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BAcKGRoUND

The production of manufactured goods and the associated transport of raw materials 
and products is an economic activity that can affect public health. During production 
and transport toxic components can be released. With regard to health effects, emis-
sion to the air is, in most cases, the main route of exposure. In most situations is the 
long-term emission to the air by industry stable, and this emission contributes to other 
sources of emission, mainly traffic-related exposure. However, if there is an industrial 
incident people can be exposed to high concentrations. In both situations, the threat of 
possible exposure to air pollution can influence citizens’ risk perception and behaviour.

Air pollution from industrial activities
Citizens in the immediate vicinity of industrial areas are exposed to various sources of 
air pollution. Air pollution is a complex mixture of different gaseous and particulate 
components, and it is difficult to define an exposure measure of relevance when the bio-
logical mechanisms are largely unknown. Moreover, the air pollution mix varies greatly 
by locality and time [1]. In general particulate matter with diameters of less than 10 
μm, 2.5 μm and 0.1 μm (PM10, PM2.5 and UltraFine Particles, respectively), nitrogen oxide 
(NOx), sulphur dioxide (SO2), and ozone (O3) are the most important components. Dif-
ferent sources of air pollution have also a different mixture of pollutants and therefore 
different health effects. Traffic is often a major source of air pollution. Also indoor air 
pollution should not be ignored. This should be taken into account in research on air 
pollution from industry. Besides industrial air pollution, citizens may also be exposed 
to hazardous materials during incidents and disasters. Potential sources of risk, in addi-
tion to industry, are transport of hazardous materials (water-ways, road and pipelines) 
and storage of hazardous materials. The industrial production may be associated with 
a constant exposure. Accidents in plants or during transportation and disruption of 
production may temporarily cause high levels of exposure in the population living near 
those plants or transport routes.

Health effects of air pollution
There are a large number of studies on health effects of air pollution pointing towards, 
among others, an increased risk of respiratory diseases (e.g. asthma, chronic obstruc-
tive pulmonary disease), cancer, myocardial infarction, and diabetes mellitus  [2–4].  In 
addition to the diseases listed above, air pollution can also cause some physiological 
changes in blood pressure and lung function [5,6]. Children and adolescents are more 
susceptible to the effects of air pollution than adults. The lack of a fully developed pul-
monary metabolic capacity in children makes children more susceptible to air pollutants 
compared with adults [7]. Recent evidence suggests that air pollution can also influence 
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the growth and development of the human foetus during pregnancy, resulting, among 
other things, in an increased risk for low birth weight [8–10].

Most of studies on air pollution and health focus on emissions from traffic or the 
indoor environment. Studies about the health effects of industrial air pollution on popu-
lations in the vicinity of these industries are scarce [3,11]. A difficulty in studies about 
industry-related air pollution and health is the disentanglement of the health effects 
because of industry-related air pollution and of air pollution from other sources such as 
traffic. Also the attribution of health effects to individual components of air pollution is 
a challenge.

Risk perception and behaviour
The risk perception of citizen in an area with many industrial activities may not neces-
sary correspond to the actual risk. Citizens are not always aware of the threats in the 
environment and how they must act to avert these threats.  Although scientific risk 
assessment is thoroughly conducted by using reliable methods, results will conflict with 
the inherent way human beings perceive risk [12,13]. According to Axelsson [14] people 
living near (petrochemical) industries are often worried about the possible health ef-
fects of air pollution including release of hazardous chemicals by accidents associated 
with industrial activity. Odour from industrial activities is an environmental stressor 
affecting people’s quality of life, and annoyance due to odour per se can be associated 
with perceived health status. Odour annoyance may be related to several factors e.g. 
attitudes towards and dependency upon the source of exposure, worry or fear about 
health effects, perceived control, and coping capacity. However, there is no relationship 
between odour annoyance and toxicity. 

Accidents with hazardous materials (e.g. during transport) in a populated area can 
have major consequences. In the event of an incident involving hazardous substances, 
large quantities of dangerous materials can be released. Resilience of citizens during 
incidents or disasters is important when a transport incident with a hazardous material 
occurs. The hazardous material can reach bystanders within minutes and it is unlikely 
that local authorities can respond in this short time.  Awareness of the risks and knowing 
how to act is essential.

oBJectIVes oF tHIs tHesIs

There is still little known about the health effects due to air pollution from industrial 
activities. The (threat of) exposure to air pollution can affect citizens’ risk perception, 
which is still not well understood. Risk perception can subsequently influence the (per-
ceived) health and (protective) behaviour.
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The primary objectives of this thesis are therefore:
1. To investigate the influence of air pollution from industrial activities on health.
2. To investigate the influence of citizens’ risk perception, related to industrial activities 

(including incidents), on (protected) behaviour.

stUDY AReA

Citizens in the immediate vicinity of industrial areas of the province Zeeland in the Neth-
erlands are exposed to various industrial sources of air pollution. The province Zeeland 
has two main industrial areas: the Sloe area, near the city of Vlissingen, and the area 
along the Dutch part of canal Terneuzen – Gent (hereafter called canal Terneuzen – Sas 
van Gent). Figure 1 shows a map of the study area. At the time of the study several heavy 
industries were active in the Sloe area, such as a coal power plant, terminals for storing 
and shipping of coal, a plastic recycling company, a phosphorus chemical company, an 
oil refinery and an aluminium smelter. Along the canal Terneuzen – Sas van Gent there 
were, among others, a large petrochemical factory, fertilizer factories, a bromine plant, 
and terminals for storing and shipping of dry bulk products. A variety of components 
were emitted by the plants such as particular matter (PM), nitrogen oxide (NOX), sulphur 
oxide (SO2) and volatile organic compounds (VOC) such as benzene, formaldehyde, eth-
ylene, and 1,3 butadiene. The study area borders on Belgium where also heavy industry 
is located in the ports of Ghent and Antwerp.

Other potential industrial sources of risk, in addition to industry, are transport of 
dangerous substances (water-ways, road and pipelines) and storage of hazardous mate-
rials. Large quantities of dangerous materials are transported across the large waterway 
Westerschelde in the Province Zeeland to the ports of Vlissingen, Terneuzen, Ghent, and 
Antwerp. In particular, ammonia (toxic) and propane gas (combustible) are transported 
in large amounts across this waterway.

In most studies the contribution of industry-related air pollution cannot be easily 
disentangled from traffic-related air pollution due to multiple sources in the same geo-
graphic region. The high concentration of industry and the relatively low traffic intensity 
makes the province of Zeeland a unique research area for studies about industrial-relat-
ed air pollution and health.



12 Chapter 1

stUDY oBJectIVes AND DAtAsets UseD IN tHIs tHesIs

The studies in this thesis are based on a variety of available datasets. The specific objec-
tives and datasets used in the studies of this thesis are shortly described.

the mediating role of risk perception in the association between 
industry-related air pollution and health (chapter 2).
A cross-sectional survey was conducted by the Zeeland Public Health Service in the 
Netherlands in 2011 to investigate the associations of air pollution from heavy industry 
with health symptoms, and to evaluate whether these associations were mediated by 
people’s risk perception about local industry. In total, 2,477 adults (19 years and older) 
filled out questions about their health and (if applicable) the health of their children at 
home for 1,099 children (2–18 years). The overall response was 54%. The questionnaire 
for adults consisted of four parts namely: socio-demographic characteristics, health 
problems, health behaviour, and perception. The questionnaire about the children 
consisted of three parts namely: socio-demographic characteristics, health problems 
and health behaviour.

Figure 1 Study area
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The effect of industry-related air pollution on lung function and 
respiratory symptoms in school children (chapter 3).
In a cross-sectional study lung function data was used to investigate the associations 
of long-term air pollution from heavy industry with lung function and respiratory symp-
toms in school children. The lung function tests were conducted in 2012 among 665 
schoolchildren aged 7–13 years by experienced operators of the Zeeland Public Health 
Service in the Netherlands, using a portable spirometer. The following variables were 
obtained: forced vital capacity (FVC), 1s forced expiratory volume (FEV1), peak expiratory 
flow (PEF), maximum midexpiratory flow (MMEF) and the FEV1/FVC ratio. To calculate 
the predicted lung function, the weight and height of the children were measured. The 
parents of the school children were asked to complete an online questionnaire about 
socio demographic characteristics, (respiratory) health problems of the child, indoor air 
pollution and family history for asthma predisposition.

The influence of industry-related air pollution on birth  outcomes in an 
industrialized area (chapter 4).
Birth registration data (2012-2017) from the Zeeland Public Health Service in the Nether-
lands was used to investigate the associations of air pollution from heavy industry with 
several birth outcomes. The birth registration, with 4,866 live births, contains informa-
tion about gestational age at birth, birth weight, birth length, and head circumference. 
Beside birth outcomes, also information on socio-economic status and risk factors such 
as smoking of mothers was collected.

The influence of specific industry-related air pollution with occurrence 
of chronic diseases: A register-based study (chapter 5).
In a repeated cross-sectional study (536,599 observations), information on dispensed 
medicine in the years 2012-2017 was accessed in a secure workspace of the Statistics 
Netherlands (CBS) to investigate the influence of industry-related air pollution on 
dispensed medication. A register with information about dispensed medicine for the 
following four chronic diseases was used: cardiovascular diseases, respiratory diseases, 
diabetes mellitus and inflammatory conditions. The CBS register contains, beside medi-
cine, also data about the year of birth, gender, ethnicity, marital status, family composi-
tion, household income, and neighbourhood income.

Air pollution data.
In the aforementioned studies the air pollution exposure at individual level was calcu-
lated with the Operational Priority Substances (OPS) dispersion model. To calculate air 
pollution concentrations at individual homes in the study region with the OPS model, 
emission data were obtained from the Emission Register in the Netherlands (http://
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www.emissieregistratie.nl/) and, if applicable, the Flanders Environment Agency in 
Belgium (https://en.vmm.be/).

Estimation of the influence of protective behaviour on expected injuries 
in transport accidents with hazardous materials (chapter 6 and 7).
Data of a cross-sectional survey, conducted by the Zeeland Public Health Service in 
the Netherlands in 2013, was used to predict people’s intended behaviour in the first 
minutes of a transport accident scenario with hazardous materials and to quantify how 
the different environmental and social cues, and perceptions threats will influence 
protective action decision making.  In total, 881 respondents (aged 19–64 years) filled in 
a questionnaire about socio-demographic characteristics, health, risk perception, and 
(protective) behaviour. The overall response was 44%. Expected injuries were calculated 
with a Self Rescue Model (SeReMo).

oUtLINe oF tHIs tHesIs

The first objective, the influence of air pollution from industrial activities on health, 
will be addressed in chapters 2-5. These chapter will give insight into the associations 
between industry-related air pollution and health (self-reported health symptoms, lung 
function, birth outcomes, and dispensed medicine) among newborns, children, and 
adults.

In chapters 2, 6, and 7 the second objective, about how the industrial activities influ-
ence citizens’ risk perception and behaviour, will be addressed. Chapter 2 addresses how 
associations between industry-related air pollution and self-reported health symptoms 
are mediated by people’s risk perception about local industry. Chapter 6 gives insight on 
how risk perception in different transport scenarios accidents with hazardous materials 
will influence protective behaviour. Finally, chapter 7 describes the association between 
modelled air pollution exposure and expected injuries in different transport scenario 
accidents with hazardous materials, taking into account protective behaviour.
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ABstRAct

Background Heavy industry emits many potentially hazardous pollutants into the air 
which can aff ect health. Awareness about the potential health impacts of air pollution 
from industry can infl uence people’s risk perception. This in turn can aff ect (self-
reported) symptoms.

Our aims were to investigate the associations of air pollution from heavy industry 
with health symptoms and to evaluate whether these associations are mediated by 
people’s risk perception about local industry emissions.

methods A cross-sectional questionnaire study was conducted among children (2-18 
years) and adults (19 years and above) living in the direct vicinity of an area with heavy 
industry. A dispersion model was used to characterize individual-level exposures to air 
pollution emitted from the industry in the area. Associations between PM2.5 and NOx with 
presence of chronic diseases (adults) and respiratory symptoms (adults and children) 
were investigated by logistic regression analysis. Risk perception was indirectly mea-
sured by worries about local industry (0-10 scale). Mediation analyses were performed 
to investigate the role of mediation by these worries.

Results The response was 54% (2,627/4,877). In adults exposure to modelled PM2.5 from 
industry (per µg/m3) was related with high blood pressure (OR 1.56, 95% CI: 1.13-2.15) 
and exposure to modelled NOx (per µg/m3) was inversely related with cardiovascular 
diseases (OR 0.91, 95% CI: 0.84-0.98). In children higher PM2.5 and NOx concentrations 
(per µg/m3) were related with wheezing (OR 2.00, 95% CI: 1.24-3.24 and OR 1.13, 95% CI 
1.06-1.21 respectively) and dry cough (OR 2.33, 95% CI: 1.55-3.52 and OR 1.16, 95% CI: 
1.10-1.22 respectively). Parental worry about local industry was an important mediator 
in exposure – health relations in children (indirect eff ect between 19-28%).

conclusion Exposure from industry was associated with self-reported high blood pres-
sure among adults and respiratory symptoms among their children. Risk perception was 
found to mediate these associations for children.
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INtRoDUctIoN

Air pollution is a complex mixture of different gaseous and particulate components and 
can cause several health effects. Both long- and short-term exposure to air pollution can 
cause cardiovascular, respiratory diseases  (e.g., asthma, chronic obstructive pulmonary 
disease, lung cancer) and mortality [1]. In addition to the diseases listed above air pollu-
tion (PM2.5) can also cause some physiological changes as blood pressure [2].

Children and adolescents are more susceptible to the effects of air pollution than 
adults. The lack of a fully developed pulmonary metabolic capacity in children make 
them more susceptible to air pollutants compared with adults [3]. Moreover children 
are in general more exposed because of the greater activity of children compared with 
adults, as well a greater time spent out of doors.

Investigations often focus on emissions from road traffic, smog and urban or regional 
differences in air pollution. Research about air pollution from heavy industry on health 
is less often explored [4–6]. The impact of localised air pollution from industry on health 
is a major concern in some areas.

Some studies have found an increased risk of hospitalization for cardiorespiratory 
complaints in adults  [4,7] and children [5–7] living close to industrial plants while others 
show no such relationships in adults [8]. Questionnaire studies on respiratory effects in 
children living in the vicinity of industrial plants are rare. A cross-sectional study children 
(6-12 years) living close to petrochemical plants in La Plata, Argentina had significant 
more asthma (25% vs 10%), asthma exacerbations (6.7 vs 2.9 per year) and respiratory 
symptoms, such as current wheeze, dyspnea, nocturnal cough or rhinitis (average 24% 
vs 14%) than those living in the semirural control regions [7]. In a cross-sectional study 
among children aged 11 to 14 years attending schools near a petrochemical refinery in 
Cape Town, South Africa  respiratory symptom were more prevalent than in children in 
other areas of the city, with frequent waking with wheezing being in great excess (OR 
8.92, 95% CI 4.79-16.63) [9].

Risk perception towards industry can possibly influence the association between 
industrial pollution and health symptoms. People with a high risk perception are likely 
to report more health symptoms. Also, a high risk perception may act like a stressor and 
therefore can influence people’s health. Chemical odours may strengthen the risk per-
ception due to people’s concerns about their health. In other words, exposure - health 
outcomes association can be mediated by odour and worry. In the presence of a strong 
mediating effect of risk perception reported associations between industrial air pollu-
tion and health problems among citizens in the vicinity of industry may be spurious. 
Some epidemiological studies have indeed presented indications that (risk and odour) 
perception mechanisms partly explain the increased occurrence of self-reported health 
symptoms among residents living close to chemical industry [10–13].  However, these 
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studies have not formally addressed the magnitude or direction of the mediating role 
of risk perception.

To our best knowledge, studies about the mediating role of risk perception in the 
association between industry-related air pollution and health among adults and their 
children are very rare. Therefore, the aims of this study were to estimate (1) the associa-
tion between air pollution from industry and health symptoms and (2) the mediating 
role of risk perception about local industry in the association with health symptoms.

mAteRIALs AND metHoDs

study design and population
A cross-sectional study was conducted among inhabitants of the seven villages (postal 
code areas) in the direct vicinity (2-5 km) of the large industrial area (Sloe area) near East 
Vlissingen in the Southwest of the Netherlands. A representative sample of in total 4877 
inhabitants aged 19 and more was randomly recruited in each of the seven villages (an 
average of 697 potential respondents per village). At the time of the study several heavy 
industries were active in the area such as a coal power plant, terminals for storing and 
shipping of coal, a plastic recycling company, a phosphorus chemical company, an oil 
refinery and an aluminium smelter.

The selected inhabitants received an invitation letter and paper questionnaire by 
mail. The participants could return the questionnaire in a postage-paid envelope that 
was included in the mail package or they could complete the questionnaire online by 
using a log in code provided in the letter. Two reminders were sent two and four weeks 
later in case of non-response. In the first reminder the log in code was included. In 
the second reminder in addition of the in log code also the paper questionnaire was 
included. Both the paper questionnaire and the internet version of the questionnaire 
were distributed and collected by an external company. The data were collected from 20 
June 2011 to 22 August 2011.

The information to participants explained that by filling out the questionnaire 
informed consent was given. Under the Dutch law for medical scientific research with 
human subjects questionnaire surveys are not subject to approval by an institutional 
ethics committee. However, the Law for Protection of Personal Data requires informed 
consent and also procedures for the protection of personal privacy. These procedures are 
laid down in the Code of Conduct for Medical research (at www.federa.org), established 
by the Council of the Federation of Medical Scientific Societies. In this research project 
we have strictly adhered to these procedures and the data were analysed anonymously.
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exposure assessment
A variety of components are emitted by plants in the industrial area near East Vlissingen 
in the Southwest of the Netherlands like particulate matter (PM), nitrogen oxide (NOx), 
sulphur dioxide (SO2), ethene, formaldehyde, toluene, benzene, and dioxins. It is difficult 
to define an exposure measure of relevance when the biological mechanisms are largely 
unknown. Moreover the air pollution mix varied greatly by locality and time [14]. For this 
study the compounds were selected by following two steps. First, the emission (kg/year) 
of a compound was divided by the European Commission limit values or if not available 
the maximum permissible risk levels (MPR) in air (µg/m3) from the National Institute 
for Public Health and the Environment, The Netherlands (RIVM). The compounds with a 
high fraction (more than 5.000) were selected. Next, the annual mean concentration of 
these compounds were calculated with a dispersion model. The compounds with a high 
concentration variation (mean/SD ≈ 2) were selected.

The emission data was obtained from the Emission Register. The National Institute 
for Public Health and the Environment (RIVM) coordinates the annual compilation of 
the Emission Register on behalf of the Ministry of Infrastructure and Environment. 
Emission factors are derived from measurements and calculations of a model or (the 
international) literature.

The Operational Priority Substances (OPS) dispersion model (version 4.5.0), devel-
oped by the RIVM, was used to calculate concentration levels at individual homes. The 
OPS model requires emission data (emission strength, emission height, coordinates 
source, heat capacity and substance) and hourly-based meteorological data (among 
others: temperature, relative humidity, wind speed, wind direction, precipitation and 
global solar radiation) as input for the calculations. The meteorological data were re-
trieved from the Royal Netherlands Meteorological Institute (KNMI). The OPS model also 
requires a receptor file. The geographic information system QGIS (version 2.18.0) was 
used to geocode (by means of a plugin) the home addresses of the respondents. The 
x,y coordinates of the home addresses were used for the receptor file in the OPS model.  
After the dispersion calculations the air pollution data were linked to the questionnaires 
by means of a Trusted Third Party.

After applying the two selection steps the following compounds remained: PM2.5 
(particulate matter with an aerodynamic diameter < 2.5 μm), PM10 (particulate matter 
with an aerodynamic diameter  <  10 μm), SO2, and NOx. These compounds were highly 
correlated (Pearson correlation coefficients ranged from 0.67 to 0.998). Because of the 
high correlation, associations between questionnaire reports and these four compo-
nents cannot be disentangled.  Therefore PM2.5 was chosen because it varied most of the 
four compounds and NOx because of the lowest correlation with PM2.5.  Because of the 
high correlations with other components PM2.5 and NOx must be regarded as indicators 
of the mixture of air pollution rather than the causative factors of adverse health effects.
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In the study area the exposure to air pollution form traffic is relatively low (less than 
5,000 vehicles per day or the distance between road and house is more than 100 meters). 
Only three (trunk) roads (A58, N62 and N254) have more than 5,000 vehicles per day 
(35,000. 18.000 and 12,000 vehicles per day respectively) and the distance between these 
roads and responders home address was less than 100 meters for only approximately 30 
households. Therefore, traffic-related air pollution will not be an important potential 
confounder and, thus, was not included in the study.

Questionnaire for adults on health and perception
The questionnaire for adults consisted of four parts namely: socio-demographic charac-
teristics, health problems, health behaviour, and perception.

Socio-demographic. Socio-demographic characteristics were gender, age (19-34, 
35-49, 50-64 and more than 65 years) and education. The question about education was 
categorized in: 1) primary school or less (8 years of education or less), 2) lower general 
secondary education (12 years of education), 3) higher general secondary education (14 
years of education) and 4) college or university (more than 14 years of education).

Health problems. The health problems related to general health and chronic 
disease(s). General health was measured with the question: How would you describe 
your health? Five answers were possible: 1) excellent, 2) very good, 3) good, 4) fair and 5) 
poor [15].  Ill health was defined by fair or poor health, with as reference category good 
to excellent health.

Respondents were asked about the presence of chronic disease(s) in the past 12 
months. Among others, one of more of the following categories could be selected: a) 
cerebral infarction, TIA or stroke, b) heart attack, c) another serious heart disease (e.g. 
heart failure or angina pectoris), d) high blood pressure and e) respiratory diseases 
(asthma, chronic bronchitis, pulmonary emphysema or chronic obstructive respiratory 
diseases). Respondents could also fill in whether the disease has been diagnosed by a 
doctor. The selection of chronic diseases was based on a comprehensive list of chronic 
diseases by Statistics Netherlands for use in community-based studies [16].

Health behaviour. Smoking was assessed by asking how many cigarettes on aver-
age per day were smoked. Passive smoking was assessed by whether another family 
member smoked in house.

Perception. Risk perception was indirectly measured by asking the respondents to 
rate their level of concern about potential impacts of the industry in their neighbourhood 
on their health and well-being in the past 12 months. A 11 point scale (0: not worried at 
all, 10: extreme worried) in a single question was used. A respondent was classified as 
very worried if he or she chooses a value of seven or higher on the risk scale [17].

Respondents were asked to rate their level of odour annoyance about industrial 
odour when they are in or around their home in the past 12 months. A 11 point scale 
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(0: no annoyance at all, 10: extreme annoyance) in a single question was used and a re-
spondent was classified as very annoyed if he or she chooses a value of seven or higher 
on the annoyance scale [17].

Questionnaire about the health of the children
Parents were asked to fill out questions about the health of their children (2-18 years) 
with particular focus on respiratory symptoms. The questionnaire about the children 
consisted of three parts namely: demographic characteristics, health problems and 
health behaviour.

Demographic. Demographic characteristics were gender and age (2–5, 6–9, 10–13 
and 14–18 years).

Health problems. For the questionnaire about the health of the children the core 
questions from the International Study on Asthma and Allergies in Children (ISAAC) was 
used [18–20] with minor changes. These questions were 1) Has your child had wheezing 
or whistling in the chest in the past 12 months? 2) In the past 12 months, has your child’s 
chest sounded wheezy during or after exercise? 3) In the past 12 months, has your child 
had a dry cough at night, apart from a cough associated with a cold or a chest infection?. 
Reported ‘‘asthma’’ was defined from the question ‘‘Has your child had asthma in the 
past 12 months?”.

Health behaviour. Smoking was assessed by asking whether the child smoked every 
day, more than once a week (but not every day), less than once a week, or did not smoke.

statistical analyses
Mediation analyses, according the method of Baron and Kenny [21], were carried out 
to examine the role of worry as mediating variable between air pollution and health 
outcomes. First, associations between the independent variable (air pollution) and the 
dependent health outcomes were analysed by logistic regression analysis (the total 
effect).  Second, the association between air pollution (PM2.5 in µg/m3 and NOx in µg/
m3) and worry (0-10 scale) was analysed by linear regression analysis. Finally, the as-
sociations between air pollution and the health outcomes were adjusted for worry in the 
logistic regression analysis (the direct effect).

Mediation analysis was performed when the following criteria were met: 1) exposure 
must be significantly associated with the health outcomes, 2) exposure must be signifi-
cantly associated with the mediator worry, 3) mediator must be significantly associated 
with the health outcomes.

 The coefficient of the linear and logistic regressions were made comparable across 
the equations by multiplying each coefficient by the standard deviation (SD) of the 
predictor variable in the equation and then dividing by the SD of the outcome according 
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to equations from MacKinnon and Dwyer [22].  The proportion of the direct effect was 
estimated by dividing the estimated direct effect by the total effect.

A moderator variable influences the strength of a relationship between two other 
variables. Potential moderators (gender, age, education) and confounders (smoking and 
passive smoking) were integrated in all multivariate analyses.

The statistical analyses were conducted with the statistical package IBM SPSS version 
21 (SPSS Inc., Chicago, IL, USA). Results are presented with 95% confidence intervals 
(CI). A p value less than 0.05 was considered to be statistically significant.

ResULts

Questionnaires were send to 4,877 adults (18 years and more). An overall response of 
54% (2627 completed questionnaires) was achieved after two reminders. For 2,477 adult 
respondents the air pollution data was successful linked. Parents filled out questions 
about the health of their children at home for 1,099 children (2-18 years). Table 1 shows 
the characteristics of the adult respondents and their children.

The prevalence of being very worried about industry in the neighbourhood (28%) 
was significantly higher than the prevalence of being very annoyed by odour in the 
neighbourhood (19%) (p<0.001). The Spearman rank correlation between worried about 
industry in the neighbourhood and odour annoyance by industry in the neighbourhood 
was 0.62.

The mean annual exposures originating from PM2.5, PM10, NOX and SO2 emissions by 
industry in the study area were 0.68 (SD=0.33), 0.94 (SD=0.42), 5.36 (SD=2.74) and 3.80 
(SD=1.95) µg/m3 respectively (without background concentration). Figure 1 shows the 
iso-concentration contours of the PM2.5 contribution by industry (without background 
concentration).

Table 3 shows the associations between exposure and worry with measures of health 
by adults. Adult exposed to PM2.5 (per µg/m3) were significant more likely to report high 
blood pressure, after controlling for worry (OR 1.60, 95%CI 1.15 to 2.22).  Adults exposed 
to NOx (per µg/m3) were significant less likely to report cardiovascular diseases, after 
controlling for worry (OR 0.89, 95%CI 0.82-0.97). Table 4 shows the associations be-
tween exposure and parental worry with measures of health among children. Parents 
with children exposed to PM2.5 (per µg/m3) and NOx (per µg/m3) were significant more 
likely to report wheezing (OR 1.71, 95%CI 1.04 to 2.80 and OR 1.11, 95%CI 1.03 to 1.18 
respectively) and dry cough (OR 1.90, 95%CI 1.25 to 2.90 and OR 1.13, 95%CI 1.07 to 1.19 
respectively) among their children, after controlling for worry.
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table 1 Characteristics of adult respondents (18 years and more) and their children (2 -18 years)

characteristic Adults
(n=2477 )
%

children
(n=1099)
%

Gender

Man 44 53

Women 56 47

Age groups (years)

2 – 5 - 23

6 – 9 - 25

10 – 13 - 26

14 – 18 - 26

19 – 34 19 -

35 – 49 27 -

50 – 64 34 -

65 and older 20 -

education level

Primary school 8 -

Lower general secondary education 37 -

Higher general secondary education 36 -

   College, university 19 -

smoking status

Smoker 21 4

Passive smoking in  house 8 21

Perception

Very worried about industry in the neighbourhood 28 -

Very odour annoyed by industrial in the neighbourhood 19 -

table 2 Occurrence of self-reported general health and diseases in adults (18 years and more) and their 
children (2 -18 years)

Health/Disease Adults
%

children
%

Fair/poor health 15 -

Cardiovascular diseasesa 5 -

High blood pressure 21 -

Respiratory diseasesb 9 -

Wheezing - 15

Wheezing during exercise - 8

Asthma - 8

Dry cough - 23
a Cerebral infarction, TIA, stroke or other heart diseases
b Asthma, chronic bronchitis, pulmonary emphysema or chronic obstructive respiratory diseases
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Figure 2 illustrates the mediation model. The coefficients were made comparable 
across the equations. Parental worry significantly mediated the association of PM2.5 and 
NOx on wheezing (27% and 20% respectively) and dry cough (28% and 19% respectively).

Figure 1 Modelled PM2.5 isoconcentration contours (µg/m3), mean annual exposure without background 
concentration

table 3 Associations between the exposure and worry with measures of health by adults (18 years and 
more) from logistic regression

Fair/poor health

OR (95% CI)a

cardiovascular 
diseasesb

OR (95% CI)a

High blood 
pressure
OR (95% CI)a

Respiratory 
diseasesc

OR (95% CI)a

PM2.5 (µg/m3) 1.04 (0.72-1.50) 0.57 (0.28-1.17) 1.56 (1.13-2.15)** 1.13 (0.74-1.73)

PM2.5 adjusted for worry 0.95 (0.64-1.39) 0.64 (0.30-1.34) 1.60 (1.15-2.22)** 0.99 (0.63-1.55)

Worry adjusted for PM2.5 1.07 (1,03-1,11)** 1.02 (0,96-1,09) 0.98 (0,95-1,02) 1.08 (1,03-1,13)**

NOx (µg/m3) 1.01 (0.97-1.06) 0.91 (0.84-0.98)* 1.02 (0.98-1.06) 1.03 (0.98-1.08)

NOx adjusted for worry 1.00 (0.95-1.05) 0.89 (0.82-0.97)* 1.02 (0.98-1.07) 1.01 (0.95-1.06)

Worry adjusted for NOx 1.07 (1.03-1.11)** 1.03 (0.97-1.10) 0.99 (0.95-1.02) 1.08 (1.03-1.13)**

 a Adjusted for gender, age, education, smoking and passive smoking
b  Cerebral infarction, TIA, stroke or other serious heart diseases
c Asthma, chronic bronchitis, pulmonary emphysema or chronic obstructive respiratory diseases
* P < 0.05, ** p<0.01
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table 4 Associations between the exposure and worry with measures of health by children (2 to 18 years) 
from logistic regression

Wheezing

OR (95% CI)a

Wheezing during 
exercise
OR (95% CI)a

Asthma

OR (95% CI)a

Dry cough

OR (95% CI)a

PM2.5 (µg/m3) 2.00 (1.24-3.24)** 1.87 (1.01-3.44)* 1.15 (0.61-2.19) 2.33 (1.55-3.52)**
PM2.5 adjusted for worry 1.71 (1.04-2.80)* 1.56 (0.83-2.94) 1.04 (0.54-2.01) 1.90 (1.25-2.90)**
Worry adjusted for PM2.5 1.09 (1.04-1.16)** 1.10 (1.02-1.18)* 1.05 (0.98-1.13) 1.11 (1.06-1.17)**
NOx (µg/m3) 1.13 (1.06-1.21)** 1.13 (1.04-1.22)** 1.00 (0.92- 1.09) 1.16 (1.10-1.22)**
NOx adjusted for worry 1.11 (1.03-1.18)** 1.10 (1.01-1.20)* 0.98 (0.90-1.07) 1.13 (1.07-1.19)**
Worry adjusted for NOx 1.09 (1.03-1.15)** 1.09 (1.01-1.17)* 1.06 (0.99-1.14) 1.10 (1.05-1.16)**

 a Adjusted for gender (adult and child), age (adult and child), education (adult), smoking (child) and passive smoking
* P < 0.05, ** p < 0.01

Figure 2 Mediation effects (worry) in exposure (X) – response (Y) models and mediation test after control-
ling for gender (adult and child), age (adult and child), education (adult), smoking (child) and passive smok-
ing. The coefficients were made comparable across the equations
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DIscUssIoN

This study shows an association between PM2.5 exposure from the industry and self-
reported high blood pressure in adults. We found an inversely association between NOx 
exposure and cardiovascular diseases in adults. This is an unexpected finding. We found 
no explanation for this inversely association.  In children a high PM2.5 and NOx exposure 
was associated with an excess of wheezing and dry cough. Among children the associa-
tion between exposure and health outcomes was mediated for 19%-28% by parental 
worry about local industry.

Comparable studies about self-reported health and industry-related air pollution 
are rare. In a cross-sectional study of wheezing in children and adolescents (aged 0 to 
14 years) living in the vicinity of the Guamaré petrochemical complex in Brazil found 
statistically significant associations between wheezing in the past 12 months and living 
in exposed communities versus reference communities (OR 2.01, 95%CI 1.01 to 4.01) 
[23]. In our study we found also an association between exposure to air pollution from 
industry (PM2.5 and NOx) and wheezing in the past 12 months in children.

Epidemiological studies have supported the importance of risk and odour perception 
mechanisms for explaining the increased occurrence of self-reported health symptoms 
among residents living close to chemical industry [10–13].  However, to the best of our 
knowledge, there are no studies with a formal mediation analysis [21] to estimate the 
magnitude of the mediating effect of risk perception in associations between industry-
related air pollution and self-reported health complaints. Our study showed that risk 
perception did not mediate associations between air pollution and presence of chronic 
diseases among adults. However, parental worry was indirectly accounting for 19%-
28% of the magnitude of associations between air pollution and respiratory symptoms 
among their children. This is an important finding and it may be hypothesized that 
parents are less worried about the environmental impact on their own health than on 
the health of their children.

In our cross-sectional study it is not possible to disentangle the direction of the inter-
relations among risk perception, odour annoyance and health symptoms. Risk percep-
tion may contribute to odour annoyance and health symptoms. Odour annoyance can, 
in turn, be expected to affect risk perception and health symptoms. Health symptoms 
can also sensitize people to perceive odours and increase risk perception. In our study 
a strong correlation was found between the risk perception about local industry and 
odour pollution from local industry. Therefore, these two mediators cannot be mod-
elled simultaneously because of collinearity. Risk perception about local industry was 
taken as mediator instead of odour annoyance by local industry because of its higher 
prevalence.
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The direction of the mediating role of risk perception is important. If worry mediates 
the health outcomes and emissions from industries are reduced, then it is wisely also 
to communicate this in order to reduce worry and therefore decrease the prevalence 
of (self-reported) symptoms. Further research about different measurements of risk 
perception can give more insight into their mediating role in associations between 
environmental exposure and health complaints.

This study has certain strengths and limitations. First, there are different methods 
available for formally testing the presence of mediation. Our study used the most com-
mon method, namely the causal steps approach  by Baron and Kenny [21].  Although 
commonly used, it must be recognized that the method has limitations. The method can-
not deal well with interactions between the moderators (e.g. gender, age and education) 
and exposure or mediator. In our study there was no interaction of importance between 
the moderators and exposure or mediator. Thus, we feel that the use of this mediation 
method is justified. Second, exposure to air pollution was based on a validated disper-
sion model. Good agreement was found for both SOx and NOx in the spatial patterns 
for the OPS dispersion model  [24]. A linked problem is the use of two components as 
indicators for the exposure to air pollution. A variety of components were emitted by the 
industry in the industrial area. The exposure of each component may vary by locality. 
Because of the high correlation between the different components, it was not possible 
to single out association specific to a particular exposure component. Third, the pres-
ence of the industry in the neighbourhood can be seen as a threat to residents’ health. 
Families with asthmatic children may avoid living near a chemical plant or move away. 
Therefore, migration bias may have decreased the presence of health symptoms in our 
study population and, therefore, may have attenuated the reported associations.

coNcLUsIoNs

In this cross-sectional study PM2.5 exposure from an area with heavy industry was related 
to high blood pressure in adults and NOx exposure was inversely related to cardiovascu-
lar diseases in adults. In children a higher PM2.5 and NOx concentration was associated 
with an excess of wheezing and dry cough. There was an important mediation role of 
worry about industry in the associations between parental worry and children’s respira-
tory symptoms. This study demonstrated that worry about industry cannot be ignored 
in studies about air pollution from industry and self-reported health.
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APPeNDIX

Figure s1 Modelled NOx isoconcentration contours (µg/m3), mean annual exposure without background 
concentration
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ABstRAct

Background Heavy industry emits many potentially hazardous pollutants into the air 
which can affect health. However, the effects of air pollution from heavy industry on 
lung function and respiratory symptoms have been investigated scarcely. Our aim was 
to investigate the associations of long-term air pollution from heavy industry with lung 
function and respiratory symptoms in school children.

methods A cross-sectional lung function study was conducted among school children 
(7-13 years) in the vicinity of an area with heavy industry. Lung function measurements 
were conducted during school hours. Parents of the children were asked to complete a 
questionnaire about the health of their children. A dispersion model was used to char-
acterize the additional individual-level exposures to air pollutants from the industry in 
the area. Associations between PM2.5 and NOX exposure with lung function and presence 
of respiratory symptoms were investigated by linear and/or logistic regression analysis.

Results Participation in the lung function measurements and questionnaires was 84% 
(665/787) and 77% (603/787), respectively. The range of the elevated PM2.5 and NOX five 
years average concentrations (2008-2012) due to heavy industry were 0.04-1.59 µg/m3 
and 0.74-11.33 µg/m3 respectively. After adjustment for confounders higher exposure to 
PM2.5 and NOX (per interquartile range of 0.56 and 7.43 µg/m3 respectively) was associ-
ated with lower percent predicted peak expiratory flow (PEF) (B -2.80%, 95%CI -5.05% to 
-0.55% and B -3.67%, 95%CI  -6.93% to -0.42% respectively). Higher exposure to NOX (per 
interquartile range of 7.43 µg/m3) was also associated with lower percent forced vital 
capacity (FVC) and percent predicted forced expiration volume in 1 sec (FEV1) (B -2.30, 
95% CI -4.55 to -0.05 and B -2.73, 95%CI -5.21 to -0.25 respectively). No significant as-
sociations were found between the additional exposure to PM2.5 or NOX and respiratory 
symptoms except for PM2.5 and dry cough (OR 1.40, 95%CI 1.00 to 1.94).

conclusion Exposure to PM2.5 and NOX from industry was associated with decreased 
lung function. Exposure to PM2.5 was also associated with parents’ reports of dry cough 
among their children.
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INtRoDUctIoN

Air pollution is a complex mixture of different gaseous and particulate components and 
can cause several health effects. Both long- and short-term exposure to air pollution can 
cause cardiovascular diseases, respiratory diseases (e.g. asthma, chronic obstructive 
pulmonary disease) and mortality [1]. Children are more susceptible to the effects of 
air pollution than adults. The lack of a fully developed pulmonary metabolic capacity 
in children make them more susceptible to air pollutants compared with adults [2]. 
Moreover, children are in general more exposed because of greater physical activity of 
children compared with adults, as well a greater time spent out of doors.

Investigations often focus on emissions from road traffic, smog and urban or regional 
differences in air pollution. The influence of air pollution from heavy industry on lung 
function  or respiratory symptoms is less often explored [3–6]. The impact of localised air 
pollution from industry on health is a major concern in some areas. However, it is often 
a problem to disentangle the effects of the exposure of traffic from exposure of industry.

Lung function is unlike respiratory symptoms an objective measure of respiratory 
health. Some studies have observed a reduction in lung function or a higher prevalence 
of respiratory symptoms among children living in the neighbourhood of industry 
compared to a control area while other studies found no association. In Canada a cross-
sectional study among children (aged 6 to 18 years) found a significant reduction of 1% 
in predicted FEV1 (1-sec forced expiratory volume) due to an increase of 190 tonnes of 
industrial air PM2.5 (particulate matter with an aerodynamic diameter < 2.5 μm) emis-
sions within 25 km of residence. This association was only observed among boys, but 
not among girls [7]. A cross-sectional study in Argentina children (aged 6 to 12 years) 
living near petrochemical industry had a lower lung function (13% FEV1 percent pre-
dicted) and significant more asthma (24.8% vs 10.1%), asthma exacerbations (6.7 vs 2.9 
per year) and respiratory symptoms (average 24.4% vs 14.0%) compared to children in a 
semirural region [8]. In Italy a cross-sectional study among children (aged 6 to 14 years) 
living in the vicinity of petrochemical industry showed a lower lung function (10.3% 
FEV1 and 12.9% MMEF (maximum midexpiratory flow)) and an increase in wheezing 
symptoms (adjusted prevalence ratio of 1.70) compared to children in a reference area 
[9]. A Spanish cross-sectional study among children (aged 13 to 14 years) living in the 
neighbourhood of petrochemical industry versus children with no industry in  sur-
rounding areas found no significant associations between exposure and lung function 
or respiratory symptoms [10].

To the best of our knowledge, studies about the association between industry-related 
air pollution and health among children are rare. Therefore, the aim of this study was 
to investigate the effect of air pollution from industry on lung function and respiratory 
symptoms in children.
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metHoDs

study design and population
A cross-sectional study was conducted among school children (aged 7–13 years) in the 
vicinity (about 2-35 km) of the large industrial areal (Sloe area) near East Vlissingen in 
the Southwest of the Netherlands. At the time of the study several heavy industries were 
active in the area such as a coal power plant, terminals for storing and shipping of coal, 
a plastic recycling company, a phosphorus chemical company, an oil refinery and an 
aluminium smelter.

The parents of the school children received an invitation letter with a consent form 
for conducting a lung function of their child and also a request to complete an online 
questionnaire on their child’s health by using a login code provided in the letter. The 
invitation letters were distributed by the school of the child. Two reminders were sent in 
case of non-response.

The lung function measurements were conducted at school from 19 November to 9 
December 2012.  The questionnaires were collected from 15 November 2012 to 1 Febru-
ary 2013.

exposure assessment
A variety of components were emitted by plants in the industrial area near East Vliss-
ingen in the Southwest of the Netherlands like particulate matter (PM), nitrogen oxide 
(NOX), sulphur dioxide (SO2), ethylene, formaldehyde, toluene, benzene, and dioxins. It 
is difficult to define an exposure measure of relevance when the biological mechanisms 
are largely unknown. Moreover, the air pollution mix varied greatly by locality and time 
[11]. For this study relevant compounds were selected in two steps.

First, the emission (kg/year) of a compound was divided by the European Commis-
sion limit values or if not available the maximum permissible risk levels (MPR) in air (µg/
m3) from the National Institute for Public Health and the Environment, The Netherlands 
(RIVM). The compounds with a high fraction (more than 5,000) were selected. Next, the 
annual mean concentrations of these compounds were estimated with a dispersion 
model. The compounds with the highest scatter were selected.

The emission data was obtained from the Emission Register [12]. The Netherlands 
National Institute for Public Health and the Environment (RIVM) coordinates the annual 
compilation of the Emission Register on behalf of the Dutch Ministry of Infrastructure 
and Environment. Emission factors are derived from measurements and calculations of 
a model or from (the international) literature.

The Operational Priority Substances (OPS) dispersion model (version 4.5.0) [13], 
developed by the Netherlands National Institute for Public Health and the Environment 
(RIVM), was used to calculate concentration levels at individual homes. The OPS model 
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requires emission data (emission strength, emission height, coordinates source, heat 
capacity and substance) and hourly-based meteorological data (among others: tem-
perature, relative humidity, wind speed, wind direction, precipitation and global/solar) 
as input for the calculations. The meteorological data were retrieved from the Royal 
Netherlands Meteorological Institute (KNMI). The OPS model also requires a receptor 
file. The geographic information system QGIS (version 2.18.0) was used to geocode (by 
means of a plugin) the home and school addresses of the children. The x,y coordinates 
of the home and schools addresses were used for the receptor file in the OPS model. 
Thus, the dispersion model estimates the exposure to specific compounds attributable 
to industry, in addition to background exposure due to other exposure sources includ-
ing traffic and agriculture. After the dispersion calculations the air pollution data were 
linked to the lung function data and questionnaires by means of a Trusted Third Party to 
ensure confidentiality of personal information.

Dutch law requires primary schoolchildren to attend classes for 940 hours a year. A 
time weighted average exposure was calculated taking in account the time and expo-
sure at school (940 hours a year) and at home (7820 hours a year).  Holiday time, travel 
time to school and time spent on sports were not included in the time weighted average 
exposure calculation.

After applying the first selection step (mentioned before) the following compounds 
remained: PM2.5 (particulate matter with an aerodynamic diameter < 2.5 μm), PM10 
(particulate matter with an aerodynamic diameter < 10 μm), SO2, and NOX. These com-
pounds were highly correlated (Pearson correlation coefficients ranged from 0.88 to 
0.996). Because of the high correlation, associations between the outcomes and these 
four components cannot be disentangled. NOX was chosen because it had the largest 
scatter of the four compounds. PM10 and PM2.5 have the lowest correlation with NOX. PM10 
en PM2.5 also have a similar scatter. Therefore, the average concentration of PM10 and 
PM2.5 was compared with the European Commission limit value by dividing the average 
concentration by the limit value. PM2.5 was chosen because it has a higher fraction than 
PM10.

Because of the high correlation between the time weighted average exposure of PM2.5 
and NOX (Pearson correlation of 0.88), the components must be regarded as indicators 
of the mixture of air pollution rather than particular causative factors of adverse health 
effects.

In the study area the exposure to air pollution form traffic is relatively low (less than 
5,000 vehicles per day or the distance between road and house is more than 100 meters). 
Only three (trunk) roads (A58, N62 and N254) have more than 5,000 vehicles per day 
(35,000, 18,000 and 12,000 vehicles per day respectively). To avoid interference of traffic 
exposure, cases were excluded from the analysis if the distance between these three 
roads and a child’s home address was less than 100 meters.
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Lung function
School children aged 7–13 years underwent an examination of the lung function by 
one of the two experienced operators, each using one of the two portable spirometers 
(EasyOne, NDD Medical Technologies, Zürich, Switzerland). Quality control assessment 
was done electronically (software spirometer) and manually. End-of-Test criteria, qual-
ity criteria and quality grading in EasyOne-PC were based upon published standards 
[14–17]. Lung function measurement that met the quality criterion of at least 2 accept-
able tests and a difference between the best two FEV1 and FVC values equal to or less 
than 200 ml were selected.

The lung function tests were reviewed by a pulmonary function technician who made 
the final decision on acceptance or rejection. The following variables were obtained 
from the current analysis: forced vital capacity (FVC), 1-sec forced expiratory volume 
(FEV1), peak expiratory flow (PEF), the maximum midexpiratory flow (MMEF) also known 
as forced expiratory flow between the 25th and 75th percent of FVC (FEF25–75) and the 
FEV1/FVC ratio, also called Tiffeneau-Pinelli index. To calculate the predicted lung func-
tion, the weight and height of the children were measured. Internal prediction formulas 
were developed. The natural logarithms of lung function variables were regressed on 
the logarithms of age and weight, and an interaction between sex and the logarithm of 
height [18]. In addition also low lung function, defined as < 85% of the internal predicted 
value, was calculated.

Lung function measurements were conducted only on days when the school had not 
been downwind from the industry for at least two days, to avoid acute effects of air 
pollutants on the days of the examinations.

Questionnaire on health and risk factors
The questionnaire consisted of four parts namely: socio-demographic characteristics, 
(respiratory) health problems of the child, indoor air pollution and family history for 
asthma  predisposition.

Socio-demographics. Demographic characteristics were gender and age of the school 
children (categorized in: 7-8, 9-10 and 11-13 years). The question about education level 
of the parents was categorized in: 1) primary school or less (8 years of education or less), 
2) lower general secondary education (12 years of education), 3) higher general second-
ary education (14 years of education) and 4) college or university (more than 14 years of 
education). The highest educational level of the parents was used as indicator.

Respiratory symptoms. For the questionnaire about the respiratory symptoms of the 
children the core questions from the International Study on Asthma and Allergies in 
Children (ISAAC) were used [19–21]. These questions were 1) Has your child had wheez-
ing or whistling in the chest in the past 12 months? 2) In the past 12 months, has your 
child’s chest sounded wheezy during or after exercise? 3) In the past 12 months, has 
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your child had a dry cough at night, apart from a cough associated with a cold or a chest 
infection? Reported ‘‘asthma’’ was defined from the question ‘‘Has your child ever had 
asthma?”. We defined a current asthma case as a child who ever had asthma and wheeze 
in the past 12 months. In addition to respiratory symptoms also questions about allergy 
to dust mite and animals has been asked (yes/no).

Proportion time exposed. The time a child was exposed was assessed by how many 
years the family have lived at the current address in the past five years.

Indoor pollution.  Passive smoking was assessed by whether a family member smoked 
in house.  After the following sources of indoor air have been asked: use of a wood stove, 
having domestic pets and molds in the living and/or sleeping room (yes/no). Sufficient 
ventilation was measured with the question: Can you indicate how long the living room 
is ventilated during winter? If the room was not continuous ventilated, the ventilation 
was categorized as insufficient.

Family history for asthma predisposition. The family history of asthma was measured 
with the question: Has one or more people in the family ever suffered from asthma?

statistical analyses
Multivariate linear and logistic regression analyses were performed to control for 
potential confounders. There were two models for each lung function parameter and 
respiratory symptom. Model 1 was the adjusted model for gender and age; Model 2 
added education parents, molds, passive smoking, allergy, ventilation, fireplace, pets, 
proportion time exposed and family history for  asthma predisposition. In the statistical 
models with a lung function parameter as dependent variable, adjustment was also 
done for possible differences between the two operators. When a potential confounder 
had a p-value greater than 0.3, then this variable was removed from the final model. The 
variables gender, age and operator (if applicable) were included in the model by default.

Because of non-responders to the questionnaire, the analyses with model 2 were 
conducted with a smaller study population than the analyses with model 1. Sensitivity 
analyses were conducted to evaluate whether the reduction of the study population had 
any influence on the reported associations.

The statistical analyses were conducted with the statistical package IBM SPSS version 
21 (SPSS Inc., Chicago, IL, USA). Results are presented with 95% confidence intervals 
(CI). A p value less than 0.05 was considered to be statistically significant.

ResULts

In total, 665 of the 787 school children aged 7–13 years underwent an examination of the 
lung function (response 84%). Parents filled in 603 questionnaires after two reminders 
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(which results in an overall response of 77%). Children living near a busy road were ex-
cluded (11 cases). Of the remaining children 559 had a lung function measurement that 
satisfied the quality criteria (see methods). Among parents 594 persons had a completed 
questionnaire. Hence, the study population consisted of 424 children-parent combina-
tions with complete information on both lung function and respiratory symptoms.

Table 1 shows the characteristics of the children, parents and their exposure. The 
exposure patterns showed that most persons in the study population had a modestly 
increased additional exposure to PM2.5 and NOX from industrial emissions. This is also 
reflected in the five years (2008 - 2012) average iso-concentration contours of PM2.5 
without background concentration (see Figure 1).

table 1 Characteristics of school children and their environment (n=594)

characteristic
Gender (male %) 51

Age groups (%)
     7 – 8 years 28

     9 – 10 years 36

   11 – 13 years 36

Average height (cm, SD) 141 (11)

Allergies (%) 8

Parental education (%)
 Primary school 0.2

 Lower general secondary education 18

 Higher general secondary education 49

   College, university 33

Passive smoking in house 11

Others members of the family has asthma 21

Indoor air pollution (%)
 Ventilation insufficient 67

 Wood burning stove 28

 Damp or mold 12

 Pets 58

exposure to outdoor Pm2.5 concentration (2008-2012)a (µg/m3)
  Median 0.37

  Interquartile range 0.56

  Minimum – Maximum 0.04 - 1.59

exposure to outdoor NoX concentration (2008-2012)a (µg/m3)
  Median 2.50

  Interquartile range 7.43

  Minimum – Maximum 0.74 - 11.33

time exposed to outdoor pollution (%)
  Five years or more 88

a Without background concentration
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Table 2 shows that the lung function parameters were comparable to the expected 
values from the reference equations.  In this table also z-score, using the Global Lung 
Function (GLI) reference values [23], were added to make comparison possible with 
other study populations. The PEF and MMEF showed the highest prevalence of low lung 
function. The most common respiratory symptom among children was dry cough fol-
lowed by wheezing, wheezing during exercise, and asthma.

Tables 3 and 4 shows that children exposed to PM2.5 and NOX (per interquartile range 
of 0.56 and 7.43 µg/m3 respectively) had a significantly lower percent predicted peak 
expiratory flow (PEF) (B -2.80%, 95%CI -5.05% to -0.55% and B -3.67%, 95%CI -6.93% 
to -0.42% respectively). Children exposed to NOX (per interquartile range of 7.43 µg/m3) 
also had a significantly lower percent forced vital capacity (FVC) and percent predicted 
1-sec forced expiratory volume (FEV1) (B -2.30, 95%CI -4.55 to -0.05 and -2.73 95%CI 
-5.21 to -0.25 respectively). Gender and age were not significant associated with the 
percent predicted FVC, FEV1 and PEF.  After adjustment for gender, age and operator, 
exposure to PM2.5 and NOX (per interquartile range of 0.56 and 7.43 µg/m3 respectively) 
was significantly associated with a low PEF (OR 1.42, 95%CI 1.01 to 1.99 and OR 1.75, 
95%CI 1.07 to 2.87 respectively). With further adjustment for confounders no significant 
association was found.

Figure 1 Modelled PM2.5 isoconcentration contours (µg/m3), five years average exposure (2008-2012) with-
out background concentration (map reprinted from Kadaster [22] in the Netherlands under a CC-BY-4.0 
license, 2017
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table 2 Prevalence of respiratory symptoms in school children (7 - 13 years) and the lung function among 
these children

characteristic

Prevalence of respiratory symptoms (n= 594)

  Wheezing (%) 7

  Wheezing during exercise (%) 5

  Asthma (%) 4

  Dry cough (%) 20

Average percent predicted spirometric lung function (n= 559)

  FVC (% predicted, SD) 101 (11)

  FEV1 (% predicted, SD) 101 (12)

  PEF (% predicted, SD) 101 (16)

  MMEF (% predicted, SD) 103 (25)

  FEV1/FVC (% predicted, SD) 100 (7)

  Low FVC (%)a 7

  Low FEV1 (%)a 9

  Low PEF (%)a 15

  Low MMEF (%)a 22

  Low FEV1/FVC (%)a 3

  Z-score FVCb 0.173

  Z-score FEV1b -0.070

  Z-score MMEFb -0.404

  Z-score FEV1/FVCb -0.448
a < 85% predicted  b GLI reference

table 3 Associations between long-term exposure (2008-2012) to PM2.5 and NOX (per interquartile range) 
and predicted lung function among school children (7 to 13 years) in linear regression analysis

FVc 
(% predicted)

FeV1 
(% predicted)

PeF 
(% predicted)

mmeF 
(% predicted)

FeV1/FVc 
(% predicted)

B (95% CI) B (95% CI) B (95% CI) B (95% CI) B (95% CI)

model 1a   (n= 559)

PM2.5 
(0.56 µg/m3)

-0.14 (-1.53 - 1.25) -0.34 (-1.85 - 1.18) -3.04 (-5.05 - -1.02)** -1.10 (-4.21 - 2.00) -0.24 (-1.10 - 0.63)

NOX  
(7.43 µg/m3)

-1.07 (-3.04 - 0.90) -1.41 (-3.56 - 0.74) -4.71 (-7.56 - -1.86)** -2.22 (-6.62 - 2.19) -0.35 (-1.58 - 0.89)

model 2b (n=424)

PM2.5 
(0.56 µg/m3)

-0.76 (-2.32 - 0.79) -1.15 (-2.86 - 0.56) -2.80 (-5.05 - -0.55)* -1.29 (-4.68 - 2.10) -0.29 (-1.26 - 0.69)

NOX 
(7.43 µg/m3)

-2.30 (-4.55 - -0.05)* -2.73 (-5.21 - -0.25)* -3.67 (-6.93 - -0.42)* -2.80 (-7.69 - 2.09) -0.35 (-1.75 - 1.06)

 a Adjusted for gender, age and operator.
b Adjusted for gender, age, education parents, molds, passive smoking, allergy, ventilation, fireplace, pets, family history 
for  asthma predisposition, proportion time exposed in the last five years and operator (smaller study population due to 
non-responders of the questionnaire).
*P<0.05, ** p<0.01, *** p<0.001
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In Table 5 it is shown that odds ratios for the relationship between industry-related 
exposure (PM2.5 and NOX) and respiratory symptoms among children, with the exception 
of asthma, were all elevated. Only exposure to PM2.5 was statistically significant elevated 
with the respiratory symptom ‘dry cough’ (OR 1.40, 95%CI 1.00 to 1.94).

DIscUssIoN

This study showed that higher exposure to PM2.5 and NOX from industrial sources (per 
interquartile range of 0.56 and 7.43 µg/m3 respectively) was significantly associated 
with lower percent predicted PEF of 2.80% and 3.67% respectively. Higher NOX exposure 

table 4 Associations between long-term exposure (2008-2012) to PM2.5 and NOX (per interquartile range) 
and low lung function among school children (7 to 13 years) in logistic regression analysis

Low FVcc Low FeV1c Low PeFc Low mmeFc Low FeV1/FVcc

OR (95% CI) OR (95% CI) OR (95% CI) OR (95% CI) OR (95% CI)

model 1a   (n= 559)

PM2.5 (0.56 µg/m3) 1.05 (0.64 - 1.70) 1.07 (0.69 - 1.65) 1.42 (1.01 - 1.99)* 1.00 (0.74 - 1.36) 0.97 (0.43 - 2.20)

NOX  (7.43 µg/m3) 0.99 (0.49 - 1.99) 1.04 (0.56 - 1.95) 1.75 (1.07 - 2.87)* 1.13 (0.73 - 1.73) 1.17 (0.40 - 3.44)

model 2b (n=424)

PM2.5 (0.56 µg/m3) 1.34 (0.80 - 2.24) 1.26 (0.79 - 2.01) 1.37 (0.95 - 1.97) 1.00 (0.71 - 1.40) 0.88 (0.34 - 2.25)

NOX ( 7.43 µg/m3) 1.43 (0.66 - 3.12) 1.41 (0.70 - 2.86) 1.63 (0.94 - 2.82) 1.10 (0.68 - 1.79) 0.95 (0.27 - 3.40)

 a Adjusted for gender, age and operator.
b Adjusted for gender, age, operator, education parents, molds, passive smoking, allergy, ventilation, fireplace, pets, family 
history for asthma predisposition, proportion time exposed in the last five years and operator (smaller study population 
due to non-responders of the questionnaire).
c  < 85% predicted
*P<0.05, ** p<0.01, *** p<0.001

table 5 Associations between long-term exposure (2008-2012) to PM2.5 and NOX (per interquartile range) 
and respiratory symptoms among school children (7 to 13 years) in logistic regression analysis

Wheezing

OR (95% CI)

Wheezing
during exercise
OR (95% CI)

Asthma

OR (95% CI)

Dry cough

OR (95% CI)

model 1a (n=594)

PM2.5 (0.56 µg/m3) 1.33 (0.84 - 2.11) 1.29 (0.74 - 2.25) 0.97 (0.49 - 1.92) 1.29 (0.95 - 1.74)

NOX (7.43 µg/m3) 1.25 (0.64 - 2.46) 1.20 (0.53 - 2.74) 0.73 (0.28 - 1.95) 1.49 (0.97 - 2.28)

model 2b (n=506)

PM2.5 (0.56 µg/m3) 1.58 (0.93 - 2.68) 1.43 (0.78 - 2.61) 1.05 (0.50 - 2.19) 1.40 (1.00 - 1.94)*

NOX (7.43 µg/m3) 1.35 (0.61 - 3.00) 1.25 (0.51 - 3.04) 0.76 (0.25 - 2.32) 1.50 (0.92 - 2.43)
a Adjusted for gender and age.
b Adjusted for gender, age, education parents, molds, passive smoking, allergy, ventilation, fireplace, pets, family history 
for asthma predisposition, proportion time exposed in the five years and asthma predisposition (smaller study population 
due to non-responders of the questionnaire).
*P<0.05, ** p<0.01, *** p<0.001
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(per interquartile range of 7.43 µg/m3) was also significantly associated with 2.30% and 
2.73% lower percent predicted FVC and FEV1 respectively. The odds ratios for the rela-
tionship between industry-related exposure (PM2.5 and NOX) and respiratory symptoms 
among children, with the exception of asthma, were all elevated.  Only higher exposure 
to PM2.5 was significant associated with a 1.40 higher odds ratio of dry cough.

In 2011 a cross-sectional questionnaire study among children between 2 and 18 years 
was conducted in the same area which showed that higher PM2.5 and NOX concentrations, 
as predicted by an exposure dispersion model, were statistical significant associated 
with an excess of wheezing and dry cough [24]. In the current study we observed similar 
associations between PM2.5 and NOX (per µg/m3) exposure and the presence of respira-
tory symptoms with a statistically significant association between PM2.5 and dry cough. 
In the previous study in 2011 PM2.5 and NOX were significantly associated with presence 
of wheezing, wheezing during exercise, and dry cough.  Due to the smaller study popula-
tion in the current study compared to the study in 2011 (594 vs 1099) associations of 
similar magnitude lacked sufficient power.

Comparable studies about the influence of industry-related air pollution on lung 
function among children are rare. To the best of our knowledge there are no other stud-
ies which describe association of modelled PM2.5 or NOX exposure from industry and 
lung function level. Other studies have compared populations living in industrial areas 
with control areas or have relied on emission information instead of modelled exposure 
patterns. Several studies on the effects of air pollution from traffic on lung function have 
reported lower lung function with higher exposure to air pollution [25].

The population’s mean lung function decrement from exposure to PM2.5 and NOX is 
relative small, but this was not the case for the percentage of children with a poor lung 
function. We found that a 3% decrease in predicted PEF from exposure to PM2.5 (in model 
1, adjusted for gender, age and operator) corresponds to a 40% higher odds ratio for a 
low PEF (< 85% predicted). A 5% decrease in predicted PEF (in model 1) from exposure 
to NOX corresponds to a 75% higher odds ratio for a low PEF. Thus, small decreases in the 
mean in the general population of healthy school children are associated with a relevant 
increase in the number of children with a poor lung function.

This study has certain strengths and limitations. First, a strength of the study is the 
use of lung function as objective measure of respiratory health. A second strength is that 
exposure to air pollution was based on a dispersion model. Good agreement was found 
for both SOX and NOX between modelled and measured concentrations for the OPS 
dispersion model [13]. A dispersion model takes factors, such as stack height, exact dis-
tance between stack and the home of the children, weather and climate, into account. A 
limitation is the use of two components as indicators for the exposure to air pollution. A 
variety of components were emitted by the industry in the industrial area. The exposure 
of each component may vary by locality. Moreover, the different components can have 
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an additive, synergistic or antagonistic effect. Because of the high correlation between 
PM2.5 and NOX, it was not possible to single out association specific to a particular air 
pollution component. A second limitation is that most of the children were exposed for 
five or more years (88%). Also the proportion time exposed in the past five years was 
not associated with the percent predicted FVC, FEV1 and PEF. In this study the effect of 
the moment (e.g. current year) of the exposure and duration could therefore not be dis-
entangled. A third limitation is that the presence of the industry in the neighbourhood 
can be perceived by residents as a threat to residents’ health. Families with asthmatic 
children may avoid living near a chemical plant or move away. Therefore, migration bias 
may have attenuated the observed associations with lung function and/or respiratory 
symptoms in our study population. On the other hand, concern about industry can in-
crease the reported children’s respiratory symptoms when parents with a high risk per-
ception are more likely to report the presence of respiratory symptoms in their children. 
A fourth limitation is that we did not had complete information on all parent-children 
pairs. Selective response in the questionnaire may cause bias in reported associations. 
Sensitivity analyses were performed to evaluate possible change of the reported asso-
ciations by comparing the analysis performed on persons with information about lung 
function with the analysis on cases with complete information on both lung function 
and respiratory symptoms. This sensitivity analysis revealed no meaningful influence of 
the restriction in study population on the associations between air pollution and lung 
function. A fifth limitation is that the variability of different lung function measures is 
age dependent and a fixed cut-off of for low lung function (in this study defined as below 
85% predicted) can therefore be inappropriate [26–28]. Therefore the internal reference 
equations were recalculated separately for children below and above the median age. 
The results showed similar outcomes.

coNcLUsIoNs

In this cross-sectional study modelled PM2.5 and NOX exposure from an area with heavy 
industry was related to a significantly lower lung function in school children. The PM2.5 
exposure was also significantly associated with presence of the respiratory symptom 
dry cough.

Abbreviations
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(PEF); maximum midexpiratory flow (MMEF); PM: Particulate matter; NOX: Nitrogen 
oxides; PM2.5: Particulate matter with an aerodynamic diameter of 2.5 μm or less; PM10: 
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APPeNDIX

Figure s1 Modelled NOX isoconcentration contours (µg/m3), five years average exposure (2008-2012) with-
out background concentration. Map reprinted from Kadaster [22] in the Netherlands under a CC-BY-4.0 li-
cense, 2017.”
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ABstRAct

Background Recent studies suggests that air pollution, among others road traffic, can 
influence growth and development of the human foetus during pregnancy. The effects 
of air pollution from heavy industry on birth outcomes have been investigated scarcely.

Our aim was to investigate the associations of air pollution from heavy industry on 
birth outcomes.

methods A cross-sectional study was conducted among 4488 singleton live births (2012-
2017) in the vicinity of a large industrial area in the Netherlands. Information from the 
birth registration was linked with a dispersion model to characterize annual individual-
level exposure of pregnant mothers to air pollutants from industry in the area. Associa-
tions between particulate matter (PM10), nitrogen oxides (NOX), sulphur dioxide (SO2), 
and volatile organic compounds (VOC) with low birth weight (LBW), preterm birth (PTB), 
and small for gestational age (SGA) were investigated by logistic regression analysis 
and with gestational age, birth weight, birth length, and head circumference by linear 
regression analysis.

Results Exposures to NOX, SO2, and VOC (per interquartile range of 1.16, 0.42, and 0.97 
μg/m3 respectively) during pregnancy were associated with LBW (OR 1.20, 95% CI 1.06 
- 1.35, OR 1.20, 95% CI 1.00 - 1.43, and OR 1.21, 95% CI 1.08 - 1.35 respectively). NOX and 
VOC were also associated with PTB (OR 1.14, 95% CI 1.01 - 1.29 and OR 1.17, 95% CI 1.04 
- 1.31 respectively). Associations between exposure to air pollution and birth weight, 
birth length, and head circumference were statistically significant. Higher exposure 
to PM10, NOX, SO2 and VOC (per interquartile range of 0.41, 1.16, 0.42, and 0.97 μg/m3 
respectively) was associated with reduced birth weight of 21 g to 30 g.

conclusion Exposure to air pollution from industry was related with adverse birth 
outcomes. The 90th percentile PM10 exposure from the industry in the study area cor-
responded with an average birth weight decrease of 74 g.
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INtRoDUctIoN

Air pollution is a complex mixture of different gaseous and particulate components and 
can cause several health effects, such as respiratory and cardiovascular disease. Recent 
evidence suggests that air pollution can also influence the growth and development 
of the human foetus during pregnancy, resulting in an increased risk for infant death, 
stillbirth, low birth weight (LBW), preterm birth (PTB), and small for gestational age 
(SGA). These adverse birth outcomes may influence growth and development during 
childhood. For example, LBW is associated with elevated rates of respiratory problems 
during infancy [1]. In addition, effects of LBW on coronary heart disease and the related 
disorders stroke, hypertension and non-insulin-dependent diabetes during later-life 
have been observed [2]. For example, PTB is associated with a reduced insulin sensitiv-
ity during childhood which is a risk factor for type 2 diabetes mellitus [3].

A systematic review in 2018 on 28 studies estimated per 10 μg/m3 increase in particu-
late matter with diameters of less than 10 μm (PM10) and less than 2.5 μm (PM2.5) pooled 
odds ratios (ORs) for PTB of 1.09 (95% confidence interval (CI) 1.03–1.16) and 1.24 
(95% CI 1.08–1.41), respectively [4]. Nitrogen dioxide (NO2) did not show a significant 
association with PTB in this review. The studies in this review used different approaches 
for exposure assessment, namely ambient air pollution modelling, personal monitor-
ing, air sampling, ecological biomonitoring, and various traffic indicators (e.g. inverse 
distance weighting), that may have influenced the results. Another systematic review in 
2017 on 23 studies estimated per interquartile range (IQR) increment increase in PM2.5 
pooled ORs for PTB and term LBW of 1.03 (95% CI 1.01-1.05)  and 1.03 (95% CI 1.02-1.03), 
respectively [5]. A recent systematic review in 2019 on 40 studies estimated per 20 µg/
m3 increment increase in PM10 pooled ORs for PTB and LBW of  1.05 (95% CI 1.02-1.07) 
and 1.06 (95% CI 1.02-1.09) respectively [6]. Also NOX per 20 ppm increment increase 
showed a significant pooled OR for PTB of 1.02 (95% CI 1.01-1.03) and LBW of 1.03 (95% 
CI 1.01-1.05). Regarding sulphur dioxide (SO2) exposure per 5 ppb increment increase, 
only the association for LBW was significant with a pooled OR of 1.21 (95% CI 1.08-1.35). 
There is emerging evidence that PM10 and NO2 may also have adverse effects on head 
circumference and birth length as birth outcomes [7–10].

The majority of studies on maternal exposure to air pollution and adverse birth out-
comes have focused on single pollutants [11]. However, a multiple-pollutant approach 
may be more relevant because people are exposed to a complex mixture of pollutants. 
Collinearity between air pollutants is often observed which makes it hard to disentangle 
the effect of each pollutant in multiple-pollutant regression model analyses. In case of 
severe collinearity the pollutants must be regarded as indicators of the mixture of air 
pollution rather than particular causative factors of adverse birth outcomes.
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Studies about industry-related air pollution as a potential source for adverse birth 
outcomes are scarce, although the potential effect of localised air pollution from indus-
try on health is often a major public concern. A Spanish ecological study showed an 
excess of PTB for mothers living within 3.5 km of galvanization industries (relative risk 
(RR) 1.09, 95% CI 1.00-1.18) and hazardous waste industries (RR 1.07, 95% CI 1.00-1.15), 
compared to mothers living in municipalities without industry. Comparable risks were 
also observed for LBW for the aforementioned industries and several other industries 
[12]. A cross-sectional study in Taiwan among pregnant women showed an association 
between residence in areas with higher air pollution from petrochemical industries and 
preterm delivery (ORadjusted 1.18, 95% CI 1.04-1.34), compared to pregnant women in 
the control area [13]. In a study of an intervention (labour strike) with elimination of 
industry-related air pollution, mothers who were pregnant around the time of the tem-
porary closure of a steel mill in Utah (USA) were less likely to deliver prematurely than 
mothers who were pregnant well before or after the closure (RR 0.86, 95% CI 0.75–0.98). 
The occurrence of low birth weight among term infants was similar throughout the 
entire study period [14].

In most studies the contribution of industry-related air pollution cannot be eas-
ily disentangled from traffic-related air pollution due to multiple sources in the same 
geographic region. Therefore, the aim of this study is to investigate the influence of air 
pollution from large industrial sites on birth outcomes. This study targets a region in 
the Netherlands with the unique situation of a high concentration of industries within a 
region with low traffic density.

metHoDs

study design and population
A cross-sectional study was conducted among singleton live births during 2012-2017 in 
the vicinity of the large industrial area along the channel from the cities Terneuzen to 
Sas van Gent in the Southwest of the Netherlands (municipality Terneuzen) and in sur-
rounding areas without heavy industries (municipalities Hulst and Sluis). At the time of 
the study several heavy industries were active in this area, such as a large petrochemical 
factory, fertilizer factories, a bromine plant, and terminals for storing and shipping of dry 
bulk products, among others, fertiliser. The study area borders on Belgium, where heavy 
industry is also present. The exposure to air pollution was calculated using a dispersion 
model with emission data of Dutch and Belgian industries.

Information on birth outcomes was obtained from the birth registration of the Zee-
land Public Health Service in the Netherlands. Municipal Public Health Services in the 
Netherlands are required by law to gain insight into the health of the local population 



Ch
ap

te
r 4

 Industry-related air pollution and birth outcomes 57

including newborns. Beside birth weight, and gestational age, the municipal Public 
Health Services collects also information on socio-economic status and risk factors such 
as smoking of mothers. Potential covariates were selected based on previous studies 
[5,15,16].

The Law for Protection of Personal Data requires protection of personal privacy. 
These procedures are laid down in the Code of Conduct for Medical research (at www.
federa.org), established by the Council of the Federation of Medical Scientific Societies. 
These procedures were strictly adhered and the data were analysed anonymously.

Two data files were used for this study: a birth outcomes file with IDs and a home 
address file without IDs. After calculation of the air pollution exposure at the home ad-
dresses with a dispersion model, the exposure - address file was enriched with the IDs 
and the addresses were deleted by a Trusted Third Party to ensure confidentiality of 
personal information. Thereafter we merged the enriched file and the birth outcomes 
file. There were further no identifiers such as postalcodes. This study has been approved 
by the medical ethical committee from the Erasmus MC, University Medical Centre, The 
Netherlands (reference MEC-2018-1275).

exposure assessment
A variety of components were emitted by plants in the industrial area along the canal 
Terneuzen to Sas van Gent in the Southwest of the Netherlands and by plants in the 
ports of Ghent and Antwerp in Belgium, such as particulate matter (PM), nitrogen oxide 
(NOx), sulphur dioxide (SO2), and volatile organic compounds (VOC) such as such as 
benzene, ethylene, and 1,3-butadiene. Emission data of these plants were obtained 
from the Emission Register in the Netherlands (http://www.emissieregistratie.nl/) and 
the Flanders Environment Agency in Belgium (https://en.vmm.be/). The Netherlands 
National Institute for Public Health and the Environment (RIVM) coordinates the annual 
compilation of the Emission Register on behalf of the Dutch Ministry of Infrastructure 
and Environment. Emission factors were derived from measurements, calculations of 
an emission model or from (the international) literature. The emission data from the 
Flanders Environment Agency were supplied by the companies via integral annual 
environmental reports (IMJV). Emission data of Belgian plants within 15 kilometres of 
the Dutch border were included in this study. The obtained emission data covers annual 
emission rates for the years 2011 – 2017.

Several air pollution components were emitted by the plants, therefore, we selected 
the most relevant components. The total emission (kg/year) of an air pollution compound 
was divided by the European Commission immission limit values for the protection of 
human health (www.ec.europa.eu) or, if not available, the maximum permissible con-
centration (MPC) in air from the RIVM (https://rvszoeksysteem.rivm.nl). The following air 
pollution components were considered for selection: 1,2-dichloroethane, acetonitrile, 
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acrylonitrile, benzene, butanone, chlorobenzene, cumene, dichloromethane, ethylene, 
ethylbenzene, ethylene oxide, ethanol, particulate matter,  propylene oxide, mercury, 
naphthalene, nitrogen oxides, styrene, sulphur dioxide, toluene, vinyl chloride, and 
xylene. These components were emitted in relevant quantities and immission limit 
values were available. In the Netherlands for dioxins only an emission limit value is ap-
plicable, and one plant with dioxin emission had dioxins quantities far below the limit. 
The three air pollution compounds with the highest ratios were selected, namely: PM10, 
SO2, and NOX. PM2.5 was not chosen because before the year 2015 the Emission Register 
lacked PM2.5 data for the study area. VOC without methane (no limit value available) was 
selected because non-negligible quantities of VOC were emitted, such as ethylene, and 
ethylene oxide.

For the PM10, NOX, SO2 and VOC dispersion calculations of 149 (23 plants), 488 (52 
plants), 219 (33 plants) and, 848 (75 plants) emission sources were used respectively as 
input.

The Operational Priority Substances (OPS) dispersion model (version 4.5.2.1) [17], 
developed by the RIVM, was used to calculate annual concentration levels at individual 
homes. If the pregnancy period involved two different years, the weighted average con-
centration of these two years was calculated. The OPS model estimates the exposure to 
specific compounds attributable to industry, in addition to background exposure due 
to other exposure sources including traffic and agriculture. The model requires emis-
sion data (emission strength, emission height, diameter source, coordinates source, 
heat capacity and substance) and hourly-based meteorological data (among others: 
temperature, relative humidity, wind speed, wind direction, precipitation and global/
solar) as input for the calculations. The meteorological data were retrieved from the 
Royal Netherlands Meteorological Institute (KNMI). The OPS model also requires a 
receptor file. The geographic information system QGIS (version 2.18) was used to geo-
code (by means of a plugin) the home addresses of the pregnant mothers. Geocoding 
was conducted by using the combination of street name, house number, and place of 
residence as well as using the combination of postal code and house number. If both 
methods resulted in different outcomes, the correct x, y coordinate was found by us-
ing Google Maps. In this way 100% geocoding was obtained. The x,y coordinates of the 
home addresses were used for the receptor file in the OPS model. The OPS model has 
been validated extensively and a good agreement was found between measured and 
modelled exposure to SOX and NOX [17–19].

In order to differentiate between industry and traffic sources of air pollution, the 
traffic-related exposure was estimated based on traffic density information (annual 
average). In the study area the exposure to air pollution from traffic was relatively low 
(less than 5,000 vehicles per day or the distance between road and house is more than 
100 metres). Five (trunk) roads (N61, N62, N252, N258 and N290) and some city streets 
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in the village Terneuzen have more than 5,000 vehicles per day. To avoid interference 
of traffic exposure, newborns were excluded from the analysis if the distance between 
home address and these major urban roads and motorways  was less than 100 metres.

The study area borders at the river Westerschelde. The river Westerschelde and the 
channel Terneuzen – Sas van Gent are busy waterways for professional transport by 
ships. These (sea going) ships contribute significantly to the emission of sulphur dioxide, 
nitrogen oxides, fine particulate matter, vanadium, and nickel compounds into the air. A 
study in the Netherlands showed that the NOX contribution from intensive sea shipping 
is measurable up to approximately 250 metres from the axis of the channel [20]. Other 
compounds, such as SO2, fine particulate matter, vanadium, and nickel, contribute less 
to the concentrations in the living environment. To avoid interference of ship-based 
exposure, newborns were excluded from the analysis if the distance between the axis of 
the waterway and home address was less than 250 metres.

Birth outcomes, sociodemographic information and risk factors
Adverse birth outcomes and birth variables. The birth registration of the Zeeland Public 
Health Service (2012-2017) in the Netherlands contains information about gestational 
age at birth, birth weight, birth length and head circumference. LBW was defined as 
weight less than 2,500 g at birth. PTB was defined as less than 37 weeks of gestation. SGA 
was defined as birth weight below the national 10th percentile for babies of the same 
gender and gestational age in the Dutch reference population (www.perined.nl). The 
gestational age was determined by last menstrual period.

The birth variables were infant gender (male, female), parity (order of birth), and 
month of delivery. Month of delivery was categorized in season of delivery (December-
February, March-May, June-August, September-November) with the summer period 
(June-August)  defined as the reference level.

Socio-demographic characteristics. Socio-demographic variables were maternal age 
at birth (years), ethnicity (Dutch, not western immigrant, western immigrant) and high-
est maternal educational level mother. The highest educational level of the mother was 
categorized in: 1) primary school or less (8 years of education or less), 2) lower general 
secondary education (12 years of education), 3) higher general secondary education (14 
years of education) and 4) college or university (more than 14 years of education).

Health behaviour.  Health behaviours of interest were alcohol use during pregnancy 
(yes, no) and smoking during pregnancy (yes, no).

statistical analyses
Pearson correlation coefficients were used to determine pairwise associations between 
the four air pollutants components. Associations between air pollution exposure and 
LBW, PTB and SGA were analysed with multivariate logistic regression analyses. For 
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birth weight, birth length and head circumference linear regression analysis was used. 
The validity of the regression models was checked by graphical residual analysis of 
normality. Collinearity between variables was tested with the variance inflation factor 
(VIF). Since a considerable proportion (40%) of the study population had one or more 
incomplete covariates (see Table 1), missingness at random was investigated to justify 
the use of imputation. Analyses showed some modest associations between exposure 
and missing values for the covariates ethnicity, age, and parity. This could introduce 
bias, depending on whether the covariates were important confounders. Since ethnic 
minorities (of older age, and with higher parity) more often resided in exposed areas, 
we investigated the associations between exposure and missing values for ethnicity, 
adjusted for age and parity. With mutual adjustment for these covariates no significant 
associations were found between missingness in covariates with exposure, justifying 
the assumption of missingness at random.

Comparison of regression analyses of exposure on outcome in the total study popu-
lation without adjustment for covariates and regression analyses with complete cases 
only and full adjustment for all covariates showed very similar estimates. Hence, miss-
ing values did not bias exposure-response associations and imputation was justified. 
Multiple imputation (n=5) was performed for the characteristic of the mother, based on 
the correlation between the variable with missing values and other mother characteris-
tics, air pollution exposure and birth outcomes [21,22]. The missing value patterns did 
not display systematic bias with either exposure or outcome measures and therefore, 
the data were imputed according to the Markov Chain Monte Carlo method. Detailed 
information on the population characteristics of the mothers based on the original 
data set and imputed data set is presented in the Appendix, Table S1. Analyses were 
performed using both the original data set without covariates and the imputed data sets 
with covariates.

The statistical analyses were conducted with the statistical package IBM SPSS version 
24 (SPSS Inc., Chicago, IL, USA). Results will be presented with 95% confidence intervals.

ResULts

From January 1, 2012 to December 31, 2017 in the study region 4,866 live births were 
registered. Non-singleton pregnancies (n = 107) and newborns with a home address 
close to major urban roads/motorways and waterways (n=281) were excluded, leaving 
4,488 live births in the current study.

Table 1 shows the descriptive statistics of birth outcomes, socio-demographic char-
acteristics, and health behaviours of the mothers. Birth length and head circumference 
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were less routinely measured at birth. The same applies to mother’s age at delivery, 
mother’s ethnicity, and mother’s education.

table 1 Statistical summary of birth outcomes, social-demographic characteristics and behaviour factors 
of the mother (n = 4488)

characteristic missing

Gender child

   Male, n (%) 2258 (50.3)

   Female, n (%) 2230 (49.7)

Birth outcomes

  Low weight (<2500 g), n (%) 233 (5.2)

  Preterm birth (< 37 weeks of gestation), n (%) 240 (5.3)

  Small for gestational age, n (%) 528 (11.8) 19

  Gestational age (days), mean (SD) 276 (11.3)

  Weight (g), mean (SD) 3383 (526.7)

  Length (cm), mean (SD) 50.0 (2.4) 510

  Head circumference (cm), mean (SD) 34.4 (1.5) 927

Parity, % (n) 608

  Primiparous 1834 (47.3)

  Multiparous 2046 (52.7)

mother’s age at delivery (years), n (%) 966

     < 20 91 (2.6)

     20 – 24 449 (12.7)

     25 – 34 2475 (70.3)

     35 – 39 417 (11.8)

     >39 90 (2.6)

mother’s ethnicity, n (%)a 965

  Native Dutch 2853 (81.0)

  Immigrant western 439 (12.5)

  Immigrant non western 231 (6.6)

Highest education mother, n (%)a 1277

 Lower general secondary education or less 538 (16.8)

 Higher general secondary education 1528 (47.6)

   College, university 1145 (35.7)

smoking use mother during pregnancy, n (%) 410

  No 3512 (86.1)

  Yes 566 (13.9)

Alcohol use mother during pregnancy, n (%) 456

  No 3951 (98.0)

  Yes 81 (2.0)
a Percentages do not add up to 100% due to rounding error
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Table 2 shows that most of the mothers in the study population had a modestly in-
creased exposure to PM10, NOX, VOC, and SO2 from industrial emissions compared to the 
background concentration from all other sources. The geographical exposure pattern is 
depicted in Figure 1 for NOx and for other compounds in the Appendix (Figure S1-S3).

The air pollution compounds were (highly) correlated (Pearson correlation coef-
ficients ranged from 0.46 to 0.85, see Figure 2). The birth outcomes were also highly 
correlated. The highest correlations were observed for birth weight with birth length 
and birth weight with head circumference (Pearson correlation coefficient of 0.79 and 
0.71, respectively). The lowest correlation was found for gestational age with head 
circumference and gestational age with birth length (Pearson correlation coefficient of 
0.45 and 0.57, respectively).

table 2 Exposure to industry-related air pollution (2012-2017)

component median Interquartile range minimum – maximum

PM10 (µg/m3) 0.38 0.41 0.05 – 3.80

NOX (µg/m3) 2.53 1.16 0.49 – 9.50

SO2 (µg/m3) 0.78 0.42 0.21 – 2.33

VOC (µg/m3) 1.95 0.97 0.34 – 9.04

Figure 1 Modelled NOX iso-concentration contours (per μg/m3), depicted with red lines. Numbers presents 
the mean annual industry-related exposure without background concentration (2012-2017). Map reprinted 
from Kadaster in the Netherlands (https://nationaalgeoregister.nl/) under a CC-BY-4.0 license, 2019
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Tables 3 and 4 show statistical analyses with the total study population without 
adjustment for covariates and with imputed complete cases with adjustment for all 
covariates. The results with and without adjustment for covariates showed very similar 
estimates.

Adjusted logistic regression analyses in Table 3 showed that exposures to NOx, SO2, 
and VOC (per interquartile range of 1.16, 0.42, and 0.97 μg/m3 respectively) were sig-
nificantly associated with LBW (OR 1.20, 95% CI 1.06 - 1.35, OR 1.20, 95% CI 1.00 - 1.43, 
and OR 1.21, 95% CI 1.08 - 1.35 respectively). If LBW was adjusted for gestational age the 
associations became insignificant. Exposures to NOX and VOC were also associated with 
PTB (OR 1.14, 95% CI 1.01 - 1.29 and OR 1.17, 95% CI 1.04 - 1.31 respectively). Various 
other associations, although not significant, had similar ORs.

All four components of air pollution higher exposure was consistently associated 
with lower gestational age and smaller newborns (see Table 4). Linear regression analy-
ses with adjustment for covariates showed that higher exposure during pregnancy to 
NOX, SO2 and VOC (per interquartile range of 1.16, 0.42, and 0.97 μg/m3 respectively) 
was significantly associated with a 0.34, 0.67, and 0.37 days lower gestational age, re-
spectively. Higher exposure to the four components was associated with a reduced birth 
weight of 21.16 g to 29.93 g, and a reduced birth length varying from 0.1 cm to 0.2 cm. If 
birth weight was adjusted for gestational age, the association for SO2 and VOC became 
insignificant. Higher exposure to PM10, NOX en SO2 (per interquartile range of 0.41, 1.16, 
and 0.42 μg/m3 respectively) was also associated with a smaller head circumference of 
0.07 cm to 0.12 cm.

Figure 2 Correlation (Pearson) matrix for air pollution components (n=4488)
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The sensitivity analysis with two-pollutant regression analyses showed that reported 
associations compared to single pollutant models were reduced. In all two-pollutant 
models exposure to SO2 remained statistically significantly associated with gestational 
age and head circumference of newborns (Appendix Table S2). A three-pollutant model 
showed similar results for SO2 (data not shown).

DIscUssIoN

This study showed that higher exposure to NOX, SO2 and VOC from industrial sources 
(per interquartile range of 1.16, 0.42, and 0.97 μg/m3 respectively) was significantly 
associated with LBW (ORs of 1.20, 1.20 and 1.21 respectively). NOx and VOC were also 
associated with PTB (OR 1.14 and 1.17 respectively). Higher exposure during pregnancy 
to PM10, NOX, SO2 and VOC (per interquartile range of  0.41, 1.16, 0.42, and 0.97 μg/m3 
respectively) was significantly associated with reduced birth weight (varying from 21g to 
30 g) and a reduced birth length  (0.1 cm to 0.2 cm). Higher exposure during pregnancy 
to NOX, SO2 and VOC (per interquartile range) was significantly associated with lower 
gestational age (varying from 0.3 to 0.7 days). Higher exposure to PM10, NOX, and SO2 
(per interquartile range) was significantly associated with a smaller head circumference  
(0.07 cm to 0.12 cm).

The air pollution components were highly correlated and therefore it is possible that 
the effect of the analysed pollutant is the effect of another pollutant(s). Therefore, the 

table 3 Associations between exposure to industry-related air pollution (per interquartile range) and dis-
crete birth outcomes in logistic regression analyses

Preterm birth Low birth weight Low birth 
weightb

small for gestational 
age

OR (95% CI) OR (95% CI) OR (95% CI) OR (95% CI)
Air pollution exposure (n=4488) (n=4488) (n=4488) (n=4469)
Unadjusted regression models
PM10 (per 0.41 µg/m3) 1.10 (0.97 - 1.24) 1.12 (1.00 - 1.27) 1.10 (0.95 - 1.27) 1.06 (0.97 - 1.16)
NOX (per 1.16 µg/m3) 1.12 (0.99 - 1.26) 1.20 (1.07 - 1.35) 1.17 (1.02 – 1.35) 1.01 (0.93 - 1.11)
SO2 (per 0.42 µg/m3) 1.16 (0.98 - 1.38) 1.19 (1.00 - 1.41) 1.08 (0.88 – 1.34) 0.97 (0.86 - 1.09)
VOC (per 0.97 µg/m3) 1.16 (1.04 - 1.30) 1.23 (1.10 - 1.37) 1.17 (1.02 – 1.34) 1.02 (0.93 - 1.11)
Adjusted regression modelsa

PM10 (per 0.41 µg/m3) 1.11 (0.98 - 1.26) 1.11 (0.98 - 1.25) 1.10 (0.94 - 1.29) 1.04 (0.95 - 1.14)
NOX (per 1.16 µg/m3) 1.14 (1.01 - 1.29) 1.20 (1.06 - 1.35) 1.17 (1.00 - 1.37) 1.00 (0.92 - 1.10)
SO2 (per 0.42 µg/m3) 1.19 (1.00- 1.41) 1.20 (1.00 - 1.43) 1.07 (0.85 - 1.33) 0.97 (0.86 - 1.10)
VOC (per 0.97 µg/m3) 1.17 (1.04 - 1.31) 1.21 (1.08 - 1.35) 1.15 (1.00 – 1.33) 0.99 (0.91 - 1.09)

Bold text indicates OR is statistically significant (p < 0.05)
a Adjusted for infant’s gender, parity, birth season, maternal age, maternal education level, maternal ethnicity, smoking use 
mother during pregnancy and alcohol use mother during pregnancy
 b Adjusted also for gestational age
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pollutants should be considered more as indicators of the air pollution mixture and not 
as specific causal factors for adverse birth outcomes. The multi-pollutant model analy-
ses suggest that SO2 is the most important component. In a Canadian cohort study SO2 
was also the best predictor of both PTB and LBW [15].

Comparable studies about the influence of industry-related air pollution on birth 
outcomes are rare. To the best of our knowledge there are no other studies that de-
scribe association of modelled individual air pollution exposure from industry and birth 
outcomes. Other studies have compared populations living in industrial areas with a 
control population. An individual patient data meta-analysis on 14 population-based 
mother-child cohort studies in 12 European countries [23] and a child birth cohort study 
in the Netherlands  [10] reported effects of air pollution exposure from traffic and other 
sources on birth outcomes, albeit at substantially higher exposure levels than in the 
current study. A possible explanation for the higher exposure-response relationship in 
our study is our sole focus on industry-related exposure, excluding exposure due to high 
traffic and busy waterways. The composition of industrial PM10 and VOC exposure in our 
study population may differ from traffic-related exposure in other studies.

For comparison purposes, the effects of active smoking during pregnancy (yes/no) 
on the continuous birth outcomes were estimated and compared with the effect of air 
pollution. Maternal smoking was associated with a birth weight change of −266 g (95% 
CI -316 - -217) (adjusted for confounders). The 90th percentile PM10 exposure in the study 
area corresponded with an added concentration of ≥ 0.90 µg/m3, which indicates an 
average birth weight decrease of 74 g at the 90th percentile of the modelled PM10 distri-
bution. This is more than a quarter of the effect of smoking.

This study has certain strengths and limitations. First, a strength of the study is the 
use of birth outcomes as objective register-based measure with linkage to exposure esti-
mates from a dispersion model. This prevents reporting bias in presented associations. 
A second strength is that exposure to air pollution was based on a dispersion model. A 
validation study showed a good agreement for both SOX and NOX between measured 
and modelled concentrations with the OPS dispersion model [17]. A dispersion model 
takes factors, such as stack height, exact distance between stack and the home address 
of the mothers, weather and climate, into account. Third, also emissions from foreign 
industries were included in this study. Fourth, extensive emission data was used for 
the dispersion calculations (see Methods section). Although available information only 
allowed estimation of annual mean concentrations, this is probably a fair reflection of 
industry-based air pollution from heavy industries with continuous production.

A limitation is the fact that outdoor air pollution estimated at the home address was 
used as an exposure estimate without considering, for example, exposure at the work-
place and during travel. Second, some studies suggests that birth outcomes may be par-
ticularly sensitive to various components (e.g. organic compounds, nitrate, elemental 
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carbon, trace metals) from different sources of PM pollution  [24,25]. The industry in the 
study area with its different processes emit PM10 with different compositions. This may 
influence the results with regard to PM10. Third, the study was not powered sufficiently 
to conduct a full mixture analysis above the two-pollutant models in the sensitivity 
analysis. Fourth, because of a substantial proportion of subjects with missing values 
for covariates (around 1500) the data was imputed. In general, covariates in regression 
analyses provide better estimators, but can also provide a bias if a covariate is correlated 
with exposure (for example, if education is correlated with exposure). Analyses with and 
without covariates showed that the covariates had only a small influence on the results.

coNcLUsIoN

Exposure to air pollution from industry was related with adverse birth outcomes. The 
90th percentile PM10 exposure from the industry in the study area corresponded with an 
average birth weight decrease of 74 g.
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APPeNDIX

table s1 Characteristics of the mothers in the original and the imputed dataset

characteristic original dataset Imputed dataset

Parity, % (n)

  Primiparous 1834 (47.3) 2146 (47.8)

  Multiparous 2046 (52.7) 2342 (52.2)

  Missing 608

mother’s age at delivery (years), n (%)

     < 20 91 (2.6) 120 (2.7)

     20 – 24 449 (12.7) 576 (12.8)

     25 – 34 2475 (70.3) 3134 (69.8)

     35 – 39 417 (11.8) 537 (12.0)

     >39 90 (2.6) 121 (2.7)

   Missing 966

mother’s ethnicity, n (%)a

  Native Dutch 2853 (81.0) 3632 (80.9)

  Immigrant western 439 (12.5) 553 (12.3)

  Immigrant non western 231 (6.6) 303 (6.8)

  Missing 965

Highest education mother, n (%)a

 Lower general secondary education or less 538 (16.8) 785 (17.5)

   Higher general secondary education 1528 (47.6) 2112 (47.1)

   College, university 1145 (35.7) 1591 (35.5)

   Missing 1277

smoking use mother during pregnancy, n (%)

   No 3512 (86.1) 3867 (86.2)

   Yes 566 (13.9) 621 (13.8)

   Missing 410

Alcohol use mother during pregnancy, n (%)

  No 3951 (98.0) 4392 (97.9)

  Yes 81 (2.0) 96 (2.1)

  Missing 456
a Percentages do not add up to 100% due to rounding error
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table s2 Associations between exposure to outdoor air pollution and continues birth outcomes from linear 
two-pollutant regression analysis

Gestational age
(days)

Birth weight
(g)

Birth length
(cm)

Head circum.
(cm)

Air pollution 
exposure

B (95% CI) B (95% CI) B (95% CI) B (95% CI)

(n=4488) (n=4488) (n=3978) (n=3561)

Pm10 + so2 model

PM10 (per 0.41 µg/m3) 0.01 (-0.37 - 0.40) -14.08 (-31.32 - 3.16) -0.08 (-0.16 - 0.00) -0.06 (-0.11 - -0.00)

SO2 (per 0.42 µg/m3) -0.65 (-1.14 - -0.16) -22.97 (-44.95 - -0.99) -0.11 (-0.21 - 0.00) -0.08 (-0.16 - -0.01)

Pm10 + Voc model

PM10 (per 0.41 µg/m3) -0.06 (-0.45 - 0.32) -14.88 (-32.19 - 2.44) -0.08 (-0.16 - 0.00) -0.08 (-0.14 - -0.02)

VOC (per 0.97 µg/m3) -0.33 (-0.70 - 0.04) -15.40 (-31.94 - 1.34) -0.09 (-0.17 - -0.00) -0.02 (-0.07 - 0.04)

Pm10 + Nox model

PM10 (per 0.41 µg/m3) 0.07 (-0.45 - 0.58) -10.92 (-33.97 - 12.13) -0.04 (-0.15 – 0.07) -0.08 (-0.16 - -0.01)

NOx (per 1.16 µg/m3) -0.37 (-0.86 - 0.12) -14.47 (-36.45 - 7.52) -0.10 (-0.21 – 0.00) -0.00 (-0.07 – 0.07)

NoX + so2 model

NOX (per 1.16 µg/m3) -0.05 (-0.46 - 0.36) -12.99 (-31.39 - 5.42) -0.10 (-0.19 - -0.01) -0.02 (-0.08 - 0.04)

SO2 (per 0.42 µg/m3) -0.61 (-1.15 - -0.06) -20.70 (-45.32 - 3.92) -0.08(-0.20 - 0.05) -0.10 (-0.19 - -0.02)

NoX + Voc model

NOX (per 1.16 µg/m3) -0.06 (-0.68 - 0.56) -13.37 (-41.16 - 14.43) -0.11 (-0.24 - 0.02) -0.08 (-0.16 - 0.01)

VOC (per 0.97 µg/m3) -0.31 (-0.93 - 0.32) -10.52 (-38.36 - 17.33) -0.03 (-0.16 - 0.11) 0.02 (-0.08 -  0.11)

Voc + so2 model

VOC (per 0.97 µg/m3) -0.11 (-0.52 - 0.29) -12.54 (-30.79 - 5.70) -0.08 (-0.17 - 0.01) 0.01 (-0.06 - 0.07)

SO2 (per 0.42 µg/m3) -0.56 (-1.10 - -0.02) -21.32 (-45.68 - 3.04) -0.09 (-0.21 - 0.03) -0.12 (-0.21 - -0.04)

Bold text indicates regression coefficient is statistically significant (p < 0.05)
All models are adjusted for infant’s gender, parity, birth season, maternal age, maternal education level, maternal ethnic-
ity, smoking use mother during pregnancy and alcohol use mother during pregnancy.
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Figure s1 Modelled PM10 iso-concentration contours (per μg/m3), depicted with red lines. Numbers present 
the mean annual industry-related exposure without background concentration (2012-2017). Map reprinted 
from Kadaster in the Netherlands (https://nationaalgeoregister.nl/) under a CC-BY-4.0 license, 2019.

Figure s2 Modelled SO2 iso-concentration contours (μg/m3), depicted with red lines. Numbers present the 
mean annual industry-related exposure without background concentration (2012-2017). Map reprinted 
from Kadaster in the Netherlands (https://nationaalgeoregister.nl/) under a CC-BY-4.0 license, 2019.
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Figure s3 Modelled VOC iso-concentration contours (μg/m3), depicted with red lines. Numbers presents 
the mean annual industry-related exposure without background concentration (2012-2017). Map reprinted 
from Kadaster in the Netherlands (https://nationaalgeoregister.nl/) under a CC-BY-4.0 license, 2019.
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ABstRAct

Background Air pollution may contribute to onset and progression of chronic diseases 
such as cardiovascular and respiratory diseases. Most studies have focused on the con-
tribution of traffic-related exposure to PM10 or PM2.5.  Our aim was to investigate the 
association of different components of industry-related air pollution on the occurrence 
of chronic diseases.

methods A register-based repeated cross-sectional study was conducted among 89,714 
subjects (2012) with 536,599 annual observations (2012-2017) living in the vicinity of 
a large industrial area in the Netherlands. Information from the dispensed medication 
registration was linked with a dispersion model to characterize annual individual-level 
exposure of all subjects at place of residence. Associations between annual exposure 
(concentration and duration) to particulate matter (PM10), nitrogen oxides (NOX), sulphur 
dioxide (SO2), and volatile organic compounds (VOC) with annual dispensed medication 
for cardiovascular diseases, respiratory diseases, diabetes mellitus, and inflammatory 
conditions were investigated by multivariate logistic regression analysis with general-
ized estimating equations (GEE) while controlling for confounders.

Results Exposure to PM10 and to NOX (per µg/m3) were significantly associated with 
medication for cardiovascular diseases (OR 1.06, 95% CI 1.06 – 1.06 and OR 1.01, 95% 
CI 1.01 – 1.01 respectively). Exposures to PM10 and SO2 (per µg/m3) were significantly 
associated with medication for inflammatory conditions (OR 1.05, 95% CI 1.00-1.09 and 
OR 1.07, 95% CI 1.01 – 1.14 respectively). Exposure to SO2 was inversely associated with 
respiratory diseases  (OR 0.91, 95% CI 0.86 – 0.97). Except for inflammatory conditions, 
exposure duration (years) was significantly associated with the other three chronic 
diseases (OR varying from 1.01 to 1.03).

conclusion This study indicates that specific air pollution components caused by indus-
try may contribute to the occurrence of cardiovascular diseases, respiratory diseases, 
diabetes mellitus, and inflammatory conditions.
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INtRoDUctIoN

Air pollution is a complex mixture of different gaseous and particulate components 
and can cause several adverse health effects, such as respiratory and cardiovascular 
diseases [1]. A review of recent studies showed a positive association between outdoor 
air pollution and the incidence and severity of COVID-19 [2]. This makes outdoor air pol-
lution even more important than in the past.

A study of Liu et al. (2019) about air pollution from 652 cities in 24 countries showed 
that an increase of 10 μg/m3 (2-day average) in particulate matter with diameters of less 
than 10 μm (PM10) concentration was associated with 0.36–0.47% increases in daily all-
cause, cardiovascular, and respiratory mortality. Recently, a prospective cohort study in 
Germany showed that PM10 (per interquartile range of  3.8 μg/m3) was associated with an 
increased risk of diabetes mellitus (RR: 1.25, 95% CI 1.02 to 1.53). Exposure to nitrogen 
dioxide (NO2) from industrial sources was associated with an increased risk of diabetes 
mellitus (RR: 1.21, 95% CI 1.06 to 1.37 per interquartile range of 1.9 µg/m3) [4].

Most epidemiologic studies have used data about patients with disease episodes 
severely enough to seek direct medical care, such as admissions to hospital or emer-
gency care use [5–7]. These studies may underestimate the impact of air pollution on 
the actual occurrence of chronic diseases in the general population. Information from 
health insurances on dispensed medicine by general practitioner (GP) or specialist care 
can be used to identify persons with both severe and non-severe diseases.

An ecological study in de UK about air pollution and respiratory medication (salbu-
tamol) prescribed by 63 primary care practices showed that higher monthly average 
exposure to PM10 (per 10 μg/m3) was associated with an increase of salbutamol prescrib-
ing in the same month (1%, 95% CI 0.1 to 2%) [8]. A prospective cohort study among 
children in Sweden showed that exposure in 2010 to NO2 (per µg/m3), considered to re-
flect exposure during the follow-up period, was associated with at least two prescribed 
asthma medications during follow up period from 2005 to 2010 (OR 1.02, 95% CI 1.01 to 
1.03). There was no evidence that stressors linked to socio-economic or mental health 
problems increased susceptibility to the effects of air pollution on the development 
of asthma [9]. A prospective cohort study among asthmatic individuals in the United 
States showed that a weekly exposure increase to particulate matter (of 1 μg/m3) with 
diameters of less than 2.5 μm (PM2.5) increased weekly inhaler use (0.82%, p<0.05) [10].

To our best knowledge, studies about the association between specific air pollu-
tion components and medication for chronic diseases are rare, often address only one 
specific disease, and mostly focus on traffic-related air pollution. Therefore, the aim of 
this study is to investigate the association of several components of air pollution from 
a large industrial area on dispensed medication for a variety of chronic diseases with a 
high prevalence. This study targets a region in the Netherlands with a unique situation of 
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a concentrated presence of industries with low traffic density. In addition, the register-
based approach ensures complete coverage of the entire population, due to mandatory 
health insurance in the Netherlands.

metHoDs

study design and population
A register-based repeated cross-sectional study (2012-2017) on the association of 
industry-related air pollution with dispensed medication for chronic diseases was 
conducted among inhabitants in the vicinity of the large industrial area. At individual 
level, annual mean exposure to air pollution from a dispersion model was linked to 
dispensed medicine in the same year. All subjects were followed for a maximum of six 
years between 2012 and 2017, resulting in a maximum of six observations per subject. 
Observations were only included when a subject did not move outside the study area 
within a given year. When a subject changed home inside the study area within a given 
year, the annual exposure for that individual was calculated relative to exposure level at 
both residences during that year. The study area (see Figure 1) covered the canal from 
the cities Terneuzen to Sas van Gent in the Southwest of the Netherlands (municipality 
Terneuzen) and surrounding areas without heavy industries (municipalities Hulst and 
Sluis). The total number of inhabitants of the study area was 89,714 in 2012. At the time 
of the study several heavy industries were active in this area, such as a large petrochemi-
cal factory, fertiliser factories, a bromine plant, and terminals for storing and shipping of 
dry bulk products, including among others, fertiliser. The study area borders on an area 
of Belgium where heavy industry is also present.

A database was developed with information on air pollution exposure at home 
address and subsequently linked with registers on dispensed medication, prescribed 
by general practitioner or specialist, and demographic characteristics of the Statistics 
Netherlands (CBS). In order to safeguard the privacy of individuals, the linkage between 
different databases was conducted with a random unique identification number (RIN) 
and information about the home addresses was removed. All analyses were conducted 
within a secure workspace at CBS. Results of the analyses were carefully checked for 
identifiability by CBS before they could be published. This research proposal has been 
approved by the medical ethical committee from the Erasmus MC, University Medical 
Centre, the Netherlands (reference MEC-2020-0386).

exposure assessment
For the exposure assessment the same method was used as in an earlier study about 
birth-outcomes in the same study area and time period (see [11]). In short, emission 
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data from all the heavy industry in and around the study area were collected from the 
Emission Register in the Netherlands (http://www.emissieregistratie.nl/) and the Flan-
ders Environment Agency in Belgium (https://en.vmm.be/).

From 22 air pollution components emitted by the plants, three air pollution com-
pounds with the highest ratios of emission over immission limit were selected, namely: 
PM10, nitrogen oxides (NOX), and sulphur dioxide (SO2). Volatile organic compounds 
(VOC, no limit value available) was also chosen because this component was emitted in 
non-negligible quantities. For PM10, NOX, SO2, and VOC a total of 149 (23 plants), 488 (52 
plants), 219 (33 plants) and, 848 (75 plants) emission sources were used respectively as 
input.

The Operational Priority Substances (OPS) dispersion model (version 4.5.2.1) [12] 
was used to calculate annual concentration levels at x,y coordinates of the individual 
homes with a resolution of one meter. This model estimates the exposure attributable 
to industry, against background exposure due to other sources.  For a more detailed 
description of all steps in the exposure assessment we refer to our previous publication 
[11].

chronic diseases and sociodemographic information
CBS manages an extensive collection of healthcare data collected by Dutch healthcare 
insurance companies. In the Netherlands, health insurance is mandatory, therefore the 
CBS database contains for the entire Dutch population information about the annually 
dispensed medication (by GP or specialist) per home dwelling citizen. The database 
covers the period 2012 – 2017. CBS also has data on the year of birth, sex, marital status, 
family composition, income, and ethnicity.

Chronic diseases
CBS uses the 4 digit Anatomical Therapeutic Chemical Classification System (ATC code) 
according to the Guidelines for ATC classification and DDD assignment 2020 from the 
World Health Organisation [13] to categorize the dispensed medication. Specific chronic 
diseases were identified based on these ATC-codes, according to guidance by a previ-
ous study [14]. The following four chronic diseases were identified for the current study 
based on the integrated science assessments of EPA for particulate matter, NOX and SO2 
[5–7]: cardiovascular diseases, respiratory diseases, diabetes mellitus, and inflammato-
ry conditions. Other chronic diseases of interest, e.g. lung cancer and dementia, remain 
outside the scope of this study. General cardiovascular (CV) medication was defined as 
drugs included in the ATC codes B01A and C04A (Antithrombotic agents and peripheral 
vasodilators), C01 (Cardiac agents), C03A and C08 (low-ceiling diuretics & calcium chan-
nel blockers), and C07, C09A, and C09B (beta blocking agents & ACE inhibitors). Respira-
tory illness (asthma, COPD, wheezing disorder) was defined as drugs included in the ATC 
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code R03 (drugs for obstructive airway diseases). Diabetes mellitus was defined as drugs 
included in the ATC codes A10A and A10B (insulins and analogues and blood glucose 
lowering drugs), and A10X (other drugs used in diabetes). Inflammatory conditions was 
defined as drugs included in the ATC codes M01 (anti-inflammatory and anti-rheumatic 
products) and M02 (topical products for joint and muscular pain).

Sociodemographic variables
The following individual characteristics were taken into account as confounders: age, 
sex, ethnicity, marital status, family composition and income. Age was categorized into 
six age groups (0-4, 5-9, 10-17, 18-44, 45-64, and 65 years and older). Ethnicity (first 
generation) was categorized as native Dutch, and immigrants from Western and non-
Western origin. Western immigrants are persons with a migration background in Europe 
(excluding Turkey), North America and Oceania, and Indonesia and Japan. Studies have 
linked lower socioeconomic position (SEP) with disproportionate access to health care 
and poorer health outcomes. SEP may be gauged by various measures such as marital 
status and income [15]. Marital status was categorized into 1) single, 2) married or living 
with partner 3) divorced, 4) widow. Family composition was categorized into households 
without and with children.

The registration of the highest educational level of CBS is incomplete. The linkage 
of school diplomas with education level was implemented in the early 1970s by the 
CBS, and, thus, for many older persons educational level is not available [16]. There-
fore, household spendable income was used as indicator of socio-economic position. 
The disposable income of a household consists of gross income minus premiums and 
taxes. Household disposable income was categorized into quartiles. Besides individual 
socioeconomic position also neighbourhood socioeconomic position may influence 
health (behaviour) [17,18]. Neighbourhood household income was used as the mean 
disposable household income per neighbourhood, categorized into four groups. In the 
study area a neighbourhood has on average 850 inhabitants.

Since health of people in rural areas may differ from people in cities due to differ-
ences in social and physical environment and lifestyles [19,20], the population density 
(number of inhabitants per km2) was also included.

Drug prescribing behaviour general practitioner
Drug prescribing can differ considerable across GPs [21]. The CBS database with annu-
ally dispensed medication has no information about which GP or specialist prescribed 
the drugs. In order to be able to take GP prescription behaviour as confounder into 
account, the nearest GP practice per home address was identified and used as an esti-
mator. The geographic information system QGIS (version 2.18) was used to geocode (by 
means of the PDOK BAG Geocoder plugin) the addresses of the GP practice. The nearest 
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GP practice per home address was determined by use of the QGIS NNJoin Plugin. GP 
practices close to each other (e.g. in one village) were clustered because it is not pos-
sible to determine the preference of a citizen for a particular GP practice.

statistical analyses
Multivariate logistic regression analyses, utilizing generalized estimating equations 
(GEE), were used to analyse associations of pollutants with chronic diseases. In this 
repeated measurement analysis an unstructured covariance structure (least restrictive) 
was applied to take into account residual correlation. The unstructured covariance 
structure had a better goodness of fit than the compound symmetry covariance struc-
ture. In the main analysis, the exposure in a particular year is associated with dispensed 
medication in the same year. Besides exposure concentration also the exposure duration 
(number of years lived in the study area from 2012) and an interaction term (exposure 
concentration X exposure durantion) were examined. Centering methodology was used 
to reduce multicolinearity.

Exposure correlation matrix figures were constructed to calculate the correlation 
between the four air pollution compounds, in order to identify potential confounding or 
collinearity effects in the regression analyses.

The statistical analyses were conducted with the statistical package IBM SPSS version 
25 (SPSS Inc., Chicago, IL, USA). Results are presented with 95% confidence intervals 
(CI). The RStudio statistical software, version 1.4.113, was used to provide the graphs.

ResULts

From January 1, 2012 to December 31, 2017 in the study region 648,330 observations  
were registered. Subjects without a successful link of air pollution data to their home 
address (n= 44,011) and subjects with a home address close to major urban roads/
freeways (more than 5000 vehicles per day and the distance between road and house is 
less than 100 m) and waterways (distance between the axis of the waterway and home 
address was less than 250 m) (n=67,720) were excluded, leaving 536,599 observations 
in the current study.  The prevalence of chronic diseases between the included subjects 
and excluded subjects were similar (Appendix Table S1). The number of observations 
per subject ranged from one to six, and 72 percent of the subjects had six observations.

At the start of the study the largest age group was 45-65 years (32%) and the largest 
ethnic group was native Dutch (86%) (see Table 1). For all covariates the number of miss-
ings was 2.2% (GP, data not shown in Table 1) or less.
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table 1 statistical summary of social-demographical characteristics and selected chronic diseases of the 
subjects in the study area (2012, n=89714).

characteristic

sex, n (%)

   Male 44666 (49.8)

   Female 45048 (50.2)

Age (years), n(%)

   0 - 4 3206 (3.6)

   5 - 9 4623 (5.2)

   10 - 17 8719 (9.7)

   18 - 44 25316 (28.2)

   45 - 64 28630 (31.9)

   ≥ 65 19220 (21.4)

ethnicity, n (%)

   Native Dutch 76788 (85.6)

   Immigrant western 10850 (12.1)

   Immigrant non western 2076 (2.3)

marital status, n (%)

   Married or living with partner 50985 (56.8)

   Widow 5000 (5.6)

   Divorced 4547 (5.1)

   Single 28340 (31.6)

   Missing 842 (0.9)

single parenthood, n (%)

   Yes 5738 (6.4)

   No 41122 (45.8)

   Household without children 42763   (47.7)

   Missing 91 (0.1)

Household with children, n (%)

   No 44853 (50.0)

   One child 16504 (18.4)

   Two children 20149 (22.5)

   Three or more 8174 (9.1)

   Missing 34 (0.0)

Gross household income, n (%)

   <34,000 euro 19508 (21.7)

   34,000 - 60,000 euro 22628 (25.2)

   60,000 - 91,000 euro 23576 (26.3)

   >91,000 euro 23627 (26.3)

   Missing 375 (0.4)
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The prevalence of cardiovascular diseases (CVD) and diabetes mellitus among 
children was very low (see Figure 2). Inflammatory diseases, unlike the other chronic 
diseases, decreased from the age of 60 and were consistently more present in women. 
CVD with inflammatory conditions and CVD with diabetes mellitus had the highest co-
occurrence (5.4% and 3.6% respectively, see Appendix Figure S1). The prevalence of car-
diovascular diseases has increased slightly over the years of study, and the prevalence 
of inflammatory conditions has decreased over these years (Appendix Figure S2).

Table 2 shows that most of the subjects in the study population had a modestly in-
creased exposure to PM10, NOX, SO2 and VOC from industrial emissions compared to the 
background concentration from all other sources. The geographical exposure pattern 
is depicted in Figure 1 for NOX and for other compounds in chapter 4 (Appendix Figures 
S3-S5). The air pollution compounds were (highly) correlated (Pearson correlation coef-
ficients ranged from 0.40 to 0.83, see Figure 3). The density plots show clusters in the air 
pollution distribution. The x-y plots shows several scatter patterns.

table 1 statistical summary of social-demographical characteristics and selected chronic diseases of the 
subjects in the study area (2012, n=89714). (continued)

characteristic

Gross neighbourhood household income, n (%)

   < 62,500 euro 18376 (20.5)

   62,500 - 66,000 euro 23412 (26.1)

   66,000 - 73,500 euro 24374 (27.2)

   >73,500 euro 23552 (26.3)

Population density, n (%)

   < 1400 inhabitants per km2 24858 (27.7)

   1400 - 2300 inhabitants per km2 23683 (26.4)

   2300 - 2700 inhabitants per km2 22096 (24.6)

   > 2700 inhabitants per km2 19077 (21.3)

Locations of general practices, n 18

chronic diseases, n (%)

   Cardiovascular diseases 19377 (21.6)

   Respiratory diseases 7915 (8.8)

   Diabetes mellitus 4508 (5.0)

   Inflammatory conditions 17375 (19.4)
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Table 3 shows that adjustment for covariates in logistic regression analyses with GEE 
reduced the observed associations towards null for most comparisons. Adjusted logistic 
regression analyses with GEE showed that exposures to PM10 and NOX (per µg/m3) were 
significantly associated with CVD (OR 1.06, 95 CI% 1.06 – 1.06 and OR 1.01, 95% CI 1.01 
– 1.01 respectively). Exposures to PM10 and SO2 (per µg/m3) were significantly associated 
with inflammatory conditions (OR 1.05, 95% CI 1.00-1.09 and OR 1.07, 95% CI 1.01 – 1.14 
respectively). Exposure to SO2 was inversely associated with cardiovascular diseases 
and (OR 0.91, 95% CI 0.86 - 0.97). Except for inflammatory conditions exposure duration 
(years) was significantly associated with the other three chronic diseases (OR varying 
from 1.01 to 1.03). The models for PM10, NOX, SO2 and VOC showed inverse associations 

Figure 2 Prevalence of four chronic diseases by age among male (solid line) and female (dashed line) (2012, 
n=89,714)

table 2 modelled exposure to industry-related air pollution at the residential addresses of the subjects in 
the study area (2012-2017, 536,599 observations)

component median Interquartile range minimum - maximum

PM10 (µg/m3) 0.31 0.40 0.05 - 4.21

NOX (µg/m3) 2.44 1.19 0.45 - 12.25

SO2 (µg/m3) 0.77 0.57 0.19 - 3.05

VOC (µg/m3) 1.89 1.04 0.31 - 11.05
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Figure 1 Modelled NOX iso-concentration contours (per μg/m3), depicted with red solid lines. Numbers 
presents the mean annual industry-related exposure without background concentration (2012-2017). Map 
reprinted from Kadaster in the Netherlands (https://nationaalgeoregister.nl/) under a CC-BY-4.0 license, 
2019

Figure 3 XY plot, density plot and correlation (Pearson) matrix for specific air pollution components (2012-
2017, 536,599 observations)



86 Chapter 5

between exposure duration and inflammatory conditions (OR varying from 0.98 to 0.99). 
The interaction terms of exposure concentration and exposure duration were close to 1 
in all statistical models (data not shown in Table 3).

table 3 Associations between exposure (concentration and exposure duration) to specific industry-related 
air pollutants and selected chronic diseases in logistic regression analysis with GEE (536,599 observations)

cardiovascular 
diseases

Respiratory 
diseases

Diabetes
mellitus

Inflammatory 
conditions

OR (95% CI) OR (95% CI) OR (95% CI) OR (95% CI)

Unadjusted regression models

model for Pm10

  PM10 (µg/m3) 0.96 (0.94 - 0.99) 1.08 (1.04 - 1.12) 0.99 (0.94 - 1.05) 1.22 (1.19 - 1.24)

  Exposure duration (years) 1.06 (1.05 - 1.06) 1.01 (1.01 - 1.02) 1.04 (1.04 - 1.05) 0.99 (0.99 - 1.00)

model for NoX

  NOX (µg/m3) 1.00 (0.99 - 1.00) 1.00 (0.99 - 1.01) 1.00 (0.99 - 1.01) 1.04 (1.03 - 1.05)

  Exposure duration (years) 1.06 (1.05 - 1.06) 1.01 (1.01 - 1.02) 1.04 (1.04 - 1.05) 1.00 (1.00 - 1.00)

model for so2

  SO2 (µg/m3) 0.94 (0.91 - 0.97) 0.87 (0.83 - 0.91) 1.01 (0.95 - 1.07) 1.02 (0.99 - 1.05)

  Exposure duration (years) 1.05 (1.05 - 1.06) 1.01 (1.01 - 1.02) 1.04 (1.04 - 1.05) 1.00 (1.00 - 1.00)

model for Voc

  VOC (µg/m3) 0.99 (0.98 - 0.99) 0.98 (0.96 - 0.99) 1.01 (0.99 - 1.02) 1.02 (1.01 - 1.03)

  Exposure duration (years) 1.06 (1.05 - 1.06) 1.01 (1.01 - 1.02) 1.04 (1.04 - 1.05) 1.00 (1.00 - 1.01)

Adjusted regression modelsa

model for Pm10

  PM10 (µg/m3) 1.06 (1.06 - 1.06) 1.00 (0.95 - 1.05) 0.99 (0.94 - 1.05) 1.05 (1.00 - 1.09)

  Exposure duration (years) 1.02 (1.02 - 1.02) 1.01 (1.01 - 1.02) 1.02 (1.01 - 1.02) 0.98 (0.98 - 0.99)

model for NoX

  NOX (µg/m3) 1.01 (1.01 - 1.01) 1.00 (0.99 - 1.01) 1.00 (0.99 - 1.01) 1.01 (1.00 - 1.02)

  Exposure duration (years) 1.02 (1.02 - 1.02) 1.01 (1.01 - 1.02) 1.02 (1.01 - 1.02) 0.99 (0.98 - 0.99)

model for so2

  SO2 (µg/m3) 0.99 (0.95 - 1.03) 0.91 (0.86 - 0.97) 1.00 (0.95 - 1.06) 1.07 (1.01 - 1.14)

  Exposure duration (years) 1.02 (1.02 - 1.03) 1.01 (1.01 - 1.02) 1.02 (1.01 - 1.02) 0.99 (0.98 - 0.99)

model for Voc

  VOC (µg/m3) 1.01 (1.00 - 1.02) 1.00 (0.98 - 1.02) 1.00 (0.98 - 1.01) 1.02 (1.00 - 1.03)

  Exposure duration (years) 1.03 (1.02 - 1.03) 1.01 (1.01 - 1.02) 1.02 (1.01 - 1.02) 0.99 (0.99 - 0.99)

Bold text indicates logistic regression coefficient is statistical significant (p<0.05).
aAdjusted for: sex, age, ethnicity, marital status, single parenthood, number of children in household,  gross household 
income,  gross neighbourhood household income,  population density and general practice.
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Additional analyses with two-pollutants in one logistic regression analysis with GEE 
showed that associations compared to single pollutant models generally were reduced 
(Appendix Table S2).

GPs’ prescribing behaviour may influence the results as the proportion of dispensed 
medicine between GP locations in this study differed as much as a factor of 2 (Appendix 
Table S3). Logistic regression analyses with GEE with and without GP location as adjust-
ment variable showed small differences in presented associations (Appendix Table S4).

DIscUssIoN

This study showed that higher exposure levels to PM10 and to NOX from industrial sources 
were significantly associated with higher occurrence of CVD. PM10, SO2 and VOC from 
industrial sources were significantly associated with presence of inflammatory condi-
tions. Exposure duration of all specific air pollutants was associated with CVD, respira-
tory diseases, and diabetes mellitus.

An unexpected finding in this study was the inverse association between SO2 ex-
posure with respiratory diseases. We can only speculate on possible explanations for 
this inverse association. First, SO2 had the lowest range of all 4 compounds and also 
the most scattered exposure pattern. Hence, the limited discriminatory power may 
have contributed to the unexpected finding. Second, the observed inverse association 
may reflect confounding by for example differences in prescribed medication between 
GPs or other unmeasured variables, resulting in lower prescribed medication in areas 
with a higher exposure of SO2 air pollution. Ecological studies in Belgium showed also 
unexpected inverse associations between air pollution and medication sales, which 
suggest that the observed geographical distribution may be driven by differences in 
medical/pharmaceutical practices, rather than by environmental realities [19,20,22]. 
However, the fact that we did not observe this for other compounds, despite the fact 
that these were correlated to SO2, points towards a more exposure-specific explanation. 
Third, the immission of PM10 and NOX in the study area comes mainly from sources in 
the Netherlands, while the emission of SO2 mainly comes from sources in Belgium (see 
appendix Figure S4). It is unknown whether the geographical differences in sources of 
exposure reflect also differences in other relevant characteristics. Another contradictory 
observation was that exposure levels were, in general, associated with an increased 
risk on inflammatory diseases, but for duration of exposure we observed risk estimates 
consistently below 1, suggesting risk reductions of 1% to 2%.  This is possibly due to 
the fact that the prevalence of inflammatory conditions has decreased slightly over the 
years in the Dutch population, which may have created an artificial inverse association.
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This study indicates that specific air pollutants caused by industry may contribute to 
the occurrence of selected chronic diseases. In a previous study, we found an associa-
tion between industry-related air pollution and adverse birth outcomes in the same area 
and time period [11]. Higher exposures to PM10, NOX, SO2 and VOC were among others 
associated with reduced birth weight.

Comparable studies about the influence of industry-related air pollution on different 
health effects are rare. Most studies focus on air pollution in general (road traffic, smog 
and urban or regional differences) and mortality from chronic diseases. To the best of 
our knowledge there are no other studies that have described associations of individual-
level modelled air pollution exposure from industry and the onset and aggravation of 
chronic diseases in the general population.

This study has certain strengths and limitations. First, a strength of the study is 
the use of dispensed medication as objective register-based measure with linkage to 
exposure estimates from a dispersion model. This prevents reporting bias by subjects 
in presented associations. The data were provided by CBS, based on healthcare data on 
paid medication by Dutch healthcare insurance funds. In the Netherlands, health insur-
ance is mandatory, therefore, the CBS database contains the entire Dutch population. A 
second strength is that exposure to air pollution was based on a dispersion model with 
many industrial sources. A validation study showed a good agreement for both SOX and 
NOX between measured and modelled concentrations with the OPS dispersion model 
[12]. A dispersion model takes many relevant factors into account, such as stack height, 
exact distance between stack and the home address of the subjects, weather, wind 
direction, and temperature. Third, also emissions from foreign industries were included 
in this study. Fourth, extensive emission data was used for the dispersion calculations. 
Although available information only allowed estimation of annual mean concentrations, 
this is probably a fair reflection of industry-based air pollution.

A limitation is the fact that outdoor air pollution estimations at the home address 
were used without considering, for example, exposure at the workplace and during 
travel. Second, the air pollution components were highly correlated and therefore it is 
possible that the effect of a particular pollutant is confounded by the effect of another 
pollutant(s). The pollutants should be considered more as indicators of the air pollution 
mixture and not as uniquely identifiable causal factors for the occurrence of chronic 
diseases. In addition, specific chronic diseases may be particularly sensitive to various 
components (e.g. organic compounds, nitrate, elemental carbon, trace metals) from 
different sources of pollution. The industry in the study area with its different processes 
emit PM10, NOX, SO2 and VOC in different ratios and regarding PM10 and VOC also with 
different compositions. The xy plots (see Figure 3) suggest areas with different emission 
compositions. This may have influence the results. Third, analyses with and without 
covariates showed that the covariates influenced the results. In general, covariates in 
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regression analyses provide better estimators. Fourth, in this registered-based study 
information about lifestyle at individual level such as smoking and physical activity, was 
not available for the entire population. Although the statistical models were adjusted 
for socio-economic position as important predictor for unhealthy behaviour, residual 
confounding cannot be completely ruled out.  Fifth, prescribed medication for a chronic 
illness may be different for children and adults. This can bias the results. For most as-
sociations this will be limited as the results for cardiovascular diseases (CVD), diabetes 
mellitus, and inflammatory conditions are mainly determined by adults and/or elderly. 
Sixth, medication prescribing differs considerable across GPs (Appendix Table S3). Lo-
gistic regression analyses with and without GP as covariate showed small differences 
(Appendix Table S4). The nearest GP practice for each home address was used as proxy 
for the GP location (GP locations close to each other were clustered) where medication 
was prescribed. The actual distribution of patients among GP practices may differ and 
thus may introduce some error. Also, a GP practice may employ different GPs each with 
their own medicine prescription behaviour. An analysis with detailed information on GP 
and specialist prescribing the medication may improve the accuracy of studies about air 
pollution and dispensed medication for chronic diseases.

coNcLUsIoN

This study indicates that specific air pollution components caused by industry may 
con-tribute to the occurrence of cardiovascular diseases, respiratory diseases, diabetes 
mellitus, and inflammatory conditions.
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APPeNDIX

table s1 The prevalence of chronic diseases between excluded (111,731 observations) and included sub-
jects (536,599 observations, 2012-2017)

cardiovascular 
diseases

Respiratory diseases Diabetes mellitus Inflammatory 
conditions

Percent (95% CI) Percent (95% CI) Percent (95% CI) Percent (95% CI)

Excluded 22.0 (21.7 - 22.2) 9.1 (9.0 - 9.3) 5.9 (5.7 - 6.0) 16.1 (15.9 - 16.3)

Included 21.8 (21.7 - 21.9) 8.7 (8.6 - 8.8) 5.0 (4.9 - 5.0) 18.1 (18.0 - 18.2)

table s2 Associations between exposure (concentration and exposure duration) to specific industry-re-
lated pollutants and selected chronic diseases in two-pollution logistic regression analysis with GEE (year 
2012-2017,  536,599 observations)

cardiovascular 
diseasesa

Respiratory 
diseasesa

Diabetes 
mellitusa

Inflammatory 
conditionsa

OR (95% CI) OR (95% CI) OR (95% CI) OR (95% CI)

model for Pm10 + NoX

  PM10 (µg/m3) 1.03 (0.98 - 1.08) 0.99 (0.93 - 1.05) 0.99 (0.93 - 1.06) 1.04 (0.98 - 1.09)

  NOX (µg/m3) 1.01 (1.01 - 1.01) 1.00 (0.99 - 1.01) 1.00 (0.99 - 1.01) 1.00 (0.99 - 1.01)

  Exposure duration (years) 1.02 (1.02 - 1.02) 1.01 (1.01 - 1.02) 1.02 (1.01 - 1.02) 0.99 (0.98 - 0.99)

model for Pm10 + so2

  PM10 (µg/m3) 1.06 (1.01 - 1.10) 1.03 (0.98 - 1.09) 0.99 (0.93 - 1.05) 1.07 (1.02 - 1.12)

  SO2 (µg/m3) 0.97 (0.92 - 1.01) 0.89 (0.83 - 0.96) 1.01 (0.94 - 1.07) 1.03 (0.96 - 1.10)

  Exposure duration (years) 1.02 (1.02 - 1.03) 1.01 (1.01 - 1.02) 1.02 (1.01 - 1.02) 0.99 (0.98 - 0.99)

models for Pm10 + Voc

  PM10 (µg/m3) 1.04 (1.00 - 1.08) 0.99 (0.94 - 1.04) 0.99 (0.93 - 1.05) 1.03 (0.99 - 1.08)

  VOC (µg/m3) 1.01 (0.99 - 1.02) 1.00 (0.99 - 1.02) 1.00 (0.98 - 1.01) 1.01 (1.00 - 1.03)

  Exposure duration (years) 1.02 (1.02 - 1.02) 1.01 (1.01 - 1.02) 1.02 (1.01 - 1.02) 0.99 (0.98 - 0.99)

model for NoX + so2

  NOX (µg/m3) 1.01 (1.00 - 1.02) 1.01 (0.99 - 1.02) 1.00 (0.99 - 1.01) 1.01 (1.01 - 1.01)

  SO2 (µg/m3) 0.97 (0.93 - 1.02) 0.90 (0.85 - 0.97) 1.00 (0.95 - 1.06) 1.04 (1.04 - 1.04)

  Exposure duration (years) 1.02 (1.02 - 1.03) 1.01 (1.01 - 1.02) 1.02 (1.01 - 1.02) 0.99 (0.99 - 0.99)

model for NoX + Voc

  NOX (µg/m3) 1.00 (0.99 - 1.02) 0.99 (0.98 - 1.01) 1.00 (0.98 - 1.01) 0.99 (0.98 - 1.01)

  VOC (µg/m3) 1.01 (0.99 - 1.02) 1.01 (0.98 - 1.03) 1.00 (0.98 - 1.02) 1.02 (1.00 - 1.05)

  Exposure duration (years) 1.02 (1.02 - 1.03) 1.01 (1.01 - 1.02) 1.02 (1.01 - 1.02) 0.99 (0.98 - 0.99)

model for Voc + so2

  VOC (µg/m3) 1.01 (1.00 - 1.03) 1.01 (0.99 - 1.02) 1.00 (0.98 - 1.01) 1.00 (0.98 - 1.02)

  SO2 (µg/m3) 0.98 (0.94 - 1.03) 0.91 (0.85 - 0.99) 1.01 (0.95 - 1.07) 1.09 (1.02 - 1.16)

  Exposure duration (years) 1.03 (1.02 - 1.03) 1.01 (1.01 - 1.02) 1.02 (1.01 - 1.02) 0.99 (0.98 - 0.99)

Bold text indicates logistic regression coefficient is statistical significant (p<0.05).
aAdjusted for: Sex. Age, ethnicity, marital status, single parenthood, number of children in household,  gross household 
income, gross neighbourhood household income, population density and general practice.
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table s4 Associations between exposure (concentration and exposure duration) to specific industry-relat-
ed pollutants and selected chronic diseases in logistic GEE regression analysis without covariable general 
practice location (536,599 observations)

cardiovascular
diseasesa

Respiratory
diseasesa

Diabetes
mellitusa

Inflammatory
conditionsa

OR (95% CI) OR (95% CI) OR (95% CI) OR (95% CI)

model for Pm10

  PM10 (µg/m3) 1.04 (1.04 - 1.04) 1.07 (1.04 - 1.11) 1.03 (0.98 - 1.08) 1.26 (1.23 - 1.29)

  Exposure duration (years) 1.02 (1.02 - 1.02) 1.01 (1.01 - 1.02) 1.02 (1.01 - 1.02) 0.98 (0.98 - 0.98)

model for NoX

  NOX (µg/m3) 1.00 (1.00 - 1.01) 1.00 (0.99 - 1.01) 1.00 (0.99 - 1.01) 1.04 (1.04 - 1.05)

  Exposure duration (years) 1.02 (1.02 - 1.03) 1.02 (1.01 - 1.02) 1.02 (1.01 - 1.02) 0.99 (0.98 - 0.99)

model for so2

  SO2 (µg/m3) 0.94 (0.91 - 0.97) 0.88 (0.84 - 0.92) 1.02 (0.97 - 1.08) 1.05 (1.05 - 1.05)

  Exposure duration (years) 1.02 (1.02 - 1.03) 1.01 (1.01 - 1.02) 1.02 (1.01 - 1.02) 0.99 (0.99 - 0.99)

model for Voc

  VOC (µg/m3) 1.01 (1.00 - 1.02) 1.00 (0.98 - 1.02) 1.00 (0.98 - 1.01) 1.05 (1.05 - 1.05)

  Exposure duration (years) 1.03 (1.02 - 1.03) 1.01 (1.01 - 1.02) 1.02 (1.01 - 1.02) 0.99 (0.99 - 0.99)

Bold text indicates logistic regression coefficient is statistical significant (p<0.05).
aAdjusted for: sex, age, ethnicity, marital status, single parenthood, number of children in household, gross household 
income, gross neighbourhood household income and population density.
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APPENDIX  

[Tables S1 – S4 near here]  

 

 

 

Figure S1 Venn-diagram of selected chronic diseases (%) (2012, n=89,714) 

 

Figure s1 Venn-diagram of selected chronic diseases (%) (2012, n=89,714)
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Figure S2 Prevalence of selected chronic diseases per year (536,599 observations).  
 

 
 

 

 

Figure s2 Prevalence of selected chronic diseases per year (536,599 observations).
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ABstRAct

Background To improve the information for and preparation of citizens at risk to 
hazardous material transport accidents, a first important step is to determine how dif-
ferent characteristics of hazardous material transport accidents will influence citizens’ 
protective behaviour. However, quantitative studies investigating citizens’ protective 
behaviour in case of hazardous material transport accidents are scarce.

methods A discrete choice experiment was conducted among subjects (19-64 years) 
living in the direct vicinity of a large waterway. Scenarios were described by three 
transport accident characteristics: odour perception, smoke/vapour perception, and 
the proportion of people in the environment that were leaving at their own discretion. 
Subjects were asked to consider each scenario as realistic and to choose the alternative 
that was most appealing to them: staying, seeking shelter, or escaping. A panel error 
component model was used to quantify how different transport accident characteristics 
influenced subjects’ protective behaviour.

Results The response was 44% (881/1,994). The predicted probability that a subject 
would stay ranged from 1% in case of a severe looking accident till 62% in case of a 
mild looking accident. All three transport accident characteristics proved to influence 
protective behaviour. Particularly a perception of strong ammonia or mercaptan odours 
and visible smoke/vapour close to citizens had the strongest positive influence on es-
caping. In general, ‘escaping’ was more preferred than ‘seeking shelter’, although stated 
preference heterogeneity among subjects for these protective behaviour options was 
substantial. Males were less willing to seek shelter than females, whereas elderly people 
were more willing to escape than younger people.

conclusion Various characteristics of transport accident involving hazardous materi-
als influence subjects’ protective behaviour. The preference heterogeneity shows that 
information needs to be targeted differently depending on gender and age to prepare 
citizens properly.
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INtRoDUctIoN

The transport of hazardous material is an economic activity of concern to society [1]. A 
hazardous material can be defined as a substance or material determined to be capable 
of posing an unreasonable effect to health, safety or property when transported [2]. 
Hazardous materials are transported by road, rail, water, air and pipeline. Although the 
probability of a hazardous material transport accident is small, the consequences may 
be severe for humans and environment [1].

The literature shows that an individual with a high perceived risk of harm would 
be motivated to take action to reduce his or her health risk [3,4]. Possible and useful 
actions, that can be taken by the general public to reduce health consequences of a 
hazardous material transport accident, are for instance seeking shelter (i.e., go inside 
a building) or escaping the transport accident area (i.e., leaving at their own discre-
tion). However, members of the general public often misinterpret their risk of health 
problems [5]. Based on the behaviour motivation theory, which describes the effects of 
perceptions of risk on behaviour, correcting these misinterpretations is seen as a way to 
encourage appropriate behaviour [5]. To improve the information for and preparation 
of citizens at risk to hazardous material transport accidents, a first important step is to 
investigate how different characteristics of hazardous material transport accidents will 
influence citizens’ protective behaviour.

A broad range of studies exists that investigates citizens’ protective behaviour in case 
of disasters/accidents [6-20]. However, most of these studies are qualitative studies or 
studies that contain limited choices or scenarios of disasters/accidents, which limits 
the comparability between these studies to develop guidance for protective action of 
citizens.

Therefore the aim of this study is to quantify how different characteristics of haz-
ardous material transport accidents will influence protective behaviour of the general 
public. We hereto use a stated preference technique by conducting a discrete choice 
experiment (DCE) focusing on hypothetical hazardous material transport accidents at a 
river in a populated area in the Netherlands. The motivation to conduct this DCE study 
is two-fold: 1) There is a great lack of quantitative research with respect to hazardous 
material transport; and 2) Conducting a DCE (a quantitative method) will enhance the 
knowledge gap where qualitative studies fall short; that is, based on this DCE study the 
protective behavior of citizens for a whole range of transport accidents involving haz-
ardous materials can be determined (at least for populated areas nearby waterways), 
which is useful to develop guidance for protective action of citizens.
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mAteRIALs AND metHoDs

Discrete choice experiment
Discrete choice experiment (DCE) is a quantitative technique to investigate individual 
preferences (choice behaviour). The DCE has a solid foundation in random utility theory 
[21,22] and includes a Nobel prize-winning econometric approach [23]. Within a DCE, 
subjects are presented with several choice sets (see Figure 1 for a choice set example). 
In each choice set subjects are asked to choose between two or more alternatives. The 
alternatives are described by its characteristics (attributes) [24]. Those attributes are 
further specified by variants of that attribute (attribute levels). It is assumed that the 
subject’s preference for an alternative is determined by the levels of those attributes 
[24]. Resulting choices reveal an underlying utility function. The stated preferences 
allow the utility calculation of all alternatives (i.e. all permutations of attribute levels, 
including alternatives that are not presented to respondents). The DCE technique is 
mainstream in marketing, transport and environmental economics, where it is used 
to predict individual and collective choices. Its application in healthcare and public 
health has grown exponentially as the method is easy to apply and appears efficient 
at first glance [25,26]. The DCE approach combines (i) consumer theory [27] and (ii) 
random utility theory [28], which both assume that an individual acts rationally and 
always chooses the alternative with the highest satisfaction (i.e., utility), as well as (iii) 
experimental design theory and (iv) econometric analysis [26]. See Louviere et al. [29]; 
Hensher et al. [30]; Rose and Bliemer [31]; Lancsar and Louviere [32]; and Ryan et al. [33] 
for further details on conducting a DCE and its theoretical issues.
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 Scenario 

Odour perception* 
Ammonia smell, 
strong odour  

Smoke / vapour observable Yes, around 
the ship 

 

 

 

Percentage of people that go 
away (i.e., seek shelter or 
escape) 

20%   

 

What will you do? 

Please cross one box. 
 Stay   Seek shelter   Escape  

 

 

 

 

Figure 1 Example of a choice set  

 

 

Attributes and attribute levels 

We followed recent guidelines for DCE practice [32,34]. A focus group study and literature 

[1,35] were used to obtain insights into relevant attributes and attribute levels to be included 

in the DCE regarding protective behaviour of citizens to transport accidents involving 

hazardous materials. For the focus group study, we conducted two focus group discussions 

with the general population living in the direct vicinity of a large waterway in the 

Netherlands (six and seven participants, respectively). A topic list based on the Protective 

*Legend  =strong odour  = stay 

 =weak odour               = seek shelter or escape 

☺ =no odour   Figure 1 Example of a choice set
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Attributes and attribute levels
We followed recent guidelines for DCE practice [32,34]. A focus group study and litera-
ture [1,35] were used to obtain insights into relevant attributes and attribute levels to 
be included in the DCE regarding protective behaviour of citizens to transport accidents 
involving hazardous materials. For the focus group study, we conducted two focus 
group discussions with the general population living in the direct vicinity of a large 
waterway in the Netherlands (six and seven participants, respectively). A topic list based 
on the Protective Action Decision Model [35] was created to structure the discussions on 
protective behaviour of citizens regarding transport accidents involving hazardous ma-
terials. As a result, three transport accident attributes were selected: odour perception, 
smoke/vapour perception, and the proportion of people in the environment that are 
leaving at their own discretion. We aimed at selecting a sufficient wide range of attribute 
levels that could be realistic in the near future and were plausible and understandable 
for respondents (Table 1). In this research ammonia (toxic) and propane gas (explosive/
flammable) were selected as hazardous materials because ammonia and propane 
(odorized by mercaptan) are transported across the river in large quantities.

study design and questionnaire
The combination of the attributes and levels (Table 1) resulted in 60 possible/hypotheti-
cal transport accident scenarios. As fatigue of filling out a lengthy questionnaire prohib-
ited presenting all scenarios to a single individual (i.e., a full factorial design), a subset 
of scenarios was required (i.e., a fractional factorial design) [36].  For the final selection 
of the scenarios to be presented in the questionnaire (i.e., the scenarios in which the 
respondent was asked to choose between three discrete protective behaviour options: 

table 1 Considered attributes and attribute levels

Attributes Levels

Odour perception None (reference level)

Ammonia, weak odour

Ammonia, strong odour

Mercaptan, weak odour

Mercaptan, strong adour

Smoke/vapour perception None (reference level)

Yes, around the ship

Yes, towards the beach/quay

Proportion of people that are leaving 0%

20%

50%

80%
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staying, seeking shelter, or escaping (see Figure 1, for an example of a so-called choice 
set)), we generated a D-efficient DCE design [36, 37] using Ngene software (version 1.1.1, 
http://www.choice-metrics.com/). In order to generate such an efficient design, prior 
values for the behavioural coefficients of each of the attributes in the utility function 
were needed. To this end we conducted a pilot study (N=40) first to collect prior informa-
tion and to obtain insights in the feasibility and validity of the questionnaire and DCE 
data. Based on the pilot study (data not shown) we concluded that the target group 
(general population) was able to understand the DCE, could manage the length of the 
questionnaire, did not become confused by any unlikely combination of attribute levels, 
and had no difficulties in completing 12 choice sets of the DCE task.

The choice results from the pilot study (data not shown) were used to estimate 
behavioural coefficients to each of the attributes, which were used to locate an even 
more efficient DCE design for the main study (i.e., a design that had smaller standard 
errors [31,38], thereby increasing the reliability of the estimation of the behavioural 
coefficients). With this design, resulting in 24 scenarios, we were able to estimate all 
scenario specific main effects (i.e., to determine what influence the transport accident 
attributes had on citizens’ protective behaviour (staying, seeking shelter, or escaping)). 
Presenting a single individual with 24 choice sets was expected to result in a low return 
rate for the questionnaire and partially completed questionnaires [39]. Therefore, in 
order to reduce the burden on respondents and to take the pilot results into account, 
the 24 choice sets were blocked [30] into two sets of 12 choice tasks each. Each ques-
tionnaire started with detailed information about the visible accident (i.e. setting the 
scene) and the protective behaviour alternatives (Appendix S1 File). The main part of 
each questionnaire - randomly assigned to respondents - comprised a block of 12 choice 
sets. In each choice set, subjects were asked to consider the specific transport accident 
scenario as realistic and to choose the alternative that was most appealing to them: 
staying, seeking shelter, or escaping (see Figure 1 for an example of a choice set). The 
questionnaire further contained questions on background variables (e.g. age, gender, 
educational level, marital status) and a question assessing experienced difficulty of the 
questionnaire (5-point scale) (Appendix S1 File; the complete questionnaire is available 
from the authors on request).

study sample and elicitation mode
A representative sample of 1,994 subjects aged 19-64 years was randomly recruited 
using the population registry of two cities (Vlissingen and Terneuzen) in the direct 
vicinity of a large waterway (Westerschelde) in the Southwest of the Netherlands. This 
population registry contains 31,907 subjects aged 19-64 years. Hence, our representative 
sample, agrees with a quota of 6.2%. We used age, gender and civil status as variables 
to guarantee representativeness. Using a rule of thumb as suggested by Orme [40], we 
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strived to include at least 600 respondents. Subjects received an invitation letter and 
questionnaire by mail, and could return the questionnaire in a postage-paid envelope 
that was included in the mailing package. Due to practical reasons and positive past 
experiences, the survey was administered with the return of a mail survey as the only 
option presented for its completion. Two reminders were sent 1.5 and three weeks later 
in case of non-response. The information to participants explained that by filling out the 
questionnaire informed consent was given (Appendix S2 File). Under the Dutch law for 
the agreement on medical treatment, questionnaire surveys are not subject to approval 
by an institutional ethics committee. However, the Law for Protection of Personal Data 
requires informed consent and also procedures for the protection of personal privacy. 
These procedures are laid done in the Code of Conduct for Medical research (at www.
federa.org), established by the Council of the Federation of Medical Scientific Societ-
ies. In this research project we have strictly adhered to these procedures and the data 
were analysed anonymously (in more detail, the data were anonymized prior to we – as 
authors - receiving them, and we – as authors - did not have access to participant names 
and addresses).

statistical analyses
The DCE contained three dependent variables for each choice set. The DCE was analysed 
by taking each choice (i.e., protective behaviour options staying, seeking shelter, or 
escaping) made in every choice set as an observation. Taking our interest in preference 
heterogeneity into account as well as our sample size, a mixed logit model or a latent 
class model were both good alternatives to analyse the choice observations. Using the 
Nlogit software (http://www.limdep.com/) and taking the best model fit into account, 
the observations were analysed by a panel mixed logit model in error component form 
[41], also called error component model. The error component model is a parsimoni-
ous specification of the mixed logit model, where preference heterogeneity is modelled 
for only a specific set of variables. In our error component model, we capture prefer-
ence heterogeneity for the possible behavior reactions. Hence, the alternative specific 
constants for types of reaction ‘hide’ and ‘escape’ were classified as random (assuming 
a normal distribution), while preferences for the other attributes were assumed to 
be homogeneous across respondents in the sample. The advantage of using an error 
component model over a mixed logit model with random coefficient for all attributes is 
that it can capture the most important elements of preference heterogeneity in a rather 
parsimonious way. The final specifications of the utility functions used were:

Vseeking shelter  =  β0 + β1odour_ammonia_weak + β2 odour_ammonia_strong +
β3odour_mercaptan_weak + β4odour_ mercaptan _strong + 
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β5smoke_vapour_ship + β6smoke_vapour _beach + β7leaving_peo-
ple

Vescaping   =  β8 + β9odour_ammonia_weak + β10odour_ammonia_strong + 
β11odour_ mercaptan _weak + β12odour_ mercaptan _strong + 
β13smoke_vapour _ship + β14smoke_ vapour_beach + β15leaving_
people

Vstaying   = 0 (Eq. 1)

where
V  represent the systematic utility (stated preference) that a respondent has for a 

protective behaviour option;
β0, β8  represent alternative specific constants for a protective behaviour option 

(‘staying’ acts as the reference level);
β1-7 , β9-15  represent alternative specific parameter weights (or coefficients) associated 

with the attribute(level)s: odour perception, smoke/vapour perception, and 
the proportion of people in the environment that are leaving at their own 
discretion.

The value of each coefficient represents the importance that respondents assign to a 
certain attribute or attribute level. However, different attributes utilise different units 
of measurement. For example, the coefficient ‘the proportion of people in the environ-
ment that are leaving at their own discretion’ represents the importance per 10% of 
people in the environment that are leaving at their own discretion. That is, in a scenario 
where 50% of people in the environment are leaving at their own discretion, the coef-
ficient should be multiplied by five in order to establish its relative contribution to utility 
compared to other attributes.

In addition to the parameter estimates, the estimation procedure also allows for 
tests of statistical significance. Statistical significance of a coefficient (p-value ≤0.05) 
indicates that respondents considered the attribute (or attribute level) important in 
making their choices (i.e., protective behaviour) in the DCE. The sign of the coefficient 
reflects whether the attribute (level) has a positive or negative effect on the specific 
stated protective behaviour option (utility). A priori we expected all attributes to be 
important, and that the attribute ‘the proportion of people in the environment that are 
leaving at their own discretion’ and stronger ammonia/mercaptan odour levels would 
have a positive effect on leaving the transport accident area. Additionally, sensitivity 
analyses were conducted to test whether specific respondent characteristics (e.g., age, 
gender, educational level) had a significant influence on the protective behaviour option 
made.
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We also calculated the choice probabilities (the mean protective behaviour) to pro-
vide a way to convey DCE results to policy makers that are more easily understandable. 
We calculated the choice probabilities for a mild looking transport accident (i.e., a vis-
ible transport accident involving hazardous materials on a populated waterway without 
any odour perception or smoke/vapour perception, and where 0% of the people in the 
environment will leave the location) as well as for a severe looking transport accident 
(i.e., a visible transport accident involving hazardous materials on a populated water-
way with a strong ammonia odour perception, smoke/vapour perception towards the 
beach/quay, and where 80% of the people in the environment will leave the location). 
The mild and severe looking accidents – representing the bookends of the spectrum for 
hazardous accidents - were chosen to help the reader in understanding the usefulness 
of such an analysis, and to show how these different accidents lead to a different protec-
tive behavior (stay, hide, or escape) of citizens.  The choice probabilities were simulated 
based on the panel error component coefficients using 1,000 pseudo-random draws 
from the probability density functions estimated for the random error components.

ResULts

Respondents
The response to the questionnaire was 44% (881/1,994). Respondents had a mean age of 
47 years (SD=12), about half of the respondents were male, 26% had a high educational 
level, and they lived predominantly together with a partner (Table 2).

Dce results
Weak odours did not influence respondents’ protective behaviour to seek shelter more 
compared to ‘no odour perception’ (Table 3; p=0.58 and p=0.10 for weak ammonia and 
mercaptan, respectively). However, strong odours made respondents seek shelter more 
(p<0.001), with ammonia having a stronger effect (coefficient values of 1.19 and 0.59 
for strong ammonia and strong mercaptan odour perception, respectively; Table 3). For 
escape, which was much more preferred than seeking shelter (coefficient values of 1.90 
and -0.42 respectively), any odour seemed to be important and very much odour made 
respondents want to escape. Smoke did not seem relevant for respondents to seek 
shelter or escape more, unless it came close to them. The transport accident attribute 
‘proportion of people that are leaving’ proved to influence respondent’s protective 
behaviour to seek shelter and escape more (Table 3). The positive sign of this coefficient 
showed that the more people in the environment were seeking shelter or leaving at their 
own discretion, the more willing the respondent was to leave the transport accident 
area as well. The estimated standard deviations for the protective behaviour options 
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‘seeking shelter’ and ‘escaping’ were significant, which indicated stated preference 
heterogeneity among subjects for these protective behaviour options.

The sensitivity analysis showed that two characteristics of subjects had a significant 
influence on the stated preference for seeking shelter and escaping (see Appendix Table 
S1). That is, males were less willing to seek shelter than females, and elderly people 
were more willing to escape than younger people.

table 2 Characteristics of respondents who completed the discrete choice experiment survey (N=881)

sample statistics

Age  (years), mean, sD 47 12

Age group (years), n, %

18-29 96 11

30-39 128 15

40-49 221 25

50-59 275 31

60-64 151 17

missing 10 1

Gender, n, %

Male 445 51

Female 431 49

missing 5 1

educational level, n, %

Low 304 35

Average 343 39

High 227 26

missing 7 1

civil status, n, %

Married, registered partnership 636 72

Unmarried 166 19

Divorced 62 7

Widow / widower 17 2
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table 3 The influence of characteristics of hazardous material transport accidents on citizens’ protective 
behaviour based on a panel error component model (n=881)

Alternative specific constant Coëfficiënt s.e. p-value

Type of reaction

Stay (reference level) 0

Seek shelter mean -0.423 0.115 <0.001

s.d. 2.169 0.101 <0.001

Escape mean 1.904 0.103 <0.001

s.d. 2.346 0.089 <0.001

Attributes seek shelter Coëfficiënt s.e. p-value

Odour perception

None (reference level) -1.587

Ammonia, weak odour -0.048 0.087 0.582

Ammonia, strong odour 1.189 0.109 <0.001

Mercaptan, weak odour -0.144 0.087 0.100

Mercaptan, strong odour 0.589 0.112 <0.001

Smoke/Vapour perception

None (reference level) -0.812

Yes, around the ship 0.116 0.072 0.104

Yes, towards the beach/quay 0.696 0.074 <0.001

Proportion of people that are leaving (per 10%) 0.130 0.018 <0.001

Attributes escape Coëfficiënt s.e. p-value

Odour perception

None (reference level) -2.366

Ammonia, weak odour -0.345 0.076 <0.001

Ammonia, strong odour 1.656 0.101 <0.001

Mercaptan, weak odour -0.325 0.076 <0.001

Mercaptan, strong odour 1.380 0.101 <0.001

Smoke/Vapour perception

None (reference level) -1.229

Yes, around the ship 0.032 0.063 0.609

Yes, towards the beach/quay 1.197 0.067 <0.001

Proportion of people that are leaving (per 10%) 0.206 0.016 <0.001

Model fit

Log likelihood -6.064

AIC 1.164

Pseudo R-squared 0.472

Notes: (1) effect coded variables used for odour perception and smoke/vapour perception; (2) normal distribution for ran-
dom coefficient used on constants (i.e. ‘type of reaction’);  (3) the value of the reference levels of the categorical attributes 
equals the negative sum of the coefficients of the included attributes; (4) s.e. = standard error; (5) S.D. = standard deviation; 
and (6) 10,451 observations (881 subjects x 12 choice sets would result in 10,572 observations. However, 121 oberserva-
tions were missed because some respondents did not fill in one or more choice sets); AIC = Akaike information criterion
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In case of a mild looking transport accident involving hazardous materials at a river 
in a populated area, based on our DCE results the predicted probability that a subject 
would stay, seek shelter or escape was 62%, 13%, and 25%, respectively. In case of a 
severe looking transport accident these probabilities were 1%, 16%, and 83%, respec-
tively.

Figure 2 shows – keeping all other attribute levels equal -  that a perception of a 
strong ammonia odour had a substantial influence on the predicted probability that a 
respondent will seek shelter or escape more (9% and 40% more, respectively) compared 
to ‘no odour perception’. That is, the proportion of people that preferred staying instead 
of leaving decreased from 62% to 13% (i.e., 62% minus 9% more seeking shelter minus 
40% more escaping). The proportion of people that preferred staying instead of leaving 
decreased from 62% to 16% in case of a strong mercaptan perception (i.e., 62% minus 

Figure 2 Effects of changing one of the attribute levels (i.e., univariate marginal estimates)  on the average 
probability of citizens’ protective behaviour (seeking shelter or escaping) to transport accidents involving 
hazardous materials on a populated waterway, as predicted by a panel error component model (n=881)
Note: the base case is a visible transport accident involving hazardous materials on a populated waterway without any 
odour perception or smoke/vapour perception, and where 0% of the people in the environment will leave the location at 
their own discretion. This base case is indicated as zero change in the probability of the x-axis (i.e., equal to predicted prob-
abilities that 61.8%, 12.9% and 25.3% of the persons will stay, seek shelter, and escape respectively).
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3% more seeking shelter minus 43% more escaping). If smoke/vapour came close to 
individuals or half of the people in the environment were leaving, individuals that pre-
ferred staying decreased from 62% to 30% (i.e., 62% minus 4% more seeking shelter 
minus 28% more escaping) and 47% (i.e., 62% minus 3% more seeking shelter minus 
12% more escaping), respectively.

DIscUssIoN

Our study showed that the predicted probability that a subject would stay ranged from 
1% in case of a severe looking accident till 62% in case of a mild looking accident involv-
ing hazardous materials at a river in a densely populated area. The transport accident 
characteristics ‘odour perception’, ‘smoke/vapour perception’, and ‘the proportion of 
people in the environment that are leaving at their own discretion’, all proved to influ-
ence protective behaviour. A perception of a strong ammonia or mercaptan odour had 
the strongest influence on protective behaviour; the proportion of subjects that pre-
ferred staying instead of leaving (i.e. seeking shelter or escaping) decreased from 62% to 
13% and 16%, respectively. If smoke/vapour came close to individuals or if fifty percent 
of the people in the environment were leaving at their own discretion, the proportion 
of subjects that preferred staying decreased from 62% to 30% and 47%, respectively. 
In general, ‘escaping’ was much more preferred than ‘seeking shelter’, although stated 
preference heterogeneity among subjects for these protective behaviour options was 
substantial. Males were less willing to seek shelter than females, whereas elderly people 
were more willing to escape than younger people.

The proportions of age groups in our study differed, as expected, from the Dutch 
general population (i.e. there were larger proportions of elderly people in the study 
sample compared to the Dutch general population). The explanation is that the state 
Zeeland does not contain any big cities (all cities are below 40,000 inhabitants), which 
attract relatively fewer younger adults. The proportions of age groups in our sample 
may therefore hamper the generalizability of our results. In contrary, the proportions 
of different educational levels, marital status and gender in our study sample were all 
quite similar to the Dutch general population, which suggests the generalizability of our 
DCE results.

There are no previous DCEs investigating how different characteristics of hazardous 
material transport accidents at a river in a populated area influenced protective be-
haviour of the general public. However, Winslott [1] conducted a DCE to study people’s 
preferences in order to estimate the costs and benefits of different configurations of the 
transport of hazardous materials by rail, and showed that a reduction in the degree of 
hazardousness increases utility. This result is in line with our finding, which showed that 
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a perception of weak ammonia/ mercaptan odour or smoke/vapour that does not come 
close to individuals (i.e. a low degree of hazardousness) increased utility (i.e. ‘staying’ 
was much more preferred in case of a low degree than in case of a high degree of hazard-
ousness). The positive direction of the attribute coefficient ‘the proportion of people in 
the environment that are leaving at their own discretion’ showed that the more people 
in the environment were leaving at their own discretion, the more willing the respon-
dent was to leave the transport accident area as well. This result was consistent with our 
hypothesis and showed, therefore, theoretical validity.

DCEs are increasingly being used in public health to explore trade-offs the general 
population make between different alternatives to reduce health risk [25,26]. With an 
acceptable fraction of potential respondents agreed to participate in the experiment 
and theoretical valid results, this DCE demonstrated its feasibility to elicit the (deter-
minants of) protective behaviour as well as the general population’s willingness to 
participate in a relatively complex study to weigh up different aspects of a hazardous 
material transport accident.

Our DCE study provided insights into subjects’ expected responses to a hazardous 
materials release originating from a ship. An important question is whether subjects’ 
stated protective behaviour is consistent with actual protective behaviour? Only a hand-
ful of studies have investigated the external validity of DCE outcomes [42-51]. Most of 
these studies showed that subjects behave in reality as they stated they will do in the DCE 
questionnaire.  To our best knowledge, there are no DCEs investigating to what extent 
actual protective behaviour during transport accidents involving hazardous materials 
is in agreement with stated protective behaviour of subjects. Nevertheless this uncer-
tainty, Kang et al. [10] demonstrated a significant degree of correspondence between 
behavioural expectations and much later behaviour under quite stressful conditions.

The present study had several limitations. First, we selected the most relevant at-
tributes in our DCE using a focus group study and literature, but this careful procedure 
does not guarantee that attributes that we did not include are irrelevant to citizens’ 
protective behaviour to transport accidents involving hazardous materials. Second, 
the inclusion of quantitative information in our DCE might have caused interpretation 
problems with regard to the choice task. The environmental cues (which had stronger 
effects) were expressed as words and pictograms, while the social cue (which had a 
weaker effect) was expressed as numbers and pictograms. Numeracy problems might 
have affected the results, although 93% of the respondents reported that they did not 
find the DCE questions difficult. Third, although the response rate of 44% was higher 
than expected and similar to other DCE studies [52-55], this response rate is still not 
optimal. We cannot exclude self-selection bias, although our respondents did not dif-
fer from non-respondents in age and gender. Additionally, the proportions of different 
educational levels in our study sample were quite similar with the general population. 
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Finally, the degree of correspondence between mercaptan or ammonia concentrations 
(e.g. in parts per million) and our verbal labels (strong, weak, or none) of olfactory per-
ceptions is unknown. As people vary in their olfactory sensitivity for a given ambient gas 
concentration, this issue should be taken into account when actual protective behaviour 
will be compared to expected protective behaviour.

coNcLUsIoN

Various characteristics of transport accident involving hazardous materials influence 
subjects’ protective behaviour. The preference heterogeneity shows that information 
needs to be targeted differently depending on gender and age to prepare citizens prop-
erly.
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APPeNDIX
s1 File Translation Questionnaire DCE Westerscheldde

General questions

A1 What is your gender? ❒  Male
❒  Female

A2 What is your year of birth? 19

A3 What are the four digits of your postal code?

A4 What is your marital status? ❒  Married / registered partnership
❒  Living together
❒  Single, never been married
❒  Divorced, separated living
❒  Widow, widower

A5 of how many people does the  household consist 
to which you belong, including yourself?

person or persons
 (including myself)

A6 What is your household composition?
cross one answer on each line.

Yes No

a. With a partner ❒ ❒

b. With child/children up to 3 years ❒ ❒

c. With child/children 4 to 11 years ❒ ❒

d. With child/children 12 to 17 years ❒ ❒

e. With child/children 18 years or more ❒ ❒

f. With my parent/parents ❒ ❒

g. With other adult/adults ❒ ❒

h. Living Apart Together ❒ ❒
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A7 What is the highest educational level you have attained?

❒  No education (primary education not completed)

❒  Primary school

❒  Lower or pre-vocational education (such as LTS, LEAO, LHNO, VMBO)

❒  General secondary education (such as MAVO, (M) ULO, MBO short, VMBO-t)

❒  Secondary vocational education (such as MBO long, MTS, MEAO, BOL, BBL, INAS)

❒  Higher general and pre-university education (such as HAVO, VWO, Atheneum, Gymnasium, HBS, MMS)

❒  Higher vocational education (such as HBO, HTS, HEAO, bachelor academic education)

❒  University

❒  Other, namely

Questions about behavior in case of an incident

Important: Please read the information and instructions carefully before answering the questions. 

Information
What is meant by transport of hazardous material on the river Westerschelde?
Hazardous materials are transported on the river Westerschelde. Both toxic (poisonous) 
and flammable substances are transported. These ships navigate right along the shore-
line of the city Vlissingen. When a collision occurs, hazardous material can be released 
through a hole in the ship. The time between the disaster and its consequences for the 
people on the boulevard and the beach of the city Vlissingen is very short (minutes).

Instruction
How would you act when you see a disaster with hazardous material on the river 
Westerschelde?
In this study it is assumed that people react in different ways when a disaster with haz-
ardous material on the river Westerschelde should occur.

Seek shelter means that you go to a nearby building, such as a shop or hotel on the 
boulevard  (windows and doors closed as much as possible), to protect yourself against 
hazardous gases.

Escape means that you bring yourself to safety by quickly walking/running away 
from the disaster (distance more than 300 meters).

The following twelve situations differ from each other. Read the questions as accu-
rately as possible and mark what comes to your mind first. Choose  what you probably 
are going to do. This does not necessarily correspond with whatever is wisely. There are 
no right or wrong answers.
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F1 On a summer day you are on the boulevard of the city Vlissingen (near Hotel Arion) and see a collision 
between two ships on the river Westerschelde. The distance between the ships and the boulevard is about 
300 meters. There are about a hundred people present on the beach and the boulevard.
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b. situation 2

Odor perception
Gas smell,
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☹

Smoke / vapour observable
Yes, around the 
ship
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d. situation 4

Odor perception
Gas smell,
weak odor

😐

Smoke / vapour observable No
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d.  Situation 4 
 Odor perception Gas smell, 

weak odor  
 

 Smoke / vapour 
observable No 

 
 
 

 Percentage of people 
that go away (i.e., seek 
shelter or escape) 

80%   

  
 What will you do? 

Please cross one box.  Stay   Seek shelter   Escape  
 
 
e.  Situation 5 
 Odor perception No odor  ☺ 
 Smoke / vapour 

observable 

Yes, 
towards the 
beach 

 
 
 

 Percentage of people 
that go away (i.e., seek 
shelter or escape) 

50%   

  
 What will you do? 

Please cross one box.  Stay   Seek shelter   Escape  
 
 
f.  Situation 6 
 

Odor perception 
Ammonia 
smell, weak 
odor  

 

 Smoke / vapour 
observable 

Yes, 
towards the 
beach 

 
 
 

 Percentage of people 
that go away (i.e., seek 
shelter or escape) 

0%   

  
 What will you do? 

Please cross one box.  Stay   Seek shelter   Escape  
 
 
 
 

Percentage of people that go away 
(i.e., seek shelter or escape)

80%

 181 

 
 
d.  Situation 4 
 Odor perception Gas smell, 

weak odor  
 

 Smoke / vapour 
observable No 

 
 
 

 Percentage of people 
that go away (i.e., seek 
shelter or escape) 

80%   

  
 What will you do? 

Please cross one box.  Stay   Seek shelter   Escape  
 
 
e.  Situation 5 
 Odor perception No odor  ☺ 
 Smoke / vapour 

observable 

Yes, 
towards the 
beach 

 
 
 

 Percentage of people 
that go away (i.e., seek 
shelter or escape) 

50%   

  
 What will you do? 

Please cross one box.  Stay   Seek shelter   Escape  
 
 
f.  Situation 6 
 

Odor perception 
Ammonia 
smell, weak 
odor  

 

 Smoke / vapour 
observable 

Yes, 
towards the 
beach 

 
 
 

 Percentage of people 
that go away (i.e., seek 
shelter or escape) 

0%   

  
 What will you do? 

Please cross one box.  Stay   Seek shelter   Escape  
 
 
 
 

What will you do?
Please cross one box.

❒  Stay ❒  Seek shelter ❒  Escape



Ch
ap

te
r 6

Protected behaviour to hazardous materials accidents 121

e. situation 5

Odor perception No odor 🙂

Smoke / vapour observable
Yes, towards the 
beach

 181 

 
 
d.  Situation 4 
 Odor perception Gas smell, 

weak odor  
 

 Smoke / vapour 
observable No 

 
 
 

 Percentage of people 
that go away (i.e., seek 
shelter or escape) 

80%   

  
 What will you do? 

Please cross one box.  Stay   Seek shelter   Escape  
 
 
e.  Situation 5 
 Odor perception No odor  ☺ 
 Smoke / vapour 

observable 

Yes, 
towards the 
beach 

 
 
 

 Percentage of people 
that go away (i.e., seek 
shelter or escape) 

50%   

  
 What will you do? 

Please cross one box.  Stay   Seek shelter   Escape  
 
 
f.  Situation 6 
 

Odor perception 
Ammonia 
smell, weak 
odor  

 

 Smoke / vapour 
observable 

Yes, 
towards the 
beach 

 
 
 

 Percentage of people 
that go away (i.e., seek 
shelter or escape) 

0%   

  
 What will you do? 

Please cross one box.  Stay   Seek shelter   Escape  
 
 
 
 

Percentage of people that go away 
(i.e., seek shelter or escape)

50%

 181 

 
 
d.  Situation 4 
 Odor perception Gas smell, 

weak odor  
 

 Smoke / vapour 
observable No 

 
 
 

 Percentage of people 
that go away (i.e., seek 
shelter or escape) 

80%   

  
 What will you do? 

Please cross one box.  Stay   Seek shelter   Escape  
 
 
e.  Situation 5 
 Odor perception No odor  ☺ 
 Smoke / vapour 

observable 

Yes, 
towards the 
beach 

 
 
 

 Percentage of people 
that go away (i.e., seek 
shelter or escape) 

50%   

  
 What will you do? 

Please cross one box.  Stay   Seek shelter   Escape  
 
 
f.  Situation 6 
 

Odor perception 
Ammonia 
smell, weak 
odor  

 

 Smoke / vapour 
observable 

Yes, 
towards the 
beach 

 
 
 

 Percentage of people 
that go away (i.e., seek 
shelter or escape) 

0%   

  
 What will you do? 

Please cross one box.  Stay   Seek shelter   Escape  
 
 
 
 

What will you do?
Please cross one box.

❒  Stay ❒  Seek shelter ❒  Escape

f. situation 6

Odor perception
Ammonia smell, 
weak odor

😐

Smoke / vapour observable
Yes, towards the 
beach

 181 

 
 
d.  Situation 4 
 Odor perception Gas smell, 

weak odor  
 

 Smoke / vapour 
observable No 

 
 
 

 Percentage of people 
that go away (i.e., seek 
shelter or escape) 

80%   

  
 What will you do? 

Please cross one box.  Stay   Seek shelter   Escape  
 
 
e.  Situation 5 
 Odor perception No odor  ☺ 
 Smoke / vapour 

observable 

Yes, 
towards the 
beach 

 
 
 

 Percentage of people 
that go away (i.e., seek 
shelter or escape) 

50%   

  
 What will you do? 

Please cross one box.  Stay   Seek shelter   Escape  
 
 
f.  Situation 6 
 

Odor perception 
Ammonia 
smell, weak 
odor  

 

 Smoke / vapour 
observable 

Yes, 
towards the 
beach 

 
 
 

 Percentage of people 
that go away (i.e., seek 
shelter or escape) 

0%   

  
 What will you do? 

Please cross one box.  Stay   Seek shelter   Escape  
 
 
 
 

Percentage of people that go away 
(i.e., seek shelter or escape)

0%

 181 

 
 
d.  Situation 4 
 Odor perception Gas smell, 

weak odor  
 

 Smoke / vapour 
observable No 

 
 
 

 Percentage of people 
that go away (i.e., seek 
shelter or escape) 

80%   

  
 What will you do? 

Please cross one box.  Stay   Seek shelter   Escape  
 
 
e.  Situation 5 
 Odor perception No odor  ☺ 
 Smoke / vapour 

observable 

Yes, 
towards the 
beach 

 
 
 

 Percentage of people 
that go away (i.e., seek 
shelter or escape) 

50%   

  
 What will you do? 

Please cross one box.  Stay   Seek shelter   Escape  
 
 
f.  Situation 6 
 

Odor perception 
Ammonia 
smell, weak 
odor  

 

 Smoke / vapour 
observable 

Yes, 
towards the 
beach 

 
 
 

 Percentage of people 
that go away (i.e., seek 
shelter or escape) 

0%   

  
 What will you do? 

Please cross one box.  Stay   Seek shelter   Escape  
 
 
 
 

What will you do?
Please cross one box.

❒  Stay ❒  Seek shelter ❒  Escape

g. situation 7

Odor perception
Ammonia smell, 
strong odor

☹

Smoke / vapour observable
Yes, around the 
ship

 181 

 
 
d.  Situation 4 
 Odor perception Gas smell, 

weak odor  
 

 Smoke / vapour 
observable No 

 
 
 

 Percentage of people 
that go away (i.e., seek 
shelter or escape) 

80%   

  
 What will you do? 

Please cross one box.  Stay   Seek shelter   Escape  
 
 
e.  Situation 5 
 Odor perception No odor  ☺ 
 Smoke / vapour 

observable 

Yes, 
towards the 
beach 

 
 
 

 Percentage of people 
that go away (i.e., seek 
shelter or escape) 

50%   

  
 What will you do? 

Please cross one box.  Stay   Seek shelter   Escape  
 
 
f.  Situation 6 
 

Odor perception 
Ammonia 
smell, weak 
odor  

 

 Smoke / vapour 
observable 

Yes, 
towards the 
beach 

 
 
 

 Percentage of people 
that go away (i.e., seek 
shelter or escape) 

0%   

  
 What will you do? 

Please cross one box.  Stay   Seek shelter   Escape  
 
 
 
 

Percentage of people that go away 
(i.e., seek shelter or escape)

0%

 181 

 
 
d.  Situation 4 
 Odor perception Gas smell, 

weak odor  
 

 Smoke / vapour 
observable No 

 
 
 

 Percentage of people 
that go away (i.e., seek 
shelter or escape) 

80%   

  
 What will you do? 

Please cross one box.  Stay   Seek shelter   Escape  
 
 
e.  Situation 5 
 Odor perception No odor  ☺ 
 Smoke / vapour 

observable 

Yes, 
towards the 
beach 

 
 
 

 Percentage of people 
that go away (i.e., seek 
shelter or escape) 

50%   

  
 What will you do? 

Please cross one box.  Stay   Seek shelter   Escape  
 
 
f.  Situation 6 
 

Odor perception 
Ammonia 
smell, weak 
odor  

 

 Smoke / vapour 
observable 

Yes, 
towards the 
beach 

 
 
 

 Percentage of people 
that go away (i.e., seek 
shelter or escape) 

0%   

  
 What will you do? 

Please cross one box.  Stay   Seek shelter   Escape  
 
 
 
 

What will you do?
Please cross one box.

❒  Stay ❒  Seek shelter ❒  Escape
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h. situation 8

Odor perception
Gas smell,
weak odor

😐

Smoke / vapour observable
Yes, around the 
ship

 182 

g.  Situation 7 
 

Odor perception 
Ammonia 
smell, 
strong odor   

 

 Smoke / vapour 
observable 

Yes, around 
the ship 

 
 
 

 Percentage of people 
that go away (i.e., seek 
shelter or escape) 

0%   

  
 What will you do? 

Please cross one box.  Stay   Seek shelter   Escape  
 
 
h.  Situation 8 
 Odor perception Gas smell, 

weak odor  
 

 Smoke / vapour 
observable 

Yes, 
around the 
ship 

 
 
 

 Percentage of people 
that go away (i.e., seek 
shelter or escape) 

20%   

  
 What will you do? 

Please cross one box.  Stay   Seek shelter   Escape  
 
 
 
 
 
 
i.  Situation 9 
 Odor perception Gas smell, 

weak odor  
 

 Smoke / vapour 
observable 

Yes, 
towards the 
beach 

 
 
 

 Percentage of people 
that go away (i.e., seek 
shelter or escape) 

0%   

  
 What will you do? 

Please cross one box.  Stay   Seek shelter   Escape  
 
 

Percentage of people that 
go away (i.e., seek shelter or 
escape)

20%
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g.  Situation 7 
 

Odor perception 
Ammonia 
smell, 
strong odor   

 

 Smoke / vapour 
observable 

Yes, around 
the ship 

 
 
 

 Percentage of people 
that go away (i.e., seek 
shelter or escape) 

0%   

  
 What will you do? 

Please cross one box.  Stay   Seek shelter   Escape  
 
 
h.  Situation 8 
 Odor perception Gas smell, 

weak odor  
 

 Smoke / vapour 
observable 

Yes, 
around the 
ship 

 
 
 

 Percentage of people 
that go away (i.e., seek 
shelter or escape) 

20%   

  
 What will you do? 

Please cross one box.  Stay   Seek shelter   Escape  
 
 
 
 
 
 
i.  Situation 9 
 Odor perception Gas smell, 

weak odor  
 

 Smoke / vapour 
observable 

Yes, 
towards the 
beach 

 
 
 

 Percentage of people 
that go away (i.e., seek 
shelter or escape) 

0%   

  
 What will you do? 

Please cross one box.  Stay   Seek shelter   Escape  
 
 

What will you do?
Please cross one box.

❒  Stay ❒  Seek shelter ❒  Escape

i. situation 9

Odor perception
Gas smell,
weak odor

😐

Smoke / vapour observable
Yes, towards 
the beach

 182 

g.  Situation 7 
 

Odor perception 
Ammonia 
smell, 
strong odor   

 

 Smoke / vapour 
observable 

Yes, around 
the ship 

 
 
 

 Percentage of people 
that go away (i.e., seek 
shelter or escape) 

0%   

  
 What will you do? 

Please cross one box.  Stay   Seek shelter   Escape  
 
 
h.  Situation 8 
 Odor perception Gas smell, 

weak odor  
 

 Smoke / vapour 
observable 

Yes, 
around the 
ship 

 
 
 

 Percentage of people 
that go away (i.e., seek 
shelter or escape) 

20%   

  
 What will you do? 

Please cross one box.  Stay   Seek shelter   Escape  
 
 
 
 
 
 
i.  Situation 9 
 Odor perception Gas smell, 

weak odor  
 

 Smoke / vapour 
observable 

Yes, 
towards the 
beach 

 
 
 

 Percentage of people 
that go away (i.e., seek 
shelter or escape) 

0%   

  
 What will you do? 

Please cross one box.  Stay   Seek shelter   Escape  
 
 

Percentage of people that 
go away (i.e., seek shelter or 
escape)

0%
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g.  Situation 7 
 

Odor perception 
Ammonia 
smell, 
strong odor   

 

 Smoke / vapour 
observable 

Yes, around 
the ship 

 
 
 

 Percentage of people 
that go away (i.e., seek 
shelter or escape) 

0%   

  
 What will you do? 

Please cross one box.  Stay   Seek shelter   Escape  
 
 
h.  Situation 8 
 Odor perception Gas smell, 

weak odor  
 

 Smoke / vapour 
observable 

Yes, 
around the 
ship 

 
 
 

 Percentage of people 
that go away (i.e., seek 
shelter or escape) 

20%   

  
 What will you do? 

Please cross one box.  Stay   Seek shelter   Escape  
 
 
 
 
 
 
i.  Situation 9 
 Odor perception Gas smell, 

weak odor  
 

 Smoke / vapour 
observable 

Yes, 
towards the 
beach 

 
 
 

 Percentage of people 
that go away (i.e., seek 
shelter or escape) 

0%   

  
 What will you do? 

Please cross one box.  Stay   Seek shelter   Escape  
 
 

What will you do?
Please cross one box.

❒  Stay ❒  Seek shelter ❒  Escape

j. situation 10

Odor perception
Ammonia 
smell, weak 
odor

😐

Smoke / vapour observable Nee
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j.  Situation 10 
 

Odor perception 
Ammonia 
smell, weak 
odor  

 

 Smoke / vapour 
observable Nee 

 
 
 

 Percentage of people 
that go away (i.e., seek 
shelter or escape) 

80%   

  
 What will you do? 

Please cross one box.  Stay   Seek shelter   Escape  
 
 
k.  Situation 11 
 Odor perception Gas smell, 

weak odor  
 

 Smoke / vapour 
observable 

Yes, 
around the 
ship 

 
 
 

 Percentage of people 
that go away (i.e., seek 
shelter or escape) 

80%   

  
 What will you do? 

Please cross one box.  Stay   Seek shelter   Escape  
 
 
l.  Situation 12 
 

Odor perception 
Ammonia 
smell, weak 
odor  

 

 Smoke / vapour 
observable 

Yes, 
around the 
ship 

 
 
 

 Percentage of people 
that go away (i.e., seek 
shelter or escape) 

50%   

  
 What will you do? 

Please cross one box.  Stay   Seek shelter   Escape  
 

Percentage of people that 
go away (i.e., seek shelter or 
escape)

80%
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j.  Situation 10 
 

Odor perception 
Ammonia 
smell, weak 
odor  

 

 Smoke / vapour 
observable Nee 

 
 
 

 Percentage of people 
that go away (i.e., seek 
shelter or escape) 

80%   

  
 What will you do? 

Please cross one box.  Stay   Seek shelter   Escape  
 
 
k.  Situation 11 
 Odor perception Gas smell, 

weak odor  
 

 Smoke / vapour 
observable 

Yes, 
around the 
ship 

 
 
 

 Percentage of people 
that go away (i.e., seek 
shelter or escape) 

80%   

  
 What will you do? 

Please cross one box.  Stay   Seek shelter   Escape  
 
 
l.  Situation 12 
 

Odor perception 
Ammonia 
smell, weak 
odor  

 

 Smoke / vapour 
observable 

Yes, 
around the 
ship 

 
 
 

 Percentage of people 
that go away (i.e., seek 
shelter or escape) 

50%   

  
 What will you do? 

Please cross one box.  Stay   Seek shelter   Escape  
 

What will you do?
Please cross one box.

❒  Stay ❒  Seek shelter ❒  Escape
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k. situation 11

Odor perception
Gas smell,
weak odor

😐

Smoke / vapour observable
Yes, around the 
ship

 183 

j.  Situation 10 
 

Odor perception 
Ammonia 
smell, weak 
odor  

 

 Smoke / vapour 
observable Nee 

 
 
 

 Percentage of people 
that go away (i.e., seek 
shelter or escape) 

80%   

  
 What will you do? 

Please cross one box.  Stay   Seek shelter   Escape  
 
 
k.  Situation 11 
 Odor perception Gas smell, 

weak odor  
 

 Smoke / vapour 
observable 

Yes, 
around the 
ship 

 
 
 

 Percentage of people 
that go away (i.e., seek 
shelter or escape) 

80%   

  
 What will you do? 

Please cross one box.  Stay   Seek shelter   Escape  
 
 
l.  Situation 12 
 

Odor perception 
Ammonia 
smell, weak 
odor  

 

 Smoke / vapour 
observable 

Yes, 
around the 
ship 

 
 
 

 Percentage of people 
that go away (i.e., seek 
shelter or escape) 

50%   

  
 What will you do? 

Please cross one box.  Stay   Seek shelter   Escape  
 

Percentage of people that 
go away (i.e., seek shelter or 
escape)

80%
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j.  Situation 10 
 

Odor perception 
Ammonia 
smell, weak 
odor  

 

 Smoke / vapour 
observable Nee 

 
 
 

 Percentage of people 
that go away (i.e., seek 
shelter or escape) 

80%   

  
 What will you do? 

Please cross one box.  Stay   Seek shelter   Escape  
 
 
k.  Situation 11 
 Odor perception Gas smell, 

weak odor  
 

 Smoke / vapour 
observable 

Yes, 
around the 
ship 

 
 
 

 Percentage of people 
that go away (i.e., seek 
shelter or escape) 

80%   

  
 What will you do? 

Please cross one box.  Stay   Seek shelter   Escape  
 
 
l.  Situation 12 
 

Odor perception 
Ammonia 
smell, weak 
odor  

 

 Smoke / vapour 
observable 

Yes, 
around the 
ship 

 
 
 

 Percentage of people 
that go away (i.e., seek 
shelter or escape) 

50%   

  
 What will you do? 

Please cross one box.  Stay   Seek shelter   Escape  
 

What will you do?
Please cross one box.

❒  Stay ❒  Seek shelter ❒  Escape

l. situation 12

Odor perception
Ammonia 
smell, weak 
odor

😐

Smoke / vapour observable
Yes, around the 
ship

 183 

j.  Situation 10 
 

Odor perception 
Ammonia 
smell, weak 
odor  

 

 Smoke / vapour 
observable Nee 

 
 
 

 Percentage of people 
that go away (i.e., seek 
shelter or escape) 

80%   

  
 What will you do? 

Please cross one box.  Stay   Seek shelter   Escape  
 
 
k.  Situation 11 
 Odor perception Gas smell, 

weak odor  
 

 Smoke / vapour 
observable 

Yes, 
around the 
ship 

 
 
 

 Percentage of people 
that go away (i.e., seek 
shelter or escape) 

80%   

  
 What will you do? 

Please cross one box.  Stay   Seek shelter   Escape  
 
 
l.  Situation 12 
 

Odor perception 
Ammonia 
smell, weak 
odor  

 

 Smoke / vapour 
observable 

Yes, 
around the 
ship 

 
 
 

 Percentage of people 
that go away (i.e., seek 
shelter or escape) 

50%   

  
 What will you do? 

Please cross one box.  Stay   Seek shelter   Escape  
 

Percentage of people that 
go away (i.e., seek shelter or 
escape)

50%

 183 

j.  Situation 10 
 

Odor perception 
Ammonia 
smell, weak 
odor  

 

 Smoke / vapour 
observable Nee 

 
 
 

 Percentage of people 
that go away (i.e., seek 
shelter or escape) 

80%   

  
 What will you do? 

Please cross one box.  Stay   Seek shelter   Escape  
 
 
k.  Situation 11 
 Odor perception Gas smell, 

weak odor  
 

 Smoke / vapour 
observable 

Yes, 
around the 
ship 

 
 
 

 Percentage of people 
that go away (i.e., seek 
shelter or escape) 

80%   

  
 What will you do? 

Please cross one box.  Stay   Seek shelter   Escape  
 
 
l.  Situation 12 
 

Odor perception 
Ammonia 
smell, weak 
odor  

 

 Smoke / vapour 
observable 

Yes, 
around the 
ship 

 
 
 

 Percentage of people 
that go away (i.e., seek 
shelter or escape) 

50%   

  
 What will you do? 

Please cross one box.  Stay   Seek shelter   Escape  
 

What will you do?
Please cross one box.

❒  Stay ❒  Seek shelter ❒  Escape
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s2 File FAQ DCE Westerschelde

Project ‘Kijk uit op de Westerschelde’

 Frequently Asked Questions

1. General

Questions Answer

What is the purpose of 
the study?

The study focuses on two questions. Firstly, we will examine what people will do if 
an accident occurs on the Westerschelde with hazardous substances.  Secondly, the 
study is also about whether residents living near the Westerschelde can be more 
prepared for an accident involving hazardous substances, and if so, what is a good 
preparation?

Who is conducting the 
survey?

The survey is conducted by the Public Health Service (GGD) Zeeland. The GGD 
Zeeland has received subsidy for this project from ZonMw (www.zonmw.nl). In order 
to implement the results of research there is cooperation with municipalities.

The Erasmus University Rotterdam and TNO are involved in this project. The Erasmus 
University Rotterdam will perform complex statistical analyzes for the GGD.

What happens to the 
results of the study?

The collected data will be processed by researchers from the Public Health Service 
and the Erasmus University Rotterdam. With these results, the GGD will advise local 
authorities how they can better prepare citizens for a possible disaster involving 
hazardous material. The results will be ready mid-2013 and will be available to be 
consulted by everyone (see www.ggdgezondheidsatlas.nl). Data are presented 
only in the results of the examination of the total group of people who completed 
a questionnaire and of subgroups, such as men and women. The results are not 
reducible to one person.

2. Privacy

How did you receive my 
name and adress?

All the inhabitants of a municipality are included in the population database of the 
municipality. Not everyone can get your name and address from the municipality. 
The Public Health Service is authorized by the national government to randomly 
select names and addresses.
From the population of the three municipalities in Zeeland 2,000 names and 
addresses were randomly selected. You are one of the persons selected in this way 
who have been asked to participate in the study.

What does 
“confidential” mean?

Does other people 
know what I have 
entered?

We protect the privacy according to the rules for the protection of personal data 
(Personal Data Protection Act). The survey data are not linked to your name and 
address. The answers that you fill in the questionnaire can therefore not be traced 
back to you in any way. The study is not about individuals. The results of the 
study are presented by data of groups of people: the overall group of people who 
completed a questionnaire and of subgroups, such as men and women. Nobody 
knows what you have filled in.

Should I give consent to 
participate in research? 
Can I withdraw?

With the return of the questionnaire, you give consent to the processing of the data. 
It is (technically) not possible to withdraw afterwards, because the answers are 
separated from name and address. As a result, it is not possible to determine from 
whom the answers are derived. All registered research data are stored according to 
legal guidelines.
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table s1 The influence of characteristics of hazardous material transport accidents on citizens’ protective 
behaviour based on a panel error component model including demographic variables (n=881)

Alternative specific constant Coëfficiënt s.e. p-value

Type of reaction

Stay (reference level) 0

Seek shelter mean -0.221 0.143 0.122

s.d. 2.167 0.097 <0.001

Escape mean 0.839 0.333 0.012

s.d. 2.346 0.089 <0.001

Attributes seek shelter Coëfficiënt s.e. p-value

Odour perception

None (reference level) -1.579

Ammonia, weak odour -0.058 0.087 0.510

Ammonia, strong odour 1.185 0.110 <0.001

Mercaptan, weak odour -0.143 0.088 0.105

Mercaptan, strong odour 0.594 0.113 <0.001

Smoke/Vapour perception

None (reference level) -0.801

Yes, around the ship 0.125 0.072 0.082

Yes, towards the beach/quay 0.676 0.075 <0.001

Proportion of people that are leaving (per 10%) 0.13 0.018 <0.001

Gender (male) -0.442 0.179 0.013

Attributes escape Coëfficiënt s.e. p-value

Odour perception

None (reference level) -2.372

Ammonia, weak odour -0.350 0.077 <0.001

Ammonia, strong odour 1.655 0.101 <0.001

Mercaptan, weak odour -0.302 0.076 <0.001

Mercaptan, strong odour 1.370 0.102 <0.001

Smoke/Vapour perception

None (reference level) -1.234

Yes, around the ship 0.035 0.063 0.579

Yes, towards the beach/quay 1.199 0.068 <0.001

Proportion of people that are leaving (per 10%) 0.208 0.016 <0.001

Age (per year) 0.023 0.007 0.001

Model fit

Log likelihood -5.981

AIC 1.162

Pseudo R-squared 0.473

Notes: (1) effect coded variables used for odour perception and smoke/vapour perception; (2) normal distribution for ran-
dom coefficient used on constants (i.e. ‘type of reaction’);  (3) the value of the reference levels of the categorical attributes 
equals the negative sum of the coefficients of the included attributes; (4)  4) s.e. = standard error; (5) S.D. = standard 
deviation; and (6) 10,332 observations (881 subjects x 12 choice sets would result in 10,572 observations. However, 240 
oberservations were missed because some respondents did not fill in one or more choice sets, their gender, and or age); 
AIC = Akaike information criterion
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Estimation of the influence of 
protective behaviour on expected 
injuries in transport accidents with 
hazardous materials

This chapter is based on the publication: Bergstra AD, Inge J.M. Trijssenaar-
Buhre IJM, de Bekker-Grob EW, Burdorf A. Estimation of the influence of 
protective behaviour on expected injuries in transport accidents with 
hazardous materials. Submitted.
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ABstRAct

Background The release of hazardous materials due to transport accidents can have 
major health consequences for bystanders. The number of casualties will partly be 
determined by protective behaviour of people.

methods This study describes a three-step approach to predict health consequences 
of protective behaviour (for example, hiding or escaping) of bystanders in the first min-
utes of a transport accident scenario with hazardous material. First, a discrete choice 
experiment (DCE) was used to predict protective behaviour. Second, a gas dispersion 
model (SeReMo) was used to estimate the distribution of casualties for different pro-
tected behaviours. Third, results of the DCE and SeReMo were combined to estimate 
the distribution of casualties in the population-at-risk. This approach was applied to 
a hypothetical marine accident with different hazardous material scenarios on a large 
waterway in a close vicinity of a beach/quay with bystanders.

Results An important finding of our study was that in general a short reaction time and 
escaping in cross-wind direction, as protective behaviours, are of vital importance to re-
duce the number of casualties. A scenario with a short reaction time and a visible cloud 
towards the beach/quay resulted in a protective behaviour with the largest reduction of 
casualties.

conclusion A dynamic risk assessment approach considering that people threatened by 
hazardous material are not ‘stationary observers’, but will exhibit protective behaviour, 
and a risk assessment that takes into account empirical evidence on expected protective 
behaviour will present a more realistic estimate of the number and severity of casualties 
due to a large transport accident with hazardous materials.
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INtRoDUctIoN

Transport accidents with hazardous materials in a populated area can have major 
consequences. For example, in 2009 a derailment of a freight train carrying 14 LPG 
(liquefied Petroleum Gas) tank-cars near Viareggio, Italy, caused a massive LPG release 
near residential buildings and the trigged flash-fire resulted in 31 deaths [1]. In 1976 a 
road tanker fell from a bridge in Houston, USA, after which the toxic ammonia gas was 
released that resulted in 200 injured persons and 6 deaths [2].

When a transport incident with a hazardous material occurs in close vicinity of a 
populated area, the hazardous material will reach bystanders within minutes. It is un-
likely that local authorities can respond in this short time window by activating the civil 
defence siren or initiating a guided evacuation by emergency services. Thus, the number 
of casualties will partly be determined by protective behaviour demonstrated by the 
population-at-risk. Two main strategies undertaken by the general public are seeking 
shelter or leaving the area at risk. In general, people will not act on threat information 
unless they perceive a personal risk to themselves and, contrary to widespread belief, 
escaping in panic rarely occurs [3]. To the best of our knowledge, research is scarce on 
the behaviour of bystanders in an incident involving hazardous materials. The protective 
behaviour to an acute chemical emergency will be influenced by differences in chemi-
cal characteristics (destructive potential and controllability) and variations within the 
social context (e.g. demographic characteristics of population-at-risk) of that particular 
situation [4]. Perceptions of risk can inform and influence behaviour in response to a 
perceived risk [5]. The public’s threat perception of chemical agents is quite often inac-
curate, probably because public’s lack of an experiential point of reference [4,6].

A general framework for people’s responses to environmental hazards and disasters 
has been integrated in a Protective Action Decision Model (PADM) by Lindell en Perry 
[7]. In short, the process starts with environmental cues (e.g. sights, smells, or sounds 
that signal the onset of a threat), social cues (e.g. seeing others escaping), and warnings 
(e.g. siren). These cues and warnings initiate perceptions of environmental threat which 
subsequently guide protective behaviour.  The behavioural response will be influenced 
by personal characteristics, situational facilitators (e.g. shelters), and impediments (e.g. 
separation of family members). Better insight into protective behaviour may improve 
existing risk assessment approaches, since most often risk assessment of toxic gas 
dispersion does not include the impact of human behaviour and people movement 
during emergencies, but assume a ‘stationary observer’ [8]. To improve the accuracy of 
risk assessment for disasters involving toxic or combustible gases both modelling of gas 
dispersion and protective behaviour (shelter or evacuation trajectory) should be taken 
into account. Hence, the aim of this study is to introduce a methodology to 1) to predict 
people’s intended behaviour in the first minutes of a transport accident scenario with 
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hazardous materials and to quantify how the different environmental and social cues, 
and perceptions threats will influence protective action decision making, 2) estimate 
the burden of injuries of the different (dynamic) protective behaviours, and 3) estimate 
the burden of injuries in a study population for different scenarios, taking into account 
people’s intended predicted protective behaviour.

In this study the methodology has been applied to a hypothetical marine incident 
on a large waterway in close vicinity of a beach/quay. On many waterways in the world 
transport of hazardous material takes place in close vicinity of beaches and quays. The 
probability of a hazardous material accident by collision between two ships is very 
small, but the consequences could be severe for persons in the vicinity of the accident.

metHoDs

study design
In this study a hypothetical marine accident with hazardous materials on a large water-
way in the direct vicinity of a beach/quay and the health consequences of bystanders 
was investigated. The study consists of three parts. First part is a questionnaire among 
inhabitants living in the direct neighbourhood of a large waterway where hazardous 
materials are transported. The questions relate to health, risk perception and protective 
behaviour during an incident. With a discrete choice experiment (DCE) the intended 
behaviour of respondents, i.e. staying, seeking shelter, or escaping, was determined for 
different incident scenarios. The second part of the study consists of a structured health 
impact assessment with the Self Rescue Model (SeReMo). For the different protective 
behaviours the lethal and sublethal injuries in the case of a toxic and a combustible 
gas scenario were estimated. In the third part of the study the burden of injuries in the 
specific study population was estimated for the different incident scenarios, taking into 
account people’s predicted protective behaviour.

The municipal Public Health Services in the Netherlands are required by law to 
regularly monitor the health of the local population. A postal questionnaire was send, 
together with an information leaflet explaining that informed consent was provided by 
returning a filled out questionnaire. Under the Dutch law for medical scientific research 
with human subjects questionnaire surveys are not subject to approval by an institu-
tional ethics committee. Data protection and privacy was in adherence to the Code of 
Conduct for Medical research (at www.federa.org), established by the Council of the 
Federation of Medical Scientific Societies.
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study locations and scenarios
The study location was the beach/quay of two cities (Terneuzen and Vlissingen) across 
a large waterway (Westerschelde) in the Southwest of the Netherlands (see Figure 1).

Since shipping of large quantities of ammonia (toxic) and propane gas (combustible) 
took place, these hazardous materials were selected for further evaluation. Propane is 
odorized by mercaptan. Mercaptan has a typical gas odour which has a familiar smell for 
Dutch people. The scenarios start with a collision between two ships that will release a 
toxic ammonia cloud or a combustible propane gas cloud. Both ammonia and propane 
form a visible cloud (mist) that is initially located around the ship and then floats to the 
beach/quay. At the moment the cloud reaches the beach/quay, sensory perception is 
assumed by a strong ammonia or gas odour. The following protective behaviour options 
were evaluated: staying, sheltering, escaping by walking in along-wind direction, escap-
ing by walking in cross-wind direction, escaping by running in along-wind direction, and 
escaping by running in cross-wind direction. Figure 2 shows the main strategies for self-
rescue behaviour in this study population. Bystanders may exhibit a delayed response 
to an incident. Therefore the following reaction time possibilities were evaluated: short 
reaction time (i.e. people start to react about 10 seconds after the collision, based on 
sound and visibility of the accident) and long reaction time (i.e. people start to react 10 
seconds after they perceive the ammonia or propane (mercaptan) odours.

In summary, in this study 4 scenarios were defined, based on accident characteristics 
and reaction time, with different protective behaviours within each scenario (see Table 2).

Figure 1 Shipping along the city Vlissingen, the Netherlands.  Photo: Safety Region Zeeland, the Nether-
lands
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Questionnaire
A cross-sectional study was conducted among inhabitants (aged 19–64 years) of the two 
study locations. The questionnaire consisted of two main parts namely: 1) questions 
on socio-demographic characteristics, health, risk perception and behaviour, and 2) 
Discrete Choice Experiment (DCE) questions.

Questionnaire on socio-demographic characteristics, health, risk perception and 
behaviour
Besides socio-demographic characteristics (gender, age, household composition and 
education) physical fitness, risk perception, and some aspects of protected behaviour 
were included (see chapter 6, Appendix S1 file). Physical fitness was measured with a 
single question to determine six levels 1) I can run for 5 minutes or more without prob-
lems, 2) I can run for 1- 5 minutes, but not longer, 3) I can run for a short time, not longer 
than 1 minute, 4) I cannot run at all but easily walk 300 meters, 5) I cannot run at all and 
also not easily walk 300 meters, and 6) I am dependent on others. Risk perception was 
measured by an 11 point scale on level of concern about potential impacts of living near 
a waterway on their safety (0: not worried at all, 10: extreme worried). The association of 
odour with danger was determined by two questions on perceiving smell of ammonia 
or gas with danger with 5-point scale ranging from strongly disagree to strongly agree. 
A score of (strongly) agree was categorized as a participant who associates smell with 
danger.  The question on escape direction relative to wind direction had four possible 
answers: along-wind, cross-wind, against the wind, and I do not know. In this study we 
did not consider the option that persons would approach the site of the accident and, 
therefore, the answer ‘against the wind’ has been interpreted as missing. Finally a ques-
tion was asked on how fast someone will escape with seven possible answers: 1) walking 
to a safe distance, 2) running to a safe distance, 3) walking to your car and drive to a safe 

Figure 2 Main strategies for self-rescue behaviour
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place, 4) running to your car and drive to a safe place, 5) walking to your bike/moped 
and drive to a safe place, 6) running to your bike/moped and drive to a safe place, and 7) 
miscellaneous behaviours.

The statistical analyses were conducted with the statistical package IBM SPSS ver-
sion 21 (SPSS Inc., Chicago, IL, USA).

Discrete Choice Experiment
Part of the questionnaire consisted of Discrete Choice Experiment (DCE) questions. 
Details of this DCE study were published earlier, see De Bekker-Grob et all [9].  In short, 
the DCE is a quantitative technique to investigate individual preferences (choice behav-
iour). It elicits preferences that individuals are willing to make by asking respondents 
to choose between different options described by their attributes and levels [10–13]. 
In this quantitative sub-study the intended behaviour of respondents is investigated by 
presenting different incident scenarios with hazardous material on the river and ask-
ing respondents to choose the alternative that was most appealing to them: staying, 
seeking shelter, or escaping. The alternatives (stay, hide or escape) are described by 
the following attributes (characteristics): odour perception, smoke/vapour perception, 
and proportion of people leaving (see Figure 3 for a choice set example and chapter 6, 
Appendix S1 File). The attributes are further specified by variants of those attributes 
(attribute levels). The attribute odour perception had the following five attribute levels: 
none (reference level), weak ammonia odour, strong ammonia odour, weak gas odour, 
and strong gas odour. The attribute smoke/vapour perception had the following three 
attribute levels: none (reference level), around the ship, and towards the ship. The at-
tribute proportion of people that are leaving had the following four attribute levels: 0% 

scenario
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Ammonia smell, 
strong odour ☹

Smoke / vapour observable
Yes, around the 
ship

 
11 

are leaving had the following four attribute levels: 0% (reference level), 20%, 50%, and 80%. For 

a more detailed description of the DCE study we refer to our previous publication [9]. 
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(reference level), 20%, 50%, and 80%. For a more detailed description of the DCE study 
we refer to our previous publication [9].

self Rescue model
The Self Rescue Model (SeReMo) has been developed to estimate the consequences of 
human behaviour on lethal and sublethal injuries for toxic and fire/explosion scenarios. 
SeReMo uses the same physical models as the model EFFECTS, described in detail in the 
‘Yellow Book’ [14]  and the ‘Green Book’ [15]. In addition, the SeReMo contains a protec-
tive behaviour as well as an injury model. For a detailed description of SeReMo, see 
Trijssenaar [16–19]. In short the following aspects were included in the SeReMo model.

Reaction time. The degree of injury depends on level and duration of the exposure. 
When a collision between two ships takes place, it can take some time before bystanders 
react.

Exposure during shelter. The concentration inside the shelter depends on the con-
centration outside and the degree of ventilation and whether windows and doors are 
closed. When sheltering, it is assumed that the persons are inside at the time of the 
incident.

Exposure during escape. The strategy escape can be complemented by walking or 
running in a cross-wind or along-wind direction from the incident. The self-rescue time 
depends on how fast a person can walk and differs across scenarios since the walking 
velocity can be inhibited in toxic scenarios or encouraged in fire scenarios. Running does 
not only affect the moving speed of a person, but also increases the respiratory minute 
volume and, thus the inhaled exposure. For toxic injuries a distinction is made between 
chemicals that have a dose related threshold (i.e. exposure concentration level * dura-
tion) and chemicals that have an -exposure concentration level related- threshold for 
injuries. The effects of a vapour cloud explosion are similar to those of a flash fire of a 
flammable vapour cloud, supplemented by pressure effects as a result of the explosion. 
For a flammable cloud it is assumed that everyone who is in the effect zone at the moment 
of ignition will die and outside the effect zone the number of injuries is relatively low [20].

Casualties. SeReMo translates the health effects towards the following three injury 
classes: death, immediate hospitalisation required (i.e. within 2 hours), and urgent hos-
pitalisation required (i.e. within 6 hours). These classes are used by medical emergency 
responders to determine the urgency of medical treatment of the victims of an accident 
[21]. See Appendix Text for a technical description of the accident and the input param-
eters used in SeReMo.

casualties per scenario in the study population
To estimate the burden of casualties in a study population for different scenarios, taking 
into account people’s predicted protective behaviour, the results of the DCE and SeReMo 
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were combined. The distribution of type of casualty (death, immediate hospitalisation, 
or urgent hospitalisation) for each scenario (strong odour, cloud towards beach/quay, 
etc.) depends on the protective behaviour of people (staying, seeking shelter and es-
caping) per scenario (as established in the DCE) and the casualties for each protective 
behaviour (as predicted in the SeReMo). The distribution of casualties per scenario is 
calculated by multiplying the results of the DCE (protective behaviour per scenario) with 
the results of the SeReMo (casualties per protective behaviour).

ResULts

characteristics of respondents
The response rate to the questionnaire was 44% (881/1,994). Table 1 shows the charac-
teristics of the respondents. About 50% of the respondents where between 50 and 64 
years old, 26% had a high educational level, and 47% had children. Most of the adults 
(53%) reported to be able to run for 5 minutes or longer. About 12% were very worried 

table 1 Characteristics of respondents in who completed the questionnaire (N = 881)

characteristic n %
Gender (male) 415 47

Age groups
     19 – 34 years 162 18

     35 – 49 years 296 34

     50 – 64 years 423 48

Household with children 404 47

education level
 Primary school 38 4

 Lower general secondary education 266 30

   Higher general secondary education 343 39

   College, university 227 26

Physical fitness in the case of an emergency
   Can run for 5 minutes or more 452 53

   Can run for 1-5 minutes 274 32

   Can run for less than 1 minutes 48 6

   Can walk for 300 meters or less 70 10

Perception
   Very worried about shipping in the neighbourhood 106 12

   Associate smell of ammonia with danger 692 80

   Associate smell of gas with danger 768 88

self-rescue behaviour if people escape (n=613)
   Escape in cross-wind direction, walking 232 38

   Escape in cross-wind direction, running 155 25

   Escape in along-wind direction, walking 138 23

   Escape in along-wind direction, running 88 14
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about living along a shipping route, and most of the adults associated ammonia and 
propane (mercaptan) odour with danger (80% and 88% respectively). If people escape, 
escaping in cross-wind direction was the option most often chosen (63%).

Discrete choice experiment
Figure 4 shows the results of the DCE analysis, compared to the base case. The base 
case in this study is a mildly looking marine transport accident (i.e., without any odour 
perception or smoke/vapour perception, and where the bystanders will not leave the 
location). In this scenario the DCE predicted probabilities that a subject would stay, seek 
shelter or escape were 62%, 13%, and 25%, respectively. For a severe looking marine 
transport accident these probabilities were 1%, 16%, and 83%, respectively, showing a 
strong shift towards escaping. Escape was much more preferred than seeking shelter. A 

Figure 4 Effects of changing one of the attribute levels (i.e., univariate marginal estimates)  on the average 
probability of citizens’ protective behaviour (seeking shelter or escaping) to transport accidents involving 
hazardous materials on a populated waterway, as predicted by a panel error component model (n=881)
Note: the base case is a visible transport accident involving hazardous materials on a populated waterway without any 
odour perception or smoke/vapour perception, and where 0% of the people in the environment will leave the location at 
their own discretion. This base case is indicated as zero change in the probability of the x-axis (i.e., equal to predicted prob-
abilities that 61.8%, 12.9% and 25.3% of the persons will stay, seek shelter, and escape respectively) [9]
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perception of a strong ammonia odour (compared to the base case) increased the pre-
dicted probability that a subject will seek shelter by 9 percentage points or will escape by 
40 percentage points, compared to ‘no odour perception’.  If smoke/vapour came close to 
individuals, people’s preference changed from staying to seeking shelter and escaping.

table 2 Injury consequences by protective behaviour modelled with SeReMo for toxic scenario (ammonia) 
and fire/explosion (propane) scenario by short (i.e. people start to react about 10 seconds after the col-
lision) and long reaction time (i.e. people start to react 10 seconds after they perceive the ammonia or 
propane (mercaptan)

casualties (%)

Death Hospitalisation

scenario Immediatea Urgentb

toxic scenario (ammonia) and a short reaction time

    Stay 57 43 0

    Shelter 8 42 50

    Escape in along-wind direction, walking 43 54 4

    Escape in along-wind direction, running 20 40 41

    Escape in cross-wind direction, walking 0 0 50

    Escape in cross-wind direction, running 0 0 0

toxic scenario (ammonia) and a long reaction time

   Stay 57 43 0

   Shelter 8 42 50

   Escape in along-wind direction, walking 57 44 0

   Escape in along-wind direction, running 57 44 0

   Escape in cross-wind direction, walking 57 44 0

   Escape in cross-wind direction, running 57 44 0

combustible scenario (propane) and a short reaction time

    Stay 100 0 0

    Shelter 100 0 0

    Escape in along-wind direction, walking 45 0 0

    Escape in along-wind direction, running 10 0 0

    Escape in cross-wind direction, walking 30 0 0

    Escape in cross-wind direction, running 10 0 0

combustible scenario (propane) and a long reaction time.

   Stay 100 0 0

   Shelter 100 0 0

   Escape in along-wind direction, walking 100 0 0

   Escape in along-wind direction, running 85 0 0

   Escape in cross-wind direction, walking 100 0 0

   Escape in cross-wind direction, running 70 0 0
a<= 2 hour
b<= 6 hour
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self Rescue model
Table 2 shows the distribution of casualties for 4 scenarios, based on accident charac-
teristics and reaction time, with different protective behaviours within each scenario

For the toxic scenario, combined with a long reaction time, the model approach 
predicted that sheltering is the only effective action perspective. The escape behaviour 
(along-wind or cross-wind direction, and walking or running) did not have a positive 
effect on the distribution of casualties. In this situation people were already exposed to 
a high concentration, so that escaping had no longer any impact. When there is a short 
reaction time, escaping appeared as an option to limit the distribution of casualties. 
Running was more effective than walking, despite the fact that one breathes faster dur-
ing running. If people would escape by running in cross-wind direction, no casualties at 
all were predicted and this was therefore more effective than shelter.

For the combustible scenario seeking shelter was not an effective action due to 
secondary fires in the buildings. When people escape, a short reaction time is of vital 
importance. When people start to escape after a long reaction time, running helps to 
reduce the severity of injuries.

table 3 Effects of changing one of the attribute levels on the percentage injuries due to transport accidents 
involving hazardous materials on a populated waterway, as predicted by a panel error component model 
and SeReMo by short (i.e. people start to react about 10 seconds after the collision) and long reaction (i.e. 
people start to react 10 seconds after they perceive the ammonia or propane (mercaptan)) time

scenario

casualties (%)

Death (∆Death) Hospitalisation

Immediateb (∆Immediate) Urgentc (∆Urgent)

toxic scenario (ammonia) and a short reaction time

   Base casea: no odour, no cloud and 0% 
leaving 39.4 36.5 13.0

  Weak odour na (na) na (na) na (na)

  Strong odour na (na) na (na) na (na)

  Cloud around ship 31.6 (-7.8) 33.1 (-3.4) 18.2 (5.3)

  Cloud toward beach/quay 25.2 (-14.2) 29.9 (-6.7) 22.2 (9.2)

  20% leaving 37.0 (-2.4) 35.4 (-1.1) 14.5 (1.6)

  50% leaving 33.0 (-6.4) 33.9 (-2.6) 17.4 (4.5)

  80% leaving 29.3 (-10.0) 32.0 (-4.6) 19.7 (6.7)



Ch
ap

te
r 7

Protective behaviour, expected injuries and accidents 139

table 3 Effects of changing one of the attribute levels on the percentage injuries due to transport accidents 
involving hazardous materials on a populated waterway, as predicted by a panel error component model 
and SeReMo by short (i.e. people start to react about 10 seconds after the collision) and long reaction (i.e. 
people start to react 10 seconds after they perceive the ammonia or propane (mercaptan)) time (continued)

scenario

casualties (%)

Death (∆Death) Hospitalisation

Immediateb (∆Immediate) Urgentc (∆Urgent)

toxic scenario (ammonia) and a long reaction time

   Base casea: no odour, no cloud and 0% 
leaving 50.5 42.9 6.5

  Weak odour 47.2 (-3.4) 42.8 (-0.1) 9.9 (3.4)

  Strong odour 46.5 (-4.0) 42.8 (-0.1) 10.6 (4.1)

  Cloud around ship 48.7 (-1.8) 42.8 (0.0) 8.4 (1.8)

  Cloud towards beach/quay 48.0 (-2.6) 42.8 (-0.1) 9.1 (2.5)

  20% leaving 50.1 (-0.4) 42.9 (0.0) 7.0 (0.4)

  50% leaving 48.8 (-1.7) 42.9 (0.0) 8.3 (1.8)

  80% leaving 48.5 (-2.0) 42.8 (0.0) 8.6 (2.1)

combustible scenario (propane) and a short reaction time

   Base casea: no odour, no cloud and 0% 
leaving 81.3 0.0 0.0

  Weak odour na (na) na (na) na (na)

  Strong odour na (na) na (na) na (na)

  Cloud around ship 71.3 (-10.0) 0.0 (0.0) 0.0 (0.0)

  Cloud towards beach/quay 61.8 (-19.5) 0.0 (0.0) 0.0 (0.0)

  20% leaving 78.0 (-3.3) 0.0 (0.0) 0.0 (0.0)

  50% leaving 73.6 (-7.7) 0.0 (0.0) 0.0 (0.0)

  80% leaving 67.9 (-13.4) 0.0 (0.0) 0.0 (0.0)

combustible scenario (propane) and a long reaction time

   Base casea: no odour, no cloud and 0% 
leaving 97.6 0.0 0.0

  Weak odour 95.7 (-1.9) 0.0 (0.0) 0.0 (0.0)

  Strong odour 93.6 (-4.0) 0.0 (0.0) 0.0 (0.0)

  Cloud around ship 96.3 (-1.3) 0.0 (0.0) 0.0 (0.0)

  Cloud towards beach/quay 95.0 (-2.6) 0.0 (0.0) 0.0 (0.0)

  20% leaving 97.2 (-0.4) 0.0 (0.0) 0.0 (0.0)

  50% leaving 96.6 (-1.0) 0.0 (0.0) 0.0 (0.0)

  80% leaving 95.9 (-1.7) 0.0 (0.0) 0.0 (0.0)
a Equal to predicted victims that 61.8%, 12.9% and 25.3% of the persons will stay, seek shelter, and escape respectively
na: not applicable because it takes 60-100 seconds before the cloud reach the beach/quay
b <= 2 hour
c <= 6 hour
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casualties per scenario in the study population
Table 3 shows the distribution of casualties in the study population for each scenario, 
based on the distribution of protective behaviour in the population-at-risk and the 
distribution of injuries per protective behaviour.

The scenario, a weak/strong odour and a short reaction time (i.e. people start to react 
about 10 seconds after the collision), was not applicable because it takes approximately 
60-100 seconds before the cloud reach the beach/quay (distance ship to beach/quay is 
300-500 meter, wind speed is 5 m/s). A short reaction is of vital importance, since it will 
be already too late if one reacts just after the perception of an ammonia or gas odour. 
The scenarios with a short reaction time and a cloud towards the beach/quay resulted 
in a protective behaviour with the largest reduction of casualties. Cloud around ship and 
the percentage of people leaving also reduced casualties but to a lesser extent.

DIscUssIoN

This study showed that the marine transport accident characteristics ‘odour perception’, 
‘smoke/vapour perception’, and ‘the proportion of bystanders that are leaving at their 
own discretion’ will influence protective behaviour and thereby the impact of the ac-
cident on casualties to be expected. Many people only show protective behaviour when 
environmental cues (e.g. smells, smoke) are observable. A perception of a strong ammo-
nia or propane (mercaptan) odour had the strongest influence on protective behaviour. 
Smaller effects were found for observation of smoke/vapour and bystanders  leaving at 
their own discretion. Regarding the toxic scenario, escaping by running in cross-wind 
direction was most effective in the case of a short reaction time. In the case of a long 
reaction time, escaping was not effective at all. Regarding the combustible scenario, run-
ning in cross-wind direction was the most effective in the case of both a short and long 
reaction time. Sheltering reduced the severity of casualties in the toxic scenario. For the 
explosion/fire scenario sheltering is not an effective action. Combining the results of the 
DCE and SeReMo shows that the scenario with a short reaction time and a cloud towards 
the shore results in a protective behaviour with the largest reduction of casualties.

This study introduced a risk assessment approach to get insight in how expected 
protected behaviour of bystanders to a hazardous materials release will influence the 
distribution of casualties. Compared to most other risk assessments the risk assessment 
in this study is improved by 1) predicting human protective behaviour which determines 
to a large extent the severity of casualties, and 2) using a gas dispersion model that takes 
into account protective behaviour in the estimated distribution of casualties. Protective 
behaviour was predicted using a discrete choice experiment (DCE). To the best of our 
knowledge, there are no other DCE investigations to predict protective behaviour of 
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bystanders during transport accidents involving hazardous materials. The DCE method 
allows for predicting heterogeneity in choices, depending on individual characteristics, 
thus taking into account the composition of the population at risk, and different attri-
butes of the accident, thereby being able to determine which accident characteristics 
determine behaviour patterns [9].

In this study we have used SeReMo to model gas exposure, taking into account 
protective behaviour. Such a dynamic risk assessment is rare. One of the few examples 
is the study by Lovreglio et all [8] who used a dynamic approach for the impact of a toxic 
gas dispersion hazard considering human behaviour and dispersion modelling. Exist-
ing risk assessments typically use stationary observers, that do not take into account 
expected protective behaviour and therefore will most likely overestimate the number 
and severity of casualties. Our dynamic risk assessment showed that the two scenarios 
with a long response time have relative little or no effect on the number of victims. The 
other two scenarios with a short reaction time show that protective behaviour makes 
sense. In the case of a toxic scenario with a short response time and a cloud towards the 
beach/quay, more people escape (28 percentage point) and seek shelter (5 percentage 
points) and therefore the number of deaths is reduced by 14 percentage points. In the 
case of a fire/explosion scenario with a short reaction and a cloud towards the beach/
quay the number of deaths is reduced by 20 percentage points.

Besides these strengths of our study, we have to acknowledge several limitations. 
First, the response of the questionnaire was not optimal. In our study the response of 
44% was similar to other DCE studies [22–25], but some selection bias may have oc-
curred, although our respondents did not differ from non-respondents in age and gender. 
Moreover, the distribution across educational levels in our study sample was similar to 
the general population of the Netherlands. Second, the DCE handled a limited number 
of attributes. Having (too) many attributes would have increased the complexity of the 
study further, which might result in choice heuristics, in a lower participation rate, and  
increase in choice inconsistency due to respondent fatigue [26].  In our application, the 
marine accident, we selected the most relevant attributes in our DCE, using literature 
(among others PADM) and a focus group study, but some relevant attributes may have 
gone unnoticed. For example, the DCE did not address an immediate escape behaviour 
prompted by visual and auditory perception because of the collision. Modelling with 
SeReMo showed that reaction time is important. In general people only show protec-
tive behaviour when they are exposed to environmental cues (e.g. smells, smoke) [3,7]. 
Because it takes approximately 60-100 seconds before the cloud reach the beach/quay 
a large part of the people will not react immediately. Third, there may be a response 
bias whereby the decisions in accident scenarios evaluated by the DCE questionnaire 
differ from acute behavioural response in a real accident. According to Kahneman [27] 
in emergency situations it is more likely that people demonstrate a rapid and associative 
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response than a rationale decision process that is slow and deductive. Despite respond-
ers were encouraged to write down their first thoughts it is possible that responders gave 
more (rational) thoughtful answers. Fourth, the parameters in the SeReMo (e.g. wind 
speed and direction) can have a significant influence on the predictions, i.e. changes in 
the dispersion direction and the spreading of the resulting toxic and combustible gases. 
Given the scenarios in our study, the assumption of a constant wind speed and weather 
stability class can be considered reasonable.

Since there is limited experience with combining discrete choice models, that cap-
ture heterogeneity in behavioural choices, with accident models that predict causalities 
based on a scenario approach, it is recommended to apply this novel approach to a 
well-documented transport accident or to compare it with other methods for behav-
iour during accidents. Lawson [28] has developed a research method in which human 
behaviour during incidents can be predicted at low cost. This method can possible be 
improved by using a virtual reality game.

coNcLUsIoN

This study introduced an approach to estimate the influence of protective behaviour on 
expected injuries in transport accidents with hazardous materials. The main advantages 
of the approach is the use of CDE technique to investigate protective behaviour and the 
use of SeReMo dispersion model with take into account protective behaviour to calcu-
late the number of causalities. It is a dynamic risk assessment approach considering 
that people threatened by hazardous material are not ‘stationary observers’, but will 
exhibit protective behaviour, and a risk assessment that takes into account empirical 
evidence on expected protective behaviour. This approach will present a more realistic 
estimate of the number and severity of casualties due to a large transport accident with 
hazardous materials.

The results of this study can be used for developing interventions to diminish adverse 
health effects. For example, a short reaction time and escaping in cross-wind direction 
is of vital importance in most of the accident scenarios. Other alarm techniques such 
as sensors and SMS broadcasting (NL-alert in the Netherlands) can reduce the reaction 
time.
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APPeNDIX

technical description of the accident

Toxic scenario (ammonia)
In front of the beach of the city Vlissingen or quay of Terneuzen, The Netherlands, a 
loaded cargo ship collides with a ship tanker carrying refrigerated ammonia. A hole is 
created on the water line and ammonia escapes. The wind direction is towards the shore 
and the wind speed is 3 Beaufort. As a result of the leakage of ammonia, a toxic cloud,  
dispersed towards the shore. Within minutes the people on the shore perceive a strong 
and characteristic ammonia smell and an intense irritation of airways and eyes. This 
cloud causes lethal injuries up to a distance of 900 meters from the ship (lethal to 1% of 
the population at 900 m). Across the direction of the wind, the cloud is in both directions 
up to 50 meters deadly for 1% of the population. The toxic cloud with a 1% lethality 
concentration is present in the area for about 60 minutes.

Combustible scenario (propane)
In front of the beach of the city Vlissingen or quay of Terneuzen, The Netherlands, a 
loaded cargo ship collides with a ship tanker carrying propane under pressure. A hole 
is created at the bottom of the tank from which propane escapes. The wind direction 
is towards the shore and the wind speed is 3 Beaufort. As a result of the leakage of 
propane, a vapour cloud is dispersed towards the shore, resulting a flammable cloud 
up to a distance of 620 from the ship. Within minutes the people on the shore observe 
a strong odour. Across the direction of the wind, the cloud is combustible up to 160 
meters in both directions. The cloud is (delayed) ignited and all people within the area 
of   620 by 320 meters are lethally injured. In addition, pressure effects can also occur due 
to a vapour cloud explosion, which can cause buildings to collapse and cause damage 
even further away from the cloud. People who are indoors can also suffer other types 
of injuries than burns due to the pressure effects (collapsing buildings, glass fragments, 
etc.). Table S1 shows the input parameters for the SeReMo.
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table s1 Input parameters Self Rescue Model

environment

Wind speed 5 m/s

Wind direction Towards the beach/quay

Stability Pasquill class D

Ambient temperature 10°C

Relative air humidity 83%

Roughness length 0.07 meter

Location City Vlissingen, beach distance 300m

City Terneuzen, quay distance 500m

ship and incident characteristics

Tank size ammonia/propane 2250 m3 / 1300m3

Fill level ammonia/propane 90% / 85%

Tank Temperature ammonia/propane -33°C / 10°C

Tank pressure ammonia/propane 1.04bar / 6.4bar

Hole size ammonia/propane 250mm (waterline) / 250mm (bottom)

Outflow speed ammonia/propane 200 kg/s  / 860 kg/s

Outflow time ammonia/propane 54 minutes / 11 minutes

Evaporation/dissolution ammonia 160 kg/s / 40 kg/s

Fire/explosion distribution propane 60% / 40%

People

Escaping speed walking/running 4.3 km/hour / 10 km/hour

Building shelter

Ventilation rate 0.25/hour

Position relative to ship City Vlissingen:   x = 0 m, y = 300 m

(y is wind direction towards beach/quay) City Terneuzen:   x = 0 m, y = 550 m





8
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RAtIoNALe FoR oBJectIVes

People living in the immediate vicinity of industrial areas can be exposed to different 
components of air pollution, such as particular matter (PM2.5 and PM10), nitrogen oxide 
(NOX), sulphur dioxide (SO2) and volatile organic compounds (VOC) which can cause 
different health effects (e.g. asthma, chronic  obstructive pulmonary disease, and mor-
tality). The release of air pollution can take place under stable conditions (average expo-
sure) and during accidents in plants, disruption of production, or during transportation 
of hazardous materials (peak exposure possible). Investigations about air pollution and 
health often focus on emissions from road traffic and on urban or regional differences in 
air pollution. Despite that the impact of localised air pollution from industry on health 
is a major concern in some areas, the influence of air pollution from heavy industry on 
health (e.g. lung function, respiratory symptoms, dispensed medicine, and birth out-
comes) has been understudied [1–4]. 

This leads to the first objective of this thesis:
To investigate the influence of air pollution from industrial activities on health.

The presence of industrial activity can increase peoples´ risk perception and can pos-
sibly influence the association between industrial pollution and health symptoms. For 
instance people with a high risk perception are likely to report more health symptoms. 
Also, a high risk perception may act like a stressor and therefore can influence people’s 
health [5]. Studies about the influence of risk perception on the association between in-
dustrial pollution and self-reported health symptoms are rare. Besides the influence on 
(self-reported) health, risk perception can also influence peoples´ protective behaviour 
(e.g. shelter or escape) in case of an accident with dangerous materials. The exposure 
depends very much on the protective behaviour. Therefore, to improve accuracy of risk 
assessment for incidents involving toxic or combustible gases, both modelling of gas 
dispersion and protective behaviour should be taken into account.  However, such stud-
ies are rare [6]. 

This leads to the second objective of this thesis:
To investigate the influence of citizens’ risk perception, related to industrial activities 

(including incidents), on (protective) behaviour. 

This chapter begins with a summary of the main findings, followed by methodological 
considerations, interpretation of new insights, and the social impact of the results of the 
studies. Finally, this chapter ends with recommendations for researchers, policymakers 
and professionals in public health.   
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mAIN FINDINGs 

Objective 1: To investigate the influence of air pollution from industrial activities 
on health.
In this thesis the influence of industrial related air pollution exposure on health was 
investigated in various ways, namely by means of health questionnaires, lung function 
measurements, birth outcomes, and prescribed medicine. All studies in this thesis re-
ported that industry-related air pollution was associated with adverse effects on health. 

The cross-sectional questionnaire study in chapter 2 describes the associations of 
exposure to air pollution from industry and self-reported diseases in adults and the dis-
eases of their children (if applicable). The results in children were consistent; exposures 
to industry-related PM2.5 and NOX (per μg/m3) were significant related with wheezing (OR 
2.00, 95% CI 1.24 to 3.24 and OR 1.13, 95% CI 1.06 to 1.21 respectively) and dry cough 
(OR 2.33, 95% CI 1.55 to 3.52 and OR 1.16, 95% CI  1.10 to 1.22 respectively). The results 
in adults showed less strong associations. 

chapter 3 describes a cross-sectional lung function study among school children. 
Higher exposures to industry-related PM2.5 and NOX (per interquartile range of 0.56 and 
7.43 μg/m3 respectively) were associated with lower percent predicted peak expiratory 
flow (PEF) (B -2.80%, 95 % CI -5.05% to −0.55% and B -3.67%, 95% CI -6.93% to− 0.42% 
respectively). 

chapter 4 describes a cross-sectional register-based study about industry-related 
air pollution and birth outcomes. Higher exposures during pregnancy to PM10, NOX, 
SO2 and VOC (per interquartile range of  0.41, 1.16, 0.42, and 0.97 μg/m3 respectively) 
were significantly associated with reduced birth weight (varying from 21g to 30 g) and 
reduced birth length  (0.1 cm to 0.2 cm). Higher exposures during pregnancy to NOX, SO2 
and VOC (per interquartile range) were significantly associated with lower gestational 
age (varying from 0.3 to 0.7 days).

The register-based repeated cross-sectional study in chapter 5 describes the asso-
ciations of specific industry-related  air pollution with occurrence of chronic diseases. 
Exposure to PM10 and to NOX (per µg/m3) were significantly associated with medication 
for cardiovascular diseases (OR 1.06, 95 CI% 1.06 – 1.06 and OR 1.01, 95% CI 1.01 – 1.01 
respectively). Exposures to PM10 and SO2 (per µg/m3) were significantly associated with 
medication for inflammatory conditions (OR 1.05, 95% CI 1.00-1.09 and OR 1.07, 95% 
CI 1.01 – 1.14) respectively). Exposure to SO2 was inversely associated with respiratory 
diseases  (OR 0.91, 95% CI 0.86 – 0.97). No clear explanation can be given for this inverse 
association. Except for inflammatory conditions, exposure duration (years) was signifi-
cantly associated with the other three chronic diseases (OR varying from 1.01 to 1.03).
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Objective 2: To investigate the influence of citizens’ risk perception, related to 
industrial activities (including incidents), on (protective) behaviour.
In this thesis the citizens’ risk perception towards an industrial activity was investigated 
by questionnaires. chapter 2 describes the mediating role of risk perception in the as-
sociation between industry-related air pollution and health. The association between 
industry-related exposure (PM2.5 and NOX) and health outcomes in children (wheezing 
and dry cough) was mediated for 19% - 28% by parental worry about local industry.  

The influence of risk perception on protective behaviour (shelter or escape) in trans-
port accidents with hazardous materials is described in chapter 6. The discrete choice 
experiment (DCE) in this study showed that a perception of a strong odour had the 
strongest influence on protective behaviour, followed by if smoke/vapour came towards 
the beach/que, and lastly ‘the proportion of other people in the environment that are 
leaving at their own discretion’. Males were less willing to seek shelter than females and 
elderly people were more willing to escape than younger people. 

Finally, chapter 7 describes, besides the aforementioned DCE study, a gas disper-
sion modelling study about a hypothetical marine accident with hazardous materials 
on a large waterway in the direct vicinity of a beach/quay and the health consequences 
of bystanders. For a toxic scenario (ammonia) and combustible scenario (propane gas) 
the distribution of casualties in the population-at-risk was estimated with the gas dis-
persion model SeReMo (Self Rescue Model). Regarding the toxic scenario, escaping by 
running in cross-wind direction was most effective in the case of a short reaction time. In 
the case of a long reaction time, escaping was not effective at all. When the toxic cloud 
had reached the bystanders it is too late. Regarding the combustible scenario, running in 
cross-wind direction was the most effective in the case of both a short and long reaction 
time.

metHoDoLoGIcAL coNsIDeRAtIoNs 

Some (innovative) methodological techniques have been used in the studies to answer 
the objectives of this thesis. In this part, the techniques and strategies will be discussed 
for the following aspects: air pollution exposure assessment, the mediating role of 
worry in the association between air pollution and self-reported diseases, and the as-
sociation between risk perception and protective behaviour in the case of an accident 
with hazardous materials 

Air pollution exposure assessment
Studies about air pollution and health often suffer from several weaknesses regarding 
exposure estimates, such as the inaccuracy of exposure assessment, not taking into ac-
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count that the components in a mixture of air pollution can have additive or synergistic 
effects, and the mobility of people which can influence their exposure. 

Exposure assessment of air pollution is often crude. When quantitative exposure 
assessments were attempted, limited air monitoring data were a problem [7]. Most 
studies about air pollution around major industrial areas have used distance to industry 
as proxy for exposure. This method is crude as it has a number of important limitations 
such as: it does not take into account the possible prevailing wind direction, nor the 
individual contribution of the different plants in the industrial area (each with differ-
ent emission strength and emission height) to the immission concentration (important 
in the case of e.g. an elongated industrial area). Modelling is considered as the most 
efficient tool to avoid exposure misclassification [5]. A dispersion model takes factors, 
such as emission strength, stack height, exact distance between stack and the home 
address, and weather into account. Only a few studies have used an air pollution model 
for exposure assessment. For the studies in chapters 2 – 5  the air pollution exposure 
assessment was based on the Operational Priority Substances dispersion model (OPS, 
version 4.5.2.1) of the National Institute for Public Health and the Environment (RIVM). 
A validation study showed a good agreement for both SOX and NOX between measured 
and modelled concentrations with the OPS dispersion model [8]. Besides advantages, 
the OPS model  has also limitations. The model has limited options for including emis-
sion fluctuations over time and can only calculate annual average concentrations. 
Seasonal average or trimester-specific concentration calculations are not supported. 
Trimester-specific pollutant exposures are e.g. often used in birth outcome studies (see 
chapter 4). In addition, not all parameters that influence the distribution of air pollution, 
such as building influence (turbulence around buildings may influence the immission 
concentration), are included in the OPS model. 

The majority of studies on exposure to air pollution and health have focused on single 
pollutants [9]. However, a multiple-pollutant approach may be more relevant because 
people are exposed to a complex mixture of pollutants. The different components can 
have an additive, synergistic or, antagonistic effect [10]. Collinearity between air pollut-
ants is often observed, which makes it hard to disentangle the effect of each pollutant in 
multiple-pollutant regression model analyses. The studies in chapters 2-5 showed high 
correlations between the different air pollution component (e.g. R ~ 0.9 between PM2.5 

and NOX, chapter 2). With such a high correlation, it was not possible to distinguish the 
unique contribution of a particular exposure component to adverse health effects in a 
multi-pollutant model or Bayesian Kernel Machine Regression (BKMR, see for descrip-
tion [11]) because of lack of power. Since PM and NOX have (partly) comparable health 
effects according to the literature [12,13], it is also possible that the health effects cannot 
be properly disentangled. Therefore, the pollutants in these studies must be regarded 
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as indicators of the mixture of air pollution rather than particular causative factors of 
adverse health effects. 

The exposure to air pollutants depends on where you are (at home, at work, during 
travel, etc.). Ideally, you would like to monitor all persons personally. However, this is lo-
gistically in most studies not feasible and also very expensive, especially in large studies. 
In the lung function study in school children (chapter 2), the exposure was calculated 
at home as well as at school. This provides a better estimation of the exposure to air 
pollution. Most studies use only the home address to estimate exposure. 

The study in chapter 7 is about a hypothetical marine accident with different sce-
narios where ammonia (toxic) or propane (combustible) is released to the air on a large 
waterway in a close vicinity of a beach/quay with bystanders. In this study the dispersion 
model SeReMo was used to calculate the distribution of casualties, taking into account 
protective behaviour. Almost all existing risk assessments use stationary observers, that 
do not take into account expected protective behaviour and therefore will most likely 
overestimate the number and severity of casualties.

mediating role of risk perception in the association between air pollution 
and self-reported health symptoms
Risk perception towards industry-related air pollution can possibly influence self-report-
ed health symptoms. People with a high risk perception about (possible) exposure to air 
pollution/hazardous materials are likely to report more health symptoms and possible 
suffer from more stress reactions. Studies about air pollution and self-reported health 
with formal mediation analyses are rare. In the study about the mediating role of risk 
perception in the association between industry-related air pollution and self-reported 
health (chapter 2) the magnitude of de mediating effect of worry about local industry 
was estimated according the method of Baron and Kenny [14]. In this study parental 
worry about local industry was an important mediator in exposure – health relations in 
children with an indirect effect between 19–28%. Thus, parental worry partly explained 
the magnitude of associations between air pollution and respiratory symptoms among 
their children and, thus, worry may bias reported associations. If risk perception is a 
possible mediator in a study, there are two ways to handle this. First, repeat the study 
with a health measure that can be determined objectively, such as a lung function mea-
surements (chapter 3). Second, explicitly measure the risk perception and perform a 
mediation analysis (chapter 2).

Risk perception and protective behaviour in accidents
The study in chapter 6 quantifies how different characteristics of hazardous material 
transport accidents will influence protective behaviour of bystanders. Protective behav-
iour in this study has a great impact on the risk. Despite possible important impact on 
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human health, most studies about protective behaviour in case of disasters/accidents 
[6–20] are qualitative studies or quantitative studies that contain limited choices or 
scenarios of disasters/accidents, which limits the comparability between these studies 
to develop guidance for protective action of citizens. In this quantitative study a stated 
preference technique was used by conducting a discrete choice experiment (DCE) focus-
ing on hypothetical hazardous material transport accidents at a river in a populated 
area in the Netherlands. The DCE is a quantitative technique to investigate individual 
preferences [15,16].  It elicits preferences that individuals are willing to make by asking 
respondents to choose between different options (staying, seeking shelter, or escap-
ing) described by their attributes (smell perception hazardous material, smoke/vapour 
perception, and the proportion of people that are leaving during the incident) and 
levels.  Our study showed that escaping behaviour is influenced by 1) odour perception 
of a dangerous substance, 2) if the smoke/vapour came close to individuals and 3) if 
the people in the environment were leaving at their own discretion. But also individual 
characteristics (gender and age) influence the escaping behaviour. This shows that DCE 
analyses are a necessary addition to risk assessments. 

INteRPRetAtIoN oF NeW INsIGHts 

The studies in this thesis yield new insights with regard to the association between 
industry-related air pollution and health, and between risk perception and (protected) 
behaviour. Five key findings are selected and described more thoroughly.  

Geographical distribution of air pollution exposure assessment 
In the studies on industry-related air pollution and health (chapter 2-5) the immission 
concentrations in the study areas were relative small compared to the background 
concentration from other sources. Nevertheless, the studies were able to demonstrate 
associations between industry-air pollution and health, despite the apparent lack of 
great contrast in exposure. This is probably due to the accommodating geographical 
situation, whereby, in addition to a solid research design, the study population lives 
relatively close to the industry, most industries are clustered closely together (higher 
contrast), and with little disturbance from other sources (relatively little traffic). Further-
more, the exposure calculation has been carried out with a high geographic resolution, 
i.e. at home address (immission concentration can vary locally). 

sensitive groups
Small health effects in the general population due to air pollution can have major con-
sequences for sensitive groups. In general, children are more sensitive for air pollution 
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than adults. The questionnaire study about industry-related air pollution and health 
(chapter 2) showed consistently effects of air pollution on respiratory health of children, 
whereas associations among adults were less consistent. The lack of a fully developed 
pulmonary metabolic capacity in children makes them more susceptible to air pollut-
ants compared with adults [17]. The study about industry-related air pollution and lung 
function in school children (chapter 3) showed that a relative low decrease in predicted 
peak expiratory flow (PEF) from exposure to PM2.5 and NOX corresponded to a substantial  
higher odds ratio for children with a low PEF (< 85% predicted). Hence, schoolchildren 
with a poor lung function are more effected by air pollution than healthy schoolchildren. 

Risk perception and health 
In the study about associations between industry-related air pollution and self-reported 
health symptoms the mediating effect of ‘worry’ was estimated (chapter 2). In this study 
the mediator ‘worry’ was an important factor which cannot be ignored. In question-
naire studies about air pollution and self-reported health, mediation by risk perception 
should always be considered. This may also apply to non-questionnaire surveys such as 
general practice registrations. Worried people with health problems are more likely to 
seek care from their general physician.

Big data and the accuracy or absence of covariates
Big data research is trending with high expectations. However, there are possible weak-
nesses. When using register-based data on the entire population, the amount of data is 
almost overwhelming, but nevertheless the register may lack essential information on 
important covariates or may only provide crude estimates of such covariate. In chapter 
5 the covariate dispensed medication differed considerable across general practitioners 
(GPs). The nearest GP practice for each home address was used as proxy for the GP 
location where medication was prescribed. The actual distribution of patients among 
GP practices and GPs within a practice may differ. Therefore, the preference of GPs for 
prescribing particular medication may influence the geographical distribution of citi-
zens with medication for chronic health problems, and, thus, bias the research results.

The influence of protective behaviour on expected injuries in case of an 
accident with hazardous materials 
When a transport incident with a hazardous material occurs in close vicinity of a popu-
lated area, the hazardous material will reach bystanders within minutes. It is unlikely 
that local authorities can respond in this short time window by activating the civil de-
fence siren or initiating a guided evacuation by emergency services. Hence the bystand-
ers are on their own. An important finding in the studies about protective behaviour on 
expected injuries in transport accidents with hazardous materials (chapter 6 and 7) is 
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that a short reaction time and escaping in cross-wind direction is of vital importance to 
reduce the number of casualties. The study also showed that a perception of a strong 
odour and/or smoke/vapour towards the beach/que had the strongest influence on 
protective behaviour. However, this takes minutes, when the smell is perceptible and/or 
vapour visually goes to the beach/quay, it is too late for protective behaviour in a toxic 
scenario because the exposure is already too high. So many bystanders react too late in 
the event of an accident with two ships with hazardous material. 

socIAL ImPAct 

It is important that the findings of scientific research on population health are shared 
with society because it can support policies for a healthy community. Two key contribu-
tions of the studies on social impact are selected and described in more detail.

expertise and information gap
In 2010 the Provincial Council of Zeeland in the Netherlands decided to investigate 
the role played by the Provincial Executive with regard to the plant Thermphos by an 
independent committee named ‘Mans’. Thermphos was a phosphorus plant situated in 
the industrial area near the city Vlissingen in the Netherlands (also called Sloe area). 
The reason for the investigation was the social unrest about the emission of hazardous 
substances, such as cadmium and dioxin from this factory, and the possible effects on 
population health. The outcome of the investigation was, among others, that the Com-
mittee expressed its view that the Provincial Executive has not sufficiently shown that it 
is aware of the scale of heavy industry and marine transport of hazardous material  in the 
province (Sloe area, canal Terneuzen - Sas van Gent and transport of hazardous material 
to the city Antwerp in Belgium across the river Westerschelde). An insufficient estimate 
of the risks was made. In addition, the committee had doubts about the extent to which 
there is sufficient expertise within the official organization in the fields of public health, 
toxicology and medical environmental science and about the extent to which those 
responsible for population health (municipalities and Public Health Service) provide 
the provincial government with relevant information [18]. The studies in this thesis are 
about the risks and risk perception in the province Zeeland, the Netherlands. In this way, 
a contribution is made to fill the expertise and information gap. 

Increase awareness about protective behaviour in case of an accident 
with hazardous materials 
Based on the results of studies about protective behaviour of citizens to transport ac-
cidents involving hazardous materials (chapter 5 and 6), the safety region Zeeland in 
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the Netherlands has developed a virtual reality game “Brandweer VR” (https://www.
zeelandveilig.nl/gifwolk). On the river Westerschelde transport of hazardous material 
takes place in close vicinity of beaches and quays. The probability of a hazardous mate-
rial accident by collision between two ships is very small, but the consequence could be 
severe for persons in the vicinity of the accident. The virtual reality game takes place on 
the beach at the city Vlissingen and lets the player practice with, among other things, the 
scenarios for escaping and hiding. Also the consequences of their protective behaviour 
are shown. This can increases the awareness of citizens and politicians. 

RecommeNDAtIoNs 

Recommendations for future research
Large registry based studies with application of a multi-pollution model can provide 
more insight into the associations between the different air pollution components 
and health 
The majority of studies about air pollution and health have focused on single pollutants. 
A multi-pollutant approach may be more relevant because people are exposed to a com-
plex mixture of pollutants.  Collinearity between air pollutants is often observed which 
makes it hard to disentangle the effects of each pollutant. Studies with self-reported 
health complaints or lung function as relevant health outcome generally have a too 
small population. Use of larger datasets with more cases (more power) and/or special 
statistical analyses (e.g. Bayesian Kernel Machine Regression) can help to disentangle 
the health effects of different pollutants. 

Better estimation of exposure to air pollution can provide a better estimator for the 
relationship between air pollution and health 
The use of the OPS dispersion model in the studies in this thesis is a great advantage 
compared to many other studies on air pollution and health where, for example, a study 
area is compared with a control area. Better estimation of exposure to air pollution can 
provide a more truthful association between air pollution and health. The challenge is 
to develop detailed exposure models (including e.g. multiple residences of citizens and 
seasonal or trimester-specific concentration calculations) that can be linked with regis-
ters on health information.  The accurancy of the emission calculation or measurement 
is also very important when calculating exposure to air pollution.
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Better understanding of protective behaviour of bystanders in transport accidents 
with hazardous materials is important to reduce the number of casualties
Protective behaviour was predicted using discrete choice experiment (DCE) (chapter 6 
and 7). To the best of our knowledge, there are no other DCE investigations to predict 
protective behaviour of bystanders during transport accidents involving protective 
behaviour. Because there is limited experience with this method it is recommended to 
repeat the study or to compare it with other methods for predicting human behaviour 
during incidents. 

Natural experiment
The studies in the neighbourhood of the industrial area Sloe (near Vlissingen, The 
Netherlands) showed an association between industry-related air pollution and health 
(chapter 2 and 3). Meanwhile, several big factories have closed in this industrial area, 
potentially having reduced the immission concentrations citizens are currently exposed 
to. It is recommended to investigate this ‘natural experiment’ in order to gain a better 
understanding of the influence of industrial air pollution on health. In this case a natural 
experiment is a study in which the change in exposure to air pollution is determined by 
factors beyond the researchers’ control and also not influenced by the subjects under 
study. A lung function study (chapter  3) and/or a birth-outcome study (chapter 4) would 
be suitable for this.

Uncertainty of the adverse health outcomes early in life on health in the long term
It is unclear whether the reported adverse health outcomes also have an impact on 
health in the long term. For example, in the literature adverse birth outcomes are related 
with respiratory problems during infancy, and coronary heart disease and the related 
disorders stroke, hypertension and non-insulin-dependent diabetes during later-life 
[19–21]. In the study about industry-related air pollution and birth outcomes (chapter 
4), the magnitude of the health effects during later-life due to the adverse birth outcome 
is unknown. The registration of the Zeeland Public Health Service includes the health of 
all young people between the ages of 0 and 18 years. This makes it possible to study the 
health effects on later age due to adverse birth outcomes.  

Recommendations for policymakers and professionals in public health 
Small increase in industrial immission has relevant health effects 
The studies in this thesis about industrial air pollution and health (chapter 2-5) showed 
that a relatively small increase in industrial immission has relevant health effects. When 
making policy, it is important to be aware about this. 
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Attention to sensitive groups
Relatively small health effects of air pollution in the general population can be associated 
with a relevant health effects in sensitive groups like children, elderly and asthmatics.

For example, we found in the study about industry-related air pollution and lung 
function in school children (chapter 3) that a small decrease in the mean of the lung 
function in the total population was associated with a relevant increase in the number 
of children with a poor lung function. Therefore, special attention to sensitive groups is 
of paramount importance. It should be noted that a large number of people at small risk 
may give rise to more cases of disease than a small number of people at high risk. 

monitor system  with a high geographic resolution is needed
The exposure of citizens to air pollution can be estimated with a dispersion model which 
requires detailed information on emission factors (chapter 2-4). The emission is not 
always continuous and sometime there are incidents. The Emission Register does not 
register incidents. Temporarily high immission concentrations may harm the health of 
persons. In addition, exposure can vary on a small scale. Therefore, it is recommend to 
develop a monitor system to obtain an better insight into the geographical distribution 
of the exposure of the citizens around the canal Terneuzen - Sas van Gent.

Raise awareness about protected behaviour in the event of an incident with hazard-
ous materials
When a transport incident with a hazardous material occurs in close vicinity of a popu-
lated area, the hazardous material will reach bystanders within minutes (chapter 7). 
Therefore, it is important for bystanders to react immediately with right protective be-
haviour to reduce the number of casualties.  It is recommended to develope educational 
material to increase awareness so that bystanders respond earlier and in the right way. 
In addition, it is recommended to develop a faster civil defence alarm.

Research using existing big data sources can provide answers to relevant policy 
questions
One of the advantages of using big data registers is that it is not burdensome for citizens, 
in contrast to, for example, questionnaire studies. Another advantage of the use of big 
data is the large statistical power. An important requirement is that the data is of good 
quality. For the birth outcome study (chapter 4) the birth registration of the Zeeland 
Public Health Service was used. Unfortunately this data source contains a substantial 
amount of missing values which reduces the discriminatory power of the analyses. It is 
therefore important to invest in high quality registers. 
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People living in the immediate vicinity of industrial activities can be exposed to air pol-
lution, such as particular matter (PM2.5 and PM10), nitrogen oxide (NOX), sulphur dioxide 
(SO2) and volatile organic compounds (VOC), which can cause different health effects 
(e.g. asthma, chronic  obstructive pulmonary disease, and mortality).  The release of 
air pollution can take place under stable conditions (average exposure) and during 
accidents in plants, disruption of production, or during transportation of hazardous 
materials (peak exposure possible). Despite that the impact of localised air pollution 
from industry activities is a major concern in some areas, the influence of air pollution 
from industrial activities on health has been understudied. The same applies to studies 
about the influence of risk perception on the association between industrial pollution 
and self-reported health symptoms, and studies about the influence of risk perception 
on protective behaviour of bystanders during accidents involving hazardous materials. 
Therefore, the following research objectives were addressed in this thesis:  
1. To investigate the influence of air pollution from industrial activities on health.
2. To investigate the influence of citizens’ risk perception, related to industrial activities 

(including incidents), on (protective) behaviour. 

Chapters 2-5 deal with the first research objective and chapters 2, 6 and 7 deal with the 
second research objective.

To investigate the influence of air pollution from industrial activities on health 
In this thesis the influence of industrial related air pollution exposure on health was 
investigated in various ways, namely by means of health questionnaires, lung function 
measurements, birth outcomes, and prescribed medication. All studies in this thesis 
reported that industry-related air pollution was associated with adverse health effects.  

The cross-sectional questionnaire study in chapter 2 describes the associations 
of exposure to air pollution from industry and self-reported diseases in adults and the 
diseases of their children. The results in children were consistent; exposures to industry-
related PM2.5 and NOX (per μg/m3) were significantly related with wheezing (OR 2.00, 95% 
CI 1.24 to 3.24 and OR 1.13, 95% CI 1.06 to 1.21 respectively) and dry cough (OR 2.33, 
95% CI 1.55 to 3.52 and OR 1.16, 95% CI  1.10 to 1.22 respectively). The results in adults 
showed less strong associations. 

chapter 3 describes a cross-sectional lung function study among school children. 
Higher exposures to industry-related PM2.5 and NOX (per interquartile range of 0.56 and 
7.43 μg/m3 respectively) were associated with lower percent predicted peak expiratory 
flow (PEF) (B -2.80%, 95 % CI -5.05% to -0.55% and B -3.67%, 95% CI -6.93% to -0.42% 
respectively). 
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chapter 4 describes a cross-sectional register-based study about industry-related 
air pollution and birth outcomes. Higher exposures during pregnancy to PM10, NOX, 
SO2 and VOC (per interquartile range of  0.41, 1.16, 0.42, and 0.97 μg/m3 respectively) 
were significantly associated with reduced birth weight (varying from 21g to 30 g) and 
reduced birth length (0.1 cm to 0.2 cm). Higher exposures during pregnancy to NOX, SO2 
and VOC (per interquartile range) were significantly associated with lower gestational 
age (varying from 0.3 to 0.7 days). 

The register-based repeated cross-sectional study in chapter 5 describes the asso-
ciations of specific industry-related  air pollution with occurrence of chronic diseases. 
Exposure to PM10 and to NOX (per µg/m3) were significantly associated with medication 
for cardiovascular diseases (OR 1.06, 95 CI% 1.06 - 1.06 and OR 1.01, 95% CI 1.01 - 1.01 
respectively). Exposures to PM10 and SO2 (per µg/m3) were significantly associated with 
medication for inflammatory conditions (OR 1.05, 95% CI 1.00 - 1.09 and OR 1.07, 95% 
CI 1.01 - 1.14 respectively). Exposure to SO2 was inversely associated with respiratory 
diseases  (OR 0.91, 95% CI 0.86 - 0.97). No clear explanation can be given for this inverse 
association. Except for inflammatory conditions, exposure duration (years) was signifi-
cantly associated with the other three chronic diseases (OR varying from 1.01 to 1.03).

To investigate the influence of citizens’ risk perception, related to industrial activi-
ties (including incidents), on (protected) behaviour. 
In this thesis the citizens’ risk perception towards an industrial activity was investigated 
by questionnaires. chapter 2 describes the mediating role of risk perception in the as-
sociation between industry-related air pollution and health. The association between 
industry-related exposure (PM2.5 and NOX) and health outcomes in children (wheezing 
and dry cough) was mediated for 19% - 28% by parental worry about local industry.   

The influence of risk perception on protective behaviour in a hypothetical marine 
accident with hazardous materials on a large waterway in the direct vicinity of a beach/
quay is described in chapter 6. A perception of a strong odour had the strongest influ-
ence on protective behaviour, followed by if smoke/vapour came towards the beach/
que, and lastly ‘the proportion of other people in the environment that are leaving at 
their own discretion’. 

Finally, chapter 7 describes, besides the aforementioned  study (chapter 6), a gas 
dispersion modelling study and the health consequences of bystanders. For a toxic sce-
nario (ammonia) and combustible (propane) scenario the distribution of casualties in 
the population-at-risk was estimated with a gas dispersion model SeReMo (Self Rescue 
Model). Regarding the toxic scenario, escaping by running in cross-wind direction was 
most effective in the case of a short reaction time. In the case of a long reaction time, 
escaping was not effective at all. When the toxic cloud had reached the bystanders it is 
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too late. Regarding the combustible scenario, running in cross-wind direction was the 
most effective in the case of both a short and long reaction time.

In chapter 8 describes important methodological considerations, new insights and the 
social impact. Chapter 8 ends with  recommendations for researchers, policymaker and 
professionals in public health. 
Selection of important recommendations based on this thesis:  
•	 conduct a natural experiment. Several big plants in the studies conducted in the 

neighbourhood of the industrial area Sloe near Vlissingen, the Netherlands (chapter 
2 and 3) have closed. It is recommended to investigate this ‘natural experiment’ in 
order to gain a better understanding of the influence of industrial air pollution on 
health. 

•	 Conduct a study about health effects during later-life. In the study about industry-
related air pollution and birth outcomes (chapter 4), the magnitude of the health 
effects during later-life due to the adverse birth outcome is unknown. It is recom-
mended to study the health effects on later age due to adverse birth outcomes

•	 Relatively small increase in industrial immission has relevant health effects. The 
studies in this thesis about industrial air pollution and health (chapter 2-5) showed 
that a relatively small increase in industrial immission has relevant health effects. 
When making policy it is important to be aware about this.

•	 special attention to sensitive groups. Relatively small health effects of air pollu-
tion in the general population can be associated with a relevant health effects in 
sensitive groups like children and asthmatics (chapters 2 and 3). Therefore, special 
attention to sensitive groups is of paramount importance.

•	 Better image of the exposure of citizens. The emission from industry is not always 
continuous and sometime there are incidents. Therefore, it is recommend to develop 
a monitor system to obtain an better insight into the geographical distribution of the 
exposure of the citizens around the canal Terneuzen - Sas van Gent.

•	 Develop educational material about protective behaviour and a faster civil 
defence alarm. When a transport incident with a hazardous material occurs in close 
vicinity of a populated area it is important for bystanders to react immediately with 
right protective behaviour to reduce the number of casualties. It is recommended 
to develop educational material to increase awareness so that bystanders respond 
earlier and in the right way and, in addition, to develop a faster civil defence alarm.

•	 Invest in high quality registers. The use of  big data registers has several of the 
advantages, e.g. it is not burdensome for citizens and it has a large statistical power. 
Unfortunately, the data is not always of good quality, e.g. the birth registration of 
the  Zeeland Public Health Service. It is therefore important to invest in high quality 
registers.
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sAmeNVAttING 

Mensen die in een industriële omgeving wonen worden blootgesteld aan luchtver-
ontreiniging, zoals fijn stof (PM2.5 en PM10 ), stikstofoxide (NOX), zwaveldioxide (SO2) en 
vluchtige organische stoffen (VOS). Deze stoffen kunnen verschillende gezondheidsef-
fecten veroorzaken zoals astma, chronische obstructieve longziekte en sterfte. Het 
vrijkomen van luchtverontreiniging kan plaatsvinden onder ‘normale’ omstandigheden, 
bij productieverstoring en ongevallen in fabrieken en incidenten tijdens transport van 
gevaarlijke stoffen. In de drie laatste situaties kan er sprake zijn van piekblootstelling. 

Ondanks de impact van lokale luchtvervuiling door industriële activiteiten in som-
mige gebieden een groot probleem is, is de invloed van luchtverontreiniging door indus-
triële activiteiten op de gezondheid beperkt onderzocht. Hetzelfde geldt voor de invloed 
van risicoperceptie ten aanzien van de associatie tussen de industriële luchtverontrei-
niging en zelf-gerapporteerde gezondheidsklachten en de invloed van risicoperceptie 
op zelfredzaam gedrag van omstanders tijdens een ongeval met gevaarlijke stoffen. De 
twee doelstellingen van dit proefschrift zijn daarom: 
1. Het onderzoeken van de invloed van luchtverontreiniging door industriële activitei-

ten op de gezondheid.
2. Het onderzoeken van de invloed van risicoperceptie, met betrekking tot industriële 

activiteiten (inclusief incidenten), op het (zelfredzaam) gedrag van burgers.

De hoofdstukken 2-5 behandelen de eerste onderzoeksdoelstelling en de hoofdstukken 
2, 6 en 7 behandelen de tweede onderzoeksdoelstelling.  

onderzoek naar de invloed van luchtverontreiniging door industriële activiteiten 
op de gezondheid.
In dit proefschrift is de invloed van industriële luchtverontreiniging op de gezondheid 
op verschillende manieren onderzocht, namelijk door middel van gezondheidsvragen-
lijsten, longfunctiemetingen, geboorte-uitkomsten en voorgeschreven medicatie. Alle 
studies in dit proefschrift vonden een associatie tussen  luchtvervuiling door de indus-
trie en een nadelige effect op de gezondheid. 

Het dwarsdoorsnede vragenlijstonderzoek in hoofdstuk 2 beschrijft de associatie 
tussen blootstelling aan luchtverontreiniging door de industrie en zelfgerapporteerde 
gezondheidsklachten van volwassenen en, indien van toepassing, de gezondheidsklach-
ten bij hun kinderen. De resultaten bij de kinderen waren consistent. Blootstelling aan 
PM2,5 en NOX (per µg/m3 ) afkomstig van de industrie waren significant geassocieerd met 
piepen op de borst (respectievelijk OR 2,00, 95% BI 1,24 tot 3,24 en OR 1,13, 95% BI 1,06 
tot 1,21) en droge hoest (respectievelijk OR 2,33, 95% BI 1,55 tot 3,52 en OR 1,16, 95% BI 
1,10 tot 1,22). De resultaten bij volwassenen lieten een minder sterke associaties zien. 
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Hoofdstuk 3 beschrijft een dwarsdoorsnede longfunctieonderzoek onder schoolkin-
deren. Hogere blootstellingen aan de industrie gerelateerde PM2,5 en NOX (per interkwar-
tiel van respectievelijk 0,56 en 7,43 g/m3) waren geassocieerd met een lagere voorspelde 
peak flow (PEF) (respectievelijk B -2,80%, 95% BI -5,05% tot -0,55% en B -3,67%, 95% BI 
-6,93% tot -0,42%).

Hoofdstuk 4 beschrijft een dwarsdoorsnede onderzoek naar industriële lucht-
vervuiling en geboorte-uitkomsten. Hogere blootstelling van PM10, NOX, SO2 en VOS 
(per interkwartiel van respectievelijk 0,41, 1,16, 0,42 en 0,97 ug/m3) waren significant 
geassocieerd met een verminderde geboortegewicht (variërend van 21 g tot 30 g) en 
verminderde geboortelengte (0,1 cm tot 0,2 cm). Hogere blootstellingen tijdens de 
zwangerschap aan NOX , SO2 en VOS (per interkwartiel) waren significant geassocieerd 
met een kortere zwangerschapsduur (variërend van 0,3 tot 0,7 dagen). 

Het (herhaalde) dwarsdoorsnede onderzoek met behulp van de dataregisters van 
het CBS in hoofdstuk 5 beschrijft de associaties van industriële  luchtverontreiniging 
met het optreden van chronische ziekten. Blootstelling aan PM10 en  NOX (per µg/m3 ) 
waren significant geassocieerd met uitgegeven medicijnen tegen hart- en vaatziekten 
(respectievelijk OR 1,06, 95 BI% 1,06 – 1,06 en OR 1,01, 95% BI 1,01 – 1,01). Blootstelling 
aan PM10 en SO2 (per µg/m3 ) waren significant geassocieerd met uitgegeven geneesmid-
delen tegen ontstekingsreacties (respectievelijk OR 1,05, 95% BI 1,00-1,09 en OR 1,07, 
95% BI 1,01 – 1,14). Blootstelling aan SO2 was omgekeerd geassocieerd met respiratoire 
aandoeningen (respectievelijk OR 0,91, 95% BI 0,86 – 0,97). Een duidelijke verklaring 
voor deze omgekeerde associatie kan niet worden gegeven. Behalve voor inflammatoire 
aandoeningen was de blootstellingsduur ( jaren) significant geassocieerd met de andere 
drie chronische ziekten (OR variërend van 1,01 tot 1,03).  

onderzoek naar hoe risicoperceptie, met betrekking tot industriële activiteiten 
(inclusief incidenten), het (zelfredzaam) gedrag van burgers beïnvloed.
In dit proefschrift is de invloed van risicoperceptie van burgers, ten aanzien van een 
industriële activiteiten, op (zelfredzaam) gedrag onderzocht door middel van vragen-
lijsten. Hoofdstuk 2 beschrijft de invloed van mediator risicoperceptie op de associatie  
tussen industriële luchtverontreiniging en gezondheid. De associatie tussen blootstel-
ling aan industriële luchtverontreiniging (PM2,5 en NOX) en gezondheidsuitkomsten bij 
kinderen (piepen op de borst en droge hoest) werd voor 19% - 28% gemedieerd door 
bezorgdheid vanwege industrie in de buurt.  

De invloed van risicoperceptie op zelfredzaam gedrag bij een hypothetisch trans-
portongeval met gevaarlijke stoffen op een grote waterweg in de directe nabijheid van 
een strand/kade wordt beschreven in hoofdstuk 6. De waarneming van een sterke geur 
had de sterkste invloed op het zelfredzaam gedrag, gevolgd door rook/damp richting de 
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omstanders op het strand/kade en ten slotte door het aandeel vluchtende mensen in de 
omgeving. 

Tenslotte beschrijft hoofdstuk 7, naast de studie beschreven in hoofdstuk 6, een 
gasverspreidingsmodelstudie met betrekking tot een hypothetisch mariene ongeval 
met gevaarlijke stoffen. Er zijn voor verschillende  toxische - en brandbare scenario’s 
(respectievelijk ammoniak en propaan) de verdeling van het aantal en type slachtoffers 
berekend met het gasverspreidingsmodel SeReMo (Self Rescue Model). Wat betreft de 
toxische scenario’s, was vluchten door dwars op de windrichting weg te rennen het ef-
fectiefst bij een korte reactietijd. Bij een lange reactietijd was vluchten niet effectief. Als 
de giftige wolk de omstanders heeft bereikt, is het al te laat. Wat betreft de brandbaar 
scenario’s was rennen dwars op de windrichting het effectiefst bij zowel een korte als 
een lange reactietijd.

In hoofdstuk 8 worden enkele belangrijke methodologische overwegingen, nieuwe 
inzichten en de  maatschappelijke impact beschreven. Hoofdstuk 8 eindigt met aanbe-
velingen voor onderzoekers, beleidsmakers en professionals in de volksgezondheid.
Selectie van een aantal belangrijke aanbevelingen op basis van dit proefschrift:
•	 Uitvoeren natuurlijk experiment. Een aantal grote bedrijven in het industriegebied 

Sloe bij Vlissingen, welke zijn  meegenomen in het onderzoek (hoofdstuk 2 en 3), zijn 
inmiddels gesloten. Aanbevolen wordt om dit ‘natuurlijke experiment’ te onderzoe-
ken om meer inzicht te krijgen in de invloed van industriële luchtverontreiniging op 
de gezondheid.

•	 Onderzoek naar gezondheidseffecten op latere leeftijd. In het onderzoek naar 
industriële luchtvervuiling en geboorte-uitkomsten (hoofdstuk 4) was onder andere 
een associatie te zien tussen luchtverontreiniging en geboortegewicht. Onbekend is 
wat een lager geboortegewicht door luchtverontreiniging betekent voor de mate van 
gezondheidseffecten op latere leeftijd. Aanbevolen wordt om dit verder te onderzoe-
ken.   

•	 Relatief kleine blootstelling aan industriële luchtverontreiniging kan leiden 
tot relevante gezondheidseffecten. De studies in dit proefschrift over industriële 
luchtverontreiniging en gezondheid (hoofdstukken 2-5) laten zien dat een relatief 
kleine blootstelling aan industriële luchtverontreiniging kan leiden tot relevante 
gezondheidseffecten. Bij het maken van beleid is het belangrijk om dit aspect mee te 
nemen.

•	 speciale aandacht voor gevoelige groepen. Relatief kleine gezondheidseffecten 
door luchtverontreiniging bij de algemene bevolking kunnen in verband worden ge-
bracht met relevante gezondheidseffecten bij gevoelige groepen zoals kinderen en 
astmapatiënten (hoofdstukken 2 en 3). Speciale aandacht voor gevoelige groepen is 
daarom van het grootste belang.
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•	 Beter beeld van de hoeveelheid luchtverontreiniging waaraan burgers worden 
blootgesteld. De uitstoot door de industrie is niet altijd continu en er kunnen inci-
denten plaatsvinden. Daarom is het aan te bevelen om de luchtverontreiniging te 
monitoren in de omgeving van het kanaal Terneuzen - Sas van Gent om een   beter 
inzicht te krijgen in de blootstelling van de burgers.

•	 ontwikkel educatief materiaal over zelfredzaam gedrag en een sneller alarme-
ringssysteem. Wanneer zich een transportincident met een gevaarlijke stof voordoet 
in de directe omgeving van een bevolkt gebied is het van belang dat omstanders 
direct reageren en zelfredzaam gedrag vertonen om zodoende het aantal slachtof-
fers te verminderen. Aanbevolen wordt om educatief materiaal te ontwikkelen en 
een sneller alarmeringssysteem. 

•	 Investeer in registers van hoge kwaliteit. Het gebruik van big data registers heeft 
een aantal voordelen, zoals het is niet belastend voor de burger in vergelijking met 
bijvoorbeeld vragenlijsten en het heeft een grote statistische power. Helaas zijn de 
gegevens niet altijd van hoge kwaliteit, zoals bij de geboorteregistratie van de GGD 
Zeeland. Investeren in dataregisters van hoge kwaliteit is daarom belangrijk.
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