lead levels, SBP).

Contribution to task 6.2.4b
(methodology)

Contribution to task 6.2.4d
(indicators)

Overview summary

Humans are exposed to lead through inhalation, food and water consumption, and direct
contact. At EU level, there is concern about the increased use of lead in energy efficient vehiclest. The
relationship of lead exposure with elevated systolic blood pressure (SBD) and cardiovascular disease
(CVD) is well recognized by FAO and WHO. Although exposure to lead has decreased globally since
the phase-out of leaded gasoline, recent studies indicate a high global burden of disease associated
with human lead exposure ranging from ~ 850,000 cardiovascular deaths (GBD 2019 Risk Factors
Collaborators et al., 2020) to > 5.5 million estimated by the World Bank (Larsen and Sanchez-triana,
2023). These discrepancies appear to be due to methodological choices related to the exposure-
response function used and in particular, whether the effects on CVD are mediated by SBP or not.
The aim of this case study is to estimate the environmental burden of CVD attributable to lead
exposure in European adults. As systematic reviews and meta-analyses were lacking, the first step
and the foundation of this case study is the development of the ERF for the association between blood
and/or bone lead and SBP by conducting a Burden of Proof meta-regression (Zheng et al., 2022)
which allows for quantification of known sources of bias. Then, a top-down probabilistic approach
will follow to calculate attributable Disability-Adjusted Life Years (DALYs) with 2-d Monte Carlo
techniques to distinguish between uncertainty (e.g. from ERFs, DALY per case estimates derived from
the GBD) and variability (e.g. between blood and/or bone lead levels, SBP). The case study is still
ongoing and findings on the ERF and Pb attributable CVD burden will be available by end of 2025
(see above table).

L https://www.hbm4eu.eu/wp-content/uploads/2019/03/HBM4EU_Scoping-Document_Lead_v1.0.pdf
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5.1.3 Lead (Pb) and methylmercury (MeHg) exposure and IQ loss in children in Europe -
single - substance and mixture approach

Title Environmental burden of lead (Pb) and methylmercury (MeHg)
exposure on IQ loss in children in Europe - single - substance and
mixture approach

Institutions involved ANSES (lead), DTU, VITO, Sciensano, ENSP

Status In progress (completion date: September 2025)

Publications In progress (completion date: end of 2025)

Contribution to task 6.2.4a | Aggregated @ human  biomonitoring (HBM) data were
(Data) retrieved/downloaded from the European HBM Dashboard

(https://hbm.vito.be/eu-hbm-dashboard) and the Information
Platform for Chemical Monitoring (IPCHEM). Additionally, data from
Sweden have been compiled via case study partners. Individual HBM
data from the French Esteban study were also collected. Data will
also be requested from the FLEHS studies. Also, new dose-response
relationships were generated through literature reviews and meta-
analyses for both lead and methylmercury. From those results, we
derived a specific scaling factor to apply in our mixture burden of

disease.
Contribution to task 6.2.4b | An epidemiological literature review was performed, followed by
(Methodology) meta-analyses to derive the exposure-response functions used in

the calculations. All study designs were considered, mainly
longitudinal studies for prenatal exposure and transversal studies
for postnatal exposure. The main knowledge gap identified is the
lack of homogenous matrices and exposure windows in dose-
response relationships for lead and methylmercury. This limitation
introduces uncertainty into the calculation of the scaling factor.
Calculating burden of disease for mixtures will require further
methodological advancements in future work.

Contribution to task 6.2.4d | We reported results as IQ points lost (individual and total) and as
(Indicators) DALYs associated with intellectual disability. An indicator of
economic loss was also proposed.

Overview summary

Lead and methylmercury are neurotoxicants known to impair cognitive development and to
cross the placental barrier, affecting fetal development. Early life exposure has been associated with
reduced IQ, behavioral problems, and cognitive deficits. Persistent disparities in exposure levels
among countries, support the need for further impact studies.

The aim of this case study was to assess the disease burden associated with chronic exposure
to lead and methylmercury, individually and as a mixture, on IQ loss in children in Europe (individual
and total) and as DALYs associated with intellectual disability. An indicator of economic loss was also
proposed.

Data on eExposure levels of children and women of childbearing from across Europe were
extracted from publicly-available databases (Table 3). We performed a nonsystematic literature
review followed by a meta-analysis to derive dose-response functions. A traditional incidence-based
approach was applied to assess the environmental burden of disease associated with lead and
methylmercury exposure. For the mixture approach, we derived a scaling factor, allowing us to
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express methylmercury exposure levels into lead-equivalent levels. The incidence-based approach
was then applied using scaled exposure data.

The case study is still ongoing.

Table 3. Descriptive statistics of exposure for women of childbearing age and children within the
Esteban population

Population Age Substance _Nur_nper of Median Mean IQR Matrix Unit
individuals
Children 6-11y Pb 417 1092 12.01 6.15 Blood pg/L
Women of
childbearing 18-49y Hg 205 640 846 760 Hair pg/g
age
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Municipal solid waste incineration emissions and cancer-related mortality

Title

Environmental burden of municipal solid waste incineration
emissions on cancer-related mortality

Institutions involved

FMUL (lead), VITO

Status

Completed

Publications

In progress (completion date: May 2025)

Contribution to task 6.2.4a
(Data)

This case study uses an approach to estimate the population exposed
to the mixture emitted by incinerators considering the estimated

ground level concentrations. The Graz Lagrangian Model estimates
the transport, dilution, and ground-level concentrations based on
the heavy metals emissions (arsenic, cadmium, mercury, and lead)
measured at the chimney, height, and diameter of the chimney, the
topography of the area around the incinerator, the aerodynamic
roughness based on occupation and land use, and the intensity and
direction of the wind. The focus on heavy metals reflects the
pollutants that could be modelled with the available emissions data
and software capabilities. Due to limitations in the granularity of the
available cancer mortality data, we did not directly model health
impacts based on the estimated metal concentrations. Instead, we
used the estimated ground-level concentrations to classify parishes
into groups of higher and lower exposure to MSWI emissions, which
were then used to compare health outcomes between exposed and
control (counterfactual data source) groups.
A random-effects meta-analysis including observational studies
(cohort, case-control, cross-sectional, and ecological) was
performed to define the ERF between exposure to municipal solid
waste incinerators and specific cancer mortality (i.e. stomach,
colorectal, liver, lung, and leukemia) by aggregating the evidence of
available studies.

Population attributable fraction for cancer mortality and
attributable number of deaths by cancer.

Contribution to task 6.2.4b
(Methodology)

Contribution to task 6.2.4d
(Indicators)

Overview summary

Incineration is one of the primary methods for treating urban solid waste. While current
legislation establishes emission limits for incineration that are considered safe from a public health
perspective, the process still releases various pollutants (in low doses) depending on the waste
composition. These include heavy metals, nitrogen oxides, sulfur dioxide, dioxins, and furans.
Although low emission levels are deemed safe, strong evidence about the long-term effects of low-
dose exposure remains lacking. Notably, waste incineration has been associated with an increased
risk of various cancers (Sharma et al., 2013)(Raffetti et al., 2019) and cancer-related mortality (Vinti
et al., 2021). Similarly, elevated exposure to heavy metals has been linked to higher risk of cancer
(International Agency for Research on Cancer (IARC), 2012)(Barone et al., 2016)(Anconaetal., 2015)
and cancer-related mortality (Ancona et al.,, 2015)(Duan et al., 2020). Estimating the cancer-related
mortality burden associated with living in areas exposed to waste incineration activity could provide
critical evidence to determine whether stricter mitigation measures are necessary. This case study
illustrates an assessment method for estimating the environmental burden of exposure to waste
incinerator emissions based on epidemiological studies (and its limitations).
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The overall goal of the case study was to estimate the cancer-related mortality attributable
to exposure to municipal solid waste incinerator (MSWI) emissions in Portugal. The specific aims
were as follows:

i.  To define the population exposed to MSWI emissions in a specific region of Portugal and
assess cancer-related mortality by cancer type.
ii.  To define an exposure-response function (ERF) that links exposure to MSWI emissions with
cancer mortality, stratified by cancer type.
iii.  To calculate the population attributable fraction (PAF) and estimate the number of
attributable deaths.

The exposed population was defined according to the criteria reported in the previous table,
section “Contribution to task 6.2.4a (Data)”. To calculate the PAF and number of attributable deaths,
the population living in the exposed parishes was used as the whole population of interest
(denominator = 289,957 inhabitants, corresponding to 14.1% of the Great Lisbon Area, where the
incinerator is located).

The ERF was established based on a meta-analysis of observational studies assessing
associations between exposure to municipal solid waste incinerator emissions and cancer mortality
outcomes. Due to the limited number of available studies, no differentiation was made between
MSWI facilities based on specific technological characteristics (e.g., incineration technology, emission
control systems, or waste stream composition), which may influence the environmental and health
impacts observed. We opted to calculate pooled effect sizes by combining the different effect
measures reported (RR, HR, and SMR). Given the minimum of three studies required for aggregating
effect sizes, the estimated effect sizes were calculated for stomach, colorectal, liver, lung, and
leukemia cancer mortality. For all cancer types except lung cancer, no statistically significantly
increased risk was found. However, a significant positive association was observed for lung cancer
mortality (effect size = 1.17, 95% CI: 1.03, 1.32, 12 = 21%). Based on the results of this meta-analysis,
we produced Table 4. The calculated PAF was 14.53% (95% CI based on the effect size: 2.91%,
24.24%). Between 2015 and 2019, a total of 608 lung cancer deaths were recorded in the exposed
parishes, with an average of 122 deaths per year. Applying the calculated PAF, we estimate that, on
average, 18 deaths per year (95% CI: 4, 30) may be potentially attributed to MSWI emission
exposure. For this, an RR of 1.26 (95% CI: 1.05, 1.50) was calculated by comparing the sex- and age-
standardized lung cancer mortality rates between the exposed and control parishes. Using this RR,
the PAF for lung cancer mortality was estimated at 20.63% (95% CI based on the RR: 4.76%,
33.33%). For the same period (2015 to 2019), an average of 25 deaths per year (95% CI: 6, 41) were
estimated to be potentially attributable to MSWI emissions exposure.

Table 4. Comparison of Effect Size, Population Attributable Fraction, and Attributable Deaths for
Lung Cancer Mortality Using Meta-analysis and Population-Based ERF

Meta-analysis ERF  Population-based ERF

Effect size estimate 1.17 (1.03, 1.32) 1.26 (1.05, 1.50)
Population attributable fraction 14.53% (2.91, 24.24) 20.63% (4.76, 33.33)
Attributable number of deaths 18 (4, 30) 25 (6, 41)
Attributable death rate (per 100,000 habitants) 6.2 (1.2,10.3) 8.8 (2.0, 14.2)

The comparison of the two approaches reveals some variation in the estimates of lung cancer
mortality associated with MSWI emissions. The population-based method estimated a higher PAF
(20.63%) and attributable deaths (25 per year) compared to the meta-analysis approach, which
yielded a PAF of 14.53% and 18 attributable deaths per year. Given the limitations of both the data
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and methods used, these estimates should be interpreted with caution. In this case study, PAF
estimates were based on the observed associations identified in the meta-analysis and population-
based comparison. Given the limited number of available studies and the predominance of ecological
designs, causality could not be formally established through a weight of evidence approach.
Nevertheless, considering the consistent positive association with lung cancer mortality, we
proceeded with estimating the potential burden of MSWI emissions. The results highlight the
complementary nature of the two methods in estimating the impact of environmental exposures on
health outcomes, with both approaches suggesting that MSWI emissions could contribute to an
increased public health burden. However, due to uncertainties in the exposure data, potential
differences in MSWI technologies, and potential confounding factors, the true extent of lung cancer-
related deaths attributable to MSWI emissions remains uncertain. High-quality prospective
longitudinal studies with individual-level exposure assessment are needed to strengthen the
evidence and better quantify this association. Additionally, the potential increased burden of
incineration activities should also be balanced with the burden of alternative processes for MSW
management.
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Arsenic exposure and lung, bladder, and skin cancer

Title

Environmental burden of disease study on arsenic exposure and
lung, bladder, and skin cancer

Institutions involved

Sciensano (lead), DTU, VITO, ENSP

Status

Completed

Publications

In progress

Contribution to task 6.2.4a
(Data)

This case study developed a comprehensive database for evaluating
the health impact of arsenic in Belgium, Portugal and Denmark. At

the onset of this case study, only limited biomonitoring data on
arsenic were available, and all reviewed literature estimating DALYs
focused on dietary exposure. Thus, dietary exposure was chosen for
this study’s assessment. Occurrence and food frequency data were
collected and combined to estimate external (dietary) exposure
level for different population groups. Also, DALY computations for
different subpopulation groups were performed.

Several methodological challenges were identified and overcome.
Estimates of dietary exposure were derived by combining
occurrence data with consumption data from national food
consumption surveys. Arsenic tends to accumulate in the human
body, leading to increased concentrations with age (ATSDR, 2007).
Therefore, a long-term exposure period is of interest for this study.
However, dietary exposure was estimated via 24h recall and food
frequency questionnaires. The main strength of this case study is the
potential for the application of a harmonized methodology across
Belgium, Denmark, and Portugal, providing a consistent framework
for comparison and analysis. Additionally, SES stratification of DALY
estimates supports addressing the role of socio-economic status in
EBD assessment. This is a significant step forward, as it
acknowledges the impact of socio-economic factors on the health of
populations.

DALY stratified by education level

Contribution to task 6.2.4b
(Methodology)

Contribution to task 6.2.4d
(Indicators)

Overview summary

Epidemiological studies demonstrate associations between inorganic arsenic (iAs) from
dietary sources and a variety of carcinogenic and non-carcinogenic health effects. There is increasing
recognition of the importance of estimating the EBD of chemical contaminants by scientists and
policy makers. Yet, comprehensive studies providing a clear picture of the impact of iAs on European
populations are lacking, and even fewer are investigating the importance of socio-economic status
(SES). This study aimed to estimate the EBD related to dietary exposure to iAs for lung, bladder, and
skin cancers across different socio-economic strata for three European countries, Belgium, Denmark,
and Portugal. The EBD was estimated using a RA approach following Jakobsen et al. methodology
(Jakobsen et al., 2019), with DALY as the main indicator. The exposure-response functions were
selected on a non-systematic review of the literature and correspond to those used by Jakobsen et al
(2019). Our findings show significant variations in dietary exposure and attributable burden
between the three countries. Moreover, iAs exposure levels and attributable burden increase with
the education attainment, which serves as a proxy for SES. The Portuguese population experiences
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the highest exposure levels and thus the highest EBD for the three education level groups, with
particularly elevated rates among the higher SES groups. Belgium and Denmark report significantly
lower and more stable rates across education levels, indicating a more evenly distributed cancer
burden in these countries. Figure 3,4,5 provide the DALY estimates for the three types of cancers for

Belgium stratified by education level (as a publication is underway no further results are shown
here).
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Figure 3. EBD of bladder cancer related to iAs exposure for the Belgian population stratified by education level.
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Figure 4. EBD of lung cancer related to iAs exposure for the Belgian population stratified by education level.
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Figure 5. EBD of skin cancer related to iAs exposure for the Belgian population stratified by education level.

This case study provides important estimates of the EBD related to inorganic arsenic exposure for
different socio-economic groups, across three European countries, adopting a harmonized
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methodology. However, it highlights the necessity for more extensive data collection to improve the
accuracy of EBD evaluations. The uncertainty depicted in the figures reflects only that of exposure
and YLL estimates. The uncertainty for other input parameters (e.g., ERFs) was not available,
resulting in an underestimation in the overall uncertainty.
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5.1.6 Influence of waste co-incineration in a cement plant on cancer burden and risk
assessment for selected chemicals based on HBM data

Title

Influence of waste co-incineration in a cement plant on cancer
burden and RA for selected chemicals based on HBM and
environmental monitoring data

Institutions involved

OI (lead) and NIJZ

Status

In progress (The results of geographical analysis [1] will be
available in the middle of 2025.

Results of RA [2] will be available during the beginning of summer
2025.)

Publications

Yes in progress - expected end of 2025

Contribution to task 6.2.4a
(Data)

[1] For the geographical analysis the environmental data are
available for our case study from a dedicated national research
project in Slovenia (Aris V3-2236). There are available modelled air
pollution data (PM10, PAH) and soil sampling data (metals). Further,
data on all cancer cases for the entire population in the study area is
available in the population-based cancer registry. In addition to
individual data, all the cases are geolocated to the coordinate level.
Socio-economic status (SES) is applied as a surrogate to exposure to
life-style factors. The SES has been captured via deprivation index
SI-EDI which is available for individual cancer patients as well as on
a small aggregated level for the background population. No
individual level exposure data is available in this case study. The
possibility of the ecological fallacy is considerable in such case.

[2] Exposure data for the RA come from the National HBM survey [
(2007-2014) in adult population of Slovenia; i.e. Pb in blood, tAs, Cd
and Hg in urine, Me-Hg in hair, metabolites of PAHs in urine, POPs in
blood. Further data will be available once the HBM survey II
(children and adolescents in hot spots) survey is completed.
Pseudonimysed HBM survey I data are available for general adult
population in 12 regions (three rural, three urban and six polluted
by the selected chemicals based on the environmental monitoring) ,
including the GoriSko region where the waste co-incinerator is
located. Additionally, pseudonymised HBM survey II data on
children and adolescents living in eight “hot spots”, including the
residents living in the area of the cement plant. will be available in
the first half of 2025. Uncertainties may arise from the broad
sampling area, particularly in the HBM survey I, resulting in the
“dilution” of measured concentrations by mixing data from more
and less polluted areas within studied regions. The application of the
same exclusion criteria in both polluted and non-polluted areas
could further impact exposure estimates. Additionally, pooling
certain samples due to limited sample size may dilute
concentrations even more and introduce uncertainty in statistical
significance.

Contribution to task 6.2.4b
(Methodology)

[1] Geographical analysis: Bayesian spatial hierarchical modelling of
incidence: risks and PAFs are assessed.
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[2] RA for the Slovenian adult population will be conducted using
exposure data to metals, PAHs and POPs from the first national HBM
survey (HBM survey I), interpreted with current HBM-GVs or HBM-
TVs. If these are unavailable, German HBM I/II values or BE will be
used. If feasible, RA will also be extended to children and adolescents
using data from the second national HBM survey (HBM survey II).
Contribution to task 6.2.4d | [1] Two groups of indicators will be provided for different cancer
(Indicators) types comparing the polluted and non-polluted areas: Cancer Risk
and Population Attributable Fraction (PAF). A gap identified is that
as co-incineration has only been in force for a few years, the
exposure data and the cancer cases relate to the same period. The
latency period between cancer diagnosis and exposure can
therefore not be considered. We do not know what the cancer
incidence will be in 10 years’ time.

[2] Risk to the general population arising from exposure to selected
chemicals based on the currently available data.

Overview summary

Waste co-incineration in a cement plant generates and releases a mixture of toxic substances,
some of which are known carcinogens. The current case study aims at investigating the impact of
waste co-incineration at the Salonit Anhovo cement plant (Western Slovenia region) on cancer by
assessing the environmental pollutants in the modelled areas and their association with the cancer
burden in the population. The case study consists of two parts: i) A geographical analysis with
Bayesian spatial hierarchical modelling of incidence: risks and PAFs are assessed ii) A RA for the
Slovenian adult population will be conducted using exposure data to metals, PAHs and POPs from
the first national HBM survey (HBM survey I), interpreted with current HBM-GVs or HBM-TVs. If
these are unavailable, German HBM I/II values or BE will be used. The selection criteria of chemicals
in HBM survey I were based on national air and soil monitoring results, toxicological hazard of
chemicals, their persistence and bioaccumulation potential, estimated size of exposed populations,
analytical capacity, certain public concerns, and trends in other countries. Inclusion of at least 960
participants (40 primiparae and 40 males from twelve areas) was based on the statistician’s
recommendation to assure reliability of the set goals: to assess exposure of adults to selected
chemicals and exposure of babies via maternal milk, to establish the geographical differences in
exposure, to identify and evaluate the sources of exposure, to calculate national background
reference values, to compare the data internationally, and to generate data for risk assessment. If
feasible, RA will also be extended to children and adolescents using data from the second national
HBM survey (HBM survey II). Results of the [1] (geographical analysis) will be available during the
first half of 2025. The literature review showed that limited evidence exists on association between
cancer and exposure to pollutants emitted by I. generation incinerators and L.-II. generation cement
plants. There is some low-to-moderate evidence of association between soft tissue sarcoma and non-
Hodgkin lymphoma in population exposed to dioxins near I. generation incinerations, but no
evidence exists for next generation incinerators. Till now, there is no evidence for co-incinerators.
There is moderate evidence for association between incidence of all cancers, lung, prostate, stomach
and oropharyngeal cancer and exposure to chromium in occupationally exposed persons working at
[.-II. generation cement plants. Using limited evidence available from our umbrella review for our
case study the following combination of cancer sites and exposures were selected for geographical
analyses: all cancers but non-melanoma skin (geographical vicinity, PM10, PAH, Cr), lung cancer
(geographical vicinity, PM10, Cr), non-Hodgkin lymphoma and sarcoma (geographical vicinity, PAH).
2 In RA, the available HBM-GVs, HBM-TVs, German HBM I/II or BE - except potentially for certain
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POPs in blood - will be compared to exposure assessed using national HBM I survey data including
analyses of uncertainties. These may arise from the broad sampling area resulting in consequent
“dilution” of measured concentrations, pooling of samples which further dilutes concentrations and
application of the same exclusion criteria in the polluted and non-polluted areas. On the grounds of
the existing RAs for tAs and Pb we predict no increased health risk in the region with waste co-
incineration in comparison to other regions.

We expect that our bias analysis of HBM studies will highlight the need to propose a new,
targeted HBM study in the vicinity of the co-incineration plant. Detailed results will be available in
the first half of 2025. Limited evidence exists on association between cancer and exposure to
pollutants emitted by incinerators. To fill this gap, it seems reasonable to plan focused European
wide epidemiological studies and human biomonitoring studies with various cases. The proposed
case study aligns with the European direction on reducing the cancer burden and sustaining a healthy
environment. The European Commission’s main priority in health is cancer. Europe's Beating Cancer
Plan sets out a new EU approach to cancer prevention, treatment and care with new technologies,
research and innovation as the starting point.

Co-funded by
the European Union 41

ID_A_ID)_
YR




D6.4 P-A-R-C HORIZON-HLTH-2021-ENVLTH-03 CONTRACT N. 101057014

5.2 New case studies started in year 4 (2025)

5.2.1 Glyphosate based herbicides and diabetes in EU countries (IRAS (lead), ANSES,
SRU, WR-BIOM, Sciensano)

Glyphosate-based herbicides (GBHs) have been used widely worldwide since 1974
(Benbrook, 2016)(Antier et al., 2020)(de Aradjo-Ramos et al., 2021), and the EU permission to use
GBHs has recently been extended until 2033 (The European Commission, 2023). A growing body of
literature has reported on the association of occupational and environmental exposure to GBHs with
adverse health outcomes. However, findings are controversial mainly due to some contradictory
results, even among meta-analyses (Krimsky, 2022). For example, regarding carcinogenicity there
are contrasting conclusions by IARC (IARC, 2017) and ECHA.

Given their extensive use and their potential harmful effects, estimating the burden of disease
due to exposure to GBHs is of paramount importance for public health and glyphosate is among the
priority chemicals within PARC (Rousselle et al., 2021). As such this case study aims at performing a
environmental burden of disease (EBD) of GBHs for the general adult population. Considering data
availability which calls for simplicity the initial focus will be only on one chemical (i.e. GHBBHs) and
if possible/relative its metabolite (i.e. AMPA) (Singh et al., 2020), one health outcome and one
country (i.e. the Netherlands). But when data are available, the developed HIA framework will be
extended also to other European countries. Based on the availability of exposure data, of interest is
the general adult public in rural areas where the main considered routes of exposure are inhalation,
food intake and dermal exposure. Currently the outcome with the most detailed exposure response
function (ERF) is type 2 diabetes mellitus (T2DM) (Li et al., 2023) (using the NHANES dataset), as
there the exposure is continuous and measured in urine samples in ng/ml. The inclusion of other
outcomes will be considered if there is sufficient information. For example, another health endpoint
of interest is non-Hodgkin’s lymphoma for which there are four meta-analyses (Zhang et al,
2019)(Schinasi and Leon, 2014)(Chang and Delzell, 2016)(Donato et al., 2020) but there the
exposure is categorical based on surveys and thus requires careful considerations. There is also
concern on the recent findings on exposure-effect associations in epidemiological studies, including
associations between urinary glyphosate and preterm birth (Silver et al., 2021), gestational length
(Parvez et al., 2018)(Lesseur et al., 2022) and anogenital distance in children (Lesseur et al., 2021).

Thus, the HIA will need to be conducted in a ‘limited data’ setting, and we will aim to i)
estimate population exposure levels via different ways (e.g. internal and external exposure, PBK
models) and compare them with each other and with observed levels available from the literature,
ii) explore data-integration such as from experimental animal studies to refine the ERF if needed, iii)
investigate which of the various methods for HIA (e.g. comparative RA, Markov Models, system
dynamics) is best suited iv) estimate population attributable fraction of T2ZDM incidence due to GBHs
exposure, v) perform uncertainty assessments which is dependent on the HIA method applied, vi)
explore plausibility and limitations for inclusion of other potential health outcomes, and vii) after
establishing the methodology for one substance expand the framework to a mixture of other
pesticides that have been found to co-occur but there methodological developments are needed to
obtain conditional associations from the marginal ones reported.

Regarding the criteria mentioned in the document “PARC T6.2.4 selection criteria for
methodological case studies” the current HIA case study aims to cover the points 1-5 while it focuses
on an exposure which despite its extensive presence around us, HIAs are lacking. In terms of design,
the HIA will start by gathering the necessary inputs such as the ERFs and then constructing the
methodology suitable for the target population and for informing policy makers as different methods
provide different perspectives.
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5.2.2 Incorporating a time-to-event model to improve the prediction of age of onset
or death (RIVM (lead), Sciensano)

The current method for deriving age of onset or death primarily focuses on the population-
based burden, in which average ages of onset or death in a population were derived
(Devleesschauwer et al., 2015). However, the use of an average age of onset or death overlooks the
fact that they are dose-dependent, i.e., higher exposure is related to an earlier age of onset or death
(Bokkers et al., 2012)(Zeilmaker et al., 2010). Furthermore, the average age of onset or death was
only related to a particular disease but not to a particular chemical. The average age of onset or death
related to a particular disease also incorporates the influence of other risk factors, it can be named
as age of onset all risk factors or age of death all risk factors. Therefore, the true age of onset or death
attributed to chemical exposure can be understood as the decreased time to event (i.e., disease or
death), and are referred to as A age of onset or A age of death.

This kind of dose-related (and chemical specific) reduction in the time of disease or death
onset may directly affect the calculation of incidence at a certain period, thus leading to bias in the
estimated burden of disease (EBD) calculation results.

We propose a new approach to estimate the age of onset at individual level with individual
risk prediction models and microsimulation. The new approach is described as follows:

1. Conduct a prospective observational study or retrospectively utilize existing data from
cohorts or registries where individuals are exposed to the chemical of interest.

2. Data Collection: Collect data on exposure to the chemicals and information on potential
confounding variables such as demographic characteristics, lifestyle factors, and other
exposures.

3. Data Analysis: Use appropriate statistical models to analyze the data and estimate the
relationship between chemical exposure and age of onset, e.g., Cox proportional hazards
model or other time-to-event models.

4. Modelling: Develop a model that accounts for potential confounders and covariates to
estimate the hazard ratio or relative risk of age of onset associated with exposure to the
chemicals of interest. Adjustments for time-varying exposures or covariates may also be
necessary.

5. Model validation: Validate the predictive performance of the model by splitting the data into
training and testing sets or using more advanced methods such as cross-validation or
bootstrap. Assess the model's overall-fitting, discrimination, and calibration.

6. Predict the age of onset: Once the model is fitted, apply it to the whole population to predict
the age of onset for all individuals at specific level of exposure to the chemicals. This can
involve applying the estimated regression coefficients to the exposure data of interest and
calculating the expected age of onset.

7. Using the predicted individual ages of onset, the population-level age of onset can be
estimated through simulation.

The new approach will be applied to a case study to estimate the burden of disease (BoD) for
dietary exposure to a mixture of cadmium and lead, focusing on their nephrotoxic effects (see 5.2.5
below). Furthermore, we will compare the age of onset or disease derived from this case study with
those from other studies that do not use a time-to-event model. We hope this comparison will
demonstrate the advantages of our proposed approach and justify its application in other EBD
estimations. Ultimately, this integration will enhance the accuracy of estimating the age of onset or
death specifically attributable to chemical exposure.
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5.2.3 Exposure to PFAS and infectious diseases (VITO (lead), DTU, FHI, ANSES, NIPH,
Sciensano, [ISPV)

Per- and polyfluoroalkyl substances (PFAS) are a group of synthetic fluorinated compounds
widely used in e.g. different consumer products due to their water, oil, and stain resistant properties.
Aside from their desirable properties, PFAS are also bio-persistent environmental pollutants that are
ubiquitously distributed in both humans and wildlife. The main exposure route to PFAS for humans
is through ingestion of contaminated food and beverages, and via inhalation of indoor dust.
Moreover, PFAS exposure has also been reported to occur in utero via placental transfer, and
perinatally during breastfeeding (Impinen et al., 2019).

Exposure to PFAS has been associated with a broad range of toxicological outcomes, with
immunotoxicity (increased pneumonia incidence, reduced vaccine antibody titers) being one of the
most sensitive health effects. Few studies thus far have focused on estimating what the health impact
of PFAS are in the general population. One such study was performed by (Goldenman et al., 2019),
who estimated that 785 000 children were at risk of developing/sustaining infections in the EEA due
to PFAS exposure (assuming 3% of the population is moderately exposed), corresponding to 1.5
million additional days of fever and a total health-care cost of 52 - 84 billion EUR. However, these
risk calculations were conducted before EFSA published the updated tolerable weekly intake (TWI)
of 4.4 ng/kg-bw per week (EFSA CONTAM Panel (EFSA Panel on Contaminants in the Food Chain) et
al,, 2020). It is therefore assumed that far more people are moderately exposed than assumed by
(Goldenman et al,, 2019), thus possibly posing a more significant public health risk.

In this case study we plan to estimate the environmental burden of disease related to PFAS
for the European context based on HBM data from the general population (measured in HBM4EU).
The disease burden will be attempted to be estimated from two perspectives:

1. By considering hard clinical immunological endpoints such as respiratory tract infections,
infections, additional fever days, additional hospitalization, ...; these endpoints will also be
meta-analyzed (if possible) to provide more robust and reliable EBD estimates. An increased
propensity of infection based on a meta-analysis would be more clearly anchored in adversity
compared to isolated observation on vaccination response. Studies selected on infectious
disease and PFAS exposure were based on EFSA reports (EFSA Panel on Contaminants in the
Food Chain (CONTAM) et al., 2018)(EFSA CONTAM Panel (EFSA Panel on Contaminants in the
Food Chain) et al,, 2020), submitted restriction reports (European Chemicals Agency (ECHA),
2022)(BAuA et al,, 2023) and a systematic search performed by DTU.

2. Dose response functions will be sought for the relationship between antibody titers and
occurrence of hard clinical endpoints (e.g., the diseases against which the respective vaccines
provide protection for or other immune effects). This will allow us to estimate the disease
burden based on the EFSA TWI for vaccine antibody reduction. However, data on this will
probably be limited.

The burden of disease will be estimated for the general European population. The base case
analysis will include the “EFSA 4” congeners, namely PFOS, PFOA, PFNA and PFHxS, but can be in
additional analysis also be extended to other congeners. As for the burden of disease, the following
metrics will be estimated: attributable disease cases, population attributable fraction, disability
adjusted life years, and if possible, health economic losses.
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5.2.4 Exposure to cadmium and nephrotoxicity (Sciensano (lead), VITO, RIVM,
ANSES, DTU, ENSP)

Cadmium (Cd) is a trace metal naturally occurring in the environment, with anthropogenic
activities such as agriculture, industry and urbanization highly contributing to its pollution in soil,
water and living organisms (Pan et al., 2010). Humans are primarily exposed to Cd through ingestion
(food and water) and inhalation (cigarette smoke, occupational fumes, ambient air), resulting in both
acute and chronic toxicity (Akesson et al., 2005)(European Food Safety Authority (EFSA), 2009). For
the non-smoking general population, food is the primary source of exposure, particularly staples
(especially rice, but also potatoes, and cereals), vegetables, shellfish, and offal products (Akesson et
al., 2005)(Satarug, 2018)(Joint FAO/WHO Expert Committee on Food Additives, 2022) (see also case
study on aggregate exposure in PARC Deliverable D6.1). The mean dietary exposure for adults in EU
countries ranges from 1.9 to 3.0 pg/kg body weight per week, while high consumers, such as
vegetarians or children, have levels between 2.5 and 3.9 pg/kg body weight per week, approaching
or exceeding the tolerable weekly intake (TWI) of 2.5 ug/kg body weight per week set by EFSA
(2009).Cadmium is regarded as one of the highest priority chemicals by The CTTF (Chemical and
Toxins Disease Task Force) of the FERG considered (Gibb et al., 2019), and metals are considered one
of the priorities within PARC, making a case study on Cd relevant to PARC objectives.

Cadmium accumulates in the body over a lifetime, mainly in the liver and kidneys (Satarug,
2018), and chronic exposure may result in significant health impacts (Pan et al,, 2010).

The strongest evidence of health effects is related to kidney dysfunction, potentially leading to
chronic kidney disease (CKD) (Zang et al., 2019)(Thomsen et al., 2022)(Redondo et al., 2023)(Huang
et al., 2023), and bone demineralization, which may result in conditions like osteoporosis and
fractures (Etchie et al.,, 2013)(Ougier et al,, 2021).

Chronic kidney disease (CKD) is defined as a progressive dysfunction in kidney filtration
function and its prevalence increases with age. It was estimated to be responsible for 44.5 million
DALYs globallyin 2021(GBD 2021 Diseases and Injuries Collaborators et al., 2024). In particular, CKD
due to dietary cadmium exposure was estimated to account for more than 70,000 DALYs globally,
corresponding to 1.0 DALY of CKD due to dietary Cd per 100,000 population in 2015 (Zang et al,,
2019).

Cadmium exposure increases with age, exacerbating the risk of developing Cd-related
diseases as people age (Satarug et al., 2017)(Genchi et al,, 2020). Women are also more vulnerable
to Cd exposure due to lower iron stores (Zahra, 2017)(Satarug, 2018), and several studies have
already shown a negative association between socioeconomic status (SES) and Cd exposure when
SES is considered in terms of educational level (Den Hond et al., 2015a)(Snoj Tratnik et al., 2022).

For these reasons, the relationship between Cd exposure and CKD is likely to be influenced by age,
gender, and SES. While several studies have already estimated the burden of CKD due to Cd exposure
at the country level in Europe for the adult population, the influence of SES disparities still needs to
be taken into account.

In this case study, we aim to estimate the burden of CKD related to Cd exposure in the adult
population over 40 years old, considering the influence of socioeconomic status., We will be using
dietary cadmium exposure data - estimated via national food consumption surveys (Belgian FCS
2004, INCA2 2006-7, DANSDA 2011-2013, IAN-AF 2015-16) and occurrence data - as such data and
SES stratification are available for the target population (in contrast to HBM data) and converting it
into urine concentration using a one-compartment toxicokinetic model (Amzal et al., 2009), for
which a collaboration with T6.2.2 of PARC will be explored.
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5.2.5 Exposure to a mixture of cadmium and lead and nephrotoxicity (Sciensano
(lead), VITO, ANSES, DTU, ENSP)

Exposure levels of Cadmium (Cd) and Lead (Pb) are in the same order of magnitude as the
reference values set by the EFSA (European Food Safety Authority (EFSA), 2009)(EFSA Panel on
Contaminants in the Food Chain (CONTAM), 2010), which raises concerns regarding potential health
effects related to these substances. In particular, both chemicals are associated with Chronic Kidney
Disease (CKD)(Agency for Toxic Substances and Disease Registry (ATSDR), 2020)(Ginsberg, 2012).
Moreover, evidence indicates that co-exposure occurs in the general population since Cd and Pb are
foodborne chemicals and are also present in contaminated air and water (Chung et al., 2014). Navas-
Acien et al. found a consistent association between individuals in the highest quartiles of blood Cd
and Pb levels and reduced glomerular filtration rate (GFR), indicating a strong association between
the co-exposure to these metals and CKD (Navas-Acien et al., 2009). The relevance of a mixture
approach is underscored by evidence suggesting that co-exposure to Cd and Pb has a more
pronounced effect on CKD than exposure to either metal alone (Jain, 2019). Yet, there are still few
studies addressing the health impact of mixtures. Therefore, investigating health effects of a
combined exposure to Cd and Pb will help refine the methodology of the HIA of mixtures.

It this case study, we will explore multiple exposure data sources for Cd and Pb in the adult
European population. Key data sources include the 2009 EFSA report on dietary Cd and the 2010
EFSA report on dietary Pb exposure (European Food Safety Authority (EFSA), 2009)(EFSA Panel on
Contaminants in the Food Chain (CONTAM), 2010). Available human biomonitoring data include the
DEMOCOPHES study (https://hbm.vito.be/eu-hbm-dashboard) , as well as HBM data prior to 2008
from (Bierkens et al.,, 2011). Co-exposure data for Cd and Pb are available from the FLEHS study for
Belgium (https://hbm.vito.be/eu-hbm-dashboard). Additional external exposure data are provided
in (Sprong et al,, 2023b) and internal exposure data through T6.2.3 in MCRA.

Both Cd and Pb accumulate in the body over a lifetime, with Cd reaching steady-state levels at
approximately age 40 (European Food Safety Authority (EFSA), 2009) (Ginsberg, 2012) and lead
accumulating particularly in bone tissue (Agency for Toxic Substances and Disease Registry (ATSDR),
2020). Therefore, this case study will target the general adult population, including the elderly.
Chronic exposure scenarios will be modelled to reflect real-life, long-term exposure relevant for
health impact assessment (HIA).

The study is currently in its preparatory phase. The start of this case study was delayed
pending the availability and learning outcomes from the cadmium-specific case study, which is now
sufficiently advanced to support progress. The first coordinators’ meeting has already taken place,
and deadlines have been set accordingly, with the kick-off meeting scheduled for September. The
possibilities for integrating this case study with the methodological case study “Incorporating a time-
to-event model to improve the prediction of age of onset or death” (5.2.2, see above) will be explored.

This case study aligns with the PARC T6.2.4 framework by incorporating current evidence on
the mixture’s health effects and aims to improve the methodology for mixture assessment.
Additionally, this case study aligns with and builds further upon the case study on RA of mixtures of
metals (Cd, Pb and As) regarding nephrotoxicity in the PARC project on real-life mixtures (see
deliverable D.3).

Co-funded by
the European Union 46

ID_A_ID)_
YR



https://hbm.vito.be/eu-hbm-dashboard

D6.4 P-A-R-C HORIZON-HLTH-2021-ENVLTH-03 CONTRACT N. 101057014

5.2.6 Probability modeling in burden of disease (UBA (lead), Sciensano, VITO, ENSP,
ANSES, DTU)

The aim of the proposed case study is to improve the modeling of statistical uncertainties in
the assessment of the environmental burden of disease (EBD) by introducing features of probabilistic
modeling in the estimation process (see also in section ‘methodological challenges’). Frequently,
single model parameters, such as the mean relative risk (RR) and its surrounding confidence interval
(CI), are used in EBD assessments. This deterministic approach is advantageous because assessments
can be conducted quickly, and the results are relatively straightforward for various stakeholders to
interpret. However, the use of such a deterministic approach results in the challenge, that the
statistical uncertainties are not adequately or insufficiently represented.

As discussed in the working paper "Challenges in performing Environmental Burden of
Disease and Health Impact Assessments for chemicals to be addressed in the PARC case studies" by
Plass et al., the use of probability distributions representing EBD input parameters such as RRs or
disability weights (DW) can help to overcome this problem. In contrast to the use of single point
estimates, the probabilistic approach employs Monte Carlo simulations, which allows the EBD
assessment model to be run repetitively with randomly selected values for each input variable,
drawn from respective probability distributions.

The estimated burden of disease results for indicators such as disability-adjusted life years
(DALYs), can then be presented as probability distributions or as classic parameters, such as the
mean and 95% Cls. This probabilistic approach more accurately reflects the uncertainty associated
with multiple input variables, providing a more realistic understanding of the uncertainty in EBD
results. This is particularly valuable for stakeholders and policymakers, as it supports more informed
decision-making.

In this case study, we plan to estimate disease burden indicators such as DALYs (and
attributable cases / deaths) using probabilistic modeling of the following components: population
attributable fraction (PAF) (using uncertainty distribution from the exposure-response function
(ERF)), DWs, prevalence of outcome (if published with some measure for uncertainty, e.g. CI). We
will also estimate DALYs using the deterministic EBD method in order to compare the two
approaches and discuss any potential differences in the results. An R-based script will be developed
to facilitate these analyses, which can also be utilized and further developed by other PARC partners.

The risk-outcome pair to test the feasibility of the approach will be lead (Pb) and intelligence
quotient (IQ) score loss in Germany, since both data availability and quality of the relevant data is
assumed to be good for Germany, especially concerning exposure data from our representative
survey German Environmental Survey (GerES). Due to these reasons, Germany will be the study
region for our case study.
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5.3 Case studies for Y5-Y7

On November 13, 2024 the PARC Governing Board concluded in a validated ranked list of
needs for the second half of the PARC project. Within T6.2.4. the emphasis of future activities will be
shifting towards specific chemicals and co-exposure to multiple chemicals that cause immune,
neurological, developmental or reproductive effect. Therefore, the case studies proposed for Y5 - Y7
will have to be developed accordingly. Table 5 provides a non-exhaustive list of possible case studies,
focusing on specific chemical groups, which adhere to the criteria mentioned above but equally
important, that are also feasible to perform. More specifically, this means that the proposed case
studies should be on (I) stressors for which HBM data is available from HBM4EU or will soon be
available from HBM data collected within PARC, and (II) exposure-outcome pairs for which numeric
exposure-response relationships are available in the literature (preferably from meta-analyses of
multiple high quality studies for more robust and reliable estimations) or can possibly be derived. Of
additional importance is the availability of data on socioeconomic differences in exposure estimates
based on HBM data. Case studies assessing chemicals for which HBM data by socio-economic groups
exist, will be prioritized.

Primarily, more focus should be on the regulatory relevance of case studies. The eventual
selection of case studies will be discussed with all T6.2.4 partners and T6.2 leaders so that both the
partners’ interests and expertise can be aligned with overall PARC priorities. Case studies focusing
more on methodology development in the domain of burden of disease and health impact assessment
will also be discussed with T6.2 leads.

Table 5. Overview of prioritized stressors and outcomes for future T6.2.4 activities based on PARC
Governing Board suggestions and on available data

Stressor

Outcome

Justification

Organophosphate
flame retardants

Developmental,
reproductive and
neurological effects

- HBM data exists from HBM4EU
- Highlighted as a priority in the PARC governing board meeting
13/11/24

Benzophenone UV-
filters

Developmental,
reproductive,
immune and
neurological effects

- HBM data exists from HBM4EU

- Some countries indicated willingness to measure
benzophenoness in PARC (though not part of the mandatory set
of stressors)

- Highlighted as a priority in the PARC governing board meeting
13/11/24

Phthalates, DINCH
and other
plasticizers

Developmental,
reproductive,
immune and
neurological effects

- Abundant HBM data from HBM4EU available

- Multiple compounds part of the mandatory set of stressors and
many compounds will be measured additionally be partners in
the PARC HBM studies

Co-exposure to
multiple pesticides
(pyrethroids,
organophosphates,
neonicotinoids, ...)

Developmental and
neurological effects

- HBM data already existing from HBM4EU, especially for
organophosphates - Pyrethroids will additionally be a
mandatory stressor to be measured in PARC (alongside TCPy (a
metabolite of chlorpyrifos and chlorpyrifos-methyl). Moreover,
other pesticides will also be measured (albeit on a voluntary
basis).

Emergent battery
chemicals, metals
and metalloids:
lithium, nickel and
cobalt

Multiple

- Not mandatory to be measured stressors in PARC per se, but
many partners have expressed their willingness to measure
these via HBM.

- Highlighted as a priority in the PARC governing board meeting
13/11/24 for the occupational setting, though given the demand
for EVs and other technology, increased exposure in the general
population might arise and therefore investigating the
associated disease burden might be of interest.
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PFAS Developmental, - Highlighted as a priority in the PARC governing board meeting
reproductive, 13/11/24
immune and - Multiple PFAS congeners part of the mandatory set of stressors
neurological effects in HBM4EU and in PARC HBM.
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6. Summary and Conclusions

In the 1990’s the burden of disease concept was developed by the World Health Organisation
in cooperation with the World Bank and Harvard University. A part of the health burden is caused by
exposure to environmental pollution i.e. the environmental burden of disease or EBD. EBD and
related health impact assessments (HIA) are tools to inform policy making. Burden of disease
estimations have been performed for air pollution and noise at a regular basis, but are largely lacking
for chemical exposures. For air pollution there is a framework developed by WHO to calculate the
burden based on a set of agreed exposure response functions (ERF). For chemical pollution this does
not exist, and we are years behind. This is one of the reasons that this task (i.e., T6.2.4) on EBD was
included in PARC, namely to advance EBD estimates on chemical exposures.

Within the T6.2.4 of PARC, three overarching aims were set for years 2-4 including
improvements in data collection/generation, in methodology and in health impact indicators. To this
end, we identified methodological challenges for EBD calculations and HIAs for chemicals in Chapter
3. We aimed at addressing those within the T6.2.4 case studies and for that purpose, we developed a
checklist with the challenges to be addressed. We expect the methodological improvements related
to these challenges to be an iterative process where methodological approaches will be improved
over multiple rounds of case studies. Eventually, we plan a summary paper on the approach to
EBD/HIA for chemicals recommended by PARC and the lessons learned from the case studies.

In Y2, several case studies were worked out to test EBD calculations for chemical exposures.
The lessons learned from these case studies were:

1. Impact of pyrethroid-insecticide exposure and ADHD in Europe based on HBM data (VITO)

e Considering the not too extensively available HBM data and epidemiological dose-
response functions (between pyrethroids and ADHD), the preliminary estimated
burden of disease associated with pyrethroids might be more substantial than initially
thought (especially since exposure is omnipresent and since pyrethroids were thought
of as a less harmful pesticide, what is not observed in NAMs for developmental
neurotoxicity). However, the preliminary estimate has a large uncertainty as described
in the published scientific article (Purece et al., 2024). More HBM coverage in Europe
regarding pyrethroid metabolite measurements and more robust and harmonized
epidemiological evidence for the association between pyrethroids and
neurodevelopmental effects are warranted to estimate the burden more accurately.

2. Cardiovascular diseases attributable to lead exposure in European adults (DTU)

e Multi-disciplinary and cross-country teams are an asset for the collection and
interpretation of data needed to conduct an European Burden of disease study.

3. Burden of lead and methylmercury exposure on IQ loss in children in Europe - single -
substance and mixture approach (ANSES)

e Regardinglead and methylmercury environmental burden of disease case study, there
is still a need to monitor lead and mercury exposure in Europe, particularly for women
of childbearing age and children. In the literature review, we identified a general lack
of mercury speciation, which introduces uncertainty related to inorganic or organic
mercury exposure. As most health outcomes arise from co-exposure to chemical
hazards, future EBD/HIA should work towards developing methodologies to assess
mixtures of substances. This will allow identification of each chemical contribution to
the disease burden, in order to help risk mitigation.

4. Impact of municipal solid waste incineration emissions on cancer-related mortality (FMUL)
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e Both meta-analysis and population-based methods suggest a potential increase in lung
cancer mortality attributable to municipal solid waste incineration emissions, but
relevant uncertainties remain due to limitations in exposure data assessment and
study designs, highlighting the need for robust, individual-level longitudinal studies to
quantify this association better. The case-study also demonstrated the need for
different and complementary methodological approaches in estimating health impacts
of environmental exposures at the community level.

5. Burden of disease study on arsenic (As) exposure and lung, bladder, and skin cancer
(Sciensano)

e The findings of the As case study underscore the importance of addressing socio-
economic disparities in environmental health risks, and the challenges arising from the
lack of harmonized, SES-stratified data collection across countries, which leads to
potentially underestimated burden of disease estimates.

6. Influence of waste co-incineration in a cement plant on cancer burden (Ol and NIJZ) &

e NIJZ identified a limited level of confidence concerning the exposure assessment due
to uncertainties listed in the text and a need for more targeted studies.

e OlI found no increased cancer risk has been identified in the population living in areas
potentially affected by pollution from co-incineration at the Anhovo cement plant.

Six additional case studies were started in Y4:
1. Possible impact of glyphosate-based herbicides and diabetes in EU countries (IRAS)

2. Incorporating a time-to-event model to improve the prediction of age of onset or death
(RIVM)

Impact of exposure to PFAS and infectious diseases (VITO)

Exposure to cadmium and chronic kidney disease (Sciensano)

Exposure to a mixture of cadmium and lead and nephrotoxicity (Sciensano)

Probability modeling in burden of disease (UBA)

ok w

Individual results of the case studies can be found in Chapter 4. Here we discuss some general
findings of the case studies of which some are still ongoing.

Exposure data for chemicals are lacking for several EU countries. This is seen for human
biomonitoring (HBM) data and is considered as a critical limitation. High quality EU HBM data are a
necessary prerequisite. Discussions are ongoing between the Council, the Parliament and the
Commission to make HBM more sustainable i.e. by “systematically” collecting data about the levels
of chemicals found in humans. Also, data gap filling techniques or exposure modeling techniques
could be applied. For external exposures, exposure estimates for dietary exposure have been
developed based on e.g. food frequency questionnaires and food measurements. Also here, detailed
data are not always easily available or accessible for all EU countries.

Exposure is also not always equally distributed across populations. Differences in exposure
exist, for example between age categories. Furthermore, discrepancies between the age categories
for which ERFs were derived and the age categories for which exposure data are available, may
complicate the issue. Exposure also differs for example by socio-economic status (SES) and one of
the flagships of the Zero Pollution Ambition and the Sustainable Development Goals is to reduce
exposure and health inequities and to leave no one behind. There is at the moment a big data gap on
exposure differences by SES.

ID_A_ID)_
YR

Co-funded by
the European Union 51




D6.4 P-A-R-C HORIZON-HLTH-2021-ENVLTH-03 CONTRACT N. 101057014

Humans are not exposed to one chemical at a time. Through HBM, a snapshot can be created
to which mixtures of chemicals persons are exposed. Mixture exposure assessment is relevant for
risk and impact assessment. For RA first steps have been made in PARC how these can be addressed.

As discussed above a framework with agreed ERFs to be used to calculate the burden of
chemicals is lacking. Heterogeneity across studies and derived ERFs may limit comparability
between studies (and meta-analysis). This is something that should be assessed in more detail and
has already been done in the different case studies in which several new ERFs have been derived
based on (systematic) reviews and meta-analysis (i.e. cardiovascular diseases attributable to lead
exposure in European adults (DTU), environmental burden of lead (Pb) and methylmercury (MeHg)
exposure on IQ loss in children in Europe - single - substance and mixture approach (ANSES),
exposure to PFAS and infectious diseases (VITO)). New case studies focusing on endocrine
disruption, immunological effects and related diseases are necessary to derive robust ERFs provided
there is sufficient epidemiological evidence in the literature. A global registry framework for
epidemiological studies with metadata on information that will be/has been collected could already
enhance harmonization of data in the future2. Furthermore, science is increasingly moving from
single exposure models to multi-pollutant exposure models to assess the link with health effects.
Sensitivity analysis remains necessary to address uncertainty.

Epidemiological studies using human biomonitoring measure exposure but also often effect
markers (or response markers). These effect markers are often subclinical and cannot directly be
linked to health effects. Also in experimental animal studies, adverse effects observed are often not
directly linkable to human symptoms or pathologies. This asks for development of more mechanistic
knowledge on how subclinical effects and adverse effects in animals can inform EBDs and HIAs. The
combination of findings in experimental, mechanistic and epidemiological data will also lead to more
transparency in the selection of health outcomes for which the burden can be calculated.

2 https://www.sciencedirect.com/science/article/pii/S1438463921001413?via%3Dihub
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