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EXECUTIVE SUMMARY

EXECUTIVE SUMMARY

The environment poses a diverse range of health risks. Environmental burden of disease (EBD) studies
try to estimate the impact of environmental stressors in terms mortality or morbidity on a population
level. Although environmental risks have been studied in Flanders, an effort to routinely quantify the
environmental disease burden completely and coherently has thus far not been established. For this
reason, Sciensano and Departement Zorg are partnering up in a project to map the Environmental
Burden of Disease in Flanders (EBoD-FL).

The aim of the research is to inventory the burden of disease attributable to all relevant environmental
stressors according to a coherent framework. To tackle this objective, the disease burden attributable
to environmental stressors is estimated using comparative risk assessment (CRA). As this method
determines the attributable burden proportionally, figures for the total disease burden are required as a
baseline to obtain absolute estimates. In EBoD-FL, the EBD is quantified as disability-adjusted life years
(DALYSs), a summary measure that combines both mortality and morbidity.

Given the extensive list of potential risk factor-health outcome pairs, a set of priorities was defined in
terms of environmental stressors and health outcomes. The risk factors that were prioritised are those
related to air quality, environmental noise and extreme temperature. In terms of outcomes, priority was
given to all-cause mortality, respiratory diseases and cardiovascular diseases. This report outlines the
CRA methodology in general, and the application on the risk-outcome pairs that have been given priority.
The basic steps of CRA are:

1. Selection of risk factors: Which risk factors are included in the study and how is exposure quantified
as a metric?

2. Exposure assessment: how to measure or model exposure to the risk factors in the population?

Identification of risk-outcome pairs: which health outcomes are caused by the risk factors?

4. Quantification of the risk-outcome relation: what is the risk of developing the outcome in function of
exposure?

5. Calculation of the population attributable fraction: what is the proportion of the disease burden
attributed to one or multiple risk factors?

w

The purpose of this report is to outline the general methodology used to tackle the objective of EBoD-
FL and to apply the CRA methodology to the stressors that are prioritized. Additionally, possibilities for
the application of the results for evidence-based policy are explored, as well as some challenges and
limitations.



EXECUTIVE SUMMARY

SAMENVATTING

Het milieu brengt een grote verscheidenheid aan gezondheidsrisico's met zich mee.
Milieuziektelaststudies (environmental burden of disease, EBD) proberen de impact van
milieustressoren in termen van mortaliteit of morbiditeit in te schatten op populatieniveau. Hoewel
milieurisico's in Vlaanderen reeds bestudeerd werden, bestaat er tot nu toe geen initiatief om de
ziektelast van het milieu routinematig, volledig en coherent te becijferen. Daarom werken Sciensano en
het Departement Zorg samen in een project om de bijdrage van milieustressoren aan de ziektelast in
Vlaanderen in kaart brengen (Mapping the Environmental Burden of Disease in Flanders, EBoD-FL).

De doelstelling van het onderzoek is het inventariseren van de ziektelast die kan worden toegerekend
aan alle relevante milieustressoren, en dit binnen een consistent kader. Om het doel te bereiken wordt
de milieuziektelast geschat met behulp van vergelijkende risicobeoordeling (comparative risk
assessment, CRA). Aangezien deze methode de toerekenbare ziektelast proportioneel bepaalt, zijn er
cijfers voor de totale ziektelast nodig als basis voor absolute schattingen. In EBoD-FL wordt de ziektelast
gekwantificeerd als het aantal verloren gezonde levensjaren (disability-adjusted life years, DALY’s), een
samenvattende maat die zowel mortaliteit als morbiditeit in rekening brengt.

Aangezien de lijst van potentiéle combinaties van risicofactoren en gezondheidseindpunten zeer
uitgebreid is, werd een reeks prioriteiten gesteld. De risicofactoren die prioriteit kregen hebben
betrekking tot luchtkwaliteit, omgevingslawaai en extreme temperaturen. In termen van eindpunten werd
prioriteit gegeven aan algemene sterfte, ademhalingsaandoeningen en hart- en vaatziekten. Dit rapport
beschrijft de CRA-methodologie in het algemeen en de toepassing op de prioritaire risico-
eindpuntparen. De basisstappen van CRA zijn:

1. Selectie van risicofactoren: Welke risicofactoren worden meegenomen in het onderzoek en welke
indicators worden gebruikt om de blootstelling te bepalen?

2. Blootstellingsbepaling: hoe wordt de blootstelling aan de risicofactoren in de populatie gemeten of
gemodelleerd?

3. ldentificatie van risico-eindpuntparen: welke gezondheidseffecten worden veroorzaakt door de
risicofactoren?

4. Kwantificering van de risico-eindpuntrelatie: wat is het risico op het ontwikkelen van de uitkomst in
functie van de blootstelling?

5. Berekening van de toerekenbare fractie voor de bevolking: wat is het aandeel van de ziektelast dat
wordt toegeschreven aan één of meerdere risicofactoren?

Het opzet van dit rapport is om de algemene methodologie van EBoD-FL te schetsen en om de CRA-
methode toe te passen op de prioritaire stressoren. Daarnaast worden mogelijkheden voor de
toepassing van de resultaten voor wetenschappelijk-gegrond beleid verkend, evenals enkele
uitdagingen en beperkingen.
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1. Background

A growing body of evidence demonstrates how the environment can have adverse effects on health.
Our surroundings pose a diverse range of risks, in the form of polluting substances, harmful radiation,
disrupting noise and many other factors. Epidemiological studies (typically cohort or case-control
studies) are conducted to identify relationships between environmental exposure and increased risk of
disease or mortality. An example is ELAPSE, a multicentre cohort study assessing the link between low-
level air pollution and mortality in seven European countries, including Belgium. Contrary to individual
epidemiologic studies, meta-analyses pool the results of multiple studies collected in a systematic review
of relevant literature. As such, a meta-analysis synthesizes a large amount of evidence as to overcome
the errors and bias in the individual studies and obtain a more accurate relationship.

In contrast to epidemiological studies, that examine the association between exposure and health
outcomes, burden of disease (BOD) studies use these relationships to estimate the contribution of risk
factors to mortality or morbidity on a population level. A well-known example is the Global Burden of
Diseases, Injuries, and Risk Factors Study (GBD), initiated in the early 1990’s. The GBD is “a
systematic scientific effort to quantify the comparative magnitude of health loss from diseases, injuries,
and risks by age, sex, and population over time” (Murray & Lopez, 2017). The GBD study classifies risk
factors most broadly as behavioral, environmental/occupational and metabolic risks. The most recent
iteration of the study (Murray et al., 2020) examines 87 risk factors in 204 countries and territories.
Although the GBD now provides results for all WHO member states, including Belgium, (sub)national
studies still have advantages (De Pauw et al., 2023):

e Ownership of the results and the sustainability of the study are guaranteed.

e The research can be tailored to the country- or region-specific context and based on the best
available local data, which is often inaccessible to international institutions. The methodology can
be adapted to the needs of local researchers, authorities and policymakers.

e Since the research is conducted ‘at home’, it stimulates the appraisal of local data and expertise,
and thereby leads to scientific capacity building.

For these reasons, the Belgian National Burden of Disease Study (BeBOD) was initiated, which aims
to establish a coherent framework for routinely quantifying the disease burden in Belgium using uniform
metrics. A local study provides flexibility in terms of formulating research objectives and priorities. For
instance, risks that are not important globally and therefore ignored, can be relevant for specific
countries and included in a national study. Conversely, globally important stressors can be ignored if
irrelevant in a local context. Additionally, results can be alternatively presented for separate regions or
other subnational entities. Particular areas of interest can be isolated and examined in more detail as
well as mutually compared.

In Belgium, there are several national and regional initiatives in that assess the burden of disease
attributable to environmental risks. In the frame of the EBoDE-project (Environmental Burden of Disease
in the European region), Hanninen & Knol (2011) estimated the burden for nine environmental stressors
in six countries, including Belgium. For Flanders specifically, Torfs (2003) calculated the BOD and
external costs related to various environmental risks. In a similar exercise, Buekers et al. (2012)
assessed the disease burden and external costs for Flanders of 18 environmental stressors, where the
estimates have since been updated (Buekers et al., 2021).

Aside from comprehensive studies, BOD calculations are also performed for specific environmental
risks. In the Flemish Region, the disease burden related to airborne particulate matter is calculated on
a routine basis, with estimates revised on a yearly basis (Statistics Flanders, n.d.). Premature mortality
linked to three air pollutants are published yearly by the Environmental Department (Vlaamse
Milieumaatschappij, 2023a, 2023c, 2023b). With regard to noise pollution Dekoninck & Botteldooren
(2019) generated a time series of the fraction of the Flemish population that are potentially severely
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annoyed by environmental noise. In the Brussels Capital Region, similar efforts are pursued for air
pollution, and the burden of annoyance and sleep disturbance due to environmental noise was estimated
in the frame of the noise plan Quiet.Brussels (Leefmilieu Brussel, 2018).

What currently lacks is a coherent and global overview of the contribution of environmental risks to the
burden of disease in Flanders. Such an overview would amount to an inventory of all relevant risk factors
and the associated mortality and morbidity, which sums up to the total environmental burden of disease.
As part of a collaboration agreement with Departement Zorg (DZ), Sciensano will develop a Mapping
of the Environmental Burden of Disease in Flanders (EBoD-FL). This research can be situated within
the intention of the Flemish government to prevent and detect environmental impact on health. The
project is scheduled for the years 2022 to 2026, and will build on expertise of developed within BeBOD.

EBoD-FL as a research initiative fits well within the One Health approach, where the health of humans,
animals and their environment is studied within a single framework. The project could foster the adoption
of health in all policies, by demonstrating how components of the modifiable environment affect disease
and mortality outcomes. The estimates EBoD-FL will produce would serve as indicators for monitoring
progress in the healthcare objective of ensuring a favourable trend in the environmental burden of
disease in Flanders by 2030.

2. Objectives

The overall objective of EBoD-FL is to provide a complete overview of the contribution of environmental
risk factors to the total burden of disease in Flanders according to one coherent framework. This means,
on the one hand, that the research considers all of the environmental stressors that are significant within
the Flemish context. The aim is thus to quantify the total environmental burden of disease (EBD). On
the other hand, the resulting estimates are uniform expressed using a single metric, namely a summary
measure that combines premature mortality and reduced life quality due to living with disease or injury.
This will allow mutual comparison and ranking, an essential property if the results of EBoD-FL are to be
used for determining priorities in public health policy.

The methodology of EBoD-FL is comparative risk assessment (CRA). CRA estimates the proportion
of the disease burden that can be attributed to stressors of interest. This top-down approach ensures
that the estimates never exceed the observed BOD figures. This is in contrast to a ‘regular’ bottom-up
risk assessment approach, where disease burden is determined in absolute terms by combining
population exposure and dose-response relationships. This study will rely solely on CRA, and never on
regular risk assessment or a mixture of methods, as is the case for other BOD studies in Belgium and
Flanders (e.g., Buekers et al., 2012; Dekoninck & Botteldooren, 2019; Hanninen & Knol, 2011).

CRA allows to determine the proportional contribution to disease burden by comparing the actual
population exposure to environmental stressors and the associated risks with a theoretical situation of
minimal risk. This approach thus disregards whether achieving minimal risk is at all realistic or feasible,
which sets CRA apart from health impact assessment (HIA). HIA is a tool to examine the potential
consequences of proposed policy measures or interventions. The scenarios considered in HIA take into
account technological possibilities and as such can be integrated into a cost-benefit analysis.

The domain of this study is Flanders. In the main track, the EBD will be calculated locally at the level of
the statistical sector, the smallest territorial and population subdivision in Belgium. The initial results are
generated on this local level, and can easily be aggregated to wider areas and populations in a flexible
manner. Collecting the necessary data on this fine-scale level poses a challenge, as it is often not readily
available in the required format and therefore needs to be requested specifically for the ends of the
research project. In the case of health or mortality related data, this information is considered sensitive,
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certainly in combination with the small scale of the statistical sector. For this reason, a formal approval
is required before any data is made available, which needs a thorough motivation and a guaranty that
any sensitive information can never be traced back to individuals. In view of these challenges, a second
track was proposed, where the EBD will be determined ‘globally’ on the level of the Flanders in addition
to the local approach. Data on this aggregated level are relatively easy to obtain, which would speed up
the process and allow to move through the analysis and obtain estimates faster compared to the local
approach.

The aim of the research is to map the environmental burden of disease in Flanders. However, defining
Flanders in this context is not straightforward, as it can refer to a geographic area (the Flemish Region)
as well as a linguistic population (the Flemish Community). Exposure to environmental risks has a
regional territorial character, while the Flemish population resides in the Flemish as well as the bilingual
Brussels Capital Region. To deal with this ambiguity, the analysis will include both regions, with the
option in- or exclude results depending on the needs.

In the context of EBoD-FL, what is understood as ‘the environment’ refers to all the physical, chemical
and biological determinants of health external to a human being. The social environment is thus
excluded from this study. The list of what are typically considered environmental risk factors is extensive
and diverse. Relative importance of the various stressors strongly depends on geographic region,
degree of economic development and industrialization. As counterpart to the long list of risk factors, a
large collection of disease outcomes is potentially associated with environmental exposure, ranging from
cancer, respiratory and cardiovascular diseases, to metabolic disorders, neurological effects and sleep
disturbance. Aside from cause-specific effects, total all-cause or non-accidental mortality is commonly
included as health outcome.

Due to the extensive scope of EBoD-FL — the large number of environmental risks, each linked to one
or multiple health outcomes — choices have to be made with regard to which stressor-outcome pairs
deserve priority for disease burden investigation in Flanders. Consequently, three proofs-of-concept
(POCs) have been proposed:

1. Determine and visualize the contribution of environmental stressors to all-cause mortality and years
of life lost

2. Determine and visualize the contribution of environmental stressors to the occurrence/prevalence
and disease burden of cardiovascular diseases

3. Determine and visualize the contribution of environmental stressors to the occurrence/prevalence
and disease burden of chronic respiratory diseases.

The POCs determine which health outcomes have priority in the research. In making the choice of the
environmental stressors that are treated first, results of previous BOD studies in Flanders can be
consulted to infer which risks are associated with high impact. In consultation with DZ, it was agreed to
start with:

1. Ambient air quality
2. Environmental noise
3. Extreme temperatures

The approach to quantify the EBD depends on whether exposure is examined in the short-term (hours
to days) for acute health effects, or in the long-term (one to several years) for chronic risks. Initially, the
analysis will be limited to long-term exposure and outcomes. Chronic exposure is generally considered
to have the largest attributable burden, and the data needed for exposure assessment are more readily
available as compared to what is required for acute exposure.

The environmental stressors and health outcomes mentioned so far are those that will be studied in a
first phase of the project. As the aim is to provide a complete and coherent overview of the EBD in
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Flanders, the scope of the research will be gradually expanded to include additional risk factors, mortality
and morbidity outcomes and a more complete assessment of long-term and short-term effects. This
expansion will also take occur in time, as the results will be updated when new data becomes available.
As such, the content of EBoD-FL will continuously evolve as the project becomes more comprehensive
and when the findings are routinely actualized according to new information and scientific insights.

The purpose of this report is to outline the methodology used to tackle the objective of EBoD-FL to map
the environmental disease burden in Flanders. It explains in general terms how the burden of disease
is calculated, and how the attribution to risk factors is approached. Additionally, possibilities for
interpretation, visualisation and application of the results for policy are discussed, as well as some
challenges and limitations. The general methodology is applied to the specific cases of the prioritised
health outcomes and risk factors in dedicated annexes.
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METHODS

1. Burden of disease

1.1. Disability-adjusted life years

Given the complex and multifaceted nature of public health, there are a multitude of ways to measure
and quantify the BOD. Initially, indicators focused on either morbidity (e.g., disease incidence or
prevalence) or mortality (e.g., life expectancy, mortality rates). The previous decades saw an extensive
development of summary measures of population health (SMPHSs), indicators that combine both
mortality and morbidity into a single figure. A key advantage is that health impacts of different diseases,
injuries or risk factors can each be captured in one figure and mutually compared, which makes evident
the use of SMPHs for setting priorities in public health interventions and other policy domains.

The SMPH that is perhaps most widely used is the disability-adjusted life year (DALY). The DALY is
a gap metric, meaning that it measures the difference between actual population health and a stated
norm or goal, usually an ideal situation where the entire population lives to life expectancy in perfect
health (Murray et al., 2000).

The method for calculating DALYs applied here, is consistent with the guidelines proposed by BeBOD
(De Pauw et al., 2023). DALYs are composed of standard expected years of life lost (YLL) due to
premature mortality and years lived with disability (YLD, eq. 1):

DALY = YLL + YLD (eq.1)

The YLL component integrates the impact of mortality. For each considered cause of death, YLLs are
equal to the age-specific number of deaths M; multiplied with the standard expected residual life
expectancy at age of death RLE;, summed over all age groups (eq. 2):

n
YLL = Z M; * RLE; (eq.2)

=1

with i =1, ..., n the considered age groups. The YLD component integrates the impact of morbidity A
prevalence approach can be applied for estimating YLDs for non-communicable diseases (eq. 3):

YLD =p « DW (eq.3)

where p is the prevalence of the outcome and DW the associated disability weight. As with the residual
life expectancy, the disability weights are sourced from the GBD.

DALY calculation in the GBD originally incorporated age-weighting and time discounting, but these
practices were later dropped because of ethical reasons (Murray & Lopez, 2017). Conversely, no age-
weighting and time discounting will be applied in this research.

1.2. Disease models

Health outcomes are commonly conceptualized with the help of a disease model. A disease model is a
hierarchical representation of a disease or injury, where the health outcome is composed of multiple
health states (e.g., ‘chronic’ or ‘acute’), that can in turn be stratified according to severity (e.g., ‘mild’,
‘moderate’ or ‘severe’). As such, a disease model can be thought of as an outcome tree: the health
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outcome or ‘parent node’ splits into multiple ‘child nodes’, where the total number of cases is divided
over the child nodes according to predetermined proportions. The number of cases per health state and
(if applicable) severity level is obtained by multiplying the total number of disease cases with the fraction
corresponding to each split. A hypothetical disease model is illustrated in Fig. 1.

100%
Disease

20% 80%
Acute Chronic

50% 30% 20%

Mild Moderate Severe

Figure 1 ¢ Hypothetical disease model

In case a health outcome exists out of multiple health states, where each state is possibly stratified
according to severity, a separate disability weight (DW) is assigned to each of the individual health
states and potential severity levels. In this case, the DW of the overarching disease is calculated as a
so-called ‘severity-weighted average’, where the proportions of cases in each of the (stratified) health
states serve as weights. For the hypothetical disease model of Fig. 1, the severity-weighted DW of the
disease is calculated as (eq. 1):

DW =22 % 0.05+ 22 x 2% % 0.20 + 22 x 2% % 0.35 + 2% x 2% % 0.65 = 0.278 eq.1
100 100 100 100 100 100 100

An overview of disease models and DWs can be found in the BeBOD guidelines (De Pauw et al., 2023).

1.3. Local and global approach

The unit of analysis in EBoD-FL is the statistical sector, census tracts that are a subdivision of the
municipality. The statistical sector is the smallest geographical unit in Belgium, established in the early
1970s to collect demographic and socio-economic data on a more refined scale. The sectors were
delineated in a way that minimises internal differences in social, economic, urban or morphological
characteristics or structural features, with the aim of creating homogenous units.

As CRA estimates the risk factor-related burden in a proportional way, figures for the total burden of
disease are required to convert these fractions into absolute numbers. Given the approach of EBoD-FL
to estimate the EBD on the level of the statistical sector, there is a need for BOD figures at this level.
According to the POCs, the outcomes to be analyzed in the initial stage are all-cause mortality,
cardiovascular diseases (CVDs) and chronic respiratory diseases (CRDs). The first of these
endpoints only has a mortality component, while the latter two are associated with both morbidity and
mortality. As POCL1 specifies all-cause mortality as outcome, local mortality data is required to calculate
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YLLs on the level of the statistical sector. For this end, a request was made to Statistics Belgium (Statbel)
for the supply of cause of death (COD) microdata.

Aside from mortality figures and YLLs, data on disease incidence or prevalence is needed to quantify
morbidity, or YLDs. For this end, new requests have to submitted in a next phase of the project. For this
end, a request for hospital discharge data (HDD) is under preparation. The HDD contain information
on patients hospitalised for specific health conditions, and can therefore provide a basis to estimate the
incidence or prevalence of certain diseases and injuries. The HDD are managed by the Federal Public
Service Health, Food Chain Safety and Environment. By default, only the postal code is recorded in the
HDD, which requires a linkage with data managed by Statbel to obtain dataset that includes the
statistical sector. Additionally, data manage by the InterMutualistic Agency (IMA) will be explored as
a potential source for health outcomes at the statistical sector level. The details of the COD and HDD
are elaborated upon in appendix 1.

The local approach allows to calculate the EBD on a fine geographical scale. This approach makes it
possible to relate spatial variation of exposure to location-specific mortality figures and disease
incidence, which make the EBD estimates in theory more accurate. The local results can then be
aggregated to wider areas and larger populations, which allows to extract estimates for any part of the
Flemish Region in a flexible manner.

Parallel to the local approach, EBD estimates will be calculated for Flanders as a whole. In such ‘global’
(as opposed to ‘local’) approach, a single representative estimate of population exposure is used to
estimate the burden attributable to risk factors. The global, Flanders-wide approach offers the advantage
that the data for exposure assessment and health outcomes are relatively easily obtainable. In terms of
burden figures, BeBOD estimates for the Flemish Region could be used as a baseline

2. Comparative risk assessment

Comparative risk assessment (CRA) is a top-down method for determining the proportion of the
burden of disease related to specified risk factors. In CRA, the contribution of risk factors is determined
by comparing the existing disease burden to a theoretical (‘counterfactual’) situation resulting from a
different level of population exposure. If the counterfactual exposure level corresponds to minimal risk,
referred to as the theoretical minimum risk exposure level (TMREL), the result corresponds to a
disease burden fraction that is fully attributable to the risk factor in question (Ezzati et al., 2002). When
this fraction is multiplied with observed burden figures (e.g., DALYS), it yields an absolute estimate of
the BOD. This is opposed to the quantification of the attributable BOD in the risk assessment paradigm,
where data on population exposure is combined with dose-response relationships to obtain figures in a
bottom-up manner. As a consequence, latter method might result in an attributable burden that is higher
than the total value.

The following components are required to estimate the attributable disease burden with CRA:

o Exposure of the population to the risk factor and a theoretical minimum risk exposure level
* Relationship that gives the risk of a health outcome in function of exposure
o Estimates of disease burden causally linked to the risk factor

Exposure assessment consists of determining the level of exposure in the population, which is then
contrasted with the TMREL. If the risk increase in function of exposure is known, this allows to estimate
the expected relative increase in disease burden caused by raising the population exposure from the
theoretical minimum to the actual level. Such a dose-response relationship can be derived from
epidemiologic studies. The calculated relative increase corresponds to the population attributable
fraction (PAF): the proportion of the disease burden caused by exposure to the stressor. The PAF is
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multiplied with the total burden, which yields an estimate in absolute numbers, for example expressed
in DALYs (Fig. 2).

Generally, CRA consists of five steps (Plass et al., 2022):

1. Selection of risk factors: Which risk factors are included in the study and how is exposure quantified
as a metric?

2. Exposure assessment: how to measure or model exposure to the risk factors in the population?

Identification of risk-outcome pairs: which health outcomes are caused by the risk factors?

4. Quantification of the risk-outcome relation: what is the risk of developing the outcome in function of
exposure?

5. Calculation of the PAF: what is the proportion of a disease burden attributed to one or multiple risk
factors?

w

The remainder of this chapter outlines the general CRA methodology. The application to the various
stressors is added in appendix 2.

Population Exposure-

eXposure +

TMREL response function

l

Population
; [ P(x)RR(x)dx — [ P'(x)RR(x)dx
Attrlbutlable TPOORRG)dx
Fraction
|
l
Attributable AB — B« PAF
Burden

Figure 2 « Flow chart describing the procedure for calculating the attributable burden of
disease by means of comparative risk assessment (CRA).

2.1. Risk factor selection

In deciding which risk factors should be included, the first question to address is what exactly constitutes
‘the environment’ in a health context. The WHO defines the environment as “the congregation of all the
physical, chemical and biological factors external to a person, and all related behaviours, but excluding
those natural environments that cannot reasonably be modified” (Pruss-Ustiin et al., 2018). This
definition thus excludes socio-economic and cultural factors, genetics and parts of the natural
surroundings (e.g., natural breeding grounds for disease vectors, pollen). Although an exhaustive list of
what can be classified as environmental risk factors does not exist, some typical examples include
(indoor or ambient) air pollution (e.g., particulate matter, ozone), non-optimal temperature, occupational
risks, unsafe water and sanitation (Murray et al., 2020); carcinogens (e.g., benzene, dioxins,
formaldehyde), environmental noise (e.g., from traffic, industry), heavy metals (e.g., lead), radon,
second-hand tobacco smoke (Hanninen & Knol, 2011); dampness and mold, electromagnetic fields and
ultraviolet radiation (Buekers et al., 2012).
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The relative importance of these factors varies greatly by region and level of industrialization and socio-
economic development. According to the GBD, the top environmental risk factors in Belgium are
particulate matter, low temperature, occupational carcinogens, lead exposure and occupational
ergonomic factors, accounting for 16% of total disease burden and 89% of environmental/occupational
burden (IHME, 2022). The GBD list of environmental risks might overlook certain stressors that are
negligible on a global scale but important in specific regions or countries. The European perspective
EBD study by Hanninen & Knol (2011) shows that second-hand tobacco smoke and traffic noise come
in second respectively fifth of the 9 environmental stressors examined, and are also substantial
contributors in the other countries that were studied. Noise and environmental tobacco smoke also rank
high in the Flanders EBD study by Buekers et al. (2012) and Buekers et al. (2021) who additionally
consider dampness and mold, UV and electromagnetic fields.

From the previous paragraphs, it becomes clear that the collection of candidate environmental stressors
is extensive and diverse. As a result, there is a need to prioritize a select number is risk factors to be
assessed in the first phase. In consultation with DZ, a selection of risk factors was made (Table 1).
These risks have been shown to be important contributors to the disease burden in Flanders (Buekers
etal., 2012, 2021).

Table 1 « Risk factors prioritized in EBoD-FL

SIS I
Particulate matter (PM) Road traffic noise Heat
Nitrogen dioxide (NOz) R_allwa)_/ traff_lc noise Cold
Ozone (O3) Air traffic noise

For each stressor, a metric can be selected by consulting epidemiologic studies that examine the link
between exposure and health outcomes. As environmental risks can very different in nature, the chosen
metric strongly depends on the type of environmental risk. For example, the approach to quantify the
exposure to particulate matter cannot be applied to road traffic noise. Even within one type of risk factor
(e.g., air pollution) there are different ways to express exposure (e.g., the ozone metric differs from the
other air pollutants; see appendix). The metrics for the selected air pollutants and sources of
environmental noise sources are outlined in the dedicated sections in appendix 2. For extreme
temperature, further research is needed prior to applying CRA to the related stressors.

2.2. Exposure assessment

When a decision on the inclusion of risk factors is made, the next step is to devise a strategy to estimate
the distribution of exposure in the population. As a burden of disease study relies on dose-response
relationships that are derived in epidemiologic studies, one can consult the literature on how exposure
of the participants is measured. Ideally, the approach to assess population exposure should be as close
as possible to the methodology applied to derive the dose-response relationship.

In the main track, the unit of analysis is the statistical sector. In this case, exposure assessment is
approached as a local area-level value, or as a distribution of the local population over discrete exposure
classes. In the second track, the EBD is determined on a regional level, as a distribution or as a single
global value that summarizes exposure in the Flemish population.

For any given stressor, the approach of exposure assessment varies depending on whether chronic or
acute health effects are studied. For chronic effects, the risk of developing an outcome is linked to a
long-term mean or cumulative level of exposure. Correspondingly, the level of exposure is quantified as
an annual or seasonal average or cumulative value. For the short-term approach, correlation in time is
important, and as such exposure peaks has to be identified in a time series of e.g., hourly or daily values,
that can be linked to acute effects.

16



Aside from estimating the existing population exposure, CRA relies on the definition of a theoretical
minimum risk exposure level. The TMREL is used as a benchmark, which allows to determine the
fraction of the BOD associated with the increased risk from a population exposure in excess of this level.
Defining the TMREL for risk factors is not always straightforward. For air quality and environmental
noise, one could assume that the TMREL is equal to zero pollution and a lack of noise from traffic,
respectively. Another possibility is the existence of an exposure threshold, a level under which no
adverse effects occur. Whether or not to include a cut-off value affects the burden calculation, as it shifts
the benchmark to which population exposure is compared. The inclusion of an exposure threshold is
further discussed in the section on the selection of dose-response relationships.

2.3. Identification of risk-outcome pairs

After the selection of stressors and exposure assessment, the next step is to determine which health
outcomes are causally linked to the risks. A randomized controlled trial (RCT) is often considered the
gold standard for inferring causality, but in practice it might be unfeasible or unethical to conduct such a
study (Plass et al., 2022). In case an RCT is not possible, an alternative is to assess the evidence
produced by various studies, and conclude on causality based on a set of criteria, such as those
proposed by Bradford Hill (1965).

To assess causality between air pollutants and health effects, one can consult the related US
Environmental Protection Agency’s Integrated Science Assessments (ISAs), which investigate causality
based on epidemiologic studies as well as animal toxicology and controlled human exposure. ISAs are
available for ozone, particulate matter, carbon monoxide, sulfur oxides, nitrogen dioxide, and lead. The
ISAs conclude on whether or not there is sufficient evidence to confirm or refute a causal relationship
between the air pollutant and outcome of interest (U.S. Environmental Protection Agency, 2015).
Alternatively, one can consult the monographs by the International Agency for Research on Cancer
(IARC) for the causal links with cancer outcomes. The IARC classifies air pollution, and more specifically
particulate matter, as carcinogenic. The GBD conducts its own causality assessments, based on the
World Cancer Research Fund grading system, which is influenced by the Bradford-Hill criteria. They
include risk-outcome pairs for which there exists convincing or probable evidence (Murray et al., 2020).

According to POCs, the prioritized outcomes are all-cause mortality and respiratory and cardiovascular
diseases. The evidence of causality for these outcomes and the stressors selected for this study are
discussed in the dedicated sections in appendix 2.

2.4. Quantification of the risk-outcome relation

Once the causal risk-outcome pairs are established, a relationship is needed that relates exposure dose
to increased risk for developing an outcome, i.e., a dose-response or exposure-response function
(ERF). An ERF for a certain stressor-outcome pair returns the relative risk (or other effect measures like
the odds ratio or hazard ratio) of developing the outcome at a certain level of exposure. ERFs can be
sourced from the epidemiologic literature, where the relationship between exposure and relative risk is
derived in longitudinal (cohort, case-control) and ecological studies. Alternatively, the ERF can be meta-
analytic, meaning that it is a pooled estimate from the results of multiple studies collected in a systematic
review.

The following order or preference is proposed for the selection of ERFs:

1. WHO qguidelines: The first choice to source ERFs are publications of the WHO that formulate
recommendations for protecting human health from exposure to certain environmental risks. As
these guidelines are based on expected health impacts, they rely on systematic reviews and meta-
analyses that combine ERFs from studies collected from all over the world. Examples are the
guidelines for air quality (World Health Organization, 2021) and environmental noise (WHO
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Regional Office for Europe, 2018). Such publications reflect an international consensus and are
likely to be adopted by researchers worldwide.

2. Systematic review and meta-analysis: For risk-outcome pairs not featured in the WHO guidelines,
the results from other meta-analyses can be selected. Ideally, these reviews are similar to those
that WHO guidelines rely on, meaning that they consider a large number of studies unrestricted in
geographical scope. Preference is given to the most recent qualified meta-analysis, assuming that
it incorporates the latest available evidence.

3. Individual study: In case no systematic review and meta-analysis exists for a given risk-outcome
pair, the ERF can be derived from an individual epidemiologic study. Criteria for selecting a study
can be based on the precision (e.g., a large sample size), publication date (assuming a more recent
study relies on the latest evidence, or a more refined methodology) or the type of study (e.g.,
preference for cohort over case-control, case-control over ecological study).

Critical components are the shape of the ERF and the possible existence of a threshold below which no
risk increase is observed. Some studies find a complex ERF shapes, by fitting a polynomial curve to the
collected data. These curves can serve directly as ERF, or more commonly, can be discretized so that
regular intervals of exposure correspond to a relative risk value (an integrated ERF). On the other hand,
other studies approximate the complex ERF curve with a with (log-)linear relationship, where the effect
measure increases by a factor per increment in exposure.

The inclusion of an exposure threshold relates to the definition of the TMREL. Since the TMREL is a
counterfactual exposure distribution that corresponds to no increased risk, the RR at this level equals
1. The TMREL is used as benchmark, which allows to determine the fraction of the BOD resulting from
the increased risk of the actual population exposure in excess of this level. In the case of environmental
risks, the TMREL can be set to zero exposure (e.g., zero concentration of air pollutants, no detectable
noise levels). Another possibility is the existence of a threshold exposure level under which no adverse
effects occur. Such a threshold is difficult to identify in epidemiologic studies, as samples in the low
extreme of the exposure range are scarce. If this is the case, there are two options:

1. Afirst option would be to refrain from calculating BOD below the bottom exposure value. One could
argue that, as the ERF is based on a certain range of observations, the relationship is only valid for
exposure values that fall within that range, and it is not justified to extrapolate down to zero
exposure. The bottom value could be set to the lowest exposure value observed in the epidemiologic
study, or more robustly, to a lower quantile (e.g., the 5th percentile).

2. Asecond option is to perform BOD calculations for the entire range of exposure values. This practice
could be justified in case there is no indication of a threshold. This can be verified by examining the
shape of the ERF.

The selection of ERF for the different risk-outcome pairs and possible inclusion of an exposure threshold
are discussed in the dedicated sections in appendix 2.

2.5. Calculation of the population attributable fraction

The final step in CRA is to combine all of the information outlined in the previous steps to calculate the
PAF, the proportion of health outcome Y due to exposure to X in the population. For a continuous
exposure, the PAF can be calculated as follows (eq. 4; Plass et al., 2022):

fP(x) RR(x) dx — [ P'(x) RR(x) dx

paF = [P(x) RR(x) dx

(eq.4)

with P(x) the actual distribution of exposure in the population, P’(x) the counterfactual exposure
distribution, and RR(x) the relative risk of the outcome in function of exposure level x. In case exposure
is categorical, the PAF can be calculated as (eg. 5):
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PAF = (eq.5)

with P; the observed prevalence of exposure class i, P’ the counterfactual prevalence of exposure class
i, and RR; the relative risk of exposure class i compared to the reference class.

In case the counterfactual exposure distribution is the TMREL, and exposure is assumed to be uniform
across the population (Pi and P’ both equal 1), eq. 5 can be reduced to eq. 6:

RR -1

PAF =
RR

(eq.6)

The way the RR is calculated depends on the nature of the ERF (continuous vs. integrated, complex vs.
linear etc.) and whether an exposure threshold is included. If the ERF is log-linear, and a threshold value
is included, the RR is calculated as (eq. 7):

1, x <TH
RR = {RR(’)‘. x>TH (eq.7)
with x the exposure value, TH the exposure threshold, and RRq the increase in relative risk for a unit
exposure increment.

In case a specific health outcome is associated with more than one risk factor, the corresponding PAF
needs to be combined prior to multiplication with the observed disease burden. This can be achieved
by applying the following formula (eq. 8):

n

PAF . gmpi = 1 — 1_[(1 — PAF;) (eq.8)

i=1
with i =1, ..., n the risk factors associated with the outcome of interest.

Uncertainty on the PAF is a function of the uncertainty on the ERF and the exposure assessment.
Analytical formulas exist to correctly determine the PAF confidence interval, but these tend to be
unwieldy. Alternative approaches are Monte Carlo simulation, based on the repeated sampling from
distributions that approximate the ‘true’ distribution, or bootstrapping, where the original set of
observations is sampled with replacement as to mimic actual population sampling. Applied to CRA, the
basic principle can be explained as follows: If exposure value x and RRo are point estimates, the value
of the PAF corresponds to the central estimate. In Monte Carlo simulation or bootstrapping, the point
estimates of x and RRo are replaced with probability distributions or the original set of observations
respectively, so that repeated sampling and calculation yields a wide range (thousands or millions) of
PAF estimates. Based on this set of values, the mean and standard deviation or the confidence interval
can be derived (Greenland, 2004).
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DISCUSSION

1. Possibilities

1.1. Policy implications of DALYs

The main rationale for computing DALYs or other SMPHSs is that it provides a coherent framework in
which the impacts of different diseases, injuries and risk factors can be integrated. As such, BOD and
CRA offer a quantitative basis for evidence-based public health interventions. Attributable disease
burden estimates allow to identify and compare important groups of diseases and risk factors, and as
such determine priorities for prevention policies and further research. The multidimensionality and
layering of the EBD inventory means flexibility in terms extracting figures. Different subsets of the
inventory can be extracted, depending on the information of interest. For instance, instead of comparing
the total disease burden, only the contributions to specific outcomes can be considered. The analysis
can be limited to a selected category of risk factors, or exclusively to mortality or morbidity.

Examples of the types of questions that the results of EBoD-FL can answer are:

¢ Which environmental risks have a major health impact in Flanders?

e How does the environmental burden of disease compare to the total burden?

e Which stressors are mostly responsible for premature mortality?

e Which stressors are mostly responsible chronic disease burden?

¢ Inwhich environmental domains can we expect to realize substantial improvements in public health?
e For which stressors have exposure and attributable burden declined over the past years?

e For which stressors have exposure and attributable burden increased or remained stable?

e How do short-term and long-term impacts compare for a single risk factor?

EBoD-FL as a research initiative fits well within the One Health approach, which stresses the strong
interconnectedness of the health of humans, animals and their environment. Specifically, the project
focusses on the nexus between environmental and human health. The environment is approached
holistically, with attention going to its varying components including quality of air, water and soil, diverse
sources of human-made pollution such as heavy metals, persistent chemicals, traffic noise and ionizing
radiation, and climatic factors including temperature, humidity and solar radiation. Attention will go to
interactions between environmental components in their effect on health, and local approach especially
offers the possibility to take this into consideration. As such, EBoD-FL could play a part in realizing the
ambition of the Flemish government to realize health in all policies, specifically the domains related to
environment, mobility, energy and industry, and nature conservation.

Environmental DALYs could serve as indicators for monitoring progress in environmental health
objectives and targets. The main objective in the environmental healthcare objectives proposed by DZ
is to ensure a favourable trend in EBD in Flanders by 2030. This overarching aim is composed of three
themes, being climate-health (which concerns among others heat), quality of the living environment
(concerning among others air pollution and environmental noise) and substances of high concern
(concerning among others heavy metals, pesticides and endocrine-disrupting chemicals). Since the
health objectives are meant to be specific and measurable, there is a need for quantitative estimates of
the disease burden related to environmental stressors. In this context, the results of EBoD-FL could be
well suited.

The results of EBoD-FL are expressed uniquely in terms of health impacts, or ‘human cost’. The
attributable disease burden estimates are expressed in the form of DALYs or one of its components.
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The related economic costs will not be calculated as part of EBoD-FL. Various methods exist to convert
BOD estimates into external costs, such as the ‘value of a life year’ (Desaigues et al., 2011) and ‘value
of statistical life’ (OECD, 2012) approaches for mortality, and the quantification of the costs of hospital
admission, work absenteeism and loss of wealth due to disease suffering for morbidity. As such, the
results of EBoD-FL could serve as a starting point for an analysis of economic costs.

1.2. Benefits of the local approach

In the local approach to EBD, estimates are generated at small-scale geographical entities, in this case
statistical sectors. In contrast to a global approach, where a single estimate summarizes the health state
for the whole population and territory, the local method allows to examine how the EBD varies in space
and across the population.

The local-scale approach also offers a great deal of freedom in terms of spatial aggregation. Local
results can be added up to obtain estimates for wider regions and larger populations. In this way,
estimates can be generated for each administrative subdivision of Flanders, such as municipalities,
cities, districts, provinces and so on. Similarly, estimates can also be obtained for territorial units that
are specific to the health system, such as zorgregio’s and eerstelijnszones. This way, subregional
entities in Flanders can be studied in isolation and mutually compared.

Aggregation is not restricted to official administrative boundaries, can be implemented in a flexible
manner to obtain estimates for virtually any region or subpopulation imaginable. This allows to study the
disease burden in self-defined areas of interest, such as milieugezondheidskundige
aandachtsgebieden. Estimates can be generated in an ad-hoc fashion for any geographical area of
concern, which allows to anticipate future needs.

A local approach renders it possible to stratify EBD estimates. Similar to aggregating local estimates to
wider areas of interest, one could aggregate results separately for different population strata. Depending
on the data available on the level of the statistical sector, estimates can be stratified according to
demographic characteristics (e.g., age, sex, ethnicity) or socio-economic status (e.g., income,
educational, employment). This allows to study and compare different population subgroups in terms of
exposure and the related EBD. As an example, one could focus on vulnerable groups such as children,
the elderly or socioeconomically deprived persons.

As exposure assessment is carried out locally, risk factor interactions and the effect on the related BOD
can be addressed. For example, both particulate matter and heat are known to impact health separately,
and are for instance linked with premature mortality. Additionally, evidence indicates that these stressors
interact and reinforce each other, which means their combined effect might be stronger than their
individual contributions to mortality. If the strength of the synergetic effect depends on the levels of the
individual risk factors, a local exposure assessment is able to take this into account

As a final benefit mentioned, the local EBD estimates can be used to investigate correlations with other
variables. In this case, the individual sectors correspond to datapoints, which allows to investigate
statistical associations between for instance the EBD related to different stressors, or with
socioeconomic variables to infer if there are inequalities in the disease burden.

1.3. Knowledge translation and visualisation

As EBoD-FL aims for an exhaustive inventory of the EBD in Flanders, the set of estimates will be broad
in scope and multi-layered. The principal dimensions are the risk factors and the health outcomes, where
EBD results are available for the relevant combinations. Additionally, the estimate for each risk-outcome
pair can be extended into a mortality (YLL) and morbidity (YLD) component, and a long-term and short-
term component where relevant. Multiple ways exist to group single risk-outcome pair estimates into
wider categories. In terms of stressors, the individual risk factors can be grouped into broader
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categories, e.g., PM, NO2 and Os into air pollution or noise from roads, railways and airports into traffic
noise. This is similar for the health endpoints, e.g., ischaemic heart disease and stroke can both be
placed in the cardiovascular category.

The EBoD-FL inventory presents a large body of material that can be translated into knowledge useful
to policy makers and other stakeholders. This can be achieved by means of visualisation, in the form of
graphs, diagrams and maps. Line plots are suited to represent the evolution of EBD over time. This
could provide a basis for monitoring, where a sufficiently long time series would allow to infer trends.
Charts are suited for comparing burden over different groups and entities, such as geographical regions,
age groups and sexes. Alternatively, risk factors can be compared, and each bar can be subdivided into
cause-specific burden, or show the relative share of mortality versus morbidity. Treemaps are another
option often considered for visualising the total disease burden and the share of stressors. An overview
of the burden related to all considered diseases and injuries is presented in the form of a tiling, where
each tile corresponds to a health outcome and its size to its relative contribution to the total burden.

Maps are another powerful way to visualise results, suited for comparing the across geographical areas
and to study spatial patterns. As the burden calculation is conducted on the small-scale level of the
statistical sector, the choices for spatial aggregation are virtually unlimited. Burden figures of different
sectors are simply added to generate estimates for larger areas. Aside from fixed administrative entities,
custom regions of interest can be defined and examined.

Given the large size of the inventory, combined with multiple options for visualisation, an interactive tool
that generates a visualisation based on user input could be suitable. To provide an example and a
starting point for further discussion, Sciensano will develop an interactive visualisation tool, implemented
in R Shiny. The online BeBOD tool, which provides several options to visualise the BOD in Belgium and
its regions, can be considered for inspiration (Sciensano, 2022). Interactive tools could be combined
with a functionality to generate reports. Based on a template, and adapted to user settings, a document
is automatically generated that combine graphics with a short descriptive text. Examples are Gemeente-
Stadsmonitor and provincies.incijfers.be, which allow to select a city or municipality to create an
overview of a range if indicators, including health related. The user is able to select a benchmark, which
could the wider reference region, province or the whole Flemish Region.

1.4. Comparison with E-HIS

What sets apart EBoD-FL from other research projects, is the combination of its objective and wide
scope. Other comprehensive EBD studies have been conducted for Flanders (e.g., Buekers et al., 2012)
or the wider area (e.g., Hanninen & Knol, 2011). While these studies considered a wide range of
environmental stressors, they were to a large extent a one-off endeavor. On the contrary, EBoD-FL will
continuously expand in scope, and its results routinely actualized. Other routine EBD exercises exist
(e.g., the DALY calculations for PM in Flanders), but these are focused on only one or a couple of
environmental risks, and thus lack the wide scope of EBoD-FL.

The project that EBoD-FL perhaps shares most similarities with, is the Environment-Health Impact
Simulator (E-HIS), developed by VITO by order of DZ (Hooyberghs et al., 2021). The aim of E-HIS is
to determine the disease burden and related economic costs of air pollution and environmental noise in
Flanders. Their methodology shares some similarities with EBoD-FL, as they estimate the disease
burden in a top-down manner, and also work with the statistical sector as unit of analysis. The difference
however lies again with the objective and scope of the projects. E-HIS is an implementation of HIA, as
it enables to project the health impact and related economic costs of different policy measures and
interventions for air quality and environmental noise. In this sense, E-HIS is a prospective tool, that
allows to estimate the EBD under different future scenarios.

EBoD-FL, on the other hand, relies on CRA with the objective to create and maintain a complete
inventory of the existing EBD. In this sense, EBoD-FL is retrospective, as it estimates current disease
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burden caused by past exposure to risk factors. Important attributes of EBoD-FL are the aims for
completeness and coherence. In contrast to E-HIS, it is not limited to air and noise pollution, but tries to
evaluate all environmental risks in order to fully capture the EBD. While E-HIS only considers long-term
exposure, EBoD-FL will include short-term analyses where this is relevant. Disease burden in E-HIS is
primarily quantified as attributable disease incidence or mortality. DALY are not consistently calculated,
but only in some cases as an intermediary between disease burden and external costs. This limits the
comparability of the estimates in terms of health impacts, which is one of the pillars of EBoD-FL. All of
these differences in terms of methodology and approach point to the distinct aim and applicability of the
two projects.

Table 2 outlines the differences and similarities between E-HIS and EBoD-FL.

Table 2 « Comparison of Environment-Health Impact Simulator (E-HIS) and Mapping the
Environmental Burden of Disease in Flanders (EBoD-FL).

E-HIS EBoD-FL

Stressors e Air quality: PMz2s, PM1o, NO2, O3 All environmental stressors.
« Traffic noise: roads Priority:
e Air quality: PM2.s, PM1o, NO2
e Traffic noise: roads, railways,
airports
o Extreme temperatures: heat, cold

Outcomes e Mortality All health outcomes associated with
» Disease incidence environmental stressors.
« Sleep disturbance Priority:
¢ Annoyance «  All-cause mortality

e Cardiovasculair diseases
e Chronic respiratory diseases

Output «  Number of cases ¢ DALYs
o External costs
Scale Statistical ~ sector,  postal ~ code, ,  ggatistical sector + aggregations (to
municipality, district, eerstelijnszone, be determined)
vervoerregio, province, region +  Region
Period «  Present + past ¢ Present + past
e Expert version: prospective BAU
and BEL scenario 2030 air quality
Methods s Air quality: CRA * CRA
o Traffic noise: CRA + annoyance
functions

2. Challenges

2.1. Challenges of the local approach

As a flipside to the benefits outlined in the previous section, the local approach comes with certain
challenges as well. A first challenge relates to collecting data at the small scale of the statistical sector.
Generally, data availability decreases with increasing resolution. With regard to data on environmental
stressors, the national or regional level is often available as open access, in some cases down to the
municipal level but rarely on a sector scale. As a result, environmental data need to be requested in a
format tailored to the specific needs of the research, where the data providers are in some cases unable
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or unwilling to do so. If exposure assessment is based on a sample and statistical extrapolation, such
as for biomonitoring data, the sector level is unattainable.

Similar problems arise in the collection of the health outcome data, with the added difficulty of potential
privacy issues. The data required to calculate baseline disease burden are effectively personal data, in
this case considered especially sensitive due to their medical nature. Requesting such data usually
requires a formal approval from an advisory board, such the Information Security Committee, which
amounts to an arduous and time-consuming procedure. The fine scale of the statistical sectors further
complicates things, as it poses a small cell risk where aggregated data can still be traced back to
individuals in sectors where populations are small and disease or mortality cases rare. In the case of
morbidity outcomes, some of the underlying data sources are not available on the level of the statistical
sector. For instance, in the case of the Health Interview Survey or a GP sentinel network like Intego,
extrapolation to the wider population is impossible based on the available samples.

A second challenge relates to the small population size of the sectors, with a mean population count of
around 500 inhabitants. Estimating the PAF and attributable burden rely on general statistical
relationships, representative for a large, diverse population. Local groups might show a distribution of
relevant confounders that is skewed compared to the general population, in which case applying these
relationships as ERF would result in biased estimates. In some sectors, with very small populations and
very few cases of mortality or disease incidence, the use of ERFs would amount to ecological fallacy,
where the statistical relationships that hold for groups are interpreted as to hold for individuals as well.
A possible remediation for the local result bias is to aggregate sectors to larger areas and populations.
In doing so, the individual biases would nullify each other and the aggerated estimate would become
accurate.

2.2. Establishing decision criteria

Developing a methodological protocol for the inclusion of risk-outcome pairs poses a challenge. As
mentioned in the previous chapter on the methodology, one can consult studies that assess the causality
between environmental exposures and health outcomes, such as the ISAs. In practice, such
assessments are not always conclusive, or even non-existent for some risk-outcome pairs. In case an
assessment on causality is available, there are several scenarios. The two straightforward scenarios
are when causality is either proven or disproven, in which case the risk-outcome pair should be included
or excluded respectively. In the remaining scenario, the evidence on causality is inconclusive. In this
case, the question is whether a statistically significant association can be found in the epidemiologic
literature, and if so, whether the risk-outcome pair should then be included or not.

Another point of contention relates to what constitutes the most appropriate ERF. One point of view is
that the dose-response relationship should be based on a sample that is as large and diverse as
possible. Preference is given to meta-analyses that include effect measures from multiple studies, as to
cover as much of the world’s population as possible. A contrary view is that the ERF should be based
on a source population (sampled in the epidemiologic study) that is close as possible to the target
population (of interest in the BOD study). The underlying idea is that ERFs are context-dependent, and
the results from one population are not transferable to another. In this case, the ERF is ideally sourced
from a large cohort study confined to the population of interest.

2.3. Integrating estimates
Summing burden estimates from individual risk-outcome pairs is not always straightforward. A first
challenge relates to integrating short-term (ST) and long-term (LT) exposure into one coherent and

comparative framework. When the same stressor is associated with both ST and LT effects, there are
two scenarios with respect to the associated outcomes:
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e Scenario 1: the ST and LT effects of the stressor concern different outcomes, i.e., the risk-outcome
pairs are unique in terms of ST and LT effects. The solution here is to aggregate the ST and LT
burden to the same period, after which the results are comparable and additive.

e Scenario 2: the ST and LT effects of the stressor concern the same outcome, i.e., some risk-
outcome pairs are associated with both ST and LT effects. This situation is more tricky, and multiple
solutions are possible:

» Solution 1: aggregate the ST and LT burden to the same period, equivalent to the solution in the
first scenario. However, this might be problematic, as there could be overlap in the disease burden
of the ST and LT estimates. As a consequence, the results are possibly not comparable and
additive.

«  Solution 2: limit the burden calculation for the risk-outcome pairs to either the ST or LT approach.
The issue here is to establish criteria to decide which approach is best suited. Additionally, if only
ST or LT effects are quantified, the question is whether those effects alone account for all of the
related EBD, or whether the EBD is underestimated.

A second challenge pertains to the possible burden overlap between stressors that are correlated in
space and time. In theory, this could be avoided by using ERFs that are adjusted for risk factors
associated with the same outcome. In practice, however, the majority of epidemiologic studies relies on
a single-pollutant model, which means this type of confounding is not taken into account. In some cases,
a multi-pollutant model is applied, but has difficulty in untangling the health effects of stressors that are
highly correlated. In this case, a solution is to estimate the EBD with unadjusted ERFs and afterwards
apply a double-counting correction for overlapping stressors. For instance, in the frame of the Review
of evidence on health aspects of air pollution (REVIHAAP), it was shown that the all-cause mortality
resulting from chronic exposure to PMzs and NO2 overlaps for up to 33% (World Health Organization,
2013). For each risk-outcome pair that has been quantified with unadjusted ERFs, caution thus has to
go to correct for overlap before disease burden estimates are added up.

3. Limitations

Generating attributable disease burden estimates inevitably relies on a set of assumptions, and is
subject to a degree of uncertainty. Some of these uncertainties have already been referred to, such as
those related to exposure assessment and the use of ERFs. These sources of uncertainty can be
quantified, for instance by implementing a Monte Carlo simulation. This not the case for other
uncertainties. One of such sources are possible errors in the data used to map the stressors. These
data consist of model output, and although there might be efforts to validate their results, a degree of
bias is still probable. Other examples are the shape of the ERF, which is not always examined, and the
possibility of an exposure threshold, for which the data often lacks. Under these circumstances, one is
left to assume a linear ERF, and to include or exclude a threshold based on own assessment or expert
opinion.

Another limitation is that population exposure is solely addressed based on place of residence. As there
is no information on occupation or place of work, occupational exposure to e.g., workplace carcinogens
or ergonomic stressors cannot be addressed. Additionally, information on location is usually limited to
the current or last-known official place of residence. As a result, exposure changes due to people moving
cannot be taken into account. The approach for exposure assessment is thus ‘static’: the effect of
occupational exposure, changing address, commuting, traveling or a second residence is not registered.
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CONCLUSION

The ultimate objective of EBoD-FL, a complete and coherent inventory of the environmental burden of
disease in Flanders, is ambitious and extensive in scope. As a starting point, priority was given to
stressors related to ambient air quality, traffic noise and extreme temperatures, that will be quantified in
terms their contribution to all-cause mortality, cardiovascular diseases and chronic respiratory diseases
as a proof of concept. The scope of the project will gradually extend to include more risk factors and
health outcomes. All estimates are expressed as disability-adjusted life years, which ensures that both
mortality and morbidity impacts of environmental risks are captured and that the estimates are mutually
comparable.

What differentiates EBoD-FL from other research projects, is the combination of its objective and wide
scope. While other comprehensive studies of the EBD in Flanders have been conducted, they were to
a large extent a one-off endeavor. On the other hand, routine EBD exercises exist, but these are limited
to a select number of environmental risks. On the contrary, EBoD-FL will quantify the disease burden
related to a wide range of environmental risk factors using a consistent framework. The project will
continuously expand in scope, and its results will be routinely updated. The research will allow to monitor
the evolution of the EBD and the progress in proposed targets. Other projects similar to EBoD-FL are
ongoing, such as the Environment Health Impact Simulator developed by VITO. Although distinct in aim,
contact will be maintained with other institutions to ensure a better alignment and to avoid a duplication
of efforts.

The local approach of the research offers several advantages, including generating estimates for self-
defined areas and population subgroups in a flexible, ad-hoc manner. Various options for visualisation
and knowledge translation will be explored, such as diagrams, graphs and maps, which could be
realised in an interactive format such as an R Shiny application. As such, EBoD-FL could serve as a
basis for evidence-based public health interventions, addressing questions related to environmental
health impact in a quantitative way. The results can aid the integration of a health perspective into
environmental policy, and to set priorities for prevention and further research.

In order to achieve these goals, some challenges have to be overcome. The fine scale of the statistical
sector interferes with collecting the data, which is generally less available or simply does not exist. For
this reason, a parallel track of calculations on the level of the Flemish Region will be pursued, where
data availability is not constrained by the sector level. Another difficulty is to establish clear and
substantiated criteria for including risk-outcome pairs and to select the most suitable ERF. Another
relates to the fact that individual estimates are not always additive, which hampers integration into one
comparative framework. Continued research is required to deal with these challenges, as well as
moments of consultation with partners and institutions involved with similar research to devise
appropriate and supported solutions.
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ANNEXES

1. Health outcomes

1.1. Total and cause-specific mortality

According to the POCs, the outcomes to be analyzed in the initial stage are all-cause mortality,
cardiovascular diseases and chronic respiratory diseases. As each of these endpoints have a mortality
component, local mortality data are required to calculate YLLs on the level of the statistical sector. For
this end, a request was made to Statistics Belgium (Statbel) for the supply of cause of death (COD)
microdata. The word microdata refers to records of individual instances, in this case deaths. These
microdata are based on information in death certificates, filled out by the medical doctor that certifies
the death. The death certificates are then collected and coded by the regions, and afterwards compiled
by Statbel into a single database.

As the COD microdata concern privacy-sensitive information, the request to Statbel had to be well-
motivated, involving extensive negotiation, and the signing of a confidentiality contract. An agreement
was reached to deliver COD data for the whole of Belgium starting with the year 2000, ending in 2019,
the most recent year available. Yearly updates will be delivered until 2026 (i.e., the time range will be
extended to reference year 2023), after which a prolongation of the contract can be requested through
a simplified procedure. The received microdata are a combination of two datasets:

o MD1A: Deaths of people who were less than one year old (‘infant mortality’). These records include
perinatal indicators, which can be used to assess confounding factors.
« PD1A: Deaths of people who were over one year old (‘adult mortality’).

The variables of the COD microdata include:

e COD ID: a pseudonym that serves as a unique identifier

e Basic demographics: age, sex, country of birth and date of death

o Cause of death: specified according to the International Statistical Classification of Diseases
and Related Health Problems (ICD), 10th revision. In the ICD, CODs are coded hierarchically,
where the first digit (a roman numeral) refers a broad category of diseases or injuries, and the
subsequent digits progressively specify the cause. At the insistence of Statbel, the number of digits
was limited for causes that are considered to be extra sensitive. There are several ways to specify
the COD:

* Underlying cause: the cause that is ultimately responsible for the death. The underlying cause is
of prime interest, and also the one that is reported in COD statistics.

* Immediate cause: this refers to the final event before death. Additionally, up to two intermediate
causes can be specified, but these are not necessarily filled out.

» Associated causes: up to three associated causes can be specified, but these are not necessarily
filled out.

* External cause: a separate field is reserved in case the underlying COD is external. Additionally,
the type of death is specified, meaning natural or a type of external cause (accident, suicide,
homicide).

e Statistical sector: the place of residence of the deceased person is given in the form of the statistical
sector code.

The COD dataset contains two fields which specify the underlying cause: COD_UNDRLG and
CD_UCOD. The first mentioned corresponds to what the doctor filled out in the death certificate. The
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latter is filled out by Statbel, and is equal to COD_UNDRLG except for ICD codes that are not accepted
as COD in statistics (namely those belonging to the S and T categories in ICD-10: ‘Injury, poisoning and
certain other consequences of external causes’). In this case, Statbel recodes the ICD code filled out by
the doctor. The estimates in EBoD-FL for cause-specific mortality will use CD_UCOD to specify the
COD. In rare cases (less than 0.1%) the CD_UCOD field is empty, in which case COD_UNDRLG will
be used.

The COD microdata allow to compute total mortality figures, such as number of deaths, mortality rates,
and years of life lost, the mortality component of the DALY. As the underlying cause of death is specified,
cause-specific mortality can be addressed. The ICD codes specify the COD with varying detail,
depending on how many digits are given. For CVDs and CRDs, the following ICD codes can be
considered:

e Cardiovascular diseases: 100-199
*  Hypertension: 110-115
* Ischemic heart disease: 125
«  Stroke: 160-164
e Chronic respiratory diseases: J00-J99
e Chronic obstructive pulmonary disease: J40-J44, J47
*  Lower respiratory infections: J09-J18

The use of COD data to address cause-specific mortality comes with certain caveats. First, the codes
filled out by the doctor are subject to human error, and are therefore not always reliable. Furthermore,
a significant proportion of reported codes are ill-defined, and therefore not suited for any analysis of
cause specific deaths. As an indication, approximately 2.5% of reported underlying causes in the
requested dataset correspond to R99 (‘Unknown cause of mortality’), and this fraction does not include
other potential ‘garbage codes’. A possible remedy for ill-defined deaths is to redistribute those deaths
over meaningful COD codes, for example using a probabilistic redistribution approach such as in BeBOD
(Devleesschauwer et al., 2023).

To assess the EBD of long-term exposure, the mortality figures can be summed over one or multiple
years. As the full date of death is given, short-term effects can be examined as well. For acute outcomes,
correlation in time is important, as exposure and mortality follow each other in a time span of days to
weeks. The attributable cases can then be summed over one or multiple years to compare them to the
chronic burden. The COD microdata only allow to address the mortality component (YLL) of the EBD.
For this reason, a request for local incidence data to account for morbidity (YLD) is in process.

1.2. Incidence and prevalence of diseases

To assess the local impact of morbidity, information on the occurrence of diseases at the level of the
statistical sector are required. Sources that are typically considered when estimating disease incidence
or prevalence, are national registries, hospital discharge data, medical prescription and health care
reimbursement data, sentinel networks of general practitioners, population screening programs and
survey results. As a comprehensive registry of cardiovascular or chronic respiratory disease diagnoses
does not exist, hospital discharge data (HDD) can be considered as an alternative. By relying on these
data, the burden can be expressed in terms of the incidence of hospitalisations for specific diseases
and injuries within those categories. For outcomes that have a high hospitalisation rate, HDD can be
considered as a proxy for total disease incidence or prevalence. Other strengths of HDD are nationwide
coverage and diagnosis by a medical doctor (De Pauw et al., 2023).

The HDD are managed by the Federal Public Service Health, Food Chain Safety and Environment. By
default, only the postal code is recorded in the HDD, which means a linkage with national registry data
managed by Statbel is required to obtain data that includes the statistical sector of the patient’s
residence. Analogous to the COD data, the HDD are microdata of patients admitted to a hospital in
Belgium, where the cause of death is replaced by the diagnosis considered the main reason for
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admission. In correspondence with the POCs, the HDD requested are records of patients admitted for
CVDs and CRDs, specified according to ICD codes.

The variables of the HDD microdata include:

e Cproject: a pseudonym that serves as a unique identifier

e Basic demographics: age, sex

¢ Diagnosis: specified according to ICD codes. Diagnoses in reference years before 2015 are
specified according to version 9 of the ICD, those after 2015 according to version 10. No data are
made available for reference year 2015 itself, because due to the switch from ICD-9 to ICD-10 the
diagnosis codes are considered unreliable. For each speciality the patient was admitted to during
his or her stay, a primary diagnosis is specified, as well as optional secondary diagnoses.

e Statistical sector: the place of residence of the patient is given in the form of the statistical sector
code. This requires a linkage with national registry data managed by Statbel.

Additionally, data managed by the InterMutualistic Agency (IMA) will be explored as a potential source
for health outcomes at the statistical sector level.

2. Risk factors

2.1. Air quality
2.1.1. Risk factor selection

For air quality, the selected risk factors are particulate matter (PM) with a diameter smaller than 10
micrometers (PM1o) and with a diameter smaller than 2.5 micrometers (PMzs), nitrogen dioxide (NO2)
and ozone (O3z). PM refers to all of the fine microscopic particles suspended in the air. As PM2s only
contains the smaller particles of PM, its composition and health effects are different compared to PM1o.
NO: is a gas formed by combustion, as occurring in car engines and power plants. Os is not emitted
directly but formed in the atmosphere by photochemical reactions. Each of these stressors is counted
among the ‘classical air pollutants’ by the WHO (World Health Organization, 2021). The GBD only
considers PM2s and Os, but the EBD study by Buekers et al. (2012) considers all four.

The metric used to assess long-term exposure is the annual mean concentration, expressed in the form
of a mass concentration as micrograms per cubic meter (ug m=3). Ozone forms an exception, for which
a simple yearly average concentration is inadequate because of its strong seasonal and diurnal
variation. A more complex metric is used, labelled ‘peak season ozone’ and is defined as the average
of daily maximum 8-hour mean Os concentration in the six consecutive months with the highest six-
month running-average Os concentration. For Belgium, the ozone peak season corresponds to the
months April to September. Black/elemental carbon will not be studied because of a strong overlap with
NO:2 in terms of exposure, and with PMzs in terms of mortality. The short-term approach is essential for
some stressors, such as ozone and heat, and has to be addressed in a future phase.

2.1.2. Exposure assessment

Population exposure to the air pollutants is based on high-resolution concentration maps for Belgium
provided by IRCEL-CELINE. These air quality maps produced by state-of-the-art models, calibrated
against actual measurements but still subject to a degree of uncertainty. The output used for assessing
PMio, PM2:s and NO2 exposure is from ATMO-Street, which is the interpolation-dispersion model RIO-
IFDM (used for O3s) expanded with a street canyon module. Both models have a 10 m grid spacing. For
the domain of Flanders plus the Brussels Region, ATMO-Street is available for the years 2016-2021
(2017-2021 also include the Walloon Region). Prior years (2009-2015) are modeled with RIO-IFDM,
which means results for these years are not comparable with 2016-2020 output.
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The estimation of population exposure relies on a geospatial approach. Local exposure is determined
as an area-level average, by overlaying the air quality maps with a vector file representing the statistical
sectors. The exposure value for each sector is then calculated as the spatial mean concentration. Given
their small size, and the fact that statistical sectors were defined with internal homogeneity in mind, this
average value is assumed to be representative for the local population. The uncertainty on the local
exposure can be addressed using bootstrapping: for a sector that overlaps with N pollution values, this
set is sampled with replacement to generate hundreds of sets of size N, corresponding to hundreds of
means, i.e., exposure values. The collection of resampled means forms a distribution of exposure
values, characterised by a certain spread.

To estimate global exposure in the Flemish population as a whole, a spatial average concentration
would be inadequate given its size. The reason is that, if inhabitants would reside in areas that are on
average either more or less polluted, a simple average concentration would not be representative for
exposure in the population. To counter this bias, one can compute a global average concentration
weighted by population density. The population-weighted average here is calculated by summing all
local sector exposures, weighted by the fraction of the population residing in each sector.

While exploring the air pollution rasters (both RIO-IFDM and ATMO-Street) overlaid with statistical
sector vector file, it became apparent that the rasters do not fully cover the territory of Flanders. The
result is that certain sectors (N = 550) near the national border do not fully overlap with the pollution
rasters. The ‘missing value problem’ is limited for most of these sectors, but in the most extreme cases
more than half of the sector’s territory is not covered. As was personally communicated by an IRCEL
collaborator, the problem occurred when the original model output was clipped to the extent of the
Belgian territory. To mitigate this issue, IRCEL provided us with the unclipped rasters. These maps are
split into the Flemish and Brussels region on the one hand, and the Walloon regions on the other, as
these domains are modelled separately. These maps differ slightly from the results for Belgium as a
whole that are available as open data. The rasters for Oz expressed in the peak season metric for had
to be requested as well, as the maps publicly available rely on another unit.

Local exposure is calculated straightforwardly as a spatial average, and not as a population-weighted
average that takes into account residential addresses. In the supplementary materials of Chen & Hoek
(2020) and Huangfu & Atkinson (2020), the meta-analyses referenced in the WHO air quality guidelines,
the exposure assessment method of each of the reviewed studies is briefly outlined. In the majority of
the cases, exposure of the subjects is quantified by linking the participant’s address to a pollution raster,
most of which have a relatively low resolution of a few hundred meters or even more than a kilometer.
Alternatively, the address location is linked to the nearest monitoring station, or if the exact address is
unknown, an average concentration value for the district or municipality is used as exposure value. In
each of these cases, exposure is estimated with a considerable deal of uncertainty. Therefore, we argue
that calculating population-weighted average in this case offers no advantage over a spatial average.

2.1.3. Identification of risk-outcome pairs

The EPA’s Integrated Science Assessments were consulted to assess the causality between long-term
exposure to air pollution and the outcomes specified in the POCs. ISAs are available for the four air
pollutants considered (PMzs, PM1o, NO2 and Os). These assessments study the relationships with
various health outcomes, including total non-accidental (all-cause) mortality, respiratory effects and
cardiovascular effects. Depending on the available evidence, the relationship is rated as causal, likely
to be causal, suggestive of causality, inadequate to infer causality, and not likely to be causal (U.S.
Environmental Protection Agency, 2015). The conclusions of the ISAs for the risk-outcome pairs for
long-term exposure that are relevant at this stage of the research are summarized in Table 2 (U.S.
Environmental Protection Agency, 2016, 2019, 2020).

Table 3 « Conclusions on the causality between long-term exposure to selected air pollutants
and health outcomes, based on the U.S. EPA’s ISAs.
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Outcome PMa2 5 PMzio NO O3

All-cause mortality Causal Suggestive Suggestive Suggestive
Respiratory effects Likely Inadequate Likely Likely
Cardiovascular effects  Causal Suggestive Suggestive Suggestive

Of course, a causal relationship between air pollutants and respiratory and cardiovascular effects does
not indicate a causal link between these risks and more specific CRDs and CVDs. In case the evidence
points (suggestive) causality for these effects, the epidemiologic literature can be searched for ERFs
that link exposure and more specific outcomes such as COPD, ALRI, IHD and stroke. If such studies
find a statistically significant association and are sufficiently corrected for confounding, including these
risk-outcome pairs would be justified.

2.1.4. Quantification of the risk-outcome relation

The first choice for ERFs are those integrated in the most recent Air Quality Guidelines (AQGS)
published by the WHO (World Health Organization, 2021). These ERFs are comprised of a meta-
analytic effect derived from multiple epidemiologic studies identified in systematic reviews. These
reviews consider the health effects of the ‘classical air pollutants’ in terms of total and cause-specific
mortality outcomes.

The health effects of both PM types are similar, although more pronounced for PM2.s compared to PMo.
This finding fits the results of the causality assessment by the U.S. EPA. For chronic NO2 exposure,
only all-cause and respiratory mortality outcomes are examined, although the ISA for this stressor finds
the evidence suggestive of causality for the link with cardiovascular effects. This indicates that it might
be necessary to consult other reviews that do study this risk-outcome pair. For long-term Ogs, the dose-
response relationships are even weaker. The AQGs do include the ERF for Oz and all-cause mortality,
where the bottom of the 95 % CI coincides with a RR of 1.00. Consequently, a choice must be made to
include all-cause mortality of chronic Os, or to limit the study to acute mortality.

Regarding the shape, the (all-cause and cause specific) mortality ERFs for PMzs, PM1o, NO2 and Oz are
generally either linear or supra-linear (i.e., a steeper curve at lower concentration). In the systematic
reviews performed in the context of the AQGs, the meta-analytic effect is calculated using the inverse
variance method assuming linear dose-response relationships (World Health Organization, 2021). For
PM, some individual studies reported non-linear functions Chen & Hoek (2020), while Huangfu &
Atkinson (2020) did not find strong evidence to reject the linearity assumption for NO2 and Oa. In light of
this, we propose to apply a linear ERF to calculate the PAF. This approach differs from the GBD, which
uses integrated ERFs, based on non-linear functions.

With regard to an exposure threshold, most studies for PM do not find indication of a cut-off value (Chen
& Hoek, 2020). In Huangfu & Atkinson (2020), it is not mentioned whether the individual studies find
evidence for a threshold. As a consequence, we suggest that an exposure threshold should not be
applied to long-term EBD calculation for the air pollutants. This is congruent with a joint statement
released by medical, public health, scientific societies and patient representative organizations, stating
that “harmful health effects [of air pollution] can be observed all the way down to very low concentration
levels, with no observable thresholds below which exposure can be considered safe” (Hoffmann et al.,
2021).

2.1.5. Calculation of the population attributable fraction

In the case of ambient air pollution, the entire population is exposed to the risk factor, either to a local
area-level concentration, or a global population-weighted average. As such, the PAFs for the air
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pollutants can be calculated with the simplified formula (eq. 6), where the relative risk is calculated
linearly without the inclusion of an exposure threshold (eq. 7).

2.2. Environmental noise
2.2.1. Risk factor selection

Environmental noise can result from different sources, such as transportation (road traffic, railway and
aircraft), wind turbines and leisure activities (e.g., concerts, nightclubs). The Environmental noise
guidelines for European Region provide recommendations for protecting human health from exposure
to environmental noise (WHO Regional Office for Europe, 2018). Based on the evidence quality and the
expected efficacy of reducing exposure, the recommendations are strong or conditional. As the
recommendations formulated are strong for traffic noise and mostly conditional for the other sources,
we propose to start with noise from road, railway and air traffic, and to optionally extend this list with
industrial, wind turbine and leisure noise at a later stage.

The health effects of environmental noise are addressed by relying on a long-term approach. As such,
the indicator used is usually a yearly average sound pressure level, calculated for specific hours of the
day (daytime, evening or night) or for the day as a whole. A common metric is the A-weighted (corrected
for the sensitivity of the human ear) sound level taken over the day, evening and night (Lden), expressed
in decibels (dB). In the calculation of Lgen, the evening value gets a penalty of 5 dB and the night value
of 10 dB, as noise exposure during these hours is considered to have a larger impact (eq. 9; European
Environment Agency, 2010).

(eq.9)

1 Laay Levening+5 Lnight+10
Lden=1010gﬁ 1210 10 +4%10 10 +8x+10 10

with Lqay the average annual mean sound level during the day (with a duration of 12 hours), Levening during
the evening (duration 4 hours) and Lnignt during the night (duration 8 hours). Lden is annoyance based,
and therefore not the most suited indicator to study the link with cardiovascular outcomes (WHO
Regional Office for Europe & JRC European Commission, 2011).

2.2.2. Exposure assessment

Population exposure assessment is based on the traffic noise exposure numbers reported to the EU in
the frame of the Environmental Noise Directive (END). In the publicly accessible format, these data
concern the number of exposed persons over 5 dB classes for the indicators Lden and Lnignt, @available for
the Regions separately. Exposure in this case is defined as the noise level at the most exposed facade
of the subject’s dwellings (WHO Regional Office for Europe, 2018). The levels are estimated by acoustic
models, that take into account the distribution of noise sources with differing properties and the geometry
of the surroundings. The estimates are updated every 5 years, currently available for the reference years
2011, 2016 and 2021. Because of differences in the methodologies, the results for the different reference
years are not comparable, which hampers the study of time trends.

The sources accounted for in the exposure numbers are:

* Road traffic, for routes with more than 3 million vehicles per year;

o Rail traffic, for railways with more than 30.000 passages per year;

e Aircraft traffic, for airports with more than 50.000 aircraft movements per year, excluding training
flights with light aircraft.

The exposure assessment is thus limited to major highways and busy railways. The requirement for
airports only applies to Brussels Airport in Zaventem, although data for the airports of Antwerp and
Oostende are also made available by their respective companies in the form of noise contour maps.

35



Agglomerations with populations exceeding 100.000 need to be covered by separate noise maps. These
maps are more comprehensive, as they are not limited to only major roads, railways and airports and
include other sources, such as trams and industry (including ports). For Flanders, the agglomerations
that qualify for separate modelling are Antwerp, Ghent and Bruges, and since 2021 Leuven is included
as well. The Brussels Region is modelled as agglomeration, and as such has detailed noise data
available. An important difference between the noise maps compared to the air quality maps, is that the
latter cover all emission sources, while the former don’t. Exposure in the population could therefore be
underestimated. A ‘full-coverage’ noise map for Flanders does exist, but is limited to road traffic noise
(Dekoninck & Botteldooren, 2019).

As the exposure numbers are reported by Region, these data are not suited to assess exposure locally.
For this reason, a request was made with Departement Omgeving, who procures the road and railway
noise exposure data for Flanders, to obtain the figures in a format tailored to the needs of the research.
An agreement was reached for the delivery of the number of exposed people over 1 dB bands per
statistical sector. The same request was made to the large agglomerations in Flanders, and the
conversations are currently ongoing. For Brussels airport, noise data were made available in the form
of contour maps. As such, a geospatial method will be developed to derive local exposure values.

2.2.3. Identification of risk-outcome pairs

The assessment of causality between noise exposure and health outcomes is not as well established
as for air pollution. With regard to cardiovascular effects, a plausible pathway is that exposure to
environmental noise induces a stress reaction, which in turn can impact the circulatory system. Another
possibility is that nighttime noise leads to sleep deprivation, which can also be linked to cardiovascular
outcomes (Hahad et al., 2019). As certain cardiovascular conditions can lead to death, exposure to
environmental noise can in theory be linked to all-cause mortality as well.

2.2.4. Quantification of the risk-outcome relation

The most recent Environmental Noise Guidelines (ENGSs) for the European Region (WHO Regional
Office for Europe, 2018) do not consider all-cause mortality as health outcome when deriving advised
noise levels for traffic noise. When consulting the epidemiologic literature, it appears that a consensus
regarding traffic noise and all-cause mortality has not been reached. A positive correlation for road traffic
exposure was identified in one meta-analysis by Hao et al. (2022) (who pooled the results of their cohort
study with other effect estimates collected in a systematic review), in a large cohort study from two
Danish cities (Thacher et al., 2020), and a weak correlation in a London cohort study (Halonen et al.,
2015). The study by Hao et al. (2022) suffers from some limitations, as the ERF identified by their ‘main
model’ does not adjust for all confounding factors, and their meta-analysis includes studies that overlap
in population. On the other hand, no significant association was found in another meta-analysis by (Cai
et al., 2021), and in a ‘mega-cohort’ study from Barcelona (Nieuwenhuijsen et al., 2018). According to
Cai et al. (2021), there are few studies for railway and aircraft noise, and those that do exist find no
relationship with mortality.

With regard to cardiovascular outcomes, the WHO’s ENGs consider the incidence of IHD as outcome.
Based on the commissioned systematic review and meta-analysis of the cardiovascular and metabolic
effects of traffic noise (van Kempen et al., 2018), they report a significant ERF for IHD incidence and
traffic noise from roads and aircraft. For railway noise, the study found no evidence to support a link with
IHD. The review by van Kempen et al. (2018) also examines stroke as health outcome, but found no
significant correlation with any of the traffic noise sources.

Based on the review featured in the ENGs, only the association of noise from road and aircraft traffic
with IHD is sufficiently supported. The review by van Kempen et al. (2018) only considers studies up to
2014. As identified in a more recent review by Miinzel et al. (2020), several cohort studies that appeared
since then support the link between traffic noise and stroke. The review also considers other CVD
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outcomes: Studies investigating the effect of transportation noise on heart failure consistently report a
significant association for all sources, while results on the link with atrial fibrillation remain mixed. This
new evidence indicates that confining the health impact of traffic noise to IHD incidence might be too
limited.

2.2.5. Calculation of the population attributable fraction

As noise exposure data are available in the format of the number of people exposed to a certain range
of decibels, the categorical formula (eq. 5) is suited to compute the PAF.
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