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Nearly a quarter of the global disease burden and premature mortality is expected 

to be caused by environmental exposures, and the environmental health burden 

in children is even larger. Among the most hazardous environmental risk factors 

are tobacco smoke and ambient air pollution. Also temperature extremes have 

been linked to different adverse health outcomes, which is a concern because of 

the expected increase in extreme weather events due to climate change.  

It is well accepted that prenatal and postnatal exposure to second-hand tobacco 

smoke has detrimental effects on fetal and child health. However, evidence that 

smoke-free legislations are associated with health benefits early in life was limited 

before 2013. Also early life health effects of ambient temperature and air pollution 

are a relatively novel research domain. The number of studies investigating the 

association between temperature and preterm birth is limited, and results are 

inconclusive. Concerning fetal growth, evidence for adverse effects of air pollution 

is cumulating, but results are inconsistent with respect to the exposure window. 

Finally, although animals may serve as useful sentinels for the effects of 

environmental exposures on human health, epidemiological findings for human 

have seldom been replicated in animal populations.  

In this dissertation, we used population-level registry data to investigate health 

effects of different environmental exposures and to evaluate the health impact of 

preventive public health measures, including health outcomes in newborns and in 

the older segment of the population. The specific objectives of this dissertation 

were: 

1. The assessment of potential public health benefits of smoking policies, 

focusing on health outcomes in early and in later life. For this purpose, we 

studied the impact of the stepwise implementation of smoke-free legislation 

in Belgium on the risk of preterm birth and on the risk of mortality due to 

acute myocardial infarction. 

2. The investigation of the association between environmental exposures and 

adverse birth outcomes. First, we examined the risk of preterm birth in relation 

to ambient temperature by investigating potential heat and cold effects. 

Second, we studied fetal growth in relation to maternal exposure to PM10. For 

the latter, we focused on birth weight and small-for-gestational-age and we 
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assessed potential effect modification by pregnancy duration and potential 

non-linearity in the exposure-response shape. 

3. The exploration of the use of dairy cattle populations as comparative models 

of human health risks. For this purpose, we investigated the association 

between dairy cow mortality and ambient O3, PM10, NO2 and temperature, 

accounting for harvesting and delayed effects. 

Using data on all live born singletons in Flanders between 2002 and 2011, we 

found that the stepwise implementation of smoke-free legislation was associated 

with subsequent reductions in the risk of preterm birth (chapter 2). We observed 

an immediate (step) change in the risk of spontaneous preterm delivery on 1 

January 2007 (ban on smoking in restaurants), and a gradual (slope) change after 

1 January 2010 (ban on smoking in bars serving food). The analysis for all births 

gave similar results. This finding supports the notion that smoking bans have 

public health benefits from early life onwards. 

In chapter 3, we showed that the smoking policy in Belgium also has beneficial 

health impacts in an older segment of the population. Based on data from all acute 

myocardial infarction (AMI) deaths of 30 years or older in Flanders between 2000 

and 2009, we observed an immediate decrease in AMI mortality rates in January 

2006 (smoking ban at work). The effect was highest for women younger than 60 

years. An additional effect of the smoking ban in restaurants was observed for 

men aged 60 years or older, showing a slope change in AMI death rates since 

January 2007. 

Findings of our study on the association between temperature and preterm birth 

in the temperate climate of Flanders are presented in chapter 4. Using data on 

singleton live-born natural births between 1998 and 2011, we found an increased 

risk of preterm birth in the warm season when minimum temperature up to 3 days 

before delivery (lag 0–3) exceeded the 95th percentile. In the cold season, we 

observed an increase in the risk of preterm birth associated with low minimum 

temperature two days before birth (lag 2), but cumulative cold effects were not 

significant.  

Chapter 5 focuses on maternal exposure to particulate matter (PM10) and its 

effect on fetal growth among singleton live births in Flanders between 1999 and 

2009. Among babies born after 31 weeks of gestation, we found a consistent 
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association between birth weight and maternal PM10 exposure during all studied 

time windows. Also the risk of being small-for-gestational-age was significantly 

associated with maternal PM10 exposure during most of the time windows. Effects 

tended to be stronger for moderately preterm births (32-36 weeks) than for term 

births (>36 weeks). Segmented regression models showed stronger effects of 

PM10 on fetal growth at lower concentrations.  

In chapters 6 and 7, we investigated day-to-day variations in dairy cattle 

mortality in association with day-to-day variations in air pollution and temperature 

respectively. We used data on dairy cow deaths in Belgium from 2006 to 2009 

and we accounted for potential harvesting and delayed effects up to 25 days after 

exposure. We found significant effects of air pollution and temperature on dairy 

cow mortality during the warm half of the year, but not during the cold period. 

Acute air pollution effects (up to lag 0‒1) were significant for O3 and NO2 and were 

largest for NO2. For O3 and PM10 we observed additional delayed effects and 

(significant) cumulative 26-day (lag 0 to 25) estimates were considerably larger 

than the acute effects. Heat effects were acute and were followed by a deficit in 

mortality 3 to 5 days after the exposure. Taking into account this harvesting 

effect, there was still a net increase in mortality. We also observed a significantly 

increased mortality risk associated with low temperatures in the warm season. 

Cold effects were delayed by 5 days and persisted up to 18 days after the 

exposure.  

The advantages and disadvantages of the use of secondary registry data are 

discussed in chapter 8, in addition to a discussion of our findings in relation to 

the available literature, and the public health implications of our work. 
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Men schat dat bijna een kwart van de globale ziektelast en vroegtijdige sterfte 

veroorzaakt wordt door blootstelling aan omgevingsfactoren, en de impact van 

het milieu op de gezondheid van kinderen is zelfs nog groter. Tabaksrook en 

luchtverontreiniging behoren tot de meest schadelijke omgevingsblootstellingen. 

Ook blootstelling aan zeer lage of hoge buitentemperaturen kan leiden tot 

verscheidene nadelige gezondheidseffecten, wat een probleem vormt in de 

context van de verwachte toename in extreme weersomstandigheden door de 

klimaatsverandering. 

Het is algemeen aanvaard dat prenatale en postnatale blootstelling aan 

tabaksrook schadelijk zijn voor de gezondheid van de foetus en het kind. Toch 

was er vóór 2013 nog bijna geen wetenschappelijk bewijs dat rookvrije 

wetgevingen al vroeg in het leven gezondheidswinst opleveren. Ook het 

onderzoek naar perinatale gezondheidseffecten van omgevingstemperatuur en 

luchtverontreiniging is relatief nieuw. Slechts een beperkt aantal studies 

onderzocht het verband tussen temperatuur en vroeggeboortes, en de resultaten 

zijn niet eenduidig. Hoewel er groeiend wetenschappelijk bewijs is dat blootstelling 

aan luchtverontreiniging schadelijk is voor de groei van de foetus, zijn de 

resultaten van studies inconsistent wat betreft de periode van de zwangerschap 

waarin de foetus het meest gevoelig is aan zulke blootstelling. Hoewel dieren 

kunnen gebruikt worden als rolmodellen voor de effecten van milieufactoren op 

de gezondheid van de mens, werden epidemiologische bevindingen bij de mens 

slechts zelden bevestigd in dierenpopulaties.  

In dit proefschrift gebruikten we registergegevens op populatieniveau om de 

gezondheidseffecten van verscheidende milieufactoren te onderzoeken en om de 

impact van preventieve volksgezondheidmaatregelen te evalueren. Hiervoor 

keken we naar gezondheidsuitkomsten in pasgeborenen en in een ouder deel van 

de populatie. De specifieke doelstellingen van dit proefschrift waren: 

1. Een inschatting maken van mogelijke gezondheidsvoordelen ten gevolge van 

rookwetgevingen, gericht op aandoeningen zowel vroeg als later in het leven. 

Hiervoor onderzochten we de impact van de stapsgewijze invoering van het 

rookverbod in België op het risico op vroeggeboorte en op het risico op sterfte 

door een hartaanval. 
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2. Het onderzoeken van het verband tussen omgevingsblootstellingen en 

negatieve zwangerschapsuitkomsten. Om te beginnen bestudeerden we de 

effecten van lage en hoge buitentemperaturen op het risico op vroeggeboorte. 

Daarnaast gingen we na of er een verband is tussen foetale groei en 

blootstelling van de moeder aan luchtverontreiniging. Hiervoor keken we naar 

geboortegewicht en naar het risico om te licht te zijn rekening houdend met 

de zwangerschapsduur (“small-for-gestational-age”). We keken ook naar 

mogelijke effect modificatie door zwangerschapsduur en mogelijke niet-

lineariteit in het verband tussen blootstelling en uitkomst. 

3. De exploratie van het gebruik van melkkoeien als vergelijkende modellen voor 

menselijke gezondheidsrisico’s. Hiervoor onderzochten we de associatie 

tussen sterfte bij melkkoeien en concentraties van ozon (O3), fijn stof (PM10) 

en stikstofdioxide (NO2) in de buitenlucht. Daarnaast keken we ook naar de 

effecten van extreme buitentemperaturen. In de analyses hielden we rekening 

met mogelijke “harvesting” en vertraagde blootstellingseffecten. 

Gebruik makend van gegevens van alle levend geboren eenlingen in Vlaanderen 

van 2002 tot 2011 vonden we dat de stapsgewijze invoering van het rookverbod 

geassocieerd was met opeenvolgende reducties in het risico op vroeggeboorte 

(hoofdstuk 2). We zagen een onmiddellijke daling in het risico op spontane 

vroeggeboorte op 1 januari 2007 (rookverbod in restaurants), en een graduele 

verandering vanaf 1 januari 2010 (rookverbod in brasserieën). De inclusie van 

geïnduceerde bevallingen in de analyse gaf gelijkaardige resultaten. Deze 

bevindingen ondersteunen het vermoeden dat rookvrije wetgevingen al vroeg in 

het leven een gezondheidswinst opleveren.  

In hoofdstuk 3 toonden we dat het rookverbod in België ook een gunstig effect 

heeft op de gezondheid van volwassenen. Op basis van gegevens van alle 

sterfgevallen door een acuut myocard infarct (AMI) bij mensen van 30 jaar of 

ouder in Vlaanderen van 2000 tot 2009 zagen we een onmiddellijke daling in AMI 

sterfte in januari 2006 (rookverbod op de werkvloer). Deze daling was het sterkst 

bij vrouwen jonger dan 60 jaar. Bij mannen van 60 jaar of ouder vonden we een 

bijkomend effect van het rookverbod in restaurants, namelijk een geleidelijke 

afname in sterfte door AMI sinds januari 2007. 
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De resultaten van onze studie over het verband tussen temperatuur en 

vroeggeboorte in het gematigde klimaat van Vlaanderen zijn terug te vinden in 

hoofdstuk 4. Gebruik makend van gegevens van natuurlijke bevallingen van 

levend geboren eenlingen van 1998 tot 2011 vonden we een verhoogd risico op 

vroeggeboorte in het warme seizoen wanneer de minimum temperatuur tot 3 

dagen voor de bevalling (lag 0–3) het 95ste percentiel overschreed. In het koude 

seizoen zagen we een toename in het risico op vroeggeboorte geassocieerd met 

een lage minimum temperatuur 2 dagen voor de geboorte (lag 2), maar 

cumulatieve koude-effecten waren niet significant.  

Hoofdstuk 5 gaat over maternale blootstelling aan fijn stof (PM10) en het effect 

hiervan op foetale groei bij levend geboren eenlingen in Vlaanderen van 1999 tot 

2009. Bij baby’s waarvan de zwangerschapsduur meer dan 31 weken bedroeg 

vonden we een consistente associatie tussen geboortegewicht en blootstelling aan 

fijn stof tijdens alle bestudeerde tijdsvensters van de zwangerschap. Ook het risico 

om te licht geboren te worden voor de zwangerschapsduur toonde een significant 

verband met blootstelling aan fijn stof voor het merendeel van de onderzochte 

zwangerschapsperiodes. De effecten leken sterker te zijn voor matig premature 

geboortes (32-36 weken) dan voor voldragen geboortes (>36 weeks). Breekpunt 

(“segmented”) regressie modellen toonden dat de effecten van PM10 op foetale 

groei sterker waren bij lagere dan bij hogere concentraties. 

In hoofdstukken 6 en 7 onderzochten we dagelijkse variaties in sterfte bij 

melkkoeien in relatie tot respectievelijk dagelijkse variaties in luchtverontreiniging 

en temperatuur. We gebruikten gegevens van sterfte bij melkkoeien van 2006 tot 

2009 en we hielden rekening met mogelijke harvesting en vertraagde effecten tot 

25 dagen na de blootstelling. We vonden significante stijgingen in sterfte bij 

melkkoeien geassocieerd met luchtverontreiniging en temperatuur tijdens de 

warme periode van het jaar, maar niet tijdens de koude periode. Acute effecten 

van luchtverontreiniging (tot lag 0‒1) waren significant voor O3 en NO2 en waren 

het grootst voor NO2. Voor O3 en PM10 zagen we bijkomende vertraagde effecten 

en de (significante) cumulatieve schattingen over 26 dagen (lag 0 tot 25) waren 

aanzienlijk groter dan de acute effecten. Hitte-effecten waren acuut en werden 

gevolgd door een ondersterfte 3 tot 5 dagen na de blootstelling. Dit harvesting 

effect in rekening nemend was er nog steeds een netto stijging in sterfte. We 

zagen ook een significante stijging in sterfte geassocieerd met lage temperaturen 
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in het warme seizoen. Deze koude-effecten traden pas op na 5 dagen en duurden 

voort tot 18 dagen na de blootstelling. 

De voor- en nadelen van het gebruik van gegevens van secundaire registers 

worden besproken in hoofdstuk 8, naast een discussie van onze bevindingen in 

relatie tot de beschikbare literatuur, en de relevantie ervan voor de 

volksgezondheid.
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In the top ten of leading diseases in terms of global disease burden in 2010 are 

conditions such as ischemic heart disease, lower respiratory tract infections, 

preterm birth complications and chronic obstructive pulmonary disease (COPD).1 

These diseases are also in the top ten of diseases with the largest contribution of 

the environment.2 According to estimates of the World Health Organization (WHO) 

as much as 24% of the global disease burden (healthy life years lost) and 23% of 

all deaths (premature mortality) was caused by environmental exposures.3 

Children suffer a disproportionate share of the environmental health burden: up 

to the age of 14 years, the proportion of deaths attributed to the environment was 

as high as 36%.3 

The actual contribution of the environment to non-communicable diseases might 

even be underestimated because of two reasons.4 Firstly, lifestyle behavioral risk 

factors have been excluded as environmental risk factors because they are 

considered to involve an element of choice and individual responsibility. However, 

especially for children, exposure to lifestyle risk factors like diet and tobacco 

smoke are not lifestyle choices but rather environmental exposures imposed on 

them by others. Secondly, estimates of environmental health burden do not 

capture the contribution of early-life exposures to the development of chronic 

diseases later in life because these connections are often difficult to establish due 

to the long lag period between exposure and outcome. A better understanding of 

environment-health interactions is important because well-targeted interventions 

can prevent much of the environmental risk.2 

Tobacco smoke, including exposure to second-hand smoke (SHS), was ranked as 

the second leading risk factor in terms of global disease burden in 2010.1 Exposure 

to ambient particulate-matter (PM) pollution was ranked 9th among the risk 

factors.1 In the WHO global burden of disease study of 2000, also climate change 

was in the list of 26 leading environmental risk factors,5 because of the predicted 

increase in the frequency and intensity of heat waves, the worsening of air quality, 

the increase in floods and droughts, changes in the distribution of vector-borne 

diseases and effects on the risk of disasters and malnutrition.6 Although climate 

change has been declared to be the biggest global health threat of the 21st 

century,7 this statement has been rejected by others because climate change 

cannot be seen as a stand-alone risk factor, but rather as an amplifier of existing 

health and food security risks.8 9 
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Numerous epidemiological studies have demonstrated detrimental effects of 

exposure to (second-hand) tobacco smoke, air pollution and extreme 

temperatures on a variety of health outcomes. As many adverse health outcomes 

are more prominent or only occur at older ages, a lot of studies focused on adults 

or elderly. More recent evidence, however, suggests that also children and even 

fetuses suffer from health problems related to environmental tobacco, air pollution 

and temperature exposure.  

1. Tobacco 

1.1. Health effects of active and passive smoking 

The first prospective evidence on cigarette smoking and lung cancer was published 

by Doll and Hill in 1954.10 In 1962, Framingham studies showed that smoking 

increased the risk of heart disease.11 Despite the growing evidence indicating 

tobacco as the major cause of lung cancer and a number of other diseases, the 

tobacco industries hired scientists to dispute these findings and this battle 

continued for almost half a century. To date, different meta-analyses have been 

conducted in which the relative risk estimates from individual studies are pooled. 

Such meta-analyses have confirmed the association between smoking and 

different types of cancer, cardiovascular disease, fractures, reduction in fertility, 

ocular damage, neurological effects, rheumatoid arthritis, and prenatal and 

postnatal effects in children.12 

The first conclusive evidence on the danger of passive smoking only came in 

1981.13 Scientific evidence that exposure to SHS leads to premature death and 

disease is summarized in the 2006 U.S. Surgeon General’s report.14 The WHO 

estimates that 603,000 deaths were attributable to SHS exposure in 2004, 

corresponding to 1.0% of the worldwide mortality.15 Most of the SHS exposure 

disease burden results from cardiovascular disease, lung cancer, respiratory 

disease and developmental effects in children.14 

A large body of evidence indicates that maternal smoking is associated with 

detrimental effects on child health, such as decreased lung growth and increased 

rates of respiratory tract infections,16-18 otitis media,18 19 asthma,18 20 sudden 

infant death syndrome,18 21 and behavioral and neurocognitive problems.22 23 
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Studies of each of these problems suggest independent effects of both pre- and 

postnatal exposure.24 Children are more vulnerable to the adverse effects of 

environmental tobacco smoke than adults as their lungs and immune system are 

still developing. The independent effect of prenatal exposure on children’s health 

indicates that maternal smoking in pregnancy influences the fetal development of 

different organ systems. There is pooled evidence that constituents of cigarette 

smoke cross the placenta, reduce intra-uterine fetal growth, and increase the risk 

of preterm delivery and congenital anomalies, not only in smoking mothers,25-27 

but also in non-smoking mothers exposed to SHS.28-30 Low birth weight and 

preterm delivery, at their turn, are determinants of health risks later in life, 

including asthma31 32 and emotional and behavioral problems.33 

1.2. Smoke-free legislation 

The historical development of smoke-free environments began in the mid-1970s 

and expanded in the 1990s. Beginning in the early 1980s, results of scientific 

studies and governmental and intergovernmental reports provided the 

information needed to promote smoke-free policies. In 2004, Ireland was the first 

country to implement a comprehensive smoking ban in indoor workplaces, 

including restaurants and bars. Ten years later (2014), 92 countries have 

implemented nationwide legislation, although only 62 include bars and 

restaurants.34 

A comprehensive review published in 2009 provided consistent evidence that 

smoking bans were associated with reduced exposure to SHS.35 A total of 31 

studies on self-reported exposure to SHS, mostly in workplaces, showed that 

smoke-free legislation resulted in a reduction of time exposed (71% to 100% 

reduction) or a reduction in the proportion of those exposed (22% to 85%).35 

Eighteen studies, using biomarkers like salivary cotinine to validate these self-

reports, found a 39% to 89% reduction in exposure. 

Results from different meta-analyses, mainly on cardiovascular events,36-38 

suggest that the ultimate goal of smoke-free policies, i.e. improving public health, 

has been accomplished. A recent meta-analysis, based on 45 studies of 33 smoke-

free laws, showed that comprehensive smoke-free legislation was associated with 

significantly lower rates of hospital admissions (or deaths) for coronary events 
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(relative risk 0.848, 95% CI 0.816 to 0.881), other heart disease (0.610, 0.440 

to 0.847), cerebrovascular accidents (0.840, 0.753 to 0.936), and respiratory 

disease (0.760, 0.682 to 0.846).39 It should be noted that the observed health 

benefits are probably not solely due to reduced exposure to SHS, but also due to 

a decrease in active smoking. A review on tobacco control policies and prevalence 

of smoking found moderate evidence for a decrease in smoking prevalence (based 

on 20 studies), although a large majority of the studies showed a significant 

decrease in prevalence after the ban.40 

Contrary to the large body of evidence for beneficial effects of smoking bans on 

adult health, studies focusing on child and fetal health were limited before 2013.41-

45 However, children account for more than a quarter of all deaths and more than 

half of all disability-adjusted life years due to passive smoking.15 40% of children 

worldwide are regularly exposed to second-hand smoke,15 which is of great 

concern because they are generally unable to influence their own level of 

exposure. 

2. Ambient air pollution 

2.1. History 

Whereas historically air pollution was generally a local issue, air pollution problems 

have shifted from the local to the global scale along with growing populations, 

industrialization and fossil-fuel based transportation. Recognition of the dangers 

of ambient air pollution can be traced to several extreme episodes during the last 

century. One of the earliest such events occurred in the Meuse Valley in Belgium 

in 1930. In the last 2 days of the episode, more than 60 persons died, which was 

more than 10 times the normal mortality rate.46 Perhaps to most severe such 

event took place in London in 1952, with an estimated 12,000 excess deaths from 

December 1952 through February 1953.47 

Although air pollution from combustion of traditional fossil fuel is much lower than 

60 years ago, other components have gained prominence.48 Airborne particles 

(PM) have changed size distribution and composition, altering their toxicity. 

Photochemical air pollution is characterized by high ozone (O3) concentrations 

during warm and sunny weather, whereas nitrogen oxides (NOx) are produced by 
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the ever rising number of motorized vehicles. Despite regulatory control measures 

that have lowered concentrations, air pollution continues to harm health. During 

the late 1980s results of epidemiological studies identified PM less than 10 µm 

diameter (PM10) as a key pollutant metric related to acute (short-term) and 

chronic (long-term) health effects. More recently, attention has shifted to 

measurements and health effects of PM less than 2.5 µm diameter (PM2.5), 

because these particles can penetrate deep into the lungs and bloodstream. 

2.2. Health effects of ambient air pollution 

Exposure to pollutants such as PM, O3, and NO2 has been associated with increases 

in mortality and hospital admissions due to respiratory and cardiovascular disease. 

These effects have been found in short-term studies, which relate day-to-day 

variations in air pollution and health, and long-term studies, which have followed 

cohorts of exposed individuals over time. Substantial evidence for short-term 

effects of air pollution on hospital admissions and mortality comes from meta-

analyses49-54 and large-scale multi-city studies such as APHEA (Air Pollution and 

Health: A European Approach),55 56 NMMAPS (National Morbidity, Mortality and Air 

Pollution Study),57-59 APHENA (Air Pollution and Health: A Combined European and 

North American Approach),60 61 and PAPA (Public Health and Air Pollution in 

Asia).62 People at highest risk tend to be those with pre-existing vascular disease, 

diabetes mellitus, and the elderly. Perhaps even more importantly, chronic air 

pollution exposure significantly elevates the long-term risk for premature 

cardiopulmonary death throughout the entire population.63 64 

The WHO has estimated that outdoor air pollution was responsible for 3.7 million 

deaths in 2012 - roughly 1 in 15 deaths globally.65 About 88% of these deaths 

occur in low- and middle-income countries, which represent 82% of the world 

population. To put this in a wider global perspective, the corresponding estimate 

for indoor air pollution (from cooking over coal, wood and biomass stoves) was 

4.3 million deaths, almost all in low and middle income countries.65 Estimates 

suggest that 40% of deaths caused by outdoor air pollution are due to ischemic 

heart disease, another 40% due to stroke, 11% due to COPD, 6% due to lung 

cancer, and 3% due to acute lower respiratory infections in children.65 
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More recently, exposure to ambient air pollution has also been linked to several 

other health outcomes such as atherosclerosis,66 67 diabetes,68 69 

neurodevelopment and cognitive function,70-72 and adverse birth outcomes. There 

is meta-analytic evidence for an effect of prenatal air pollution exposure on 

congenital cardiac anomaly risk.73 Other recent reviews74-78 and meta-analyses79 

80 suggest that maternal air pollution exposure during pregnancy is associated 

with adverse birth outcomes such as low birth weight, small-for-gestational-age 

(SGA) and preterm birth. However, they all concluded that reported effects are 

heterogeneous, especially with respect to the exposure period. 

3. Ambient temperature 

The impact of meteorological factors on health has gained attention since the 

record-breaking heat wave in Europe in August 2003. Europe experienced its 

hottest weather in at least 500 years, which resulted in an estimated 70,000 

additional deaths.81 The 3 years needed to obtain this estimate demonstrated the 

lack of functional surveillance systems. This has initiated efforts to implement heat 

plans and real-time monitoring of human mortality at national82-84 and at 

European level.85 86 Monitoring of all-cause deaths provides a major source of 

timely data on progression and impact of health threats, which are crucial to guide 

health service response and public health decision-making.  

Temperature-related mortality is a growing public health concern because of 

climate change. Climate change is projected to increase global mean surface 

temperatures by 2–4.5°C with 76% probability, and over 4.5°C with 14% 

probability, by 210087 and will increase the frequency and intensity of extreme 

weather events. Numerous epidemiological studies have shown an association 

between ambient temperature and total or cause-specific morbidity88 and 

mortality,89 with increased health risks observed during heat waves90 as well as 

during cold spells.91 The most vulnerable population groups are persons with pre-

existing conditions, elderly and children.90-92 Heat-related health effects include 

heatstroke, hyperthermia, dehydration, renal, cardiovascular, respiratory and 

nervous system diseases.90 93 

More recent evidence suggests that ambient temperature might also affect fetal 

health. Maternal exposure to extreme temperatures has been linked to adverse 
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birth outcomes such as low birth weight,94 95 preterm birth,96 97 stillbirth,97 and 

birth defects.98 A relatively recent review concluded that the evidence for an 

adverse effect of high temperatures was stronger for birth weight than for preterm 

birth and that more research is needed to clarify whether the observed 

associations are causal.98 

4. Main objectives 

In this doctoral dissertation population-based registries were used to assess the 

impact of important environmental risk factors on different health outcomes, and 

to evaluate preventive public health measures. Because environmental risk factors 

can operate over the entire life span, we used a life-course approach by including 

both studies on newborns and studies on the older segment of the population, 

thereby focusing on health outcomes for which certain research gaps have 

recently been identified. We did not limit ourselves to registries from human 

populations, but verified human epidemiological findings in registries of cattle 

which might serve as a sentinel for human public health. 

The specific objectives of this study were: 

1. The assessment of potential public health benefits of smoking policies, 

focusing on health outcomes in early and in later life. For this purpose, we 

studied the impact of the stepwise implementation of smoke-free legislation 

in Belgium on the risk of preterm birth (chapter 2) and on the risk of mortality 

due to acute myocardial infarction (chapter 3). 

2. The investigation of the association between environmental exposures and 

adverse birth outcomes. First, we examined the risk of preterm birth in relation 

to ambient temperature by investigating potential heat and cold effects 

(chapter 4). Second, we studied fetal growth in relation to maternal exposure 

to PM10 (chapter 5). For the latter, we focused on birth weight and small-for-

gestational-age and we assessed potential effect modification by pregnancy 

duration and potential non-linearity in the exposure-response shape. 

3. The exploration of the use of dairy cattle populations as comparative models 

of human health risks. For this purpose, we investigated the association 

between dairy cow mortality and ambient O3, PM10 and NO2 (chapter 6) and 

temperature (chapter 7), accounting for harvesting and delayed effects. 
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5. Data 

5.1 Perinatal data 

Flemish birth data were obtained from the independent and regionally funded 

Study Centre for Perinatal Epidemiology (SPE).99 100 The representational status 

of the SPE data is such that the registration intake is recognized as the equivalent 

of the legal birth certificate by the government of Flanders (Northern part of 

Belgium).101 The SPE collects birth data since 1986, aiming at the collection of 

data necessary for a routine monitoring of perinatal activities, for international 

comparisons, and for the guidance of interventions when needed. The SPE collects 

data on births in all maternity units in Flanders and in the University Hospital of 

Brussels (UZ Brussel). Also most of the home deliveries are registered. The 

database includes live births and stillbirths with a birth weight of at least 500 

grams, or with a gestational age of at least 22 weeks when the birth weight is 

unknown. When both birth weight and gestational age are unknown, the criterion 

is a length of 25 cm or more. The obstetric and perinatal form contains 35 items, 

which are linked to the 19 items in the neonatal form in case of transfer of the 

child to a neonatology unit. The official and SPE-encoded form is completed by 

the midwife or obstetrician who supervised the birth and is subsequently returned 

to the SPE, where data are checked by an error detection program. 

5.2 Acute myocardial infarction mortality 

Data on deaths due to acute myocardial infarction in Flanders were obtained from 

the Flemish Agency for Care and Health.102 When a person dies, the physician has 

to record the cause(s) of death on the death certificate, which is then further 

completed by the civil registry service of the municipality of death. The coding 

and registration of death causes in Belgium is done independently for Flanders 

(and Brussels) and Wallonia (including the German-speaking community). The 

responsible institute for Flanders is the Flemish Agency for Care and Health. Since 

1998 causes of death are classified according to the WHO codes of the 

International Classification of Diseases, 10th revision (ICD-10). Data entries are 

carefully checked for completeness and accuracy concerning medical and 

demographical information and apparent inconsistencies are verified by looking 

up the certificate or by contacting the treating physician.103 Data for Flanders are 
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limited to inhabitants of the Flemish region that died in the Flemish or Brussels 

region. Flemish residents dying in the Walloon region or abroad are not included, 

resulting in an underestimation of total mortality of about 1%.104 

5.3 Cattle mortality 

Data on dairy cattle mortality in Belgium were extracted from Sanitel, a national-

level computerized database for the registration and traceability of farm animals, 

managed by the Federal Agency for the Safety of the Food Chain.105 The initial 

goal of Sanitel was to monitor the health state of the Belgian livestock. The system 

was later extended to the management of food safety with an eye on the illegal 

use of growth promoters, residues in milk or chemical contamination. Farmers are 

legally obliged to register each change in livestock (i.e. arrival, departure, birth 

or death of an animal on their farm) by means of a (self-kept) paper form or an 

electronic application (Veeportaal or Cerise). Newborn calves have to be 

earmarked and registered within 7 days, and arrivals and departures (including 

death) have to be registered within 3 days. In addition, farmers have to report 

these events to Sanitel within 7 days by sending the passport (in case of death) 

or notification form, by a phone call (application VRS) or by a notification through 

the electronic application. 

6. Distributed lag non-linear models 

In chapters 4, 6 and 7 we used a relatively new statistical method to study the 

triggering effect of environmental exposures on health outcomes, i.e. distributed 

lag non-linear models (DLNMs). DLNMs enable the investigation of the temporal 

pattern of the association and provide an estimate of the “overall” effect of the 

exposure incorporating potential delayed and harvesting effects. Harvesting (or 

mortality displacement when studying deaths) refers to the situation where 

adverse health events are only brought forward by a few days in frail individuals 

who would have suffered the event in the near future anyway. 

Numerous studies on the short-term health effects of heat or air pollution have 

modelled single-day exposures or multi-day moving averages. Many of them have 

tested different lags or moving averages in separate models, thereby increasing 
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the type I error, and often the single most significant lag or moving average was 

selected as final result. Another problem with the use of single lags is that - to the 

extent that exposure variables are auto-correlated over time - the effects of 

adjacent lag terms will also be picked up. Many studies found that multi-day 

moving averages fit better than any single day’s exposure, suggesting that the 

effect of an increase in exposure on a single day is distributed across several 

subsequent days. 

One possible solution to investigate the overall effect of an exposure over many 

days is to construct an unrestricted (unconstrained) distributed lag model that 

contains many lagged terms of the exposure as separate variables. However, 

because of collinearity between the lagged regressors, such model will produce 

unstable estimates for the individual lags so that no conclusions can be drawn on 

the shape of the distributed effect.106 107 Nevertheless, the sum of the individual 

lag effects will be an unbiased estimate of the overall effect.106 107 To gain more 

efficiency and to reduce the noise of the unconstrained model with minimal bias, 

the coefficients of the lags can be constrained by using a flexible function such as 

a low degree polynomial.106 Whereas distributed lag models (DLMs) have been 

extensively used in the field of social sciences, their first application in 

epidemiological research dates from 2000 when Schwartz investigated the 

distributed lag between PM10 and daily deaths.106 To obtain more flexibility in the 

lag structure, especially when examining longer lags, later studies have used 

spline functions instead of polynomials and have applied this approach to capture 

potential harvesting in the estimation of mortality related to air pollution or 

temperature exposure.107 108 

Conventional DLMs rely on the assumption of a linear effect between the exposure 

and the outcome, which is especially problematic for an exposure such as 

temperature, which typically shows a J- or U-shaped association with health 

outcomes. Some attempts to relax this assumption have been proposed, such as 

a constrained segmented parameterization assuming distributed lag linear effects 

of high and low temperatures beyond the heat and cold threshold respectively.109 

A useful generalization is achieved through the generation of a new model 

framework which can describe non-linear relationships both in the space of the 

predictor and along lags, leading to the family of distributed lag non-linear models 
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(DLNMs).110 111 This family of models is implemented in the package “dlnm” within 

the statistical environment R.112 
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Abstract 

Objective To investigate the incidence of preterm delivery in the Belgian 

population after implementation of smoke-free legislation in three phases (in 

public places and most workplaces January 2006, in restaurants January 2007, 

and in bars serving food January 2010). 

Design Logistic regression analyses on routinely collected birth data from January 

2002 to December 2011. 

Setting Flanders, Belgium. 

Population All live born singleton births delivered at 24–44 weeks of gestation 

(n=606,877, with n=448,520 spontaneous deliveries). 

Main outcome measures Preterm birth (gestational age <37 weeks). 

Results We found reductions in the risk of preterm birth after the introduction of 

each phase of the smoking ban. No decreasing trend was evident in the years or 

months before the bans. We observed a step change in the risk of spontaneous 

preterm delivery of -3.13% (95% CI -4.37 to -1.87; P<0.01) on 1 January 2007 

(ban on smoking in restaurants), and an annual slope change of -2.65% (95% CI 

-5.11 to -0.13; P=0.04) after 1 January 2010 (ban on smoking in bars serving 

food). The analysis for all births gave similar results: a step change of -3.18% 

(95% CI -5.38 to -0.94; P<0.01) on 1 January 2007, and an annual slope change 

of -3.50% (95% CI -6.35 to -0.57; P=0.02) after 1 January 2010. These changes 

could not be explained by personal factors (infant sex, maternal age, parity, 

socioeconomic status, national origin, level of urbanization); time related factors 

(underlying trends, month of the year, day of the week); or population related 

factors (public holidays, influenza epidemics, and short term changes in apparent 

temperature and particulate air pollution). 

Conclusions Our study shows a consistent pattern of reduction in the risk of 

preterm delivery with successive population interventions to restrict smoking. This 

finding is not definitive but it supports the notion that smoking bans have public 

health benefits from early life. 
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Introduction 

It is well established that active maternal smoking during pregnancy impairs fetal 

growth1 2 and shortens gestation.2-4 Moreover, second-hand smoke has also been 

found to affect birth outcomes.2 3 5-13 A meta-analysis on passive smoking during 

pregnancy and fetal health estimated that exposure of non-smoking pregnant 

women to second-hand smoke reduces mean birth weight by 33 g or more, and 

increases the risk of a birth weight below 2,500 g by 22%.11 A clear effect on 

gestational length was not found,11 although many studies did report a significant 

association between second-hand smoke and premature birth.2 3 5-10 12 13 A large 

body of evidence suggests that low birth weight (<2,500 g)14 15 and premature 

birth (<37 weeks gestation)16-18 are important risk factors for morbidity and 

mortality in childhood15 17 18 and in adulthood.14 16 Interventions to reduce 

exposure to second-hand smoke have been found to reduce the incidence of 

cardiovascular diseases,19-23 but only a few studies have examined the effect on 

pregnancy outcomes.7 24 25 To our knowledge, only two studies have investigated 

the impact of a smoking ban on birth weight and preterm birth.24 25 However, one 

study did not take into account time trends,24 and both studies examined the 

effect on outcomes of only a single change in legislation. 

In Belgium, smoke-free legislation was implemented in different phases.26 The 

first phase, implemented on 1 January 2006, required all public places and 

workplaces, except for the catering industry, to be smoke-free. The legislative ban 

on smoking in restaurants was introduced on 1 January 2007, while for bars 

serving food, smoke-free legislation was implemented on 1 January 2010. These 

successive steps in legislation gave us the opportunity to investigate possible 

stepwise changes in preterm delivery. 

Methods 

Data 

Data on births in Flanders during the period 2002–2011 were obtained from the 

Study Centre for Perinatal Epidemiology (SPE). Flanders is the Dutch speaking 

northern part of Belgium with about six million inhabitants, and it has 68 

maternity-obstetric units, where almost all (99%) births occur.27 For each 
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newborn of at least 500 g, an official and coded perinatal form is completed (most 

often by the midwife) which includes information on ultrasound corrected 

gestational age. The form is sent to the SPE, where all data are controlled by an 

error detection program and feedback is provided.28 A qualitative assessment of 

the SPE data shows that there is less than 5% discrepancy between electronic 

data and data derived from medical files.28 A unique feature of the data is that 

99.8% of all births (of ≥500 g) in Flanders are registered. Data concerning 

education and national origin of the mother are obtained through linkage of the 

medical birth certificates of the SPE with official birth declarations. However, this 

linkage is only available until 2009.  

We limited our analyses to singleton, live born infants delivered at 24–44 weeks 

of gestation. The primary outcomes for this study were the risks of spontaneous 

and overall preterm delivery. Changes in the risk of infants born small-for-

gestational-age, low birth weight, and birth weight were secondary outcomes. 

Spontaneous deliveries were obtained by excluding those births that were 

indicated as having been induced because of medical or other (unknown) reasons. 

Preterm delivery was defined as a gestational age below 37 completed weeks. 

Preterm births were further classified as mild (34–36 weeks), moderate (32–33 

weeks) and extreme (<32 weeks) preterm. Small-for-gestational-age was defined 

as a birth weight below the 10th centile for the gestational age and sex of the 

baby. Low birth weight was defined as below 2,500 g. Maternal age was 

categorized as <25, 25–34, and ≥35 years. The degree of urbanization of 

maternal residence was dichotomized into urban or semi-urban versus rural 

municipalities.29 Maternal residence was also used to create three classes of 

socioeconomic status at the municipality level, based on salary level, economic 

activity, degree of unemployment, and equipment level (facilities) of houses (such 

as percentage with central heating).30  

Data on influenza epidemics in Belgium were provided by the National Influenza 

Center.31 This center collects information on circulating influenza viruses, whereas 

the Unit of Health Services Research of the Institute of Public Health collects data 

on visit rates for influenza-like illnesses from a representative network of general 

physicians. Influenza epidemics are defined as a consultation rate above the 

epidemic threshold (138/100,000 inhabitants).  
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Mean daily temperature and relative humidity data were provided by the Belgian 

Royal Meteorological Institute and were used to calculate mean apparent 

temperature, an index of human discomfort.32 We used data from a central and 

representative station in Uccle (Brussels, Belgium), because the region of Flanders 

is uniform for temperature, as a result of small altitudinal and latitudinal gradients. 

Data on daily mean particulate matter (PM10) were obtained from the Belgian 

Interregional Environment Agency (IRCEL), which monitors ambient air quality 

with a dense network of automatic monitoring sites.33  

Because data on education and national origin of mothers were only available until 

2009, they were used in a sensitivity analysis. Education level was defined as low 

(lower secondary education or less), medium (secondary education completed), 

or high (higher education). National origin of the mother was categorized as 

European, Asian, Middle Eastern, African, North American, South American, or 

Australian.  

The ethical committee of Hasselt University approved the study. 

Statistical analyses 

We explored the time trend in preterm delivery by using a smoothing spline on 

monthly rates with 10 degrees of freedom in the SAS GAM procedure. For the 

main analysis, based on individual level data, we used logistic regression models 

to test the hypothesis that there were changes in spontaneous and overall preterm 

delivery immediately after the introduction of the different phases of smoke-free 

legislation. The minimum duration of pre-legislative data was four years (that is, 

before the first phase of the legislation, on 1 January 2006) and the minimum 

amount of post-legislative data was two years (that is, after the start of the third 

phase of the legislation, on 1 January 2010).  

The models allowed for an underlying trend throughout the study period and were 

adjusted for infant sex, maternal age, parity, socioeconomic status (municipality 

level or individual level (in sensitivity analysis)), national origin (in sensitivity 

analysis), level of urbanization of maternal residence, month of the year, day of 

the week, public holidays, influenza epidemics, apparent temperature, and PM10 

levels. For apparent temperature and for PM10, we calculated the average 
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exposure on the day of delivery and the day before, and we allowed for non-linear 

associations with preterm birth by using natural cubic splines.34 We used four 

degrees of freedom for apparent temperature and two degrees of freedom for 

PM10.  

The immediate effect of smoke-free legislation was modelled as a step function 

(step change), including a binary indicator variable which takes a value of 1 when 

the ban is present and 0 otherwise, while the gradual effects were studied with an 

interaction term between the indicator variable and time (trend or slope change). 

We started by examining the effect of the three legislation phases by using 

separate models for each phase, including either the step change or the slope 

change into the model. Then, we entered the three phases in the same model: in 

a first model we included only the step changes of the three phases, and in a 

second model we included only the slope changes. Finally, we started with a full 

model including the three step changes and the three slope changes and in 

subsequent models we removed the least significant factors one at a time. From 

the above models, we selected the best performing model based on the Akaike 

Information Criterion statistic.  

We also tested interaction terms to examine potential differences in the immediate 

and gradual effects of the smoking bans between subgroups, after also allowing 

for different pre-legislation trends. The beta coefficients derived from the logistic 

regression models for the step and slope changes were converted into percentage 

changes using the formula 100×(exp(β)-1). In sensitivity analyses, models were 

additionally adjusted for education and national origin of the mother (both 

available until 2009).  

In a secondary analysis, we investigated the risk of small-for-gestational-age and 

low birth weight by using the same methods as described above, and we analyzed 

average birth weight as a continuous variable by using linear regression models. 

All the analyses were performed by using SAS version 9.2 (SAS Institute, Cary, 

North Carolina, USA). 
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Results 

There were 631,794 registered deliveries in Flanders during the study period 

(2002–2011). We excluded 24,917 (3.9%) births which did not satisfy the 

inclusion criteria (multiple births, stillbirths, or deliveries before 24 weeks or after 

44 weeks). Among the remaining 606,877 births, 448,520 (73.9%) were 

spontaneous deliveries. Detailed characteristics of the study population are 

presented in the supplementary Table S1. Characteristics for spontaneous and 

overall deliveries are similar. Among the spontaneous births, 51.4% were boys, 

median (10–90th centile) maternal age was 29.5 (23.6–35.8) years, and median 

birth order was 2 (1–3). Table 1 provides details of maternal age, preterm birth, 

birth weight, small-for-gestational-age, and low birth weight by year. During the 

study period, a total of 32,123 (7.2%) spontaneous deliveries occurred before 37 

weeks of gestation. Of these, 25,010 (77.9%) were mild preterm, 3,518 (10.9%) 

were moderate preterm, and 3,595 (11.2%) were extreme preterm. A total of 

44,225 (9.9%) spontaneous births were small-for-gestational-age, and 23,570 

(5.3%) were low birth weight. Median (10–90th centile) birth weight was 3,370 

(2,835–3,950) g among full term infants and 2,520 (1,490–3,150) g among 

preterm infants.  

Figure 1 shows the smoothed curve of the crude percentage of spontaneous 

preterm deliveries by month of birth as an exploratory analysis. From the figure, 

the preterm birth rate was relatively stable before the first smoke-free legislation, 

followed by a decline in the year after the introduction of the first phase of the 

legislation (workplace). The decline persisted after the second smoking ban 

(restaurants), although this was partially reversed in the first months of 2008. A 

second sharp decline can be noticed in 2010, coinciding with the third phase of 

the legislation (bars serving food).  

We further studied the impact of the smoking bans by using logistic regression 

models. Table 2 shows the immediate (step) and gradual (slope) changes in 

preterm birth risk following the introduction of the different phases of smoke-free 

legislation, after adjustment for the potential confounders. We did not find effect 

modification by personal characteristics (infant sex, maternal age, parity), so final 

models did not include interactions terms with these variables. There was no 

significant baseline trend in the risk of spontaneous preterm delivery (-0.16% 
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(95% CI -1.18 to 0.86) per year), whereas the underlying trend for overall 

preterm deliveries increased (0.99% (95% CI 0.03 to 1.96) per year). Although 

Table 2 shows reduced risks after each of the three phases of smoke-free 

legislation, a comparison of models indicates that the second and third legislation 

phases (ban in restaurants and in bars serving food respectively) were followed 

by the largest changes in preterm birth. The model producing the best fit consisted 

of a step change on 1 January 2007 and a slope change after 1 January 2010 

(Table 2). The second legislation phase was followed by a step change in the risk 

of spontaneous preterm delivery of -3.13% (95% CI -4.37 to -1.87; P<0.01) on 

1 January 2007, whereas the third phase was followed by an annual slope change 

of -2.65% (95% CI -5.11 to -0.13; P=0.04) after 1 January 2010. The analysis 

for overall preterm delivery showed a step change in the risk of -3.18% (95% CI 

-5.38 to -0.94; P<0.01) on 1 January 2007, and an annual slope change in the 

risk of -3.50% (95% CI -6.35 to -0.57; P=0.02) after 1 January 2010. To put this 

in perspective, these changes correspond to a reduction of six preterm births per 

1,000 deliveries over the five study years (after 2007).  

Adding data on education and national origin of the mother (available until 2009) 

to the final model produced similar estimates for the step change in 2007 for 

spontaneous preterm delivery (-1.98% (95% CI -3.40 to -0.54; P<0.01)) as well 

as for overall preterm delivery (-3.23% (95% CI -5.62 to -0.77; P=0.01)). We did 

not observe significant effects of the smoking bans on the risk of low birth weight 

or small-for-gestational-age in the population, nor on average birth weight. 
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Figure 1. Time trend in rate of spontaneous preterm deliveries (with 95% CI) in Flanders, 2002–2011, 

with vertical lines indicating stepwise implementation of smoke-free legislation 
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Discussion 

We found significant reductions in the rate of preterm births after the 

implementation of different types of smoking bans, whereas no such decrease was 

evident in the years or months before these bans. Our results confirm those from 

a recent study.25 Given that even a mild reduction in gestational age has been 

linked to adverse health outcomes in early and later life, our study has important 

public health implications. Indeed, a Swedish study found that, even among those 

born late preterm (34–36 weeks), preterm birth was associated with a 31% (95% 

CI 13 to 50) increase in mortality in young adulthood.16  

As smoke-free legislation in Belgium was implemented in different phases, we 

were able to demonstrate a consistent pattern of changes in preterm delivery with 

stepwise reductions over the different enforcements. Hill proposed both internal 

and external consistency as one of the most important criteria of causality.35 

Although a single epidemiological study cannot prove causality, we believe that 

one strength of our study is that the changes showed an internally consistent 

pattern, with rates of preterm deliveries decreasing after each of the three 

smoking bans. The smoking ban at work was followed by a less marked reduction 

in preterm deliveries than the later ban in restaurants. It might be that the 

implementation of non-smoking regulation at work took place more gradually than 

the other bans, thus perhaps explaining why the effects of the latter were stronger 

(or more obvious in the analysis). 

Interpretation of results 

This study must be viewed as an investigation of the possible impact of a 

“population intervention” rather than an investigation of changes in individual 

behavior. It is possible that unmeasured confounders were responsible for the 

observed changes. Nevertheless, it is hard to conceive of a factor that could 

change the population risk of preterm births after the introduction of the different 

successive smoking bans. We adjusted for many potential confounders both at the 

individual level, including maternal education and national origin, and at the 

population level, including potential short term changes in air pollution and 

influenza epidemics.  
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It is unlikely that our observations could be explained by abrupt changes in 

therapeutic strategies coinciding with the smoking bans. Nevertheless, we 

collected data on the prescription of atosiban and on cervical cerclage treatment 

from a social security organization covering 42% of the population. Atosiban is an 

inhibitor of oxytocin and vasopressin and is specifically used to halt premature 

labor. Cervical cerclage is used for the treatment of cervical incompetence, a 

condition where the cervix has become slightly open and there is a risk of 

miscarriage. There were no substantial changes in the use of either treatment 

during the study period: the number of women given atosiban varied from 59 per 

1000 deliveries (846 prescriptions per 1,000 deliveries) in 2005 to 63 per 1,000 

(753 prescriptions per 1,000 deliveries) in 2011, and the number of cervical 

cerclages varied from 11 per 1,000 deliveries in 2002 to 8 per 1,000 deliveries in 

2011. 

One could object that the effects of the smoking bans were apparent only on the 

rate of preterm births, and we acknowledge that the absence of an effect on birth 

weight and small-for-gestational-age reduces the strength and diminishes the 

plausibility of our observation. Although some overlap exists in risk factors for 

prematurity and small-for-gestational-age, several investigators recommend 

treating these outcomes as distinct aetiologies.36 37 Conversely, the observed 

dissociation between an effect on triggering labor and on birth weight may point 

to the need for further research on other potential triggering factors. Changes in 

birth weight and small-for-gestational-age at the population level might be a 

longer term reflection of detrimental effects of active or passive smoking during 

pregnancy while preterm delivery might have a discrete trigger component, as 

suggested by studies on short term effects of air pollution and temperature.38-42  

Similar to our results, a study on the impact of the Irish workplace smoking ban 

on birth weight and preterm birth found a protective effect only on the latter 

outcome.24 Although their analysis was limited to a comparison of rates one year 

before and after the ban, they even found an increase in the risk of low birth 

weight. Although a meta-analysis concluded that passive smoking does not affect 

preterm birth,11 many studies did report a significant association between 

exposure to second-hand smoke and premature birth.2 3 5-10 12 13 In a study of 389 

non-smoking mothers, Jaakkola and colleagues9 found that environmental 

tobacco smoke had stronger effects on preterm delivery than on low birth weight 
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and small-for-gestational-age − that is, a 1 μg/g increase in hair nicotine 

concentration was associated with an increase in adjusted odds ratio of 1.22 (95% 

CI 1.07 to 1.39) for preterm delivery compared with 1.06 (95% CI 0.96 to 1.17) 

and 1.04 (95% CI 0.92 to 1.19) for low birth weight and small-for-gestational-

age.  

Previous investigations of the health benefits at the population level of smoke-

free legislation have focused primarily on the incidence of cardiovascular 

morbidity,20 which is known to be triggered by various factors.43 Further evidence 

of population health gains comes from observations of reduced asthma 

hospitalization by 18% after the introduction of smoke-free legislation.44 The 

plausibility of the favorable effects of smoking bans rests on well-known effects of 

active and passive smoking based on animal and human studies.45 

Limitations of study 

The main limitation, common to most studies on smoking bans,19 21-23 44 is that 

we do not have data on individual smoking status, neither active nor passive. The 

birth records also did not allow us to address other known risk factors for preterm 

birth, such as marital status, psychosocial stressors, maternal weight, occupation, 

and nutrition. However, the objective of our study was to describe the possible 

health impact of population based interventions, such as smoking bans, on 

preterm births, rather than to investigate the effects of personal exposures.  

The observed effects may be due to reduced exposure of pregnant women to 

second-hand smoke at the workplace or in public places,46 but they may also 

reflect an overall reduction in tobacco consumption. Indeed, smoke-free 

legislation may stimulate smokers to establish total smoking bans in their homes47 

and has resulted in increased smoking cessation,48-50 also among pregnant 

women.24 25 51 The Belgian Health Interview suggests that the total population 

prevalence of active smoking in Belgium was relatively stable from 1997 to 2004, 

but decreased significantly from 2004 to 2008.52 More specifically, the percentage 

of female smokers in Flanders was close to 22% in 1997, 2001, and 2004, whereas 

in 2008 the percentage was only 17.9%. The prevalence of daily smoking among 

Flemish women decreased from 18.5% in 2004 to 15.3% in 2008 and the 

prevalence of heavy smoking (≥20 cigarettes a day) declined from 7.7% to 4.9%. 
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A survey in a random sample of 3017 women in Flanders between May 2008–09 

indicated that 22.7% (95% CI 21.0 to 24.6) of the women were active smokers 

before pregnancy and 12.3% (95% CI 10.9 to 13.8) continued smoking during 

pregnancy.53 Exposure to second-hand smoke during pregnancy was reported by 

10.6% (95% CI 9.3 to 12.0) of the women. 

Conclusion 

Further proof of our population based observations could be provided in countries 

where smoking bans have been relaxed, as in the Netherlands.54 However, along 

with the prospectively gained evidence on smoking and its detrimental effects on 

pregnancy complications, our study supports the public health benefit of smoking 

bans early in life.  

Key messages 

What is already known on this topic 

Despite growing evidence that second-hand smoke has a negative impact on 

pregnancy duration and birth weight, few studies have shown a beneficial impact 

of smoke-free legislation on pregnancy outcomes. 

What this study adds 

Stepwise implementation of smoke-free legislation in Belgium allowed the 

demonstration of successive reductions in preterm deliveries which persisted after 

the implementation of the different legislation phases. The largest reductions in 

preterm birth coincided with the implementation of the second and the third phase 

of the legislation (smoking ban in restaurants and in bars serving food, 

respectively). Even a small relative decline in preterm deliveries can have 

important public health benefits. 
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Supplementary material 

Table S1. Characteristics of study population, presented as number (%) or as median (10-90th centile)  

Characteristic Value Spontaneous delivery Overall delivery 

Total population  448,520 (100.0) 606,877 (100.0) 

Infant sex Boy 230,368 (51.4) 311,620 (51.4) 

Maternal age (years) <25 70,759 (15.8) 98,419 (16.2) 

 25-34 319,477 (71.2) 428,781 (70.7) 

 35+ 58,284 (13.0) 79,677 (13.1) 

Parity 1 209,343 (46.7) 284,770 (46.9) 

 2 159,510 (35.6) 210,731 (34.7) 

 3 53,985 (12.0) 74,611 (12.3) 

 ≥4 87 (5.7) 36,765 (6.1) 

Socio-economic status of municipality Low 284,011 (63.5) 382,548 (63.2) 

 Medium 79,892 (17.9) 108,134 (17.9) 

 High 83,154 (18.6) 114,347 (18.9) 

Maternal education Low 42,424 (12.9) 58,743 (13.1) 

 Medium 130,304 (39.6) 183,410 (40.8) 

 High 156,123 (47.5) 207,563 (46.2) 

National origin European 278,697 (86.8) 384,522 (87.7) 

 Asian 4,840 (1.5) 5,968 (1.4) 

 Middle-Eastern 14,263 (4.4) 18,021 (4.1) 

 African 21,061 (6.6) 27,391 (6.2) 

 North-American 478 (0.2) 625 (0.1) 

 South-American 1,514 (0.5) 1,942 (0.4) 

 Australian 120 (0.0) 148 (0.0) 

Urbanization Urban/semi-urban 341,019 (76.0) 461,673 (76.1) 

 Rural 107,501 (24.0) 145,204 (23.9) 

Month January 37,867 (8.4) 50,929 (8.4) 

 February 34,299 (7.7) 46,524 (7.7) 

 March 37,741 (8.4) 51,541 (8.5) 

 April 37,154 (8.3) 50,035 (8.2) 

 May 37,781 (8.4) 50,771 (8.4) 

 June 37,730 (8.4) 50,975 (8.4) 

 July 39,355 (8.8) 53,436 (8.8) 

 August 39,571 (8.8) 53,366 (8.8) 

 September 38,192 (8.5) 51,702 (8.5) 

 October 37,646 (8.4) 51,397 (8.5) 

 November 35,010 (7.8) 47,033 (7.8) 

 December 36,174 (8.1) 49,168 (8.1) 

Day of week Sunday 53,697 (12.0) 56,313 (9.3) 

 Monday 68,194 (15.2) 94,662 (15.6) 

 Tuesday 71,804 (16.0) 104,938 (17.3) 

 Wednesday 68,261 (15.2) 96,664 (15.9) 

 Thursday 68,762 (15.3) 99,715 (16.4) 

 Friday 65,440 (14.6) 97,554 (16.1) 

 Saturday 52,362 (11.7) 57,031 (9.4) 
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Table S1. (continued)

Characteristic Value Spontaneous delivery Overall delivery 

National holiday Yes 10,277 (2.3) 11,124 (1.8) 

Influenza epidemic Yes 74,416 (16.6) 100,781 (16.6) 

Apparent temperature (°C)  9.9 (-0.2–19.1) 9.9 (-0.2–19.1) 

PM10 (µg/m3)  24.5 (15.5–43.5) 24.5 (16.0–43.5) 

Abbreviations: PM10, particulate matter with a diameter less than 10 µm 
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Abstract 

Objective 

Many studies demonstrated a decline in hospital admissions for cardiovascular 

diseases after the implementation of a smoking ban, but evidence for reductions 

in cardiovascular mortality is more limited. In Belgium, smoke-free legislation was 

implemented in different phases. Public places and most workplaces became 

smoke-free in January 2006, whereas the legislative ban on smoking in 

restaurants was introduced in January 2007. These successive steps in legislation 

gave us the opportunity to investigate possible stepwise changes in fatal acute 

myocardial infarction (AMI) rates. 

Methods 

Data on all AMI deaths of 30 years or older in Flanders (Belgium) between 2000 

and 2009 (n=38,992) were used. Age-standardized AMI death rates were 

analyzed with segmented Poisson regression allowing for secular trends and 

seasonality.  

Results 

An immediate decrease in AMI mortality rates was observed in January 2006 

(smoking ban at work). The effect was highest for women younger than 60 years 

(-33.8%, 95% CI -49.6 to -13.0), compared with an effect of -13.1% (95% CI -

24.3 to -0.3) for male counterparts. Estimates for elderly (≥60 years) were -9.0% 

(95% CI -14.1 to -3.7) for men and -7.9% (95% CI -13.5 to -2.0) for women. An 

additional effect of the smoking ban in restaurants was observed for men older 

than 60 years, which showed an annual slope change of -3.8% (95% CI -6.5 to -

1.0) after 1 January 2007. 

Conclusions 

Smoking ban interventions are associated with reductions in the population rate 

of myocardial mortality. Smoke-free legislation at the workplace had the highest 

impact on AMI mortality rates, with an additional effect of the smoking ban in 

restaurants for men of 60 years and above. 
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Introduction 

The adverse health effects of both active and passive smoking are well-

established, in particular for coronary heart diseases.1 Growing evidence suggests 

that environmental tobacco exposure (ETS) increases cardiac risk through both 

chronic pathways such as atherosclerosis, and acute mechanisms such as platelet 

activation and endothelial dysfunction.1 2 The effects of passive smoking have 

been found to be nearly as large (averaging 80% to 90%) as those of chronic 

active smoking.1 In order to reduce exposure to second-hand smoke, many 

countries have implemented regulations that prohibit smoking in public places. 

Many studies have shown that the enforcement of smoking bans is followed by a 

rapid reduction in cardiovascular disease rates in the general population, with 

most of the evidence coming from hospital admission data.3-6 Most of these 

studies used data from hospital-based registries, whereas studies analyzing 

population-based registries are limited.7 8 Moreover, only a few studies have 

examined the effect of smoke-free legislation on cardiovascular mortality and 

results are contradictory.9-14 Population-based death registry data have greater 

population and geographical coverage and capture the large proportion of fatal 

events that occur before reaching the hospital.15 

The magnitude of the effects of smoke-free legislation on cardiovascular disease 

rates is still uncertain, with estimates ranging from approximately 0 up to 70%.2-

6 8 Methodological issues might play an important role in the observed differences 

in effect estimates. The US Institute of Medicine highlighted the importance of the 

adjustment for secular trend,2 and Gasparrini et al.8 and Barr et al.16 

demonstrated the need to consider non-linear trends. 

In Belgium, smoke-free legislation was implemented in different phases 

(http://www.tegenkanker.be/content/de-wet).17 The first phase, implemented in 

January 2006, required all public places and workplaces (except for bars, cafes, 

restaurants, night clubs, and discos) to be smoke-free. The legislative ban on 

smoking in restaurants was introduced in January 2007, while for bars serving 

food, smoke-free legislation was implemented in January 2010. Finally, a 

comprehensive ban (including bars, discos, and casinos) was introduced in July 

2011.  

http://www.tegenkanker.be/content/de-wet
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This study investigated the impact of the first two phases of the legislation on 

mortality from acute myocardial infarction (AMI) in Flanders, using cause of death 

data from 2000 to 2009. The two later legislation phases could not yet be 

examined because data were not available. To our knowledge, only one previous 

study has investigated cardiovascular effects of a smoking ban that was 

implemented in separate phases, thereby focusing on sudden circulatory arrest.18 

With six years of data before the first smoking ban and three years of data after 

the second ban, the pre- and post-legislative periods used in this analysis are 

relatively long compared to most other studies.3-6 The robustness of the study 

findings to the model specification was evaluated by including non-linear secular 

trends. 

Methods 

Data 

The Flemish Agency for Care and Health registers data on causes of mortality in 

Flanders, currently coded according to the 10th revision of the International 

Classification of Diseases (ICD-10). Flanders is the Dutch speaking Northern part 

of Belgium with about six million inhabitants. This study used data on all AMI 

deaths (ICD-10 code I21) among Flemish residents of 30 years and older during 

the period 2000-2009 (later data were not yet available). Data were aggregated 

by month, gender, 10-year age groups (30-39, 40-49, 50-59, 60-69, 70-79, 80+ 

years), and primary (underlying) or secondary diagnosis. Flemish population 

figures by gender, age and calendar year were obtained from the Standardized 

Procedures for Mortality Analysis (SPMA) website (http://www.wiv-

isp.be/epidemio/spma), which presents data from the Federal Public Service 

Economy – Statistics Division. Mean daily air temperature, measured at the 

central and representative station of Uccle (Brussels, Belgium), was provided by 

the Belgian Royal Meteorological Institute. Mean daily particulate matter (PM10) 

concentrations (spatial average for Flanders) were obtained from the Belgian 

Interregional Environment Agency (IRCEL). Weekly influenza rates for Belgium 

were provided by the National Influenza Center.19 This center collects information 

on circulating influenza viruses, whereas the Unit of Health Services Research of 

http://www.wiv-isp.be/epidemio/spma
http://www.wiv-isp.be/epidemio/spma
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the Institute of Public Health collects data on consultation rates for influenza-like 

illnesses from a representative network of general physicians. 

Statistical analysis 

Annual age-standardized rates of AMI mortality were calculated by the direct 

method and using the European reference population.20 To compare the periods 

before and after the smoking ban, monthly AMI mortality rates were analyzed by 

using an interrupted (segmented) Poisson regression, adjusting for seasonality 

and long-term trends. To account for changes in the age distribution during the 

study period, monthly age- and sex-standardized incidence rates were calculated, 

using the population distribution in the first month of the series (January 2000) 

as reference. In order to model the rates of AMI directly while keeping the actual 

number of AMI deaths as response variable, adjusted population sizes were 

calculated and entered in the model as an offset. To account for the difference in 

the number of days between months, the logarithm of the number of days was 

included as a predictor in the model. The model allowed for an underlying trend 

throughout the study period and seasonality was modelled by a Fourier series of 

sine and cosine terms.21 Because an initial exploration of the form of the long-

term trend suggested a linear pattern, a linear predictor for time was used to 

quantify the underlying downward trend in AMI mortality rates. Mean monthly 

values for temperature, PM10, and influenza rates were included in the model as 

natural cubic splines. The degrees of freedom used (4 for temperature and 

influenza, 3 for PM10) were chosen based on the Akaike and Bayesian Information 

Criteria (AIC and BIC). 

The immediate effect of smoke-free legislation was modelled as a step function 

(level change), including a binary indicator variable which takes values 1 when 

the ban is present and 0 otherwise, while the gradual effects were studied with an 

interaction term between the indicator variable and time (trend or slope change). 

We started by examining the effect of the two legislation phases by using separate 

models for each phase, including both the step change and the slope change into 

the model. Then, we entered the two phases in the same model: in a first model 

we included only the step changes of the two phases, and in a second model we 

included only the slope changes. Finally, we started with a full model including the 
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two step changes and the two slope changes and we removed non-significant 

factors. The performance of the above models was checked by comparing AIC and 

BIC values. 

Because several studies have found different effects among men and women and 

among younger and older persons,7 9 10 14 22-25 analyses were stratified by gender 

and age below 60 years or 60 years or older. In a secondary analysis we used 

smaller age classes (30-49, 50-59, 60 to 69, 70 to 79, at least 80 years) to further 

investigate potential effect modification by age. Only cases with AMI as primary 

death cause were considered in the main analysis. In a sensitivity analysis, also 

deaths with AMI as secondary cause were included. In another sensitivity analysis, 

the assumed linearity of the underlying trend was formally tested. Because 

nonlinear models could be attributing some of the effect of the ban to the general 

secular trend, potential nonlinearity was investigated on pre-legislation data by 

testing the statistical significance of a quadratic trend orthogonal to the linear 

trend.16 Additionally, we fitted the pre-legislation trend as a natural cubic spline 

with 1 to 5 degrees of freedom and compared the fit of models using AIC.  

To control for multiple testing in the final models, we used the Benjamini-

Hochberg procedure.26 A false discovery rate smaller than 0.05 was considered 

significant. All the analyses were performed by using SAS version 9.2 (SAS 

Institute, Cary, North Carolina, USA).  

Results 

Table 1 presents the number of AMI deaths and the age-standardized deaths rates 

by calendar year, gender and age group. A gradual reduction in AMI mortality 

rates was evident over the total period studied, but in all four strata the largest 

(absolute) decrease in rates was observed in 2006. Whereas the CIs of the rates 

mostly overlap, there is no overlap in the CIs of the rates in 2005 and 2006 for 

men and women aged 60 or older. 
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Final models were obtained by removing non-significant step and slope changes 

from the full model (with two step changes and two slope changes). These models 

also had the lowest BIC values, whereas AIC showed the tendency to select 

models containing non-significant smoking ban effects (P>0.13) (supplementary 

Table S1). The step change in January 2006 was retained in the final models of 

all subpopulations. For men of at least 60 years, the final model also included a 

significant slope change in January 2007. Results of the final models are reported 

in Table 2. The negative linear baseline trend (before 2006) in AMI mortality rates 

was significant in all strata except in women younger than 60 years. Among people 

below 60 years, the immediate decrease in the AMI death rate in January 2006 

was higher for women (-33.8%, 95% CI -49.6 to -13.0) than for men (-13.1%, 

95% CI -24.3 to -0.3). Estimates for elderly were lower and were of the same 

magnitude for men (-9.0%, 95% CI -14.1 to -3.7) and women (-7.9%, 95% CI -

13.5 to -2.0). Elderly men showed an additional annual slope change of -3.8% 

(95% CI -6.5 to -1.0) after the second smoking ban.  

Table 2. Percentage change (95% CI) in acute myocardial infarction death rates in Flanders in association 

with the successive implementation of public smoking bans 

     Annual 

   Pre-legislation trend† 

  Legislation 2006  

  Step change‡ 

 Legislation 2007 

Slope change§ Age Gender  

<60 years Men -4.4 (-6.7 to -2.0)* -13.1 (-24.3 to -0.3)*¶  N/A 

 Women 0.2 (-4.6 to 5.3) -33.8 (-49.6 to -13.0)*¶  N/A 

 Both -4.2 (-6.3 to -2.1)* -15.3 (-25.1 to -4.2)*¶  N/A 

≥60 years Men -4.3 (-5.3 to -3.2)* -9.0 (-14.1 to -3.7)*¶  -3.8 (-6.5 to -1.0)*¶ 

 Women -6.0 (-7.1 to -5.0)* -7.9 (-13.5 to -2.0)*¶  N/A 

 Both -4.8 (-5.6 to -4.1)* -8.3 (-12.2 to -4.3)*¶  -2.9 (-4.9 to -0.8)*¶ 

Percentage change derived from Poisson regression models and adjusted for population size, number of days, underlying 

trend, seasonality, temperature, PM10, and influenza rates. Final models were obtained by removing non-significant factors 

from the full model (including the two step changes and the two slope changes).  

*P<0.05 

†Annual change relative to January 2000 

‡Step change at 1 January 2006 (smoking ban at the workplace) 

§Slope change after 1 January 2007 (smoking ban in restaurants) 

¶False discovery rate <0.05 (Benjamini-Hochberg on 8 P-values) 

N/A = Not applicable 
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Observed AMI rates and the estimated temporal trend are depicted in Figure 1. 

Overall, from January 2006 to December 2009, the model predicts 1,715 fewer 

AMI deaths in Flanders associated with the implementation of smoke-free 

legislation.  

 

Figure 1. Observed acute myocardial infarction death rates (solid lines) and the estimated temporal 

trend (dashed line) among persons under 60 years of age (A) and persons aged at least 60 years (B), 

Flanders, 2000-2009. The step in the temporal trend at the first vertical line is the acute effect of the 

smoking ban at the workplace (A and B), and the slope change after the second vertical line is the gradual 

effect of the smoking ban in restaurants (B). 

  

A 

B 
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The analysis on more narrow age categories suggests that the immediate effect 

of the workplace smoking is highest for the youngest group (30-49 years), but 

estimates show an increase with age going from the middle (60-69 years) to the 

highest age category (80+ years). The sensitivity analysis showed that the 

inclusion of cases with AMI as secondary death cause produced similar results with 

slightly lower effect estimates. For men below 60 years, the step change in 2006 

was no longer significant (P=0.12). In the analyses testing the potential nonlinear 

curvature of the secular trend, no significant quadratic terms were found (P>0.21) 

and models with a linear pre-legislation trend showed the best fit.  

 

Figure 2. Immediate effect of the smoking ban at the workplace (January 2006) on acute myocardial 

infarction death rates in different age groups. Percentage change and 95% CIs derived from Poisson 

regression models and adjusted for population size, number of days, underlying trend, seasonality, 

temperature, particulate air pollution (PM10), and influenza rates. *False discovery rate <0.05 (Benjamini-

Hochberg on 5 P-values) 

Discussion 

This study, based on nearly 40,000 AMI deaths in Flanders, showed significant 

reductions in AMI death rates after the introduction of national-level smoke-free 

legislation. Significance of estimates remained after Benjamini-Hochberg 

correction for multiple testing. The effects were more pronounced after the first 

step of the legislation (smoking ban in workplaces and public places). Our findings 

are compatible with a study on out-of-hospital sudden circulatory arrest (SCA) in 

South-Limburg (a region in the Netherlands). Based on 2,305 cases, the authors 

found a significant decrease in the incidence of SCA after the workplace smoking 

ban in 2004, but no further decrease after the extension of the ban to the 
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hospitality sector in 2008.18 Whereas they found a gradual decrease in SCA 

incidence (annual reduction of 6.8%) after the workplace smoking ban, we 

observed an immediate reduction (step change). In addition, we found some 

evidence for a gradual effect after the smoking ban in restaurants, but only for 

elderly men. However, the short time period (twelve months) between the two 

phases of the legislation makes it difficult to separate their effects due to potential 

postponed effects of the first legislation.  

Although two reviews suggest that impacts of smoke-free legislation could 

increase over time,3 5 some other studies13 22 24 did not observe significant gradual 

effects additional to the immediate effects. Strong evidence that smoking ban 

effects are immediate rather than gradually is provided by the most recent meta-

analysis of 45 studies that demonstrated that smoking ban effects on 

cardiovascular, cerebrovascular, and respiratory diseases did not increase with a 

longer follow-up period.6 

The magnitude of the overall reduction in AMI mortality rates associated with the 

2006 legislation found in this study (-15.3% among people aged under 60 years 

and -8.3% among people aged 60 years or older) is comparable with the 10% to 

17% decrease in AMI hospital admissions rate estimated by four meta-analyses.3-

6 The estimated effect for women younger than 60 years in this study, however, 

is considerably higher (33.8%). A greater effect in younger individuals was also 

found in three Italian studies7 22 25 and is plausible because banning smoking at 

workplaces mainly affects the working population and appears to encourage 

smoking cessation particularly in younger smokers.27 The age of 60 years used in 

the analysis is expected to be the most realistic cut-off value to separate the 

working from the non-working population. Although the official retirement age in 

Belgium is 65 years, the median age at which people withdraw from the labor 

force is around 7 years below the official age.28 Studies in Scotland, England and 

Spain found greater effects among elderly (above 60 or 65 years).9 14 23 24 

Although we found much larger smoking ban effects among the youngest ages, 

our secondary analysis suggested a higher impact in the oldest age categories 

compared to the group of 60-69 years. The elderly are generally considered to be 

a susceptible segment of the population. Their higher prevalence of cardio-

respiratory conditions, together with age-related declines in physiological reserves 
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or homeostatic balances, makes them vulnerable to the effects of triggers such as 

air pollution and passive smoking.29  

Our study suggests that the reduction in AMI mortality rates is greater among 

women than among men, which is compatible with findings from other studies.9 

10 23 This might be explained by a stronger decrease in exposure among women, 

as suggested by the greater post-ban reduction in serum cotinine levels in non-

smoking women (47%) compared with men (37%) in Scotland.23 Another reason 

might be the higher relative risk for AMI associated with smoking in women 

compared with men.5 Tobacco smoke may have an anti-estrogenic effect, 

particularly in young, premenopausal women who would otherwise benefit from 

estrogen’s cardio-protective role.30 However, the Rome, England and Italian 4 

regions studies found greater effects among men.7 24 25 

Studies to date have been heterogeneous in their designs, target populations, 

statistical analyses, choices of control groups, and types of smoking bans 

investigated.16 Misspecification of the underlying long-term trend and other issues 

such as changes in population size, sampling variations, different lengths of follow 

up, changes in active smoking and differences in the prevalence of active and 

passive smoking have been raised to explain the differences in the effect estimates 

between studies.3 5 8 24 Gasparrini et al.8 and Barr et al.16 argue that the beneficial 

effect of smoking bans may be overestimated because nonlinearity of trends in 

declining cardiovascular morbidity is not adequately taken into account in many 

studies. Therefore, the potential nonlinear curvature of the underlying trend was 

formally tested in a sensitivity analysis. The validity of the linear models used in 

the main analysis was confirmed. 

Can the reduction in AMI rates be considered a causal consequence of the smoking 

ban? A population intervention must be interpreted at the population level and 

not at the individual level. As this was an ecological study, it is possible that 

unmeasured confounders were responsible for the observed effects. Nevertheless, 

it is hard to conceive of a factor that could change the population risk of AMI 

mortality at the moment of the introduction of smoke-free legislation and it is 

unlikely that the study findings could be explained by abrupt changes in 

therapeutic strategies coinciding with the smoking bans. Moreover, the plausibility 

of the favorable effects of smoking bans rests on well-known effects of active and 
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passive smoking based on animal and human studies.31 Indeed, tobacco smoke 

consists of large amounts of particulate matter. Lung32 and systemic 

inflammation, prothrombotic reactions,33 modulations in heart rate variability34 

and blood pressure35 are mechanisms which explain the association between AMI 

and particulate air pollution29 at concentrations which are much lower than 

exposure to second-hand smoke.  

Limitations of this study include the absence of a comparison with a nearby control 

population without smoking ban and the lack of data on individual smoking status 

neither active nor passive. The observed effects may include reduced exposure to 

ETS36 as well as direct health benefits from reduced tobacco consumption. Indeed, 

smoke-free legislation may stimulate smokers to establish total smoking bans in 

their homes37 and has resulted in increased smoking cessation.27 The Belgian 

Health Interview suggests that the total population prevalence of active smoking 

in Belgium was relatively stable from 1997 to 2004, but decreased significantly 

from 2004 to 2008 (http://www.wiv-isp.be/epidemio/hisia/index.htm). More 

specifically, the percentage of female smokers in Flanders was close to 22% in 

1997, 2001 and 2004, while in 2008 the percentage was only 17.9%. The 

prevalence of daily smoking among Flemish females reduced from 18.5% in 2004 

to 15.3% in 2008 and the prevalence of heavy smoking (20 cigarettes or more 

per day) reduced from 7.7% to 4.9%.  

Strengths of this study include the opportunity to investigate a stepwise 

implementation of smoke-free legislation, the large population size and the 

relatively long pre- and post-legislation period. Several earlier studies used a 

“before and after” design and might have been unable to fully account for 

underlying trends in AMI rates. Declining time trends, as observed in this study, 

might be caused by the concomitant effect of other time-varying factors, like 

changes in the distribution of known risk factors, health care improvements and 

development of diagnostic criteria.  

  

http://www.wiv-isp.be/epidemio/hisia/index.htm
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Conclusion  

This study found population changes in fatal AMI rates after the introduction of 

smoke-free legislation in Belgium. Given that coronary heart disease is the single 

most common cause of death and morbidity worldwide, even a small reduction in 

the incidence of AMI is of great benefit for public health. Our study indicates that 

1,715 AMI deaths were likely prevented in Flanders from January 2006 to 

December 2009. These findings add to the evidence that smoking bans improve 

population health and, knowing that only 16% of the world’s population is 

currently covered by comprehensive smoke-free laws,38 provide further support 

for the introduction of smoke-free legislation worldwide. 

Key messages 

What is already known about this subject?  

Despite the large number of studies showing a decrease in hospital admissions for 

cardiovascular diseases after the implementation of a smoking ban, evidence for 

reductions in fatal acute myocardial infarction (AMI) is less abundant.  

What does this study add?  

The stepwise implementation of smoke-free legislation in Belgium allowed the 

investigation of potential successive reductions in AMI mortality rates. Significant 

immediate decreases in rates of fatal AMI were observed after the first step of the 

legislation (smoking ban in workplaces and public places). For men of at least 60 

years, an additional effect of the smoking ban in restaurants was found. 

How might this impact on clinical practice? 

Given that AMI is the leading cause of death and a major economic burden in most 

countries, our findings have important public health implications and provide 

further support for the introduction and continuation of smoke-free laws 

worldwide. 
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Abstract 

Preterm birth is the leading cause of perinatal morbidity and mortality in 

developed countries. Findings from studies on the short-term effects of 

meteorological variables on preterm birth are inconclusive, especially for colder 

climates. Therefore, we investigated the triggering effect of temperature on the 

risk of preterm birth during the warm and cold season in Flanders (Belgium). We 

used a quasi-Poisson model on 446,110 singleton natural deliveries between 1998 

and 2011. We accounted for the daily pregnancies at risk and their gestational 

age distribution and we allowed for delayed and non-linear temperature effects. 

Relative to the median value of 12.8°C, the risk of preterm birth in the warm 

season increased by 14.1% (95% CI 4.7 to 24.2) when minimum temperature up 

to 3 days before delivery (lag 0–3) exceeded the 95th percentile (17.9°C). The 

corresponding estimate for maximum temperature was not significant (2.6%, 

95% CI -8.7 to 15.4). In the cold season, we observed a significant effect of low 

minimum temperature on the risk of preterm birth two days before birth (lag 2), 

but cumulative cold effects were not significant. Even in a temperate climate, 

ambient temperature might trigger preterm delivery, suggesting that pregnant 

women should be protected from temperature extremes. 
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Introduction 

Preterm delivery is the primary cause of perinatal morbidity and mortality in 

developed countries.1 While adverse health outcomes are most obvious for lower 

gestational age,2 even late preterm births (34-36 weeks) have higher morbidity 

and mortality rates than full-term births.3-5 Because many of these effects 

continue into childhood and even adulthood,3 preterm birth is considered a serious 

public health issue with major economic implications.6 7 

Despite extensive research and clinical efforts designed toward the reduction of 

preterm delivery, rates continue to rise in most regions of the world. In Europe 

the preterm birth rate is generally 5–9%, and in the US it has even increased to 

12–13% during the last decades.1 The underlying causes of preterm birth are 

poorly understood, although genetic, demographic, social-behavioral, and 

environmental factors all likely play a role.1 8  

Whereas epidemiological evidence for an association between air pollution and 

preterm birth is accumulating,9-11 studies on the effects of ambient temperature 

are limited and findings are inconclusive.12 13 Except for the most recent, many of 

these studies included no or only few confounders13 or did not take into account 

the seasonal heterogeneity in the pregnancies at risk for preterm birth.14 15 

Inconsistencies between studies might be related to differences in study design, 

statistical methods, exposure windows, temperature indicators or climate. Among 

the few studies conducted in colder climates,15-18 only one has found an 

association between preterm birth and temperature.17 Moreover, although studies 

on seasonality of birth outcomes have reported peaks of preterm birth not only in 

summer but also in winter,19 20 only a limited number of studies have investigated 

the short-term effect of cold.15 17 18 21 22 

We studied the association between preterm births and ambient temperature in 

the temperate climate of Flanders (Belgium). We investigated the impact of both 

heat and cold and we considered the possibility of both non-linear and lagged 

exposure effects. 
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Methods 

Data 

The Study Centre for Perinatal Epidemiology (SPE) supplied information on all 

births in Flanders during the period 1998-2011. Flanders is the Dutch speaking 

Northern part of Belgium with about six million inhabitants and 68 fully equipped 

maternity-obstetric units.23 For each newborn of at least 500 g, an official and 

coded perinatal form is completed and sent to the SPE, where data are controlled 

by an error detection program.24 A qualitative assessment of SPE-data shows that 

there is less than 5% discrepancy between electronic data and all data derived 

from medical files and that 99.8% of all pregnancies are registered.24 25 

Gestational age is based on the last menstrual period and is corrected with the 

estimation from the first ultrasound.  

We limited our study population to live-born singleton births with a gestational 

age between 22 and 42 weeks. Induced deliveries and caesarean sections were 

excluded because these are less likely to be related to external factors such as 

temperature. Preterm births were classified as extremely to very preterm (<32 

weeks) and moderate to late preterm (32-36 weeks).26 Other available 

information included date of birth, infant’s sex, parity, mother’s age and postal 

code of municipality of residence at the time of birth. Information on maternal 

education was gathered through linkage of the medical birth certificates of the 

SPE with official birth declarations. This linkage, however, is only available from 

1999 to 2009. 

Data on daily minimum and maximum air temperature and relative humidity were 

provided by the Belgian Royal Meteorological Institute. We used data from a 

central and representative station in Uccle (Brussels), because the region of 

Flanders is quite uniform for temperature, due to extremely small altitudinal and 

latitudinal gradients: elevations range from 0 to 200 m above sea level, and the 

distance between the most northern and most southern part is less than 100 km.  

Daily particulate matter with diameter less than 10 μg/m3 (PM10, daily average) 

and ozone (8-hour maximum) concentrations were obtained from the Belgian 

Interregional Environment Agency. A validated model provides interpolated air 

pollutant concentrations in 4 by 4 km grids based on the Belgian telemetric air 



AMBIENT TEMPERATURE AND PRETERM BIRTHS 

69 

quality network.27 Using these data, population-weighted average daily 

concentrations for Flanders were calculated. In order to account for potential 

confounding by influenza episodes, data on consultation rates for influenza-like 

illnesses in Belgium are collected from a representative network of general 

physicians.28 

The research protocol was approved by the medical ethics committee of Hasselt 

University. 

Statistical analysis 

Separate analyses were done for the warm (May-September) and the cold season 

(October-April) and for each temperature indicator (minimum and maximum 

temperature). To have complete cold seasons, we excluded the first 4 months of 

1998 and the last 3 months of 2011. We also excluded the last warm season (May-

September 2011) in order to avoid the decrease in the denominator (i.e. the 

pregnancies at risk of preterm birth) at the end of the dataset. The short-term 

effects of temperature on the risk of preterm birth were investigated by using a 

quasi-Poisson model with the daily count of preterm births as outcome variable.  

To account for the temporal variation in the number of pregnancies at risk of 

preterm birth and their gestational age distribution, we used a modification of the 

original pregnancies-at-risk approach,14 which has been previously applied by 

Vicedo-Cabrera et al.:29 daily counts of the pregnancies at risk of being preterm 

are used as an offset and a daily weight indicator (calculated based on the 

probability of giving birth conditional on the gestational age in each day) is entered 

into the model (natural cubic spline with 4 degrees of freedom (df) in this 

analysis).  

We combined the quasi-Poisson model with a distributed lag non-linear model 

(DLNM).30 31 The DLNM is defined through a “cross-basis” function, which allows 

simultaneous estimation of the non-linear exposure-response association and the 

non-linear effects across lags, the latter termed lag-response association. We used 

a natural cubic spline–natural cubic spline cross-basis. Spline knots were placed 

at equal spaces in the temperature range to allow enough flexibility in the two 

ends of the temperature distribution. The knots in the lag space were set at 
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equally spaced values on the log scale of lags to allow more flexible lag effects at 

shorter delays.32 The maximum lag was set to 10 days. The df for temperature 

and lag were selected according to the Akaike information criterion for quasi-

Poisson models (q-AIC),30 33 varying the df for the exposure-response from 2 to 6 

and for the lag-response from 3 to 6.  

Long-term trends25 were modelled using a natural cubic spline of the variable time 

allowing 1 df for every 2 years of data. To control for seasonality, we fitted a 

natural cubic spline of day of the season with 1 df per month. We further adjusted 

for potential non-linear effects of humidity, PM10, and ozone, by using natural 

cubic splines with 3 df for the moving average of the current day and the previous 

day (lag 0–1). Day of the week, public holidays and influenza epidemics were 

controlled for by use of dummy variables. For each of the temperature indicators, 

the median values within the season were used as reference (centering value). 

Relative risks (RR) were calculated at the 95th and the 99th percentiles of the 

temperature indicator within the warm season and at the 5th and the 1st 

percentiles within the cold season. Reported estimates, computed as the overall 

cumulative risk accounting for the 0-10 lag period, are presented as percent 

change in preterm birth relative to the reference temperature.  

In order to identify subpopulations that are more susceptible to the effects of hot 

and/or cold temperatures, we conducted stratified analyses by gestational age 

(<32 weeks, 32-36 weeks), gender, parity (first, higher), maternal age group 

(<25 years, 25-34 years, ≥35 years), maternal education (lower secondary or 

less, higher secondary, higher education) and the degree of urbanization of 

mother’s residence (urban/semi-urban versus rural).34 Because temperature may 

also act as a trigger for labor among term births,16 we additionally considered 

early term (37-38 weeks) and late term (>38 weeks) births in the stratified 

analyses. The pregnancies at risk and the daily weight indicator were recalculated 

for each of the subpopulations.  

To explore the potential confounding of air pollution, we performed a sensitivity 

analysis by adding one air pollution variable at a time or excluding both pollution 

variables from the model. We also validated whether the estimates were robust 

with respect to the specification of the long-term and seasonal trends by changing 

the flexibility of the spline function from 0.5 to 2 df for every 2 years of data and 
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from 0.5 to 2 df per month respectively. In a final sensitivity analysis, we excluded 

lag 0 from the cross-basis and included it as a separate term (natural cubic spline 

with 3 df) into the model. This was done because, especially for maximum 

temperature, lag 0 suffers from the problem that the event (birth) might precede 

the exposure. Since DLNM typically models delayed effects through a function, 

estimates for later lags are likely to be influenced by lag 0.29  

All the analyses were performed with the statistical software R, using the “dlnm” 

package.32  
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Results 

Data description 

During the study period (May 1998 – April 2011) there were 771,796 live born 

singletons with a gestational age from 22 to 42 weeks in Flanders. After excluding 

a total of 325,686 (42.2%) caesarean sections and induced births, our study 

population consisted of 446,110 births, of which 25,959 (5.8%) were preterm 

(Table 1). The number of preterm births per day ranged from 0 to 17 in the warm 

season and from 0 to 15 in the cold season. In both seasons, the mean number 

of cases per day was around 5 and the percentage of days without cases was less 

than 0.5%. The majority of preterm births (92.6%) had a gestational age from 32 

to 36 weeks (moderate to late preterm).  

Table 1. Descriptive characteristics of the study population, Flanders (Belgium), May 1998 – April 2011 

  All births  Preterm births 

Characteristic Value No.    %     No.   % 

Total  446,110 100.0  25,959 100.0 

Season Warm (May-September) 191,018 42.8  10,949 42.2 

 Cold (October-April) 255,092 57.2  15,010 57.8 

Gestational age <32 weeks 1,913 0.4  1,913 7.4 

 32-36 weeks 24,046 5.4  24,046 92.6 

 37-38 weeks 101,324 22.7  N/A N/A 

 >38 weeks 318,827 71.5  N/A N/A 

Gender Male 228,967 51.3  14,518 55.9 

 Female 217,143 48.7  11,441 44.1 

Parity First 237,810 53.3  11,577 44.6 

 Higher 208,300 46.7  14,382 55.4 

Maternal age  <25 years 76,083 17.1  5,444 21.0 

 25-34 years 319,829 71.7  17,547 67.6 

 ≥35 years 50,198 11.3  2,968 11.4 

Maternal education* Low 46,611 12.5  3,339 15.2 

 Medium 137,427 36.8  9,145 41.7 

 High 164,519 44.1  7,978 36.4 

 Missing data 24,519 6.6  1,457 6.6 

Urbanization Urban 336,822 75.5  19,649 75.7 

 Rural 109,288 24.5  6,310 24.3 

*From 1999 to 2009 (373,076 births and 21,919 preterm births) 

N/A = Not applicable 
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Table 2 shows summary statistics for daily weather variables and air pollutants. 

In the warm season, minimum temperature ranged from 1.3 to 23.9°C and 

maximum temperature from 6.5 to 35.8°C. In the cold season, minimum 

temperature ranged from -12.3 to 16.3°C and maximum temperature from -6.0 

to 28.5°C. The median PM10 and ozone in the warm season were 25.1 μg/m3 and 

53.1 μg/m3 respectively, whereas the corresponding concentrations in the cold 

season were 27.0 μg/m3 and 35.5 μg/m3 respectively.  

Table 2. Summary statistics of the meteorological and air pollution variables by season, Flanders 

(Belgium), May 1998 – April 2011 

 Percentiles 

Exposure 0th 25th 50th 75th 100th 

Warm season (May–September) 

Minimum temperature (°C) 1.3 10.5 12.8 14.8 23.9 

Maximum temperature (°C) 6.5 18.0 20.6 23.7 35.8 

Mean relative humidity (%) 32.1 67.3 74.6 81.5 97.7 

PM10 (µg/m3) 9.3 19.4 25.1 32.2 81.2 

Ozone (µg/m3) 13.2 43.7 53.1 65.3 129.9 

Cold season (October–April) 

Minimum temperature (°C) -12.3 1.1 4.5 7.7 16.3 

Maximum temperature (°C) -6.0 6.2 9.8 13.4 28.5 

Mean relative humidity (%) 35.2 75.5 82.9 88.8 99.9 

PM10 (µg/m3) 5.2 20.0 27.0 37.3 150.5 

Ozone (µg/m3) 6.1 21.5 35.5 50.7 97.0 

Abbreviations: PM10, particulate matter with a diameter less than 10 µm 
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Warm season 

The final model for minimum as well as maximum temperature in the warm season 

contained 2 df for temperature and 3 df for the lag structure. The 3-dimensional 

graph for minimum temperature shows an acute increase in the risk of preterm 

birth at high temperatures, which is largest at lag 0 (Figure 1A). Using maximum 

temperature, the increase in the preterm birth risk at high temperatures is much 

smaller and only appears after some lags (Figure 1B).  

 

Figure 1. Relative risks (RR) of preterm birth by minimum (Tmin) and maximum temperature (Tmax) in 

the warm (A, B) and the cold (C, D) season. Reference values (bold lines) are median temperatures 

(12.8°C for Tmin and 20.6°C for Tmax in the warm season; 4.5°C for Tmin and 9.8°C for Tmax in the 

cold season), Flanders, Belgium, May 1998 – April 2011.  
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Figure 2 presents the effect of high temperature on the risk of preterm birth along 

the lags, contrasting the 95th and the 99th percentiles to the 50th percentile of 

the temperature indicator. Heat effects were significant for minimum temperature 

from lag 0 to lag 2 (Figure 2A), but there were no significant effects for maximum 

temperature (Figure 2B).  

 

Figure 2. Lag-specific effects of minimum (Tmin) and maximum (Tmax) temperature on preterm birth, 

Flanders, Belgium, May 1998 – April 2011. Heat effects (warm season: A, B) are estimated at the 95th 

(solid circles) and the 99th percentile (open circles), relative to the median (12.8°C for Tmin and 20.6°C 

for Tmax). Cold effects (cold season: C, D) are estimated at the 5th (solid circles) and the 1st percentile 

(open circles), relative to the median (4.5°C for Tmin and 9.8°C for Tmax). The symbols are mean relative 

risks (RR) and the error bars are 95% CIs. 
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The cumulative effects of minimum temperature on preterm birth are presented 

in Table 3. Considering the heat effect up to 3 days before delivery (lag 0–3), the 

risk of preterm birth increased by 14.1% (95% CI 4.7 to 24.2) when minimum 

temperature increased from 12.8° (median) to 17.9°C (95th percentile) and by 

22.0% (95% CI 6.4 to 39.9) when minimum temperature increased to 19.9°C 

(99th percentile). The corresponding estimates for maximum temperature were 

not significant: 2.6% (95% CI -8.7 to 15.4) for an increase from 20.6°C to 29.0°C 

and 2.3% (95% CI -15.0 to 23.0) for an increase from 20.6°C to 31.9°C 

(supplementary Table S1).  

Table 3. Percent change (with 95% CI) in the risk of preterm birth associated with high minimum 

temperatures (95th and 99th percentile) in the warm season and low minimum temperatures (5th and 

1st Percentile) in the cold season, relative to the median values of the season, Flanders, Belgium, May 

1998 – April 2011 

 Percent change (95% CI)† 

 WARM season (50th Pct = 12.8°C)  COLD season (50th Pct = 4.5°C) 

Lag (day) 95th Pct = 17.9°C 99th Pct = 19.9°C  5th Pct = -3.3°C 1st Pct = -6.5°C 

0 5.6 (1.3 to 10.2)* 8.6 (1.6 to 16.2)*  -4.6 (-9.5 to 0.6) -5.6 (-13.7 to 3.3) 

0–1 9.8 (2.6 to 17.5)* 15.2 (3.4 to 28.3)*  -3.2 (-8.7 to 2.7) -6.3 (-15.0 to 3.2) 

0–2 12.5 (3.9 to 21.9)* 19.6 (5.2 to 35.9)*  0.0 (-5.8 to 6.1) -5.6 (-14.4 to 4.0) 

0–3 14.1 (4.7 to 24.2)* 22.0 (6.4 to 39.9)*  1.8 (-4.5 to 8.5) -5.8 (-15.2 to 4.7) 

0–5 14.4 (4.4 to 25.5)* 22.7 (5.9 to 42.2)*  0.9 (-5.6 to 7.9) -8.2 (-17.7 to 2.3) 

0–10 9.6 (-1.7 to 22.3) 14.6 (-3.9 to 36.6)  -0.7 (-8.7 to 8.1) -6.0 (-18.0 to 7.9) 

Abbreviation: Pct, percentile 

*P<0.05 

†Estimates are adjusted for long-term trends, seasonality, humidity, PM10, O3, day of the week, holidays and influenza 

epidemics. Minimum apparent temperature was modelled using a natural cubic spline‒natural cubic spline DLNM with 2 df 

for temperature and 3 df for the lag structure in the warm season and with 3 df for temperature and 4 df for the lag 

structure in the cold season.  
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Cold season 

For minimum as well as maximum temperature, the final model for the cold 

season contained 3 df for temperature and 4 df for the lag structure. Although 

unexpected in the cold season, both indicators showed an increase in the risk of 

preterm birth at higher winter temperatures which is largest at lag 0 (Figures 1C, 

1D). On the other hand, the effect of low temperatures appeared to be smaller 

and was delayed by few days for both temperature indicators. The increase in 

preterm birth with decreasing temperature was relatively linear for maximum 

temperature. For minimum temperature, however, the risk of preterm birth was 

largest around -2°C (approximately the 10th percentile of minimum temperature 

in the cold season) and decreased again at lower temperatures. The only 

significant cold effect observed was for minimum temperature at lag 2 (Figure 

2C): for a decrease in minimum temperature from the median (4.5°C) to the 5th 

percentile (-3.3°C), the increase in the risk of preterm birth was 3.3% (95% CI 

0.1 to 6.6). Because of the negative estimates at lag 0, however, cumulative cold 

effects were not significant (Table 3).  

Subpopulation analyses 

Figure 3 presents the cumulative heat effects and cold effects over lag 0–3 days 

estimated for different subpopulations. Significant heat effects (Figure 3A), were 

found for moderate to late preterm births (32-36 weeks) as well as early term 

(37-38 weeks) and late term (>38 weeks) births (the two latter groups not being 

part of the main analysis). Although there is a trend of increasing heat effect 

estimates with decreasing gestational age, significance was lost for the extremely 

to very preterm births (<32 weeks). Heat effects appeared to be highest for 

female babies, for mothers with previous births, for older mothers, for mothers 

with a medium educational level and for urban/semi-urban place of residence, but 

differences between estimates were not significant. Estimates of the cumulative 

cold effect (Figure 3B) did not reach significance in any of the subpopulations.  
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Figure 3. Percent change (with 95% CI) in the risk of preterm birth for an increase in minimum 

temperature (lag 0–3) from the median (12.8°C) to the 95th percentile (17.9°C) in the warm season (A) 

and for a decrease in minimum temperature (lag 0‒3) from the median (4.5°C) to the 5th percentile (-

3.3°C) in the cold season (B), overall and by subpopulations, Flanders, Belgium, May 1998 – April 2011. 

* Term births (37–38 and >38 weeks) are not included in the main analyses (All). 

Sensitivity analyses 

The exclusion of air pollutants from the model for the warm season resulted in a 

slight decrease in estimates (results not shown), which was mainly caused by the 

exclusion of ozone. For the cold season, results from models with and without air 

pollutants were practically identical. Changing the df for long-term trends and 

seasonality gave similar estimates (results not shown). As expected, including lag 

0 as a separate term into the model (but excluding it from the cross-basis) 

affected the estimates for the nearest lags, but conclusions remained the same 

(supplementary Figure S1).  
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Discussion 

We observed significant effects of recent minimum ambient temperature on the 

risk of preterm delivery. The heat effect was acute, lasted for a few days, and 

increased with increasing temperature. The effect of cold, however, was only 

observed for relatively mild temperatures (between the 50th and the 95th 

percentile) two days before birth (lag 2). This finding might be explained by the 

fact that, via clothing and heating, it is easier to adjust to low temperatures than 

to high temperatures. Whereas virtually all houses in Belgium have heating 

equipment, only very few houses are equipped with air conditioning.35 The 

importance of night-time temperature and a decrease in estimates for the coldest 

temperatures were also found in a study on hospital admissions in Italy.36  

A review of the epidemiological literature on the influence of ambient temperature 

on birth outcomes concluded that findings for preterm delivery are inconclusive.13 

As far as we know, only one previous study has found an association between 

heat and preterm birth in a colder climate,17 whereas studies on populations in 

Montreal, London and Germany did not find an association.15 16 18 In warmer 

climates, effects of heat on preterm birth have been reported for Negev, 

California, Barcelona, Brisbane, Rome and Valencia,21 22 29 37-40 but not for New 

York and Chicago.41 42  

Although the heat effect was not significant for extremely to very preterm births, 

probably due to the small number of cases, estimates increased with decreasing 

gestational age. This is in contrast with findings from previous studies, showing 

smaller or even negative estimates for low gestational ages.21 22 37 Our finding of 

a smaller but significant heat effect for term births compared to preterm births, 

however, is consistent with previous studies.21 37 Auger et al.16 found an 

association between high temperatures and the risk of delivery among term 

pregnancies, with higher estimates for early-term than for full-term births, but 

not among preterm pregnancies.  

Although differences in heat effects between subpopulations were not significant, 

results suggested a somewhat higher vulnerability in some groups. Girls had a 

slightly more elevated risk compared with boys, consistent with findings from 

California.37 Heat effects seemed more pronounced for older mothers (≥35 years), 

whereas previous studies reported a tendency of decreasing heat estimates for 
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increasing maternal age.22 37 The absence of heat effects among mothers with a 

higher education is consistent with results for Rome.22 

Results of this study suggest that night-time temperature might be more relevant 

than daytime as a trigger for health-related conditions. Minimum temperature 

reflects the temperature decrease during night which might be important during 

the warmer period of the year. High temperatures at night means that there is no 

relief from heat stress and might lead to a worse sleep quality, which has been 

found to be associated with an increased risk of preterm delivery.43 44 

The discrepancy between results for minimum and maximum temperature might 

also be related to the chronology of events, which is less clear for maximum 

temperature, because at lag 0 the birth precedes the exposure for a considerable 

number of cases. Minimum temperatures, however, generally occur around or 

shortly after sunrise, so a much larger proportion of women actually experienced 

the lag 0 exposure before giving birth. Moreover, the timing of minimum 

temperatures is far less variable than the timing of maximum temperatures. In 

summer, maximum temperatures can occur as late as 5 pm, whereas in winter 

they tend be closer to around 1 pm. This might explain why the differences 

between results for both temperature indicators seem to be larger in the warm 

season than in the cold season. However, a sensitivity analysis showed that 

excluding lag 0 from the cross-basis did not remove the discrepancy between 

estimates for both temperature indicators. 

Different results for minimum and maximum temperature were also reported for 

the warm season in Valencia:29 compared with the median temperature, the risk 

of preterm birth increased up to 20% when maximum apparent temperature 

exceeded the 90th percentile two days before delivery and 5% when minimum 

temperature rose to the 90th percentile during the 4th to 6th day before delivery. 

The authors found an apparently negative association between preterm birth and 

exposure on the day of birth for maximum apparent temperature, but not for 

minimum temperature.  

Can we explain the current epidemiologic associations by biological mechanisms? 

Relative extremes of temperature are known to affect human blood flow with 

excess cardiovascular deaths occurring during heat waves and cold spells.45-47 It 

is, therefore, plausible that maternal blood flow and hence fetal nutrition will be 
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affected by temperature extremes at different stages of gestation. Heat stress can 

lead to uterine contractions in pregnant women.48 49 Studies in ewes showed that 

heat stress might cause an increased secretion of oxytocin and prostaglandin 

F2α,49 50 which are involved in the induction of labor. High ambient temperatures 

are associated with preeclampsia, which is a major cause of preterm birth.8 Also 

the release of heat-shock proteins is linked to preterm delivery through induction 

of proinflammatory cytokines.51 52 Finally, heat stress may lead to preterm 

delivery through an increased secretion of corticotrophin-releasing hormone and 

cortisol.53 54  

A limitation of our study is the use of ecological-level outdoor measurements for 

ambient temperature. This could result in exposure misclassification because 

pregnant women may spend a lot of time indoors, where levels might be different 

because of the use of air-conditioning and/or heating. As discussed above, this 

might explain the absence of significant cold effects at very low temperatures. On 

hot days, however, outdoor temperature might be a better reflection of the true 

exposure, because, compared with the US for example, the proportion of houses 

equipped with air conditioning in Belgium is relatively low.35 Although Flanders is 

quite uniform for temperature, urban temperatures can be considerably higher 

than those in the countryside. This probably explains the much larger heat effect 

observed for mothers living in urban compared to rural areas. 

Another limitation is the lack of information on some important risk factors for 

preterm birth, such as maternal comorbidity, nutrition, drinking and smoking 

behavior. However, by using a time-series design non-time-varying individual risk 

factors are inherently controlled for. Moreover, the temporal variation and the 

gestational age distribution of the pregnancies at risk for preterm birth are 

properly accounted for. Finally, results are based on a relatively large population 

and a long-time span.  
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Conclusion 

Our results suggest that pregnant women should protect themselves from 

temperature extremes. With future climate projections including increases in the 

frequency and intensity of extreme weather events, and given that even a mild 

reduction in gestational age has been linked to adverse health outcomes in early 

and later life, our study may have important implications for public health. 
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Supplementary material 

Table S1. Percent change (with 95% CI) in the risk of preterm birth associated with high maximum 

temperatures (95th and 99th percentile) in the warm season and low maximum temperatures (5th and 

1st percentile) in the cold season, relative to the median values of the season, Flanders, Belgium, May 

1998 – April 2011 

 Percent change (95% CI)† 

 WARM season (50th Pct = 20.6°C)  COLD season (50th Pct = 9.8°C) 

Lag (day) 95th Pct = 29.0°C 99th Pct = 31.9°C  5th Pct = 1.1°C 1st Pct = -1.4°C 

0 0.1 (-5.4 to 5.9) -0.5 (-8.9 to 8.6)  -5.1 (-11.0 to 1.2) -6.9 (-15.1 to 2.0) 

0–1 0.7 (-8.1 to 10.3) -0.2 (-13.5 to 15.1)  -4.0 (-10.3 to 2.7) -5.8 (-14.5 to 3.8) 

0–2 1.6 (-9.0 to 13.3) 0.8 (-15.1 to 19.7)  -1.3 (-7.6 to 5.5) -2.6 (-11.5 to 7.1) 

0–3 2.6 (-8.7 to 15.4) 2.3 (-15.0 to 23.0)  -0.2 (-7.0 to 7.1) -1.7 (-11.3 to 8.9) 

0–5 4.7 (-7.3 to 18.2) 5.3 (-13.1 to 27.7)  -2.7 (-9.4 to 4.5) -5.9 (-15.2 to 4.5) 

0–10 4.2 (-9.3 to 19.7) 4.3 (-16.4 to 30.2)  -1.3 (-9.6 to 7.8) -6.1 (-17.7 to 7.1) 

Abbreviation: Pct, percentile 

*P<0.05 

†Estimates are adjusted for long-term trends, seasonality, humidity, PM10, O3, day of the week, holidays and influenza 

epidemics. Maximum apparent temperature was modelled using a natural cubic spline‒natural cubic spline DLNM with 2 df 

for temperature and 3 df for the lag structure in the warm season and with 3 df for temperature and 4 df for the lag 

structure in the cold season.  
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Figure S1. Comparison of lag-specific effects of minimum (Tmin) and maximum (Tmax) temperature on 

preterm birth between models including (solid circles) and excluding (open squares) lag 0 from the DLNM 

cross-basis, Flanders, Belgium, May 1998 – April 2011. Heat effects (warm season: A, B) are estimated 

at the 95th percentile (17.9°C for Tmin and 29.0°C for Tmax), relative to the median (12.8°C for Tmin 

and 20.6°C for Tmax). Cold effects (cold season: C, D) are estimated at the 5th percentile (-3.3°C for 

Tmin and 1.1°C for Tmax), relative to the median (4.5°C for Tmin and 9.8°C for Tmax). The symbols are 

mean relative risks (RR) and the error bars are 95% CIs. *For the models excluding lag 0 from the cross-

basis, the effect at lag 0 was estimated by a natural cubic spline with 3 df. 
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Abstract 

While there is growing evidence that air pollution reduces fetal growth, results are 

inconclusive with respect to the gestational window of effect. We investigated 

maternal exposure to particulate matter (PM10) in association with birth weight 

and fetus growth with a focus on the shape of the association and gestational age 

at birth as a potential effect modifier. 

The study population consisted of 525,635 singleton live births in Flanders 

(Belgium) between 1999 and 2009. PM10 exposure at maternal residence was 

averaged over various time windows. We used robust linear and logistic regression 

to estimate the effect of PM10 on birth weight and small-for-gestational-age (SGA). 

Segmented regression models were applied for non-linear associations.  

Among moderately preterm (32-36 weeks) and term (>36 weeks) births, we 

found significant lower birth weight for all studied time windows. The estimated 

reduction in birth weight for a 10 µg/m3 increase in average PM10 during 

pregnancy was 39.0 g (95% CI 26.4 to 51.5) for moderately preterm births and 

24.0 g (95% CI 20.9 to 27.2) for term births. The corresponding odds ratios for 

SGA were 1.19 (95% CI 1.07 to 1.32) and 1.09 (95% CI 1.06 to 1.12) 

respectively. Segmented regression models showed stronger effects of PM10 on 

fetal growth at lower concentrations.  

Maternal PM10 exposure was significantly associated with a reduction in fetal 

growth among term and moderately preterm births, with a tendency of stronger 

effects for the latter and a flattening out of the slope at higher PM10 concentrations. 
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Introduction 

The effects of air pollution exposure on the development of the fetus have become 

an area of increasing focus. Fetal growth is an important indicator of 

developmental problems and reduced growth is associated with diseases in 

adulthood including an elevated risk for (1) cardiovascular problems such as 

coronary heart disease and stroke,1 (2) hypertension,2 (3) type 2 diabetes,3 and 

(4) mental issues resulting in an increased trend of prescriptions for 

antipsychotics, antidepressants, and hypnotics/sedatives in young adulthood.4  

Several studies investigated whether maternal air pollution exposure is associated 

with adverse birth outcomes, such as low birth weight (LBW, <2,500 g), small-

for-gestational-age (SGA), premature birth (<37 weeks of gestation), birth 

defects, and stillbirth.5-7 Most reviews concluded that there is growing evidence 

for an association between prenatal exposure to air pollution and fetal growth.5-9 

Meta-analyses showed substantial heterogeneity between studies that may result 

from differences in outcome definitions, air pollutants considered, quantification 

of exposure, exposure windows, study populations and regions, statistical 

methods, and (inadequate) adjustment for confounders.10-12 One of the 

recommendations is that the variation in effects by exposure window should be 

further explored. The interpretation of air pollution effects on birth weight is 

further complicated by the fact that they can reflect an influence on length of 

gestation, on fetal growth, or both. To capture only the latter, most studies have 

restricted their study population to term births. Moreover, the majority of studies 

assumed that the effect of air pollution on fetal growth is linear, whereas a few 

studies have suggested that this may not be the case.13 14 

Here, we investigated the association between fetal growth and maternal PM10 

exposure during different time windows of pregnancy, including some critical 

exposure windows around the start and end of pregnancy. Relatively novel aspects 

of this study are the investigation of the shape of the association and the 

assessment of potential effect modification by gestational age. For the latter, we 

stratified the analysis by gestational age group (<32, 32-36, >36 weeks). 
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Methods 

Data 

The Study Centre for Perinatal Epidemiology (SPE) obtained information on all 

births in Flanders. Flanders is the Dutch speaking Northern part of Belgium with 

an area of 13,522 km2 and a population of about six million people. It has 68 

maternity units where 99.8% of all births (≥500 g) occur. For each newborn of at 

least 500 g, an official perinatal form is completed, mostly by the midwife, which 

contains information on birth weight and gestational age. The form is sent to the 

SPE, where an error detection program controls all data and feedback is 

provided.15 The qualitative assessment of data obtained by the SPE showed that 

there is less than 5% difference between electronic data and data derived from 

medical files.15 Gestational age is counted as the number of weeks starting from 

the first day of the last menstrual period and is corrected based on the measured 

crown-rump length from the first ultrasound. Information on national origin of the 

mother and education are gathered through linkage of the medical birth 

certificates of the SPE with official birth declarations. Because this linkage is only 

available from 1999 to 2009, we only considered births during this time period. 

We restricted our study population to live-born singleton births delivered at 24-

44 weeks of gestation. Outcomes of interest in this study were birth weight and 

SGA. Neonates were classified as SGA when the birth weight was below the 10th 

percentile of the birth weight for a given gestational age and gender of the 

newborn in the study population.  

Average daily PM10 concentrations were obtained from the Belgian Interregional 

Environment Agency (IRCEL). In the region of Flanders, nineteen monitoring 

stations, situated on average 25 km apart from each other, have been in use since 

1998. Daily levels of air pollution are interpolated by means of a land use 

regression model (RIO), described by Janssen and colleagues.16 This provides 

interpolated air pollution estimates on a 4 x 4 km2 grid. Since home address 

information was not available due to privacy laws in Belgium, population-weighted 

averages were calculated per municipality. Meteorological data consisting of mean 

daily air temperature and relative humidity, measured at the central and 

representative station of Uccle (Brussels, Belgium), were provided by the Belgian 

Royal Meteorological Institute. Apparent temperature, an index of human 
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discomfort incorporating relative humidity, was computed by using a standard 

formula.17 18 

Maternal PM10 exposure and mean apparent temperature were averaged over 

different time windows: the entire pregnancy, the two weeks around conception 

(one week before until six days after conception), the two weeks after conception, 

each of the three trimesters, and the last month of pregnancy. Average exposure 

during the third trimester was only calculated for moderately preterm and term 

births, because this time window is very short or non-existent for extremely 

preterm births (<32 weeks). The research protocol was approved by the medical 

ethics committee of the Hasselt University. 

Statistical analyses 

To study the association between fetal growth and PM10, we applied robust linear 

regression models for the continuous outcome birth weight and logistic models for 

the binary outcome SGA. Since we expected the effects of PM10 exposure and 

covariates on birth outcomes to depend on gestational age, analyses were 

performed within the following three groups: extremely preterm (<32 weeks), 

moderately preterm (32-36 weeks), and term (>36 weeks) births. 

The shape of the association between birth outcomes and maternal PM10 exposure 

was explored by the use of smoothing plots (natural cubic splines with 4 degrees 

of freedom). Because different exposure windows showed a breakpoint in the 

dose-response curve with relatively linear effects before and after that point, we 

additionally performed segmented (piecewise linear) regression analyses.  

The choice of covariates adjusted for in the analysis was based on previous study 

findings on this topic.19-21 Models included indicator variables for year of birth, 

season of conception (winter, spring, summer, autumn), parity (first, second, 

higher-order birth), maternal age group (<25, 25-34, >34 years), marital status 

(married, unmarried), maternal and paternal education (lower secondary or less, 

higher secondary, higher education), national origin of the mother (Europe, Asia, 

Middle-East, Africa, North-America, South-America, Oceania), province of 

residence (West Flanders, East Flanders, Antwerp, Flemish Brabant, Limburg), 

and a linear term for apparent temperature. For the regression models fitting birth 
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weight, we additionally adjusted for infant’s sex and gestational age (linear and 

quadratic term).  

Population attributable fractions (PAFs) were calculated as the proportion of SGA 

births that could be avoided if average maternal PM10 exposure during pregnancy 

was below 20 µg/m3, which is the WHO annual guideline value.22 PAFs are 

calculated with the formula 𝑃𝐴𝐹 = ∑ (𝑂𝑅𝑐−20 − 1) 𝑂𝑅𝑐−20⁄ .23 24 𝑂𝑅𝑐−20 is the odds ratio 

of SGA comparing a maternal exposure concentration c with an exposure of 20 

µg/m3. 

In a secondary analysis, we examined whether specific subgroups were more 

vulnerable to the effects of maternal PM10 exposure. We stratified by gender of 

the newborn, parity, maternal age group, maternal and paternal educational level, 

and season of conception. Because of the small number of extremely and 

moderately preterm births within subpopulations, these secondary analyses were 

only performed in the term group.  

A total of 122,936 births (19%) was not included in the final study population 

because of missing values for at least one of the covariates in the model (2,399 

missing values for marital status, 41,847 for maternal education, 69,492 for 

paternal education and 55,492 for maternal origin). In a sensitivity analyses, 

models without adjustment for aforementioned variables (one model for the total 

population and one for the final study population) were used to examine the 

impact of the exclusion of these births. 

Estimates are reported for a 10 µg/m3 increment in PM10 exposure. All analyses 

were performed by using SAS version 9.2 (SAS Institute, Cary, North Carolina, 

USA). A P-value less than 0.05 was considered significant. 

Results 

There were 672,261 live births in Flanders between 1999 and 2009. From these, 

23,551 (3.5%) non-singleton births and a further 139 (0.02%) births with a 

gestational age below 24 or above 44 weeks were excluded. After excluding 

122,936 (19.0%) deliveries with missing information on one of the covariates, the 

final study population consisted of 525,635 births. Mean birth weight was 3,350 g 

and a total of 49,605 (9.4%) of newborns were SGA (Table 1). Of the 30,982 
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(5.9%) preterm births, 27,912 (90.1%) were moderately preterm and 3,070 

(9.9%) were extremely preterm. Most neonates were firstborn (46.6%) from 

mothers between 25 and 34 years old (72.7%). Mean birth weight was lowest 

(and the percentage of SGA babies was highest) for girls, firstborns, young 

mothers, unmarried mothers, and mothers and fathers with low education. 

Table 1. Descriptive statistics of the study population (n=525,635), Flanders, 1999-2009. Values are 

percentages or means (10-90th percentiles). 

  % of all 

births 

Mean birth weight [g] 

                 (10-90th percentiles) 

 

Characteristic  Value % SGA 

Total  100.0 3,350 (2,750-3,960) 9.4 

Gestational age <32 weeks 0.6 1,259 (745-1,795) 9.6 

 32-36 weeks 5.3 2,592 (1,940-3,200) 9.5 

 >36 weeks 94.1 3,399 (2,850-3,980) 9.4 

Gender Boy 51.3 3,413 (2,800-4,030) 9.4 

 Girl 48.7 3,284 (2,700-3,880) 9.5 

Parity 1 46.6 3,279 (2,680-3,885) 11.9 

 2 35.4 3,408 (2,825-4,000) 7.2 

 ≥ 3 18.0 3,419 (2,795-4,060) 7.3 

Maternal age <25 years 15.3 3,260 (2,660-3,865) 12.5 

 25-34 years 72.7 3,366 (2,770-3,970) 8.8 

 >34 years 12.1 3,371 (2,725-4,020) 9.5 

Marital status Unmarried 31.1 3,296 (2,680-3,915) 11.5 

 Married 68.9 3,375 (2,780-3,980) 8.5 

Maternal education Low 12.6 3,282 (2,650-3,925) 12.6 

 Medium 40.7 3,310 (2,700-3,930) 10.7 

 High 46.7 3,405 (2,820-4,000) 7.4 

Paternal education Low 14.7 3,286 (2,660-3,920) 12.4 

 Medium 46.9 3,322 (2,710-3,940) 10.3 

 High 38.3 3,409 (2,830-4,000) 7.3 

Maternal origin Europe 89.9 3,349 (2,750-3,960) 9.4 

 Asia 1.1 3,274 (2,680-3,890) 11.9 

 Middle East 3.6 3,321 (2,745-3,920) 10.5 

 Africa 4.9 3,410 (2,810-4,038) 8.5 

 North-America 0.1 3,449 (2,900-4,050) 5.0 

 South-America 0.4 3,337 (2,785-3,916) 8.8 

 Oceania 0.0 3,304 (2,710-3,880) 10.2 

Season of conception Winter 23.5 3,346 (2,740-3,960) 9.6 

 Spring 25.0 3,344 (2,740-3,950) 9.7 

 Summer 25.4 3,356 (2,760-3,970) 9.2 

 Autumn 26.2 3,354 (2,750-3,970) 9.3 

Abbreviation: SGA, Small-for-gestational-age 
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Table 2 provides the distribution of average PM10 exposures during the different 

time windows. Average PM10 was close to 31 µg/m3 for all windows. Trimester 

exposures were highly correlated with entire pregnancy exposure (linear 

correlation coefficient (r) >0.8) and moderately correlated with each other (r 

between 0.5 and 0.7) (Table 3). Correlations between time windows around 

conception and late pregnancy periods were low (r<0.4). 

Table 2. Distribution of PM10 [µg/m3] exposure in different time windows during pregnancy, Flanders, 

1999-2009 

   Percentiles 

Exposure window Mean (SD) 5th 25th 75th 95th 

Entire pregnancy 31.24 (-5.88) 22.42 26.76 35.53 41.46 

Two wks around conception 31.52 (-9.60) 18.33 24.84 36.71 49.37 

Two wks after conception 31.55 (-9.62) 18.34 24.87 36.74 49.40 

First trimester 31.46 (-6.54) 21.56 26.73 35.84 42.78 

Second trimester 31.25 (-6.70) 21.03 26.42 35.73 42.84 

Third trimester 30.96 (-7.07) 20.09 25.86 35.60 43.32 

Last month 30.87 (-8.18) 18.73 25.00 35.92 45.51 

Abbreviation: SD, Standard deviation 

Table 3. Correlation coefficients between average PM10 exposure in different time windows during 

pregnancy, Flanders, 1999-2009* 

Exposure window 
Entire 
pregnancy 

Two wks 

around 

conception 

Two wks 

after 

conception 

First 
trimester 

Second 
trimester 

Third 
trimester 

Last 
month 

Entire pregnancy 1       

Two wks around conception 0.53 1      

Two wks after conception 0.56 0.75 1     

First trimester 0.86 0.58 0.65 1    

Second trimester 0.90 0.42 0.42 0.67 1   

Third trimester 0.84 0.39 0.38 0.56 0.67 1  

Last month 0.72 0.35 0.34 0.49 0.55 0.86 1 

*P<0.001 for all correlations 

Among moderately preterm and term births, we observed significant negative 

associations between PM10 and birth weight for all studied time windows, whereas 

we did not find any significant association among extremely preterm births (Table 

4). Effects of PM10 on birth weight were always stronger for moderately preterm 

than for term births and were highest for entire pregnancy exposure in both 

groups: for a 10 µg/m3 increase in average PM10 during pregnancy, birth weight 
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decreased by 39.0 g (95% CI 26.4 to 51.5) among moderately preterm births and 

by 24.0 g (95% CI 20.9 to 27.2) among term births.  

Smoothing plots of the association between PM10 and change in birth weight 

suggested the existence of a breakpoint in the shape of the association, with 

relatively linear slopes before and after the breakpoint. Slopes were steepest at 

lower levels of PM10 (below approximately 35 µg/m3) and flattened out at higher 

levels. The shape of the association is shown for entire pregnancy (Figure 1A) and 

first trimester (Figure 1B) PM10 exposure among term births. Supplementary 

Figures S1 and S2 display the exposure-response curves for the other pregnancy 

windows and gestational age groups. The decrease in slope above the breakpoint 

was significant for all time windows among term births, and for the time windows 

two weeks around conception and second trimester among moderately preterm 

births. Estimates for the significant breakpoints varied from 29.8 to 40.5 µg/m3. 
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Figure 1. Shape of the association between term birth weight and maternal PM10 exposure during the 

entire pregnancy (A) and during the first trimester (B). Estimates (solid line) and 95% CI (dashed lines) 

represent the change in birth weight relative to the reference value of 20 µg/m3. PM10 exposure was 

modeled using a natural cubic spline with 4 degrees of freedom and estimates are adjusted for year of 

birth, season of conception, parity, maternal age group, marital status, maternal and paternal education, 

national origin of the mother, province of residence, apparent temperature, infant’s sex, and gestational 

age.  

Similar results were found when considering SGA as an outcome (Table 5). For 

moderately preterm and term births, the association between SGA and maternal 

PM10 exposure was mostly significant (except for some time windows at the end 

of pregnancy), but no significant associations were found among extremely 

preterm births. Odds ratios for a 10 µg/m3 increase in PM10 were highest for the 

entire pregnancy time window: 1.19 (95% CI 1.07 to 1.32) for moderately 

preterm births and 1.09 (95% CI 1.06 to 1.12) for term newborns. The population 

attributable fraction for a decrease in average PM10 exposure during pregnancy to 

20 µg/m3 was 24% (95% CI 10 to 35) for moderately preterm SGA newborns and 

13% (95% CI 9 to 16) for term SGA newborns. The decrease in slope after the 

breakpoint was significant for the time windows entire pregnancy, two weeks after 

conception, and second trimester among term births, and the time windows entire 

pregnancy and last month among moderately preterm births. Estimates for the 

significant breakpoints ranged from 27.2 to 40.0 µg/m3. 
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Secondary analyses indicated that the association between birth weight and 

maternal exposure to air pollution was stronger for increasing number of previous 

births and weaker for increasing maternal age and parental education (Figure 2A). 

The higher susceptibility of younger mothers was also observed for SGA (Figure 

2B).  

Models without adjustment for marital status, maternal and paternal education, 

and national origin of the mother (supplementary Table S1) suggested that 

estimates were fairly robust to the exclusion of subjects with missing covariate 

information. In these models estimates of weight decrease were slightly lower for 

the final study population than for the total study population among term births, 

and vice versa among moderately preterm births. A comparison with results from 

the main analysis showed that estimates of weight decrease were generally lowest 

in the main analyses, except for some exposure windows among moderately 

preterm births. 
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Figure 2. Association of term birth weight (A) and small-for-gestational-age (SGA) (B) with average PM10 

exposure during pregnancy for different subpopulations. Estimates (point) and 95% CI (error bars) 

represent the changes in birth weight (A) and odds ratios for SGA (B) for a 10 µg/m3 increase in maternal 

PM10 exposure and were adjusted for year of birth, season of conception, parity, maternal age group, 

marital status, maternal and paternal education, national origin of the mother, province of residence, and 

apparent temperature and for birth weight (A) additionally for infant’s sex, and gestational age. 
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Discussion 

For infants born after 31 weeks of gestation, we observed significant associations 

between in utero PM10 exposure and birth weight as well as SGA. The effects of 

maternal PM10 exposure on both outcomes were considerably higher for 

moderately preterm neonates (32-36 weeks) than for those born at term. 

Susceptibility to air pollution was found to be higher for multiparous women and 

for lower maternal age and parental education. For both birth weight and SGA, 

the estimated breakpoint and the significance of the change in slope depended on 

the studied time window. In general, significant breakpoints were estimated to lie 

around 35 µg/m3 and the estimated decrease in birth weight was largest for PM10 

concentrations below this level. Twenty seven percent of our study population had 

an average pregnancy exposure above 35 µg/m3. 

Effect modification by gestational age was also observed in the association 

between second-trimester traffic-related air pollution (nitrogen dioxide, NO2) and 

fetal growth restriction with a stronger effect among women subsequently 

delivering preterm.25 However, these authors did not examine potential 

differences in susceptibility between early and late preterm babies. We did not 

observe a significant association between air pollution exposure and fetal growth 

for extremely preterm births. Since most of the fetal growth occurs in the third 

trimester, it might be that extremely preterm babies were born too early to see 

the effect of air pollution on growth. On the other hand, term babies had a longer 

time in utero to compensate for the effects of exposure, which might explain why 

smaller effects were observed in term births than in moderately preterm births.  

Our estimate for the decrease in birth weight associated with entire pregnancy 

PM10 exposure (for an increase of 10 µg/m3: 24.0 g, 95% CI 20.9 to 27.2) is 

considerably higher than estimates from previous studies. A meta-analysis 

including 7 studies showed a significant decrease in birth weight of 16.8 g (95% 

CI 13.3 to 20.2) as entire pregnancy PM10 exposure increased with 20 µg/m3.12 

Dadvand et al.10 combined effect estimates of 14 study centers established all 

over the world and observed a significant decrease in birth weight of 8.9 g (95% 

CI 4.6 to 13.2) for each 10 µg/m3 increase in entire pregnancy exposure to PM10. 

However, a pooled analysis of data from 14 population-based mother-child cohorts 
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in 12 European countries showed no significant association between PM10 

exposure and birth weight (for an increase of 10 µg/m3: -8 g, 95% CI -19 to 3).26  

For SGA our results are consistent with a recent meta-analysis which found a 

positive association between SGA and entire pregnancy exposure to particulate 

matter with diameter less than 2.5 µg/m3 (PM2.5) (OR for an increase of 10 μg/m3: 

1.15, 95% CI 1.10 to 1.20).27 For PM10, results of previous studies are 

inconsistent. One study reported a significant association between SGA and PM10 

in the first gestational month (OR for an increase of 10 μg/m3: 1.19, 95% CI 1.06 

to 1.33) in Teplice.28 Another study showed an association between SGA and 

exposure to PM10 in the second trimester, with an OR of 1.01 (95% CI 1.00 to 

1.04) for a 1 µg/m3 increase.29 Hannam and colleagues30 found a significant 

association between SGA and entire pregnancy PM10 exposure (OR for an increase 

from the 1st to the 4th quartile: 1.14, 95% CI 1.01 to 1.29). Other studies31 32 

did not find significant associations between PM10 exposure and the risk for SGA. 

The variability among study results may be due to differences in confounder 

adjustments, exposure assessment, study populations, and PM10 composition. 

Since the chemical composition of PM10 depends on the environmental air pollution 

sources, it may vary both spatially and temporally. The variety of sources causing 

the formation of PM10 may also emit other air pollutants such as sulphur dioxide 

(SO2) and NO2, which may have contributed to the observed effects. Also, as we 

found effect modification by variables such as parity, maternal age, parental 

education, and gestational duration, a different distribution of these or other 

variables between the studied populations could play a role in the observed 

differences in effect estimates. 

We did not only consider exposure during pregnancy but also periconceptional 

exposure because air pollution may affect sperm cells and ova through genetic or 

epigenetic mechanisms,33 and because placental methylation status at birth has 

been found to depend on exposures around implantation.34 These early life 

exposure windows were significantly associated with both outcomes. The high 

correlation between entire pregnancy and trimester exposures hampers the 

identification of the time window in which the fetus is most vulnerable to air 

pollution. However, the observed effects tend to be higher for exposure in the first 

trimester than for exposure late in pregnancy (third trimester and last month), 
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especially for SGA and for moderately preterm births. The stronger association 

observed for entire pregnancy exposure compared with other time windows might 

indicate the importance of chronic exposure. However, because longer time 

windows typically have a smaller range and lower variability in exposure values 

than shorter windows, a 10 µg/m3 increase in average PM10 for the entire 

pregnancy is relatively larger than the same increase for a shorter exposure 

window.  

Some other studies investigated the shape of the association between adverse 

birth outcomes and ambient air pollution. Some conducted a linear analysis after 

an initial exploration of the shape.25 35 Ha et al.14 found a significant association 

between birth weight and air pollution (SO2, NO2, total suspended particles and 

carbon monoxide) exposure in the first trimester. They allowed for nonlinear 

associations but concluded that the relations were relatively linear, without 

thresholds for concentrations of the pollutants. Similar to our study, Ballester et 

al.13 showed a nonlinear association between birth weight and NO2 exposure. 

However, we found a flattening out of the slope of the association between birth 

weight and PM10 at higher concentrations (above 30-40 µg/m3), whereas they 

showed an increase in slope at higher NO2 concentrations. A decrease in the effect 

of exposure at higher exposure levels was also observed for outcomes such as 

cardiovascular mortality,36 lung and bladder cancer,37 and respiratory epithelium 

integrity.38 Weaker cardiovascular effects at higher particulate matter exposure 

may be caused by the saturation of underlying biochemical and cellular processes 

with small doses of harmful components.39 Such saturation might also be the 

cause of the non-linear association in the current study. 

The long study period and the large study population of nearly 530,000 newborns, 

including 30,982 preterm births, is a major strength of our study and enabled the 

investigation of effect modification by gestational age and many other factors, 

while maintaining sufficient statistical power. We observed effect modification by 

a number of factors including parity, maternal age, and parental education. The 

higher susceptibility observed for parents with lower education levels is consistent 

with previous observations.40 Further, we observed a stronger effect for babies 

from young mothers (<25 years) compared to older mothers. Finally, we found 

higher effect estimates for higher parity newborns (≥2) than for firstborns. This 

is compatible with the hypothesis of Ritz and Yu41 that exposure misclassification 
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is lower for parous mothers who tend to stay more at home to care for their other 

children.  

Although we controlled for a number of potential confounders, we did not have 

information on some known important risk factors for birth weight and SGA. Birth 

certificates did not provide any indication of maternal nutrition, drinking and 

smoking behavior. On the other hand, a large number of important covariates was 

taken into account: year of birth, season of conception, parity, maternal age 

group, marital status, maternal and paternal education, national origin of the 

mother, province of residence, apparent temperature, infant’s sex, and 

gestational age. It is reasonable to assume that social economic indicators partly 

account for nutrition and lifestyle.40 

Another potential source of bias in our analyses is exposure misclassification. We 

used interpolated ambient PM10 estimates at the level of the municipality (average 

size of 43.9 km²) as a proxy for individual exposure since home addresses were 

not available. However, this has several drawbacks. First, air pollution levels vary 

locally such that pregnant women living close to a major roadway or other 

pollution sources might be more heavily exposed than women living further away. 

Secondly, we only considered outdoor PM10 exposure, although indoor PM10 levels 

might add considerably to the overall burden of exposure for some mothers. A 

relevant indoor air pollution sources is environmental tobacco smoke.42-44 

Exposure misclassification might also be caused by pregnant women spending 

large amounts of time outside their municipality of residence.45 Further, maternal 

residence is registered at the time of birth and women might have moved to 

another region during pregnancy. Therefore, misclassification is expected to be 

smallest later in pregnancy.11 The date of conception in our study was estimated 

based on last menstruation and ultrasounds. An incorrect date of conception is 

more likely to affect exposure averaged over smaller time windows, such as the 

two weeks around and after conception. Finally, the exclusion of newborns with 

missing data could bias the results. Nevertheless, sensitivity analyses showed that 

our estimates were not altered by exclusion of subjects with missing data. 

We expect that potential errors in PM10 exposure estimates are more or less the 

same for different levels of PM10 (non-differential misclassification), resulting in 

an underestimation of effect estimates. In a study of Ostro and colleagues46 
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adjustment of exposure estimates for time-activity pattern information, such as 

time spent outdoors, led to a 43% increase in the estimated effect of air pollution, 

suggesting non-differential misclassification if exposure estimates were based on 

fixed-site monitoring stations. Moreover, another study47 found stronger effects 

of air pollution (CO, PM10, and PM2.5) exposure if they limited their analysis to 

women living within 1 mile of a monitoring station. This indicates that our 

estimated effects of prenatal PM10 exposure are likely to be underestimated. 

Conclusion 

Our study findings indicate that, at PM10 levels below current air quality standards, 

prenatal exposure to particulate air pollution reduces birth weight and increases 

the risk of babies being small-for-gestational-age, not only among infants born at 

term, but even more strongly among babies born between 32 and 36 weeks of 

pregnancy. Assuming causality, 24% of moderately preterm SGA newborns and 

13% of term SGA newborns could be prevented if average PM10 exposure during 

pregnancy was decreased to 20 µg/m3.  

Funding 

The study is part of the policy research center of Environment Health, 

commissioned and financed by the Ministry of the Flemish Community 

(Department of Economics, Science and Innovation; Flemish Agency for Care and 

Health; and Department of Environment, Nature and Energy), and co-financed by 

the EU Program “Ideas” (ERC-2012-StG 310898). The medical ethics committee 

of the Hasselt University approved the research protocol, and the research was 

conducted in full accordance with the World Medical Association Declaration of 

Helsinki. EW and BC have a BOF PhD-fellowship (Bijzonder Onderzoeksfonds 

Hasselt University). 

  



CHAPTER 5 

108 

References 

1. Lawlor DA, Ronalds G, Clark H, Smith GD, Leon DA. Birth weight is inversely associated with incident 

coronary heart disease and stroke among individuals born in the 1950s: findings from the Aberdeen 

Children of the 1950s prospective cohort study. Circulation 2005;112(10):1414-8. 

2. Gennser G, Rymark P, Isberg PE. Low birth weight and risk of high blood pressure in adulthood. Br 

Med J (Clin Res Ed) 1988;296(6635):1498-500. 

3. Johansson S, Iliadou A, Bergvall N, et al. The association between low birth weight and type 2 

diabetes: contribution of genetic factors. Epidemiology 2008;19(5):659-65. 

4. Crump C, Winkleby MA, Sundquist K, Sundquist J. Preterm birth and psychiatric medication 

prescription in young adulthood: a Swedish national cohort study. Int J Epidemiol 

2010;39(6):1522-30. 

5. Glinianaia SV, Rankin J, Bell R, Pless-Mulloli T, Howel D. Particulate air pollution and fetal health: a 

systematic review of the epidemiologic evidence. Epidemiology 2004;15(1):36-45. 

6. Maisonet M, Correa A, Misra D, Jaakkola JJ. A review of the literature on the effects of ambient air 

pollution on fetal growth. Environ res 2004;95(1):106-15. 

7. Sram RJ, Binkova B, Dejmek J, Bobak M. Ambient air pollution and pregnancy outcomes: a review 

of the literature. Environ health perspect 2005;113(4):375-82. 

8. Lacasaña M, Esplugues A, Ballester F. Exposure to ambient air pollution and prenatal and early 

childhood health effects. Eur J Epidemiol 2005;20:17. 

9. Shah PS, Balkhair T, Knowledge Synthesis Group on Determinants of Preterm LBWb. Air pollution 

and birth outcomes: a systematic review. Environ Int 2011;37(2):498-516. 

10. Dadvand P, Parker J, Bell ML, et al. Maternal exposure to particulate air pollution and term birth 

weight: a multi-country evaluation of effect and heterogeneity. Environ health perspect 

2013;121(3):267-373. 

11. Sapkota A, Chelikowsky AP, Nachman KE, Cohen AJ, Ritz B. Exposure to particulate matter and 

adverse birth outcomes: a comprehensive review and meta-analysis. Air Qual Health 2012;5(4):13. 

12. Stieb DM, Chen L, Eshoul M, Judek S. Ambient air pollution, birth weight and preterm birth: a 

systematic review and meta-analysis. Environ res 2012;117:100-11. 

13. Ballester F, Estarlich M, Iniguez C, et al. Air pollution exposure during pregnancy and reduced birth 

size: a prospective birth cohort study in Valencia, Spain. Environ Health 2010;9:6. 

14. Ha EH, Hong YC, Lee BE, Woo BH, Schwartz J, Christiani DC. Is air pollution a risk factor for low 

birth weight in Seoul? Epidemiology 2001;12(6):643-8. 

15. Cammu H, Martens G, Ruyssinck G, Amy JJ. Outcome after elective labor induction in nulliparous 

women: a matched cohort study. Am J Obstet Gynecol 2002;186(2):240-4. 

16. Janssen S, Dumont G, Fierens F, Mensink C. Spatial interpolation of air pollution measurements 

using CORINE land cover data. Atmos Environ 2008;42(20):10. 

17. Kalkstein LS, Valimont, K.M. An evaluation of summer discomfort in the United States using a 

relative climatological index. Bull Am Meteor Soc 1986;7:842-48. 

18. Steadman RG. The assessment of sultriness. Part II: effects of wind, extra radiation and barometric 

pressure on apparent temperature. J Appl Meteor 1979;18:874-85. 

19. Bell ML, Ebisu K, Belanger K. Ambient air pollution and low birth weight in Connecticut and 

Massachusetts. Environ Health Perspect 2007;115(7):1118-24. 



MATERNAL EXPOSURE TO PARTICULATE AIR POLLUTION AND FETAL GROWTH 

109 

20. Dejmek J, Selevan SG, Benes I, Solansky I, Sram RJ. Fetal growth and maternal exposure to 

particulate matter during pregnancy. Environ Health Perspect 1999;107(6):475-80. 

21. Geer LA, Weedon J, Bell ML. Ambient air pollution and term birth weight in Texas from 1998 to 

2004. J Air Waste Manag Assoc 2012;62(11):1285-95. 

22. World Health Organization. Air quality guidelines: global update 2005: particulate matter, ozone, 

nitrogen dioxide and sulfur dioxide. Geneva, Switzerland: World Health Organization, 2006 [cited 

20 September 2014]. Available from:  

http://whqlibdoc.who.int/hq/2006/WHO_SDE_PHE_OEH_06.02_eng.pdf?ua=1. 

23. Katanoda K, Marugame T, Saika K, et al. Population attributable fraction of mortality associated 

with tobacco smoking in Japan: a pooled analysis of three large-scale cohort studies. J Epidemiol 

2008;18(6):251-64. 

24. Perez L, Kunzli N. From measures of effects to measures of potential impact. Int J Public Health 

2009;54(1):45-48. 

25. Pereira G, Cook AG, Haggar F, Bower C, Nassar N. Locally derived traffic-related air pollution and 

fetal growth restriction: a retrospective cohort study. Occup Environ Med 2012;69(11):815-22. 

26. Pedersen M, Giorgis-Allemand L, Bernard C, et al. Ambient air pollution and low birthweight: a 

European cohort study (ESCAPE). Lancet Respir Med 2013;1(9):695-704. 

27. Zhu X, Liu Y, Chen Y, Yao C, Che Z, Cao J. Maternal exposure to fine particulate matter (PM2.5) and 

pregnancy outcomes: a meta-analysis. Environ Sci Pollut Res Int 2015;22(5):3383-96. 

28. Dejmek J, Solansky I, Benes I, Lenicek J, Sram RJ. The impact of polycyclic aromatic hydrocarbons 

and fine particles on pregnancy outcome. Environ Health Perspect 2000;108(12):1159-64. 

29. Mannes T, Jalaludin B, Morgan G, Lincoln D, Sheppeard V, Corbett S. Impact of ambient air pollution 

on birth weight in Sydney, Australia. Occup Environ Med 2005;62(8):524-30. 

30. Hannam K, McNamee R, Baker P, Sibley C, Agius R. Air pollution exposure and adverse pregnancy 

outcomes in a large UK birth cohort: use of a novel spatio-temporal modelling technique. Scand J 

Work Environ Health 2014;40(5):518-30. 

31. Brauer M, Lencar C, Tamburic L, Koehoorn M, Demers P, Karr C. A cohort study of traffic-related 

air pollution impacts on birth outcomes. Environ health perspect 2008;116(5):680-6. 

32. Hansen C, Neller A, Williams G, Simpson R. Low levels of ambient air pollution during pregnancy 

and fetal growth among term neonates in Brisbane, Australia. Environ Res 2007;103(3):383-9. 

33. Somers CM, McCarry BE, Malek F, Quinn JS. Reduction of particulate air pollution lowers the risk of 

heritable mutations in mice. Science 2004;304(5673):1008-10. 

34. Janssen BG, Godderis L, Pieters N, et al. Placental DNA hypomethylation in association with 

particulate air pollution in early life. Part Fibre Toxicol 2013;10(1):22. 

35. Bobak M. Outdoor air pollution, low birth weight, and prematurity. Environ Health Perspect 

2000;108(2):173-6. 

36. Pope CA, 3rd, Burnett RT, Krewski D, et al. Cardiovascular mortality and exposure to airborne fine 

particulate matter and cigarette smoke: shape of the exposure-response relationship. Circulation 

2009;120(11):941-8. 

37. Vineis P, Kogevinas M, Simonato L, Brennan P, Boffetta P. Levelling-off of the risk of lung and 

bladder cancer in heavy smokers: an analysis based on multicentric case-control studies and a 

metabolic interpretation. Mutat Res 2000;463(1):103-10. 



CHAPTER 5 

110 

38. Provost EB, Chaumont A, Kicinski M, et al. Serum levels of club cell secretory protein (Clara) and 

short- and long-term exposure to particulate air pollution in adolescents. Environ Int 2014;68:66-

70. 

39. Ambrose JA, Barua RS. The pathophysiology of cigarette smoking and cardiovascular disease: an 

update. J Am Coll Cardiol 2004;43(10):1731-7. 

40. Ritz B, Wilhelm M. Ambient air pollution and adverse birth outcomes: methodologic issues in an 

emerging field. Basic Clin Pharmacol Toxicol 2008;102(2):182-90. 

41. Ritz B, Yu F. The effect of ambient carbon monoxide on low birth weight among children born in 

southern California between 1989 and 1993. Environ Health Perspect 1999;107(1):17-25. 

42. Jaddoe VW, Troe EJ, Hofman A, et al. Active and passive maternal smoking during pregnancy and 

the risks of low birthweight and preterm birth: the Generation R Study. Paediatr Perinat Epidemiol 

2008;22(2):162-71. 

43. Leonardi-Bee J, Smyth A, Britton J, Coleman T. Environmental tobacco smoke and fetal health: 

systematic review and meta-analysis. Arch Dis Child Fetal Neonatal Ed 2008;93(5):F351-61. 

44. Salmasi G, Grady R, Jones J, McDonald SD, Knowledge Synthesis G. Environmental tobacco smoke 

exposure and perinatal outcomes: a systematic review and meta-analyses. Acta Obstet Gynecol 

Scand 2010;89(4):423-41. 

45. Slama R, Darrow L, Parker J, et al. Meeting report: atmospheric pollution and human reproduction. 

Environ Health Perspect 2008;116(6):791-8. 

46. Ostro BD, Lipsett MJ, Wiener MB, Selner JC. Asthmatic responses to airborne acid aerosols. Am J 

Public Health 1991;81(6):694-702. 

47. Wilhelm M, Ritz B. Local variations in CO and particulate air pollution and adverse birth outcomes 

in Los Angeles County, California, USA. Environ Health Perspect 2005;113(9):1212-21. 



 

 

S
u

p
p

le
m

e
n

ta
r
y
 m

a
te

r
ia

l 

T
a
b

le
 
S

1
. 

A
s
s
o
c
ia

ti
o
n
 
b
e
tw

e
e
n
 
b
ir
th

 
w

e
ig

h
t 

a
n
d
 
m

a
te

rn
a
l 

e
x
p
o
s
u
re

 
to

 
P
M

1
0
 
in

 
d
if
fe

re
n
t 

ti
m

e
 
w

in
d
o
w

s
 
d
u
ri

n
g
 
p
re

g
n
a
n
c
y
, 

c
o
m

p
a
ri

s
o
n
 
o
f 

m
a
in

 
a
n
a
ly

s
is

 
a
n
d
 

s
e
n
s
it
iv

it
y
 a

n
a
ly

s
e
s
 w

it
h
o
u
t 

a
d
ju

s
tm

e
n
t 

fo
r 

c
o
v
a
ri

a
te

s
 w

it
h
 m

is
s
in

g
 v

a
lu

e
s
 

 
C

h
a
n

g
e
 i
n

 b
ir

th
 w

e
ig

h
t 

[
g

]
 

 
 

 
S

e
n

s
it

iv
it

y
 a

n
a
ly

s
e
s
 

 
  
  
  
 M

a
in

 a
n

a
ly

s
is

†
‡

 
 

  
  
  
 F

in
a
l 
s
tu

d
y
 p

o
p

u
la

ti
o
n

‡
 

 T
o
ta

l 
s
tu

d
y
 p

o
p

u
la

ti
o
n

§
 

>
3

6
 w

e
e
k
s
 

 
 

 
 

 
 

 

  
 E

n
ti
re

 p
re

g
n
a
n
c
y
 

-2
4
.0

 
(-

2
7
.2

 t
o
 -

2
0
.9

)*
 

 
-2

7
.8

 
(-

3
0
.9

 t
o
 -

2
4
.7

)*
 

-2
9
.6

 
(-

3
2
.4

 t
o
 -

2
6
.9

)*
 

  
 T

w
o
 w

k
s
 a

ro
u
n
d
 c

o
n
c
e
p
ti
o
n
 

-4
.0

 
(-

5
.5

 t
o
 -

2
.8

)*
 

 
-4

.9
 

(-
6
.3

 t
o
 -

3
.5

)*
 

-5
.7

 
(-

7
.0

 t
o
 -

4
.5

)*
 

  
 T

w
o
 w

k
s
 a

ft
e
r 

c
o
n
c
e
p
ti
o
n
 

-5
.0

 
(-

7
.0

 t
o
 -

3
.6

)*
 

 
-5

.7
 

(-
7
.1

 t
o
 -

4
.3

)*
 

-6
.6

 
(-

7
.9

 t
o
 -

5
.3

)*
 

  
 F

ir
s
t 

tr
im

e
s
te

r 
-1

4
.8

 
(-

1
7
.4

 t
o
 -

1
2
.3

)*
 

 
-1

7
.7

 
(-

2
0
.2

 t
o
 -

1
5
.1

)*
 

-1
9
.8

 
(-

2
2
.1

 t
o
 -

1
7
.6

)*
 

  
 S

e
c
o
n
d
 t

ri
m

e
s
te

r 
-1

6
.6

 
(-

1
9
.1

 t
o
 -

1
4
.0

)*
 

 
-1

8
.4

 
(-

2
0
.9

 t
o
 -

1
5
.9

)*
 

-1
9
.2

 
(-

2
1
.4

 t
o
 -

1
6
.9

)*
 

  
 T

h
ir

d
 t

ri
m

e
s
te

r 
-1

4
.8

 
(-

1
7
.2

 t
o
 -

1
2
.4

)*
 

 
-1

6
.5

 
(-

1
8
.9

 t
o
 -

1
4
.0

)*
 

-1
7
.7

 
(-

1
9
.9

 t
o
 -

1
5
.5

)*
 

  
 L

a
s
t 

m
o
n
th

 
-8

.8
 

(-
1
0
.6

 t
o
 -

7
.0

)*
 

 
-9

.9
 

(-
1
1
.7

 t
o
 -

8
.0

)*
 

-1
0
.9

 
(-

1
2
.5

 t
o
 -

9
.2

)*
 

3
2

-3
6

 w
e
e
k
s
 

 
 

 
 

 
 

 

  
 E

n
ti
re

 p
re

g
n
a
n
c
y
 

-3
9
.0

 
(-

5
1
.5

 t
o
 -

2
6
.4

)*
 

 
-4

0
.3

 
(-

5
2
.8

 t
o
 -

2
7
.8

)*
 

-3
8
.7

 
(-

4
9
.7

 t
o
 -

2
7
.7

)*
 

  
 T

w
o
 w

k
s
 a

ro
u
n
d
 c

o
n
c
e
p
ti
o
n
 

-1
3
.9

 
(-

1
9
.5

 t
o
 -

8
.2

)*
 

 
-1

3
.4

 
(-

1
9
.1

 t
o
 -

7
.8

)*
 

-1
1
.4

 
(-

1
6
.4

 t
o
 -

6
.3

)*
 

  
 T

w
o
 w

k
s
 a

ft
e
r 

c
o
n
c
e
p
ti
o
n
 

-1
1
.7

 
(-

1
7
.3

 t
o
 -

6
.1

)*
 

 
-1

1
.7

 
(-

1
7
.3

 t
o
 -

6
.1

)*
 

-1
1
.3

 
(-

1
6
.9

 t
o
 -

5
.7

)*
 

  
 F

ir
s
t 

tr
im

e
s
te

r 
-2

9
.0

 
(-

3
9
.4

 t
o
 -

1
8
.6

)*
 

 
-2

8
.9

 
(-

3
9
.3

 t
o
 -

1
8
.5

)*
 

-2
5
.4

 
(-

3
4
.6

 t
o
 -

1
6
.2

)*
 

  
 S

e
c
o
n
d
 t

ri
m

e
s
te

r 
-2

6
.0

 
(-

3
6
.5

 t
o
 -

1
5
.5

)*
 

 
-2

7
.2

 
(-

3
7
.7

 t
o
 -

1
6
.8

)*
 

-3
0
.5

 
(-

3
9
.7

 t
o
 -

2
1
.2

)*
 

  
 T

h
ir

d
 t

ri
m

e
s
te

r 
-1

6
.5

 
(-

2
5
.0

 t
o
 -

7
.9

)*
 

 
-1

6
.8

 
(-

2
5
.3

 t
o
 -

8
.2

)*
 

-1
4
.9

 
(-

2
2
.5

 t
o
 -

7
.3

)*
 

  
 L

a
s
t 

m
o
n
th

 
-1

0
.2

 
(-

1
7
.7

 t
o
 -

2
.7

)*
 

 
-1

1
.0

 
(-

1
8
.5

 t
o
 -

3
.6

)*
 

-1
0
.8

 
(-

1
7
.5

 t
o
 -

4
.1

)*
 

E
s
ti
m

a
te

s
 (

9
5
%

 C
I)

 a
re

 e
x
p
re

s
s
e
d
 a

s
 t

h
e
 c

h
a
n
g
e
 i
n
 b

ir
th

 w
e
ig

h
t 

fo
r 

a
 1

0
 µ

g
/m

3
 i

n
c
re

a
s
e
 i

n
 P

M
1
0
 a

n
d
 a

re
 a

d
ju

s
te

d
 f

o
r 

y
e
a
r 

o
f 

b
ir

th
, 

s
e
a
s
o
n
 o

f 
c
o
n
c
e
p
ti
o
n
, 

p
a
ri

ty
, 

m
a
te

rn
a
l 

a
g
e
 g

ro
u
p
, 

p
ro

v
in

c
e
 o

f 
re

s
id

e
n
c
e
, 

a
p
p
a
re

n
t 

te
m

p
e
ra

tu
re

, 
in

fa
n
t’
s
 s

e
x
 a

n
d
 g

e
s
ta

ti
o
n
a
l 
a
g
e
. 

 

*
P
<

0
.0

5
 

†
A
d
d
it
io

n
a
ll
y
 a

d
ju

s
te

d
 f

o
r 

m
a
ri
ta

l 
s
ta

tu
s
, 

m
a
te

rn
a
l 
a
n
d
 p

a
te

rn
a
l 
e
d
u
c
a
ti
o
n
, 
n
a
ti
o
n
a
l 
o
ri
g
in

 o
f 

th
e
 m

o
th

e
r 

‡
4
9
4
,6

5
3
 t

e
rm

 b
ir

th
s
 (

>
3
6
 w

e
e
k
s
) 

a
n
d
 2

7
,9

1
2
 m

o
d
e
ra

te
ly

 p
re

te
rm

 b
ir

th
s
 (

3
2
-3

6
 w

e
e
k
s
) 

§
6
0
9
,6

0
5
 t

e
rm

 b
ir

th
s
 (

>
3
6
 w

e
e
k
s
) 

a
n
d
 3

4
,9

5
8
 m

o
d
e
ra

te
ly

 p
re

te
rm

 b
ir

th
s
 (

3
2
-3

6
 w

e
e
k
s
)



CHAPTER 5 

 

112 

Figure S1. Shape of the association between birth weight and maternal PM10 exposure during each of 

the three trimesters of pregnancy, by gestational age group. Estimates (solid line) and 95% CI (dashed 

lines) represent the change in birth weight relative to the reference value of 20 µg/m3. PM10 exposure 

was modeled using a natural cubic spline with 4 degrees of freedom and estimates are adjusted for year 

of birth, season of conception, parity, maternal age group, marital status, maternal and paternal 

education, national origin of the mother, province of residence, apparent temperature, infant’s sex, and 

gestational age. 

  



MATERNAL EXPOSURE TO PARTICULATE AIR POLLUTION AND FETAL GROWTH 

 

113 

Figure S2. Shape of the association between birth weight and maternal PM10 exposure during entire 

pregnancy and during early and late pregnancy periods, by gestational age group. Estimates (solid line) 

and 95% CI (dashed lines) represent the change in birth weight relative to the reference value of 20 

µg/m3. PM10 exposure was modeled using a natural cubic spline with 4 degrees of freedom and estimates 

are adjusted for year of birth, season of conception, parity, maternal age group, marital status, maternal 

and paternal education, national origin of the mother, province of residence, apparent temperature, 

infant’s sex, and gestational age.  
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Abstract 

Objective 

Air pollution is a trigger for human mortality. The use of animal sentinels as 

models for epidemiologic studies of environmental exposures and human diseases 

might improve causal inference. This is the first study investigating the role of 

ozone (O3), particulate matter (PM10) and nitrogen dioxide (NO2) on the risk of 

mortality in an animal population. 

Methods 

We used air pollution concentrations at the level of the municipality for a total of 

87,108 dairy cow deaths from 2006 to 2009. We combined a case-crossover 

design with distributed lag nonlinear models (DLNM) to assess the potential 

delayed effects of air pollution on cattle mortality up to 25 days after exposure, 

while controlling for weather effects. Separate models were developed for the 

warm (April – September) and the cold period (October – March) of the year.  

Results 

We found acute and delayed effects of air pollution on dairy cattle mortality during 

the warm season. A 10 µg/m3 increase in 2-day (lag 0‒1) O3 exposure was 

associated with a 1.3% (95% CI 0.3 to 2.2) increase in the risk of mortality. The 

increase in mortality for a 10 µg/m3 increase in same-day (lag 0) PM10 or NO2 

exposure was 1.2% (95% CI -0.3 to 2.8) and 9.4% (95% CI 6.4 to 12.4), 

respectively. Compared with the acute effects, the cumulative 26-day (lag 0 to 

25) estimates were considerably larger for O3 (3.6%, 95% CI 0.4 to 6.9) and PM10 

(5.1%, 95% CI 0.8 to 9.5), but not for NO2 (2.9%, 95% CI -4.1 to 10.3). Results 

are unchanged using unconstrained distributed lag models. We did not find 

consistent evidence for air pollution effects during the cold period. 

Conclusions 

Our study in cattle adds to the existing epidemiological findings in human and 

further improves its causality. Furthermore, our results indicate that the observed 

effects are not due primarily to short-term mortality displacement. Compared with 

human studies, we observed higher mortality risk associated with air pollution 

among cattle, suggesting that dairy cows may be sensitive indicators of air 

pollution and provide an early warning system for public health intervention. 
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Introduction 

Studies on the effects of air pollution on animal mortality are limited, although 

already in the 1870s, death of cattle during a livestock show in England was 

associated with a dense industrial fog.1 Also in Belgium cattle died in the fog of 

1911,2 and during the Meuse valley air pollution episode in 1930.3 Such episodes 

initiated successful efforts and legislation to reduce air pollution. Nevertheless, 

even at current concentration levels, the relation between air pollution and excess 

morbidity and mortality still exists. 

Numerous studies reported that daily variations in human morbidity and mortality 

are associated with daily variations in the levels of air pollution.4 However, still 

some debate exists about the lag period associated with these exposures, which 

may include both harvesting and delayed effects, contributing differently to the 

net cumulative effects. The harvesting hypothesis states that short-term increases 

in air pollution simply shorten the life span of frail individuals, implying a short-

term positive correlation between exposure and daily deaths, followed by a deficit 

in mortality at longer lags. 

The potential health effects of environmental factors on livestock is not only of 

concern for animal welfare and health,5 but also implies economic losses.6 

Moreover, studies on cattle mortality can corroborate or inform epidemiologic 

studies in humans. The advantages of using animals as sentinels or comparative 

models of human disease accrue in part from their relative freedom from 

concurrent exposures, bias due to confounding, and, to some extent, exposure 

misclassification.7 Dairy cows have a relatively long life span, limited population 

variability in lifestyle and dietary habits, limited geographical mobility8 and 

(partial) outdoor housing. Moreover, in many countries farm animals are subject 

to a stringent mandatory registration procedure from birth till death, which is at 

the individual level for ruminants.  

In this study, we investigated the effect of ozone (O3), particulate matter with 

diameter less than 10 μg/m3 (PM10), and nitrogen dioxide (NO2) on mortality 

among dairy cows in Belgium. We applied a case-crossover design and accounted 

for harvesting and delayed exposure effects by using distributed lag non-linear 

models (DLNM).9 10 A DLNM has the advantage of providing cumulative effects of 
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air pollution by flexibly estimating contributions at different lag times, thus 

accounting for delayed effects and short-term harvesting.11 

Methods 

Data 

Data on cattle mortality were extracted from Sanitel, a national-level 

computerized database for the registration and traceability of farm animals, 

managed by the Federal Agency for the Safety of the Food Chain.12 For all adult 

dairy cows (≥2 years) that died (different from culling in slaughterhouse) in 

Belgium during the period 2006-2009, we obtained information on date of birth 

and death, farm identification and postal code. The majority of dairy cows in 

Belgium are of the Holstein Friesian breed. 

Daily 8-hour maximum O3 concentrations and daily average PM10 and NO2 

concentrations were obtained from the Belgian Interregional Environment Agency. 

For its assessment, a dense network of automatic monitoring sites, as 

implemented by the three Belgian regions, collected real-time data on a half-

hourly basis. The average distance between the nearest measuring stations is 

about 25 km. Data from monitoring stations are combined with land cover data 

obtained from satellite images in a spatial-temporal (Kriging) interpolation model, 

described by Janssen et al.13 This provides interpolated air pollutant concentration 

estimates on a 4 x 4 km2 grid, which are then used to calculate population-

weighted averages per municipality. Previous studies suggest that PM10 estimates 

correlate well with individual exposure, as assessed by carbon load in human 

macrophages.14 Air pollution levels are linked to cattle mortality data through the 

postal code of the farm.  

Because climate is a known confounder of the association between air pollution 

and health,15 16 data on mean air temperature and average relative humidity were 

provided by the Belgian Royal Meteorological Institute (KMI). We used data from 

one central and representative station in Uccle (Brussels), because Belgium is very 

uniform for temperature, as a result of extremely small altitudinal and latitudinal 

gradients: elevations range from 0 to 694 m above sea level, and the distance 

between the northernmost and southernmost part is only 224 km.  
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Statistical analyses 

The case-crossover design is widely used for analyzing short-term exposures with 

acute outcomes.17-19 It is a variant of the matched case-control study, where each 

subject serves as its own control so that known and unknown time-invariant 

confounders are inherently adjusted for by study design.20 This design samples 

only cases (deaths in this study) and compares each subject's exposure in a time 

period just before a case event (the hazard period) with that subject's exposure 

at other times (the control periods). Selection bias was avoided by applying a 

bidirectional time-stratified design.21 Control days are taken from the same 

calendar month and year as the case day (i.e. day of death), both before and after 

the case, thus controlling for long-term trends and season by design. Cases and 

controls were additionally matched by day of the week to control for any weekly 

patterns in deaths or pollution. 

We combined the case-crossover design with distributed lag non-linear models 

(DLNM) to account for potential harvesting and delayed effects of air pollution on 

dairy cow mortality. This study applies recent extensions of the DLNM 

methodology beyond aggregated time series data,22 specifically implementing 

them in a conditional logistic regression model with individual-level exposure 

measures. The DLNM is defined through a “cross-basis” function, which allows the 

simultaneous estimation of a non-linear exposure-response association and non-

linear effects across lags, the latter termed lag-response association. In addition 

to a cross-basis for the air pollutant, we also included a cross-basis for mean 

temperature in the model to account for the (potentially delayed) effects of heat 

and cold on mortality. In both cross-bases, the maximum lag was set to 25 days 

and natural cubic splines with 6 degrees of freedom (df) were used to model the 

lag structure. The knots in the lag space were set at equally spaced values on the 

log scale of lags to allow more flexible lag effects at shorter delays.11 We assumed 

a linear exposure-response shape for the air pollutants, whereas the temperature-

mortality association was modelled with a natural cubic spline with 5 df. Spline 

knots were placed at equal spaces in the temperature range to allow enough 

flexibility in the two ends of the temperature distribution. 

We developed separate models for each of three air pollutants within the warm 

(April-September) and the cold (October-March) period of the year, as human 
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studies have found effect modification by season.16 Models were additionally 

adjusted for the moving average of humidity on the current day and the previous 

day (lag 0–1), using a natural cubic spline with 3 degrees of freedom. We 

calculated relative risks (RR) of mortality for a 10 µg/m3 increase in air pollutant 

concentrations. Reported estimates, computed as the overall cumulative risk 

accounting for the 0‒25 lag period, are presented as percent change in mortality 

with corresponding 95% CIs.  

In sensitivity analyses we used an unconstrained distributed lag model to define 

the lag structure, that is, a model in which each lag is entered as a separate 

variable.23 24 Because of the correlation between air pollution concentrations on 

days close together, the unconstrained distributed lag model will result in unstable 

estimates for the individual lags, but it is known as more flexible and less prone 

to bias for the estimate of the overall effect.23 We also investigated the potential 

influence of Bluetongue disease on the observed results. There were two 

outbreaks of Bluetongue Virus Serotype 8 in Belgium within the study period: from 

August to December 2006 and from July to December 2007.25 Because the spread 

of Bluetongue in Belgium has been found to be associated with weather 

conditions26 and because of the correlation between meteorology and air pollution, 

we examined whether our results were robust to the exclusion of these epidemics 

from the analyses by using both constrained (as in the main analyses) and 

unconstrained distributed lag models.  

All analyses were performed with the statistical software R (R Foundation for 

Statistical Computing, Vienna, Austria) using the “dlnm” package.11 

Results 

Data description  

There were 87,108 cow deaths in Belgium from 2006 to 2009. Table 1 shows 

descriptive statistics for daily mortality, air pollutants and weather variables. In 

the warm season there were on average 55 cases per day and in the cold season 

65 cases. The average concentrations of O3, PM10 and NO2 in the warm season 

were 80.6 μg/m3, 25.4 μg/m3 and 15.9 μg/m3 respectively, whereas the 

corresponding concentrations in the cold season were 47.6 μg/m3, 27.8 μg/m3 
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and 22.6 μg/m3 respectively. To highlight sufficient variation around a non-zero 

mean value as suggested in case-crossover studies,27 table 1 also presents the 

“relevant exposure term” which is the absolute difference between each 

pollutant’s levels on the case day and its average concentrations over the control 

days.  

Table 1. Summary statistics for daily cattle mortality, weather conditions and air pollution levels and for 

the absolute differences between the daily levels of each pollutant (case days) and the average 

concentrations over the control days, Belgium 2006-2009. 

    Percentiles 

Season Variable Mean  1st 5th 25th 50th 75th 95th 99th 

Warm  Daily number of cow deaths      

(n=39,979)  54.6  18.0 23.0 38.0 53.0 68.5 96.0 116.0 

 Exposure on case days       

 O3 (µg/m3) 80.6  33.1 45.2 62.9 77.2 92.8 130.6 159.7 

 PM10 (µg/m3) 25.4  8.1 11.4 16.9 22.3 31.4 48.3 64.1 

 NO2 (µg/m3) 15.9  2.5 4.7 9.9 14.7 20.5 31.0 39.3 

 Temperature (°C) 15.6  5.2 8.2 13.0 15.7 18.3 22.3 25.0 

 Humidity (%) 69.9  39.5 48.7 63.6 70.3 78.1 86.1 91.2 

 Exposure difference between case days and average over control days 

 O3 (µg/m3) 18.2  0.3 1.2 6.2 14.0 25.6 49.9 68.2 

 PM10 (µg/m3) 8.6  0.1 0.5 2.9 6.5 12.0 23.6 37.3 

 NO2 (µg/m3) 4.8  0.1 0.3 1.8 3.8 6.7 13.0 18.4 

Cold  Daily number of cow deaths      

(n=47,129)  64.6  12.0 24.0 45.0 65.0 83.0 107.0 126.0 

 Exposure on case days       

 O3 (µg/m3) 47.6  7.4 12.8 32.1 49.0 62.5 79.8 88.8 

 PM10 (µg/m3) 27.8  5.5 9.5 16.6 23.4 34.4 59.8 90.1 

 NO2 (µg/m3) 22.6  3.5 6.6 13.8 21.2 29.5 43.7 57.9 

 Temperature (°C) 6.2  -3.2 -1.0 3.1 6.6 9.1 13.4 15.4 

 Humidity (%) 81.0  50.8 63.3 77.0 81.9 87.2 92.5 95.1 

 Exposure difference between case days and average over control days 

 O3 (µg/m3) 14.6  0.3 1.2 6.0 12.5 21.3 34.9 45.7 

 PM10 (µg/m3) 13.2  0.1 0.9 4.6 9.8 17.9 36.8 62.3 

 NO2 (µg/m3) 8.6  0.1 0.6 3.2 6.8 11.9 22.8 33.0 

Abbreviations: O3, ozone; PM10, particulate matter with diameter less than 10 μg/m3; NO2, nitrogen dioxide 

Linear correlation coefficients between air pollutants and meteorological variables 

are presented in Table 2. Correlations were highest between PM10 and NO2 (linear 

correlation coefficient (r) around 0.7 in both seasons) and between O3 and NO2 

(only in the cold season, r=-0.64). The correlation between PM10 and O3 was 

strongest in the cold season (r=-0.50, compared with r=0.33 in the warm 

season). O3 was positively correlated with temperature in both seasons (warm 
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season, r=0.41; cold season, r=0.31), whereas PM10 and NO2 were negatively 

correlated with temperature in the cold season (r=-0.33 and r=-0.43 

respectively).  

Table 2. Matrix of linear correlation coefficients between air pollutants and weather variables, Belgium 

2006-2009* 

Season Exposure O3 PM10 NO2 Temperature Humidity 

Warm O3 1     

(n=39,979) PM10 0.33 1    

 NO2 0.11 0.68 1   

 Temperature 0.41 0.10 -0.05 1  

 Humidity -0.66 -0.29 -0.24 -0.31 1 

Cold season O3 1     
(n=47,129) PM10 -0.50 1    

 NO2 -0.64 0.74 1   

 Temperature 0.31 -0.33 -0.43 1  

 Humidity -0.40 -0.09 -0.01 -0.11 1 

Abbreviations: O3, ozone; PM10, particulate matter with diameter less than 10 μg/m3; NO2, nitrogen dioxide  

*P<0.001 for all correlations 

DLNM analyses 

During the warm season, highest relative risks were observed on the day of 

exposure (PM10 and NO2) or the day after (O3), immediately followed by a 2- to 

3-day deficit in mortality (Figure 1). Acute effects were significant for O3 and NO2, 

but not for PM10. For O3 and PM10, the deficit in mortality was followed by a 

significantly increased risk lasting for one (O3) to two (PM10) weeks. The lag 

structure in the cold season was less consistent. Mortality was significantly 

increased 3 to 10 days after O3 exposure and 17 to 22 days after PM10 exposure.  
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Overall cumulative effects of air pollutants on dairy cow mortality are presented 

in Table 3. The increase in the risk of mortality for a 10 µg/m3 increase in air 

pollutant concentration was 1.3% (95% CI 0.3 to 2.2) for O3 (lag 0‒1), 1.2% 

(95% CI -0.3 to 2.8) for PM10 (lag 0), and 9.4% (95% CI: 6.4 to 12.4) for NO2 

(lag 0). The overall 26-day estimates, incorporating the harvesting and delayed 

effects, were considerably larger than the acute effects for O3 (3.6%, 95% CI 0.4 

to 6.9) and PM10 (5.1%, 95% CI 0.8 to 9.5), but not for NO2 (2.9%, 95% CI -4.1 

to 10.3). Sensitivity analyses for the warm season gave similar results. Both the 

use of the unconstrained distributed lag model and the exclusion of the Bluetongue 

epidemics from the study period resulted in slightly higher estimates 

(supplementary Table S1).  

We did not find consistent evidence for acute or delayed effects of air pollution 

exposure on dairy cow mortality in the cold season (Table 3). Although we 

observed a significant cumulative 26-day effect of O3 in the main analysis (3.9%, 

95% CI 0.9 to 6.9) and in the unconstrained distributed lag model, this effect 

disappeared after excluding the epidemic Bluetongue periods from the models 

(supplementary Table S2).  

Table 3. Cumulative effects of air pollution on dairy cow mortality along the lag days, Belgium 2006-

2009. Estimates represent the percent change in dairy cow mortality for a 10 µg/m3 increase in air 

pollutant concentration. 

  Percent change (95% CI) 

Season Lag (day) O3 PM10 NO2 

Warm  0 0.1 (-0.7 to 1.0) 1.2 (-0.3 to 2.8) 9.4 (6.4 to 12.4)* 

(n=39,979) 0‒1 1.3 (0.3 to 2.2)* 0.6 (-0.9 to 2.1) 4.8 (1.8 to 7.8)* 

 0‒25 3.6 (0.4 to 6.9)* 5.1 (0.8 to 9.5)* 2.9 (-4.1 to 10.3) 

Cold  0 -0.1 (-1.0 to 0.8) -0.4 (-1.4 to 0.5) 1.1 (-0.5 to 2.8) 

(n=47,129)  0‒1 -0.2 (-1.1 to 0.7) -0.8 (-1.7 to 0.1) 0.4 (-1.2 to 2.1) 

 0‒25 3.9 (0.9 to 6.9)* 0.6 (-2.2 to 3.6) -2.2 (-7.0 to 2.8) 

Abbreviations: O3, ozone; PM10, particulate matter with diameter less than 10 μg/m3; NO2, nitrogen dioxide 

*P<0.05 
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Discussion 

Despite the recognition that animals could be useful sentinels for human health 

risks, the full potential of linking animal and human health information to provide 

warning of such shared risks from environmental hazards has not been realized.28 

Possible reasons for this include the professional segregation of human and animal 

health communities, the separation of human and animal surveillance data, and 

evidence gaps in the linkages between human and animal responses to 

environmental health hazards.  

Day-to-day variations in air pollution are weather-driven and have been linked to 

daily fluctuations in hospital admissions and mortality in numerous human 

epidemiological studies. To the best of our knowledge, this is the first 

epidemiological study that uses an animal population to investigate short-term 

variations in mortality in association with recent exposure to air pollution. We 

found significant increases in the risk of dairy cattle mortality associated with air 

pollution, both particulate (PM10) and gaseous (O3 and NO2), during the warm 

period of the year. Exposure to NO2 was associated with a same-day increase in 

mortality, but the overall cumulative 26-day effect accounting for harvesting was 

not significant. For O3 and PM10, however, the overall (lag 0‒25) effects are 

substantially larger than the acute effects (up to lag 0‒1), indicating that the 

adverse response to pollution persists up to some weeks after the exposure.  

Whereas it has been argued that risk assessments using relatively short 

timescales might have overestimated the public health impact of air pollution 

because of harvesting, our analysis indicates that such studies might have 

underestimated the total effects. This was also suggested by some other studies 

that have examined the temporal pattern of the association using longer follow-

up periods.24 29-32 As in our study, they found extended effects of O3
29 and 

particulates,24 30-32 with larger estimates for the overall cumulative effect than for 

the acute effects. As pointed out by Zanobetti et al.,24 numerous epidemiologic 

studies have shown that air pollution is associated with exacerbation of illness, 

which might result in an increased recruitment into the pool of individuals at risk 

of dying. This may occur at different lags, depending on the mechanism and 

individual, and at a slower pace than death out of the risk pool, which might result 

in delayed increases in mortality persisting for several days or weeks. Extended 
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air pollution effects on mortality are supported by evidence from the historical 

London smog episode in 1952, which was followed by elevated mortality rates up 

to 3 months after the exposure.33 

We did not find consistent evidence for an association between air pollution and 

dairy cattle mortality during the cold period of the year, indicating that the 

triggering effect of air pollution is not equally harmful under different weather 

conditions, even after strong adjustment for immediate and delayed effects of 

outdoor temperature. This finding is consistent with results from a study on human 

mortality in the northern part of Belgium (Flanders), reporting much larger effects 

of particulates during the warmer period of the year.16 Stronger associations 

between air pollution and daily mortality in the warm season have also been found 

in other human studies.34-37  

We can only speculate about the mechanisms underlying the effect modification 

by season. The difference cannot be explained by differences in concentration 

levels, because concentrations of both PM10 and NO2 were higher and more 

variable in the cold season (Table 1). A possible explanation is the large difference 

in the time spent outdoor between both seasons: free-ranging cows are, apart 

from the daily milking moments, the majority of their time on pasture from March-

May until October, whereas they are in general continuously in the stable during 

the other months of the year. However, correlations between indoor and outdoor 

exposure in the cold season as high as 0.79 have been reported,38 and correlations 

might be even higher for (relatively open) stables. As studies have shown a higher 

inflammatory activity of particulate matter (PM) in the warm season,39 40 our 

results might also be due to seasonal differences in air pollution mixture or 

composition of PM. 

Despite physiological and anatomical differences between cattle and human, 

biological changes in response to air pollution exposure are expected to be similar 

for both species. Compared with large-scale studies on human populations, which 

typically have examined the risk of mortality up to only a few days after exposure, 

our estimates for the immediate effects of O3 and NO2 during the warm season 

are considerably larger. Assuming that 10-ppb O3 equals 20 µg/m3 and converting 

the 8-hour maximum concentration to the daily average,41 our estimate 

corresponds to a 4.8% increase in mortality for a 10-ppb increase in daily average 
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O3. Estimates from meta-analyses range from 0.87% to 1.37% per 10-ppb in daily 

average O3,41-46 and those from multi-city studies range from 0.25% to 1.43%.47-

50 Meta-analytic and multi-city estimates for a 10 µg/m3 increase in NO2 range 

from 0.13% to 1.23%,43 47 50 51 whereas corresponding estimates for PM10 range 

from 0.2% to 0.6%.43 44 47 50 52 53  

Considering the medium-term effects, our result for the net effect of 8-hour 

maximum O3 during the warm season (3.6% for a 10 µg/m3 increase) is close to 

the estimate for respiratory mortality obtained by combining data from 21 

European cities.29 The multi-city study found a 21-day increase in respiratory 

deaths of 3.35% (95% CI 1.90 to 4.83) for each 10 µg/m3 increase in O3, whereas 

effects on total and cardiovascular mortality were only found in summer and were 

counterbalanced by negative effects thereafter. Also our overall estimate for PM10 

(5.1% for a 10 µg/m3 increase) is closer to results reported for respiratory 

mortality than those reported for total or cardiovascular mortality. Based on data 

from 10 European cities, Zanobetti et al.32 investigated the effect of PM10 on 

deaths up to 40 days after the exposure and found a 4.2% (95% CI 1.08 to 7.42) 

increase in respiratory deaths and a 1.97% (95% CI 1.38 to 2.55) in 

cardiovascular deaths for each 10 µg/m3 increase in PM10. Similarly, the 41-day 

increase in mortality associated with a 10 µg/m3 increase in black smoke in Dublin 

was 3.6% (95% CI.0 to 4.3) for respiratory mortality, but only 1.1% (95% CI 0.8 

to 1.3) for total mortality.31 The 41-day increased risk of total mortality associated 

with a 10 µg/m3 increase in PM10 estimated for 10 European cities was 1.61% 

(95% CI 1.02 to 2.20).30  

The difference in effect estimates between dairy cattle and human studies is 

remarkable. However, cattle are known to be susceptible for respiratory disease 

because of their small physiological gaseous exchange capacity, greater basal 

ventilatory activity, and greater anatomical compartmentalization of the lung as 

compared with other mammals.54 This makes bovine lungs highly susceptible to 

bacterial infection and lung damage, which might explain the larger impact of air 

pollution. Also the smaller population variability among dairy cattle might have 

contributed to the larger estimates observed in this animal population. 

Common to other epidemiologic studies, the first limitation of our study is that it 

cannot prove causality and is likely to suffer from bias because of its observational 
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nature. However, environmental epidemiologic studies on animals are expected 

to be relatively free from confounding factors such as time spent outdoors, use of 

air conditioning, housing construction, occupational exposures, cigarette smoking 

and alcohol consumption.7 A second limitation is that we derived daily average 

levels of weather variables and air pollutants from outdoor monitoring stations, 

so that the individual exposure levels may have differed substantially from the 

estimated exposure. However, the restricted daily mobility and lower frequency 

of migration compared to humans contribute to the likelihood that exposure 

assessment can be conducted more accurately in studies of animal diseases. 

Whereas human in Western countries spend a lot of time indoor, the majority of 

adult dairy cattle are on pasture during summer, making outdoor exposure a 

better proxy for actual individual cow exposure. Moreover, in this study the case-

crossover design represents an attractive alternative to Poisson models to 

investigate the acute effects of an exposure, because of the possibility to use 

individual-level information on exposures.  

Conclusion 

This is the first epidemiological study demonstrating that day-to-day variations in 

animal mortality are associated with day-to-day variations in ambient air 

pollution. In addition, this study provides further evidence that acute exposures 

have long lasting effects. Results are consistent with those from human studies, 

although effects estimates are found to be higher. Dairy cows are expected to 

have similar biological responses to environmental exposures as humans, but they 

have limited geographic mobility, are relatively free from confounding and may 

be exposed to higher concentrations than human. Therefore, they may be 

sensitive indicators of environmental hazards and provide an early warning 

system for public health interventions. 
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Supplementary material 

Table S1. Cumulative effects of air pollution on dairy cow mortality along the lag days during the warm 

season, Belgium 2006-2009, for the total study period (main analysis) and excluding the Bluetongue 

epidemics (August-December 2006 and July-December 2007), and using a natural cubic spline with 6 

degrees of freedom (main analysis) and an unconstrained distributed lag to model the lag structure. 

Estimates represent the percent change (with 95% CI) in dairy cow mortality for a 10 µg/m3 increase in 

air pollutant concentration. 

  Percent change (95% CI) 

 Lag Total study period  Excluding Bluetongue epidemics 

Exposure (day) Natural spline Unconstrained  Natural spline Unconstrained 

O3 0 0.1 (-0.7 to 1.0) 0.3 (-0.6 to 1.2) 0.0 (-0.9 to 1.0) 0.2 (-0.8 to 1.2) 

 0‒1 1.3 (0.3 to 2.2)* 1.4 (0.3 to 2.5)* 1.2 (0.1 to 2.2)* 1.6 (0.4 to 2.8)* 

 0‒25 3.6 (0.4 to 6.9)* 3.8 (0.5 to 7.1)* 3.4 (-0.2 to 7.0) 4.0 (0.4 to 7.7)* 

PM10 0 1.2 (-0.3 to 2.8) 0.7 (-1.1 to 2.5) 1.5 (-0.2 to 3.3) 0.7 (-1.3 to 2.7) 

 0‒1 0.6 (-0.9 to 2.1) -0.1 (-2.0 to 1.8) 0.4 (-1.3 to 2.1) -0.6 (-2.8 to 1.6) 

 0‒25 5.1 (0.8 to 9.5)* 5.7 (1.2 to 10.3)* 5.6 (0.9 to 10.6)* 5.8 (0.9 to 11.0)* 

NO2 0 9.4 (6.4 to 12.4)* 10.0 (6.7 to 13.3)* 9.5 (6.2 to 12.9)* 9.5 (5.9 to 13.2)* 

 0‒1 4.8 (1.8 to 7.8)* 4.9 (1.4 to 8.5)* 4.6 (1.3 to 8.0)* 4.9 (1.0 to 9.0)* 

 0‒25 2.9 (-4.1 to 10.3) 3.1 (-4.1 to 10.8) 3.9 (-3.7 to 12.1) 4.3 (-3.6 to 12.8) 

Abbreviations: O3, ozone; PM10, particulate matter with diameter less than 10 μg/m3; NO2, nitrogen dioxide 

*P<0.05 
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Table S2. Cumulative effects of air pollution on dairy cow mortality along the lag days during the cold 

season, Belgium 2006-2009, for the total study period (main analysis) and excluding the Bluetongue 

epidemics (August-December 2006 and July-December 2007), and using a natural cubic spline with 6 

degrees of freedom (main analysis) and an unconstrained distributed lag to model the lag structure. 

Estimates represent the percent change (with 95% CI) in dairy cow mortality for a 10 µg/m3 increase in 

air pollutant concentration. 

  Percent change (95% CI) 

 Lag Total study period  Excluding Bluetongue epidemics 

Exposure (day) Natural spline Unconstrained  Natural spline Unconstrained 

O3 0 -0.1 (-1.0 to 0.8) -0.4 (-1.4 to 0.6) -0.4 (-1.4 to 0.6) -0.7 (-1.8 to 0.4) 

 0‒1 -0.2 (-1.1 to 0.7) 0.1 (-1.0 to 1.2) -1.0 (-2.1 to 0.0) -1.0 (-2.3 to 0.3) 

 0‒25 3.9 (0.9 to 6.9)* 3.2 (0.3 to 6.2)* 1.4 (-1.8 to 4.7) 0.4 (-2.8 to 3.7) 

PM10 0 -0.4 (-1.4 to 0.5) 0.3 (-0.9 to 1.5) -0.1 (-1.2 to 1.0) 0.1 (-1.2 to 1.4) 

 0‒1 -0.8 (-1.7 to 0.1) -0.6 (-1.8 to 0.6) -0.4 (-1.5 to 0.6) 0.3 (-1.0 to 1.7) 

 0‒25 0.6 (-2.2 to 3.6) 1.6 (-1.3 to 4.6) 2.5 (-0.8 to 6.0) 4.1 (0.7 to 7.6)* 

NO2 0 1.1 (-0.5 to 2.8) 2.4 (0.6 to 4.3)* 1.2 (-0.6 to 3.0) 2.3 (0.2 to 4.5)* 

 0‒1 0.4 (-1.2 to 2.1) -0.7 (-2.6 to 1.4) 1.0 (-0.9 to 2.9) 0.0 (-2.2 to 2.4) 

 0‒25 -2.2 (-7.0 to 2.8) -0.6 (-5.6 to 4.5) 0.6 (-4.8 to 6.3) 2.4 (-3.1 to 8.3) 

Abbreviations: O3, ozone; PM10, particulate matter with diameter less than 10 μg/m3; NO2, nitrogen dioxide 

*P<0.05 
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Abstract 

Objective 

Extreme ambient temperatures are associated with an increased risk of mortality 

among humans, which is a concern because of the predicted climate change. The 

use of animal sentinels as models for epidemiologic studies of human diseases 

and environmental exposures might add to the available evidence and might 

provide additional insights. Therefore, we investigated the temporal pattern of the 

effects of low and high ambient temperatures on the risk of mortality among dairy 

cattle.  

Methods 

We applied a case-crossover design combined with distributed lag nonlinear 

models (DLNM) to assess the nonlinear and delayed effects of temperature on 

dairy cattle mortality. We used quasi-Poisson models on 87,108 dairy cow deaths 

in Belgium from 2006 to 2009, stratifying by the warm (April-September) and the 

cold (October-March) season of the year.  

Results 

During the warm season high as well as low temperatures were associated with 

significantly increased mortality risk among dairy cattle. Heat effects were acute 

and were followed by a deficit in mortality three to five days after the exposure. 

The estimated 3-day (lag 0–2) increase in dairy cattle mortality for a 1°C increase 

in mean temperature above the heat threshold (16.8°C) was 3.16% (95% CI 1.64 

to 4.71). Taking into account the harvesting effect, the corresponding heat 

estimate at lag 0–10 was 2.17% (95% CI 0.11 to 4.28). Cold effects were delayed 

by five days and persisted up to 18 days after the exposure. Over lag 0–25 days, 

the estimated increase in mortality for a 1°C decrease below the cold threshold 

(13.9°C) was 4.90% (95% CI 0.40 to 9.60). We did not find evidence for 

temperature effects during the cold season.  

Conclusions 

Consistent with epidemiological observations in humans, extreme temperatures 

are associated with an increased mortality risk among dairy cattle. Dairy cows 

may be sensitive indicators of environmental hazards and provide an early 

warning system for public health intervention. 
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Introduction 

It is well recognized that in developed countries, the major health consequences 

of climate change will be due to extreme weather events.1 Daily variations in 

human morbidity and mortality are associated with daily variations in ambient 

temperature, with increased health risks at both ends of the temperature 

distribution.2-4  

Also farm animals are known to suffer from temperature extremes. Heat stress 

reduces feed intake, milk yield, growth rate and reproductive performance, which 

lead to major economic losses to the dairy farmers.5-7 Therefore, thermal stress 

in dairy cattle has mainly been investigated because of economic reasons8 and to 

guide management strategies.9 The effect of temperature on dairy cattle death 

rates has received less attention. Some studies have documented increases in 

dairy cattle mortality associated with high temperatures,10-13 and few have tried 

to identify critical heat thresholds.14 15 As dairy cattle tend to be much more 

tolerant for low than for high temperatures,16 17 effects of cold have not been 

investigated much. Nevertheless, few studies have reported cold-related 

decreases in milk yield18 and increases in mortality.13 

Despite the recognition that animals could be useful sentinels for human health 

risks, the full potential of linking animal and human health information to provide 

warning of such shared risks from environmental hazards has not been realized.19 

Reasons appear to include the professional segregation of human and animal 

health communities, the separation of human and animal surveillance data, and 

evidence gaps in the linkages between human and animal responses to 

environmental health hazards.19 Animal populations such as dairy cows might 

serve as useful sentinel models for human disease, as they are expected to be 

less subject to concurrent exposures, bias due to confounding, and exposure 

misclassification than human populations.20  

Therefore, we investigated the association between day-to-day variations in 

ambient temperature and day-to-day variations in dairy cattle deaths in Belgium. 

We used a case-crossover design and considered the possibility of both non-linear 

and delayed temperature effects by using distributed lag non-linear models 

(DLNM).21 22 A DLNM has the advantage of providing cumulative effects of 

temperature by flexibly estimating contributions at different lag times, thus 



CHAPTER 7 

138 

accounting for delayed effects and short-term mortality displacement 

(harvesting).23 

Methods 

Data 

Data on cattle mortality were extracted from Sanitel, a national-level 

computerized database for the registration and traceability of farm animals, 

managed by the Federal Agency for the Safety of the Food Chain.24 For all adult 

dairy cows (≥2 years) that died (different from culling in slaughterhouse) in 

Belgium during the period 2006-2009, we obtained information on date of birth 

and death, farm identification and postal code, and herd size at the moment of 

data extraction. The majority of dairy cows in Belgium are of the Holstein Friesian 

breed. 

Meteorological data consisting of daily mean air temperature and average relative 

humidity were provided by the Belgian Royal Meteorological Institute. We used 

data from a central and representative station in Uccle (Brussels), because 

Belgium is very uniform for temperature, as a result of extremely small altitudinal 

and latitudinal gradients: elevations range from 0 to 694 m above sea level, and 

the distance between the northernmost and southernmost part is only 224 km.  

As ambient air pollution levels might confound the association between 

temperature and mortality, we obtained daily air pollution concentrations from the 

Belgian Interregional Environment Agency. We considered ozone (O3, 8-hour 

maximum values), particulate matter with diameter less than 10 µm (PM10, daily 

averages), and nitrogen dioxide (NO2, daily averages). In Belgium, air pollution is 

measured by a dense network of automatic monitoring sites, collecting real-time 

data on a half-hourly basis. The average distance between the nearest measuring 

stations is about 25 km. Daily air pollution concentrations at the level of the 

municipality are obtained by a spatial-temporal (Kriging) interpolation model that 

combines data from monitoring stations with land cover data obtained from 

satellite images.25 Daily average concentrations for Belgium were then calculated 

by weighing the municipality-specific concentrations by the number of animals 

(herd size at the moment of data extraction) per municipality.  
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Statistical analysis 

The association between ambient temperature and dairy cattle mortality was 

investigated by using a case-crossover design, which is widely used for short-term 

exposures and acute outcomes.26 It is a variant of the matched case-control study, 

where each subject serves as its own control so that known and unknown time-

invariant confounders are inherently adjusted for by study design.27 We used the 

bidirectional time-stratified design to avoid selection bias:28 control days were 

taken from the same calendar month and year as the case day (i.e. day of death), 

both before and after the case, thus controlling for long-term trends and season 

by design. Cases and controls were additionally matched by day of the week to 

control for any weekly patterns in deaths.  

When all subjects have a common (national-level) exposure, the case-crossover 

using conditional logistic regression is a special case of time-series analysis.29 

Data can be aggregated into daily counts and a Poisson model with stratum 

indicators gives identical estimates to those from conditional logistic regression. 

Conditional Poisson models have some advantages over conditional logistic 

models: they are computationally less intensive and they can allow for 

overdispersion or auto-correlation in the original counts.30 Despite these 

advantages, they are little used.30 In this study, we used conditional quasi-Poisson 

models that allow for overdispersion in daily deaths. Analyses were stratified by 

warm (April-September) and cold (October-March) season because free-ranging 

cows are, apart from the daily milking moments, the majority of their time on 

pasture during the warm season, whereas they are mostly in the stable during the 

cold season. 

To account for potential nonlinear and delayed effects of temperature, we 

combined the quasi-Poisson model with a distributed lag non-linear model 

(DLNM).21 22 The DLNM is defined through a “cross-basis” function, which allows 

simultaneous estimation of the non-linear exposure-response association and the 

non-linear effects across lags, the latter termed lag–response association. The 

maximum lag was set to 25 days. First we applied a “natural cubic spline–natural 

cubic spline” DLNM. We used a natural cubic spline with 4 degrees of freedom (df) 

to model the temperature–mortality association and a natural cubic spline with 6 

df to model the lagged effect. Spline knots were placed at equal spaces in the 
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temperature range to allow enough flexibility in the two ends of the temperature 

distribution. The knots in the lag space were set at equally spaced values on the 

log scale of lags to allow more flexible lag effects at shorter delays.23 Season-

specific median temperatures were used as the reference value to calculate 

relative risks.  

When the temperature–mortality curve appeared to be U-shaped, we used a 

“double threshold–natural cubic spline” DLNM, assuming the effect of high 

temperature is linear above the heat threshold, whereas the effect of low 

temperature is linear below the cold threshold. We tested multiple heat and cold 

thresholds and searched for the combination that minimized the residual deviance 

of the model. We then estimated the relative risks of mortality for a 1°C increase 

in temperature above the heat threshold and a 1°C decrease below the cold 

threshold. All models were adjusted for the moving average of humidity on the 

current day and the previous days (lag 0–1), using a natural cubic spline with 3 

df. We used the Akaike information criterion for quasi-Poisson models (Q-AIC) to 

compare the fit of models.22 31 

We ran several sensitivity analyses. First we used an unconstrained distributed 

lag model to define the lag structure, that is, a model in which each lag is entered 

as a separate variable.32 33 Because of the correlation between temperatures on 

days close together, the unconstrained distributed lag model will result in unstable 

estimates for the individual lags, but it is known as more flexible and less prone 

to bias for the estimate of the overall effect.32 In a second sensitivity analysis, we 

accounted for the potentially confounding effects of air pollution on the 

temperature-mortality association by adding a crossbasis for each air pollutant at 

a time. For each air pollutant, the maximum lag was set at 25 and we used a 

linear function to model the exposure–response association and a natural cubic 

spline with 6 df to model the lag-response association. There were two outbreaks 

of Bluetongue Virus Serotype 8 in Belgium within the study period: from August 

to December 2006 and from July to December 2007.34 Because the spread of 

Bluetongue in Belgium has been found to be associated with weather conditions,35 

we examined whether our results were robust to the exclusion of these epidemics 

from the analyses.  
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All analyses were performed using R project for statistical computing (version 

3.1.2) using the “dlnm” package. 

Results 

Data description  

Table 1 shows summary statistics for daily mortality, weather variables and air 

pollutants. There were 87,108 dairy cow deaths in Belgium between 2006 and 

2009, with an average of 55 cases per day in the warm season and 65 cases per 

day in the cold season. The average daily mean temperature was 15.9°C in the 

warm season and 6.5°C in the cold season. Average relative humidity was 70.2% 

in the warm season and 81.0% in the cold season. The average concentrations of 

O3, PM10 and NO2 in the warm season were 80.4 μg/m3, 24.6 μg/m3 and 14.7 

μg/m3 respectively, whereas the corresponding concentrations in the cold season 

were 47.7 μg/m3, 27.6 μg/m3 and 21.5 μg/m3 respectively.  

Table 1. Summary statistics of daily cow mortality, weather conditions, and air pollution levels in 

Belgium, 2006-2009 

   Percentiles 

Season Variable Mean ± SD 0th 25th 50th 75th 100th 

Warm Death 54.6 ± 22.2 12.0 38.0 53.0 68.5 145.0 

(n=39,979) Mean temperature (°C) 15.9 ± 4.0 4.1 13.5 16.1 18.5 28.6 

 Humidity (%) 70.2 ± 10.9 32.1 64.1 70.7 78.1 94.5 

 O3 (µg/m3) 80.4 ± 24.2 26.4 63.7 76.7 93.6 197.7 

 PM10 (µg/m3) 24.6 ± 10.8 8.9 16.7 21.7 29.8 83.1 

 NO2 (µg/m3) 14.7 ± 6.0 3.2 10.2 13.8 18.5 35.8 

Cold Death 64.7 ± 25.8 1.0 45.0 65.0 83.0 162.0 

(n=47,129) Mean temperature (°C) 6.5 ± 4.5 -8.2 3.3 6.8 9.5 18.7 

 Humidity (%) 81.0 ± 8.7 40.0 77.3 81.9 86.7 99.8 

 O3 (µg/m3) 47.7 ± 18.0 9.4 34.7 48.8 60.7 98.6 

 PM10 (µg/m3) 27.6 ± 15.6 5.7 16.6 23.3 33.9 97.2 

 NO2 (µg/m3) 21.5 ± 9.8 4.4 13.9 20.9 26.7 62.7 

Abbreviations: SD, standard deviation; O3, ozone; PM10, particulate matter with diameter less than 10 μg/m3; NO2, nitrogen 

dioxide 

  



CHAPTER 7 

142 

Pearson correlation coefficients (r) between meteorological variables and air 

pollutants are presented in Table 2. The correlation between humidity and mean 

temperature was -0.34 in the warm season and -0.06 in the cold season. O3 was 

positively correlated with mean temperature in both seasons (r=0.46 in the warm 

season and r=0.32 in the cold season). PM10 and NO2 were negatively correlated 

with mean temperature in the cold season (r=-0.37 and r=-0.53 respectively), 

whereas corresponding correlations in the warm season were relatively low 

(r=0.12 and r=-0.06 respectively).  

Table 2. Pearson correlation coefficients between weather conditions and air pollutants in Belgium, 2006–

2009 

Season Variable Temperature Humidity O3 PM10 NO2 

Warm Temperature 1     

(n=39,979) Humidity -0.34* 1    

 O3 0.46* -0.71* 1   

 PM10 0.12* -0.26* 0.43* 1  

 NO2 -0.06 -0.28* 0.29* 0.74* 1 

Cold Temperature 1     
(n=47,129) Humidity -0.06 1    

 O3 0.32* -0.40* 1   

 PM10 -0.37* -0.09* -0.50* 1  

 NO2 -0.53* -0.01 -0.64* 0.78* 1 

Abbreviations: O3, ozone; PM10, particulate matter with diameter less than 10 μg/m3; NO2, nitrogen dioxide 

*P<0.05 

DLNM analyses 

The distributed non-linear lag surface obtained by the natural cubic spline–natural 

cubic spline DLNM revealed a nonlinear relationship between temperature and 

dairy cow mortality in the warm season, with higher mortality risk at high and low 

temperatures (Figure 1A). The three-dimensional plot for the cold season (Figure 

1B) showed a similar shape, but the magnitude of effects was much smaller. 

Figure 2A presents the U-shaped dose-response curve for the overall effect of 

mean temperature on mortality over 25 days in the warm season, whereas the 

corresponding curve for the cold season (Figure 2B) was relatively flat. The heat 

and cold thresholds minimizing the residual deviance of the double threshold–

natural cubic spline model were 16.8°C and 13.9°C in the warm season and 9.3°C 

and 5.9°C in the cold season. According to Q-AIC, the double threshold–natural 
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cubic spline DLNM fit the data better than the natural cubic spline–natural cubic 

spline DLNM in both seasons. 

 

Figure 1. Relative risks (RR) of dairy cow mortality by mean temperature (°C) in the warm season (A) 

and in the cold season (B), using a natural cubic spline–natural cubic spline DLNM with 4 df for 

temperature and 6 df for lag. Reference values were median temperatures (16.1°C in the warm season 

and 6.8°C in the cold season). 

 

Figure 2. The estimated overall effect of mean temperature over 25 days on dairy cow mortality in the 

warm season (A) and in the cold season (B), using a natural cubic spline–natural cubic spline DLNM with 

4 df for temperature and 6 df for lag. The black lines are the mean relative risks (RR) and the grey regions 

are 95% CIs. 



CHAPTER 7 

144 

Figure 3 presents the effects of a 1°C increase in mean temperature above the 

heat threshold (left panel) and a 1°C decrease in mean temperature below the 

cold threshold (right panel) along the lags. The heat effect in the warm season 

was acute, with the strongest and statistically significant effect on the day after 

the exposure (lag 1), and was followed by a deficit in mortality (mortality 

displacement) three to five days after the exposure. The effect of cold in the warm 

season was delayed by a few days and persisted for about 18 days. No significant 

lag-specific effects were observed in the cold season.  

 

Figure 3. Lag-specific relative risks (RR, with 95% CIs) of dairy cow mortality for a 1°C increase in mean 

temperature above the heat threshold (A, C) and for a 1°C decrease in mean temperature below the cold 

threshold (B, D), in the warm season (A, B) and in the cold season (C, D), estimated using a double 

threshold–natural cubic spline DLNM with 6 df for lag. The heat and cold thresholds were 16.8°C and 

13.9°C in the warm season and 9.3°C and 5.9°C in the cold season.  
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Over a short period of lag 0–2 days in the warm season, a 1°C increase in mean 

temperature above the heat threshold (16.8°C) was associated with a 3.16% 

(95% CI 1.64 to 4.71) increase in dairy cow deaths (Table 3). Incorporating the 

harvesting effect, the heat effect remained significant: over lag 0–10 days, the 

estimated increase in mortality for a 1°C increase in mean temperature above the 

heat threshold was 2.17% (95% CI 0.11 to 4.28). The overall cold effect during 

the warm season was higher than the heat effect: the estimated 26-day (lag 0–

25) increase in mortality for a 1°C decrease in mean temperature below the cold 

threshold (13.9°C) was 4.90% (95% CI 0.40 to 9.60). Cumulative effects in the 

cold season were not significant. 

Table 3. The cumulative heat and cold effects of mean temperature on dairy cattle mortality along the 

lag days, using a double threshold–natural cubic spline DLNM with 6 df for lag 

  Percent increase in mortality (95% CI) 

Effect Lag (day) Warm season Cold season 

Heat† 0-1 2.80 (1.39 to 4.22)* 0.20 (-2.63 to 3.11) 

 0-2 3.16 (1.64 to 4.71)* 0.37 (-2.77 to 3.61) 

 0-10 2.17 (0.11 to 4.28)* 0.34 (-4.71 to 5.67) 

 0-20 2.69 (0.16 to 5.28)* -1.24 (-7.47 to 5.39) 

 0-25 3.50 (0.54 to 6.55)* -2.13 (-8.46 to 4.63) 

Cold‡ 0-1 -3.67 (-5.92 to -1.36)* -0.62 (-1.63 to 0.41) 

 0-2 -3.58 (-5.94 to -1.16)* -0.59 (-1.66 to 0.50) 

 0-10 0.96 (-2.60 to 4.65) -0.07 (-1.51 to 1.40) 

 0-20 5.81 (1.06 to 10.79)* -0.07 (-2.24 to 2.14) 

 0-25 4.90 (0.40 to 9.60)* -0.96 (-3.68 to 1.83) 

*P<0.05 

†The percent increase in mortality for a 1°C increase in mean temperature above the heat thresholds (16.8°C in the warm 

season, 9.3°C in the cold season) 

‡The percent increase in mortality for a 1°C decrease in mean temperature below the cold thresholds (13.9°C in the warm 

season, 5.9°C in the cold season) 

Sensitivity analyses 

Considering the acute (lag 0–2) heat effect in the warm season, results of the 

different sensitivity analyses were fairly consistent with those from the main 

analysis (supplementary Table S1): estimates from the unconstrained model and 

from models adjusting for O3 or PM10 were lower, whereas the estimate from the 

model adjusting for NO2 was higher. Adjustment for O3 had the largest impact and 

significance of the heat effect at lag 0–10 (and later lags) was lost. The estimate 

of the overall (lag 0–25) cold effect in the warm season decreased slightly after 
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adjustment for PM10 or NO2, thereby losing significance. However, the exclusion 

of Bluetongue epidemics from the study period resulted in a considerable increase 

in effect estimates (supplementary Table S2) and the overall cold effect remained 

significant even after adjustment for PM10 or NO2. 

Discussion 

During the warm half of the year (April-September), high as well as low 

temperatures were associated with an increased risk of mortality among dairy 

cows in Belgium. The estimated heat and cold thresholds were 16.8°C and 13.9°C 

respectively. The effect of heat was acute and was followed by a deficit in mortality 

three to five days after the exposure, whereas the effect of cold was delayed and 

persisted for more than 2 weeks. We did not observe significant temperature 

effects during the cold season. 

Heat-related increases in dairy cattle mortality were also found in some previous 

studies.10-15 Most of them only focused on extreme heat episodes10-12 and only 

few have investigated daily14 15 or monthly13 variations in mortality associated with 

temperature. Although comparisons are hampered by the use of different 

temperature indicators, our estimated heat threshold of 16.8°C is considerably 

lower than the heat thresholds reported for the warmer climates in California13 

and some regions in Italy.14 15 However, our threshold is very close to the 

temperature-humidity index (THI) threshold of 16.7°C for Cuneo,14 which has 

milder summer temperatures compared to the other Italian regions studied. The 

estimated increase in dairy cattle mortality for a 1°C increase in THI above the 

threshold at lag 0–2 for Cuneo was 2.7% (95% CI 1.1, 4.4),14 which is similar to 

our estimate of 3.16% (95% CI 1.64 to 4.71). The estimates for the warmer 

climates of Brescia and Rome were 5.7% (95% CI 4.0–7.4%) and 7.5% (95% CI 

4.6–10.6%) respectively.14 The regional differences in estimated heat thresholds 

indicate some adaptation to local climatic conditions. This is supported by studies 

showing differences in hair coat characteristics between Holstein cows bred in 

temperate regions and cows bred in tropical and subtropical zones.36 

When feed is converted by the animal's metabolism for the production of milk, 

eggs, meat, off-spring etc., heat is produced as a by-product. Lactating dairy cows 

create a large quantity of metabolic heat, making them much more vulnerable to 
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heat than to cold stress.16 17 Consequently, the impact of cold on the performance 

and health of dairy cattle has received only limited research attention. Based on 

monthly averages, Stull et al.13 reported a U-shaped association between 

temperature and dairy cow deaths. Another study focused on same-day exposures 

and did not find an effect of cold on dairy cattle mortality.15 Our findings suggest 

that the association between cold and mortality is likely to be underestimated or 

even missed when using short lags. Despite the expected cold-tolerance of cows, 

we observed cold-related increases in mortality in the warm season, with the 

overall cold effect even being higher than the overall heat effect, whereas we did 

not find evidence for an association between temperature and mortality during 

the cold season. This might indicate that, being outdoors, free-ranging cows 

mainly suffer from the indirect effects of cold, such as precipitation and wind 

speed. Heavy rain my penetrate the fur of an animal and decrease its insulation 

value and a strong wind leads to additional excessive cooling. On the other hand, 

a multi-country study on human mortality also found residual cold effects in the 

four warmest months of the year (under review, personal communication). 

The thermal comfort zone for lactating dairy cows is estimated to lie between −0.5 

and 20°C,37 which is cooler than the optimal temperature range for humans. 

However, biochemical and physiological changes in response to thermal stress are 

expected to be similar for both species. Similar to findings for human mortality,38-

44 we found acute effects of high temperatures and more delayed and prolonged 

effects of low temperatures. Also consistent with human studies is the observation 

that heat effects are (partly) compensated by a deficit in mortality at later lags, 

whereas harvesting effects are not found for cold effects.38 40 42 43 A comparison 

of our results with those from Italian cattle further suggests that heat-related 

mortality among dairy cattle might relate to local climate in the same way as 

observed among humans, i.e. higher heat thresholds in warmer compared with 

colder climates.43-45 In a study on human mortality in 15 European cities, the 

meta-analytic estimate of the threshold for daily maximum apparent temperature 

was 29.4°C for Mediterranean cities and 23.3°C for north-continental cities,43 and 

the estimated changes in mortality for a 1°C increase above these thresholds were 

3.12% (95% CI 0.60 to 5.72) and 1.84% (95% CI 0.06 to 3.64) respectively.43 

The heat effect estimates for human appear to be slightly smaller than the 

corresponding estimates for Mediterranean cattle14 and north-continental cattle 
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(our study), which is likely to be related to the lower thermal comfort zone46 

combined with higher exposure levels in free-ranging animals.  

A large part of temperature-related human deaths is caused by respiratory and 

cardiovascular conditions. The studies on human mortality in 15 European cities 

suggest that the effect of temperature on respiratory deaths is nearly twice as 

large as the effect on cardiovascular deaths, both for heat effects43 and for cold 

effects.38 Although there is large uncertainty about exact causes of death in dairy 

cattle,47 48 cows are known to be susceptible for pulmonary diseases because of 

anatomical and physiological differences with other mammals.49 Therefore we 

expect that a considerable part of temperature-related mortality among cattle 

might be due to respiratory conditions. 

Results of sensitivity analyses suggested that the association between 

temperature and dairy cattle mortality might be confounded by air pollution, which 

has also been observed in studies on human mortality.43 50 51 Adjustment for O3 

resulted in a reduction in the estimated heat effect, whereas its impact on the cold 

effect was negligible, and the other way around for PM10 and NO2. This is not 

surprising given the strong positive correlation between temperature and O3, 

whereas highest PM10 and NO2 concentrations are observed on cold days.  

Our study has some limitations. Meteorological variables and air pollution 

concentrations were derived from outdoor monitoring stations, so that the 

individual exposure levels may have differed substantially from the estimated 

exposure. However, issues such as confounding and exposure misclassification 

are expected to be less problematic in our animal population than in human 

studies. As dairy cattle have limited population variability in lifestyle and dietary 

habits, confounding effects of such factors is greatly reduced. Moreover, the 

restricted daily mobility, the lower frequency of migration, and the partial outdoor 

housing of dairy cattle contribute to the likelihood that exposure assessment can 

be conducted more accurately than in human populations. On the other hand, the 

primary effect of temperature on free-ranging animals might be strongly altered 

by wind, precipitation, humidity, and solar radiation.52 Moreover, observed results 

might be influenced by the effects that weather may exert on quantity and quality 

of pasture and water, or on survival and growth of infectious agents.53 
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Nevertheless, Stull et al.13 suggested that precipitation had little or no effect on 

dairy cattle mortality that was independent of temperature.  

Europe experienced a record-breaking heat wave in August 2003, with an 

estimated death toll of around 70,000 people. This has initiated efforts to 

implement heat plans and real-time monitoring of human mortality at national54-

56 and at European level.57 58 Monitoring of all-cause deaths provides a major 

source of timely data on progression and impact of health threats, which are 

crucial to guide health service response and public health decision-making. Not 

only the expected increase in extreme weather events due to climate change has 

highlighted the need for early warning systems, but also other public health 

threats such as air pollution and the potential of infectious and non-infectious 

diseases to (re-)emerge. While the lack of timely data is often a hampering factor 

for mortality surveillance, the mortality monitoring system in Belgium (Be-MOMO) 

provides a relatively rapid warning of mortality peaks, i.e. within one to two weeks 

after the event.55 Similar systems could be implemented for the monitoring of 

livestock mortality. Dairy cattle have the unique property that they are subject to 

a stringent individual-level registration procedure, which is mandatory in many 

countries, resulting in the availability of timely mortality data. In Belgium, the 

death of a cow has to be reported to Sanitel within seven days. A routine 

monitoring of dairy cattle mortality might be useful for a rapid detection of health 

risks among animals, human or both.  

Conclusion 

This study showed significant increases in dairy cattle mortality associated with 

low and high ambient temperatures in the warm season. Dairy cows are expected 

to have similar biological responses to environmental exposures as humans, but 

they have limited geographic mobility, and may be exposed to higher 

concentrations than human. Therefore, they may be sensitive indicators of 

environmental hazards and provide an early warning system for public health 

intervention. 
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In this doctoral dissertation population-based registries were used to assess the 

impact of important environmental risk factors on population health and to 

evaluate preventive public health measures. We used a life-course approach by 

including both studies on newborns and studies focusing on the older segment of 

the population, thereby focusing on health outcomes for which certain research 

gaps have recently been identified. We verified human epidemiological findings in 

registries of dairy cattle which might serve as a sentinel for human public health. 

We made use of the following data sources: the Flemish birth registry, the Flemish 

registry of cause-specific mortality data and the Belgian registry of farm animals.  

The novelties of this dissertation include: 

 The evaluation of a stepwise implementation of smoke-free legislation by 

studying potential subsequent changes in adverse health outcomes in early 

and later life 

 The investigation of ambient temperature as a new environmental risk factor 

for preterm birth 

 The exploration of the shape of the association between maternal PM10 

exposure and fetal growth 

 The use of dairy cattle as a sentinel for the effects of environmental exposures 

on all-cause mortality 

 The application of a relatively new statistical method (distributed lag non-

linear models) to study the temporal pattern of exposure-response 

associations 

1. The use of population-based registries in epidemiological 

research 

As reviewed recently,1 a substantial portion of the annual global investment in 

biomedical research does not lead to worthwhile achievements, partly because 

experimental studies done to improve the understanding of basic mechanisms in 

disease have little relevance for human health or fail to be translated from bench 

to clinical application or epidemiological observations. For instance, acute 

inflammatory stresses from different etiologies resulted in highly similar genomic 

responses in mouse models and humans, but the responses in mice correlated 
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poorly with the human conditions.2 These findings support the value of population-

based studies.  

Nevertheless, observational epidemiological studies cannot prove causation as 

they tend to be more prone to bias than randomized experimental studies. Bias 

due to confounding occurs when the observed association is due, totally or in part, 

to another factor than the exposure (or intervention) under investigation. 

Information bias (measurement error) can arise when the outcome, the exposure 

(or intervention), or potential confounders are inaccurately reported or measured. 

A third type of systematic error is selection bias which occurs when study entry 

or exit is related to the outcome or to the exposure (or intervention). Each of 

these type of errors are discussed in relation to characteristics of the registry data 

and statistical methods used. 

A first source of bias, common to many epidemiological studies on air pollution 

and temperature, is the use of outdoor monitoring stations to estimate individual 

exposures, which results in exposure misclassification (information bias). Actual 

individual exposures might be quite different from outdoor air pollution 

concentrations and/or temperatures due to factors such as mobility, clothing, time 

spent indoor, indoor heating, air conditioning and ventilation. However, as 

discussed in chapter 5, exposure misclassification is likely to be unrelated to the 

health outcome (non-differential misclassification), resulting in an 

underestimation of effect estimates. 

All research questions in this dissertation were addressed by “secondary” registry 

data. Secondary data sources are comprised of data which have been collected 

for purposes other than a specific research question, such as surveillance, control, 

management, administration or evaluation. Population-level registries have the 

major advantage that they have a (nearly) complete coverage of the population, 

giving large and representative samples which are less likely to suffer from recall 

or non-response bias (selection bias) than primary data sources. Another 

advantage of secondary registry data is that they already exist, thereby 

significantly reducing the time and cost spent on the collection of data. 

The disadvantages of secondary data are related to the fact that the investigator 

has little or no control over what data have been collected, and how. Specific 

information may not have been collected or may not be available to the secondary 
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researcher for confidentiality reasons. None of the registries used in this 

dissertation provided information on the exact home addresses of the cases, 

implying that linkage with air pollution data could only be done at the level of the 

municipality of residence and local variations in exposure are likely to be missed 

(exposure misclassification).  

Common to many population-based registers, we also did not have information 

on potential confounders such as diet and smoking. The use of statistical methods 

such as Poisson regression (where exposure is defined at the group level) and 

case-crossover analyses (where each subject serves as his/her own control) 

avoids confounding by individual risk factors that do not change over short 

durations of time. In logistic (chapters 2 and 5) and linear (chapter 5) regression 

analyses, models were adjusted for the relevant individual variables available. 

Time-varying factors such as long-term trends, seasonality and day of the week 

were controlled for by including appropriate variables in the model (Poisson and 

Logistic models) or by selecting control periods which are close in time to the case 

period and by additionally matching on day of the week (case-crossover analysis).  

Additional information might be gathered by merging the registry with other data 

sources, although a 100% match can often not be obtained. For instance, socio-

demographic variables such as parental education and national origin of the 

mother are missing in the medical birth certificates of the Study Centre for 

Perinatal Epidemiology (SPE), but are obtained through linkage with official birth 

declarations. However, the additional variables remained missing for a 

considerable number of individuals and the linkage was only available for a specific 

time period (1999-2009). Although statistical adjustment for these variables (as 

done in the analysis on particulate matter and fetal growth, chapter 5) might 

introduce selection bias, sensitivity analyses showed that the exclusion of 

individuals with missing covariate information had little effect. 

When using secondary registries, the investigator has no control over the quality 

or validity of the data, which might result in information bias. However, for large-

scale population-level registries data collection is often guided by expertise and 

professionalism that may not be available to individual researchers or small 

research projects. Administrative systems that register deaths are relatively 

complete and robust, and causes of death are coded in an internationally 
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comparable manner by using a specific diagnostic system (the WHO International 

Classification of Diseases). Still most evaluations of cause of death data 

demonstrate diagnostic difficulties and errors in coding and classifications.3 

However, a study from the Netherlands showed that the reliability of cause of 

death statistics was high (>90%) for major causes of death such as acute 

myocardial infarction and cancers, and low (<70%) for chronic diseases such as 

diabetes and renal insufficiency.4 Also the quality of perinatal data is expected to 

be high as the SPE takes the following measures to obtain an optimal registration 

of births:5 6 1) guidelines on how to complete the obstetric and perinatal file are 

sent to the maternity units on an annual basis; 2) the quality of data is checked 

for internal inconsistencies, accuracy and completeness by using an error 

detection program; 3) maternity units are contacted in case of inconsistent or 

missing data.  

Even in case of misclassification of acute myocardial infarction deaths, there is no 

reason to suspect that there was a systematic error as a result of a change in the 

percentage of misclassified cases after implementation of the smoking bans. 

Likewise, potential changes in the estimation of gestational age, in the 

measurement of birth weight, or in the registry of dairy cow deaths are not 

expected to be related to the implementation of smoking policies, nor to short-

term variations in temperature or air pollution.  

Still, residual confounding may always exist in epidemiological studies. It might 

be that unmeasured confounders were responsible for the observed reductions in 

preterm births and/or acute myocardial infarction mortality. It is, however, 

unlikely that our observations could be explained by abrupt changes in therapeutic 

strategies coinciding with the smoking bans. There were no substantial changes 

in the prescription of Atosiban (used to halt premature labor) and in cervical 

cerclage treatment (used in case of cervical incompetence) during the study 

period. 

Compared to human studies, studies on dairy cattle are expected to be less 

subject to issues such as confounding and exposure misclassification because 

dairy cows have limited population variability in lifestyle and dietary habits, limited 

geographical mobility and (partial) outdoor housing.  
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2. Discussion of study findings 

2.1 Health impact of smoke-free legislation 

2.1.1 Perinatal and child health 

Although it is well accepted that smoking during pregnancy increases the risk for 

adverse birth outcomes, evidence for early life health benefits related to smoking 

policies was very limited at the time of our study.7-11 Two studies had investigated 

the effect of smoking bans on asthma events among children. The first study 

(USA, Lexington-Fayette county, KY)7 reported an immediate drop in pediatric 

asthma emergency department visits of 18% and the other study (UK, Scotland)11 

found a more gradual decrease in asthma admissions of 20% per year. The same 

authors examined the impact of the Scottish smoking ban on pregnancy 

outcomes.9 They found immediate reductions in the risk of small-for-gestational-

age (-5%), low birth weight (-10%), and preterm birth (-12%), but the decrease 

in preterm births was followed by a significant gradual increase of 4% per year. 

In Ohio (USA), smoke-free legislation was found to be associated with an annual 

decrease in low birth weight of 1%, but no significant change in the preterm birth 

rate was observed.8 In Dublin, the decrease in the risk of preterm birth after the 

implementation of a smoking ban was estimated at 25%, but the risk of low birth 

weight increased by 43%.10 However, the analysis was based on a very short 

study period (one year before and after the ban) and did not take into account 

potential time trends. 

The stepwise implementation of smoke-free legislation in Belgium gave us the 

unique opportunity to study potential successive changes in the risk of passive 

smoking related health outcomes. Based on 448,520 non-induced singleton live 

births in Flanders between 2002 and 2011, we found an immediate change in the 

risk of preterm birth of -3.13% (95% CI -4.37 to -1.87) on 1 January 2007 

(smoking ban in restaurants), and a gradual annual change of -2.65% (95% CI -

5.11 to -0.13) since 1 January 2010 (smoking ban in bars serving food).12 To put 

this in perspective, this corresponds to a reduction of 6 preterm births per 1000 

deliveries. One of the strengths of our study is the adjustment for underlying 

trends and seasonal effects, for different individual characteristics (such as 

socioeconomic status and national origin of the mother) and other risk factors 

(such as air pollution and influenza epidemics). Given the growing evidence that 
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a reduction in gestational age is associated with morbidity and mortality in 

children13 14 as well as in adults,15 even a small reduction in preterm births is a 

major benefit for public health. 

Since then, a number of other studies investigated the effect of smoke-free 

legislation on perinatal and child health. To summarize the existing evidence 

worldwide, we participated in an international collaboration with colleagues from 

Maastricht, Edinburgh, and Harvard universities. Results of this study were 

published in The Lancet.16 The meta-analysis was based on 11 eligible studies 

(published between 2008 and 2013), including more than 2.5 million births and 

247,168 asthma exacerbations. Five of the studies involved local smoking bans in 

North America and the other six involved national bans in Europe. All of them used 

interrupted time-series regression models. Forests plots summarizing the results 

of the meta-analysis are presented in Figure 1. Smoke-free legislation was found 

to be associated with a 10.4% (95% CI 18.8 to 2.0) reduction in preterm birth 

(based on four studies) and a 10.1% (95% CI 15.2 to 5.0) reduction in hospital 

attendances for asthma (based on three studies). The reduction in low birth weight 

(1.7%, 95% CI -5.1 to 1.6, based on six studies) was not significant. These results 

indicate that the findings for Flanders are consistent with those from other 

countries. 
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Figure 1. Meta-analytic estimates of step changes in (A) preterm birth, (B) low birthweight, and (C) 

asthma admissions after implementation of smoke-free legislation (Been JV, Nurmatov UB, Cox B, et al. 

Lancet 2014)16 

2.1.2 Acute myocardial infarction mortality 

We also investigated the potential public health benefit of smoke-free legislation 

in an older segment of the population by focusing on deaths due to acute 

myocardial infarction (AMI).17 Although numerous studies have demonstrated 

reductions in cardiovascular hospital admissions related to smoking policies, 

evidence for similar effects on cardiovascular mortality was limited. Using data 

from all fatal AMIs in Flanders between 2000 and 2009 (n=38,992), we observed 
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an immediate decrease in the risk of AMI after the implementation of the smoking 

ban at the workplace (January 2006). The effect was largest for women younger 

than 60 years. Among elderly men, we found an additional gradual effect of the 

smoking ban in restaurants since 1 January 2007. The magnitude of the overall 

reduction in AMI mortality rates associated with the 2006 legislation found in our 

study (-15.3% among people aged under 60 years and -8.3% among people aged 

60 years or older) is comparable with the 10–17% decrease in AMI hospital 

admissions rate estimated by four meta-analyses.18-21 The estimated effect for 

women younger than 60 years in our study, however, is considerably higher (-

33.8%), which might be explained by a stronger decrease in exposure among 

women, as observed in Scotland,22 or by a higher relative risk for AMI associated 

with smoking in women compared with men.20 Our findings correspond to an 

estimated total of 1715 fatal AMIs averted from 2006 to 2009. Strengths of our 

study include the long study period and the adjustment for important factors such 

as (non-linear) long-term trends.  

For both preterm birth and AMI mortality, we found reductions associated with 

different steps of the smoking ban policy. Hill proposed both internal and external 

consistency as one of the most important criteria of causality.23 Although a single 

epidemiological study cannot prove causality, we believe that a strength of our 

studies is the internal consistency, as suggested by the observed subsequent 

reductions in adverse health outcomes. 

2.2 Effect of temperature and air pollution on birth outcomes 

Despite extensive research efforts, the factors that cause adverse birth outcomes 

are not well understood. For preterm birth for example, no clear cause can be 

isolated for more than 50% of cases.24 Genetics, nutrition (such as vitamin 

deficiency and alcohol/caffeine intake), and maternal disease (such as diabetes 

and untreated infections) are known to affect fetal development. More recent 

research has focused on potential effects of environmental exposures including 

high ambient temperatures and chemicals such as polychlorinated biphenyls, 

pesticides, water contaminants, environmental tobacco smoke, and air pollution.25  



CHAPTER 8 

166 

2.2.1 Preterm birth and ambient temperature 

Based on 6 studies, a review from 2011 concluded that evidence for short-term 

effects of temperature on preterm birth is still limited.26 A similar review from 

2014 included 7 studies, from which 4 had reported a significant association 

between temperature and preterm birth.27 Both reviews concluded that 

inconsistencies between study results are likely to be related to the large variation 

in study designs, statistical approaches, confounder adjustments, exposure 

windows, and sample sizes. Moreover, most studies assumed a linear association 

between temperature and preterm birth, whereas J- or U-shaped associations 

have typically been reported in studies of temperature-related morbidity and 

mortality in adults. As pointed out by Strand et al.,26 the use of a linear association 

when the effect is actually U-shaped will result in an underestimation of the 

association strength. Another issue, raised by Darrow et al.,28 is the potential 

confounding by gestational age when aggregating fetuses at risk across different 

gestational ages, thereby ignoring the fact that the risk of preterm birth increases 

exponentially with higher gestational ages.  

Taking into account these methodological issues and using data on 446,110 births, 

we investigated the association between temperature and preterm birth in the 

temperate climate of Flanders. We estimated that the 3-day (lag 0-2) cumulative 

risk of preterm birth in the warm season increased by 14.1% (95% CI 4.7 to 24.2) 

for an increase in minimum temperature from the 50th to the 95th percentile 

(12.8°C and 17.9°C respectively). We also observed a significant increase in 

preterm birth two days after exposure to low temperatures in the cold season, but 

cumulative 3-day effects were not significant. An overview of currently available 

studies on the association between temperature and preterm birth is given in 

Table 1. From the four studies conducted on populations in a colder climate (UK,29 

Germany,30 Sweden,31 our study), significant temperature effects were only found 

in our study and in the historical study population (1915-1929) from Uppsala 

(Sweden).31 A comparison of study findings is hampered by the use of different 

modelled outcomes and different exposure windows, and even between studies 

using similar approaches there is considerable variation in effect estimates. 

Nevertheless, the growing evidence indicates that, in addition to the known 

association between maternal hyperthermia and birth defects,32 heat might also 

be a risk factor for preterm birth. Therefore, prenatal care workers should 
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recommend pregnant women to protect themselves from high temperatures, e.g. 

by avoiding the use of hot tubs, sauna and electric blankets.
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2.2.2 Fetal growth and air pollution 

In 2011 a review summarized the evidence from 41 studies on the association 

between air pollutants and low birth weight, preterm birth and/or small-for-

gestational-age.44 The authors concluded that reported associations, and lack 

thereof, between individual air pollutants and birth outcomes differed across 

published studies. A meta-analyses from 2012, based on 61 studies, concluded 

that existing evidence is indicative of associations between CO, NO2, PM and 

pregnancy outcomes, but recommended that variation in effects by exposure 

period and sources of heterogeneity between studies should be further explored.45 

As pointed out in the review of Shah et al.,44 exposure to pollution in the first 

trimester could affect implantation, while exposure in the third trimester could 

affect fetal growth. Moreover, most previous studies only considered exposures 

averaged over longer time windows (such as trimesters and entire pregnancy). 

Consistent low exposure levels associated with occasional high exposure will lead 

to an average exposure assessment of “moderate”, despite the fact that the 

biological impact of consistent moderate exposure may be different from the 

former scenario.44 Therefore, in addition to the investigation of average pregnancy 

and trimester exposures, we also examined shorter exposure windows during 

critical stages in early and late pregnancy. Whereas most previous studies have 

restricted their study population to term births, we also included preterm births in 

our analyses in order to examine potential effect modification by gestational age.  

Using data on a total of 525,635 birth in Flanders, we found significant 

associations between in utero PM10 exposure and fetal growth among babies born 

after 31 weeks of gestation. For both outcomes studied (birth weight and small-

for-gestational-age), effects of maternal PM10 exposure were considerably higher 

for neonates born moderately preterm (32-36 weeks) than for those born at term. 

The estimated reduction in birth weight for a 10 µg/m3 increase in average PM10 

during pregnancy was 39.0 g (95% CI 26.4 to 51.5) for moderately preterm births 

and 24.0 g (95% CI 20.9 to 27.2) for term births. The corresponding odds ratios 

for small-for-gestational-age were 1.19 (95% CI 1.07 to 1.32) and 1.09 (95% CI 

1.06 to 1.12) respectively. It should be noted that the reduction in term birth 

weight estimated in our study (24 g per 10 µg/m3 PM10) is nearly threefold the 

corresponding estimates from large-scale meta-analytic45 and multi-country46 47 

studies (around 8 g per 10 µg/m3 PM10). In addition to the finding of effect 
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modification, another relatively novel aspect of our study is the investigation of 

the shape of the association between PM10 and fetal growth. Segmented 

regression models showed significant departures from linearity, with stronger 

effects of PM10 at lower concentrations and a flattening out of the slope at higher 

concentrations.  

2.3 Effect of temperature and air pollution on cattle mortality 

Observational studies of spontaneous disease in animal populations can provide 

additional insights not available from laboratory-based studies of experimental 

animals.48 An early example of the usefulness of sentinels to identify 

environmental hazards dates from the beginning of the 20st century, when 

canaries were used in coal mines to warn of high levels of carbon monoxide or 

other impurities in the air.49 Much of the previous work has focused on cancers in 

pet animals, particularly dogs, as they share the environment and are exposed to 

many of the same agents as their human companions.50 Yet the full potential of 

linking animal and human health data to provide warning of shared environmental 

risks has not been realized.48 

We addressed the use of dairy cattle as models for epidemiologic studies of human 

mortality and ambient air pollution and temperature exposures. To the best of our 

knowledge, no studies exist on the association between air pollution and dairy 

cattle deaths, and only few studies have investigated the effect of temperature,51-

56 most of them only focusing on heat effects.51-53 55 We used daily data on cattle 

mortality which are readily available from a national-level database for the 

registration and traceability of farm animals (Sanitel). We found a significantly 

increased mortality risk associated with exposure to air pollution and temperature 

extremes during the warm period of the year (April – September), but not during 

the cold season (October – March). Estimated short-term increases in mortality 

for a 10 µg/m3 increase in O3 (lag 0-1), PM10 (lag 0) and NO2 (lag 0) were 1.3% 

(95% CI 0.3 to 2.2), 1.2% (95% CI -0.3 to 2.8) and 9.4% (95% CI 6.4 to 12.4) 

respectively. Incorporating harvesting and delayed effects, the 26-day (lag 0–25) 

cumulative risks of mortality were 3.6% (95% CI 0.4 to 6.9), 5.1% (95% CI 0.8 

to 9.5) and 2.9% (95% CI -4.1 to 10.3) for a 10 µg/m3 increase in O3, PM10 and 

NO2 respectively. Heat effects in the warm season were acute and were followed 
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by a deficit in mortality three to five days after the exposure. Taking into account 

this harvesting effect, the estimated 11-day (lag 0–10) increase in dairy cattle 

mortality for a 1°C increase in mean temperature above the heat threshold 

(16.8°C) was 2.17% (95% CI 0.11 to 4.28). We also found increases in mortality 

associated with low temperatures in the warm season. Cold effects were delayed 

by five days and persisted up to 18 days after the exposure. Over lag 0–25 days, 

the estimate for a 1°C decrease below the cold threshold (13.9°C) was 4.90% 

(95% CI 0.40 to 9.60). Results are largely consistent with those from human 

studies, suggesting that dairy cattle registries might serve as a sensitive sentinel 

system for the surveillance of environmental health risks. 

3. Interrelations between exposures and outcomes 

The underlying hypothesis of combining air pollution exposure and urban climate 

is that these factors interact and significantly affect the health of humans. 

Interventions and policies may, however, reduce the health impacts, and such 

benefits can be better estimated than before. Air pollution is believed to change 

in the future due to changed climate and changes in precursor emissions, and 

thus a revision of knowledge on the air-borne health effects is needed for the 

years 2030 and beyond.57 Improving control over emissions of particulate and 

gaseous species can improve air quality as well as mitigate climate change.58 

Our studies suggest that the different environmental risk factors might have 

independent effects on the health outcomes studied. Although it is unlikely that 

changes in health outcomes at the moment of the smoking ban implementations 

are due to sudden changes in exposures other than second hand smoke, analyses 

were adjusted for air pollution and temperature levels. Likewise, when studying 

air pollution effects, potential confounding by temperature was taken into account 

and vice versa when studying temperature effects (in the main analysis or in 

sensitivity analyses). Adjustments for temperature and/or air pollution were done 

by means of flexible (non-linear) terms. Similarly, in studies on temperature and 

air pollution, potential (acute or gradual) changes in health outcomes due to 

smoke-free legislation (or other factors) were corrected for by including flexible 

time trend variables into the model (or by matching in case-crossover analyses). 

However, the effects of highly correlated exposures (such as temperature and 
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ozone concentrations) are difficult to disentangle and residual confounding by 

measured or unmeasured exposures may exist.  

A distinction should be made between acute (triggering) effects and more gradual 

effects. Results of chapters 2 and 3 suggest that, in addition to the immediate 

health effects, smoke-free legislation might also result in more delayed effects. 

We expect that the former are caused by immediate changes in environmental 

tobacco smoke exposure, whereas the latter might be due to more gradual 

changes in active smoking. We did, however, not find an effect of the 

implementation of the smoke-free legislation on (low) birth weight, nor on the risk 

of being small-for-gestational-age. Possibly, the risk reduction of preterm birth at 

the population level attributed to smoking bans is not large enough to translate 

into an effect on population birth weight. Furthermore, second-hand smoke 

exposure and extreme temperatures could act as an onset factor or trigger for 

preterm birth, whereas fetal growth is more importantly affected by its cumulative 

effect over time. The latter is also suggested by the observation that the 

association between fetal growth and maternal exposure to PM10 appears to be 

stronger for longer exposure windows than for than shorter windows. 

Although it is well accepted that temperature and air pollution act as triggers for 

human mortality, the number of studies investigating the temporal pattern is more 

limited, especially for air pollution. Our results support the hypothesis that 

temperature and air pollution effects are not limited to a forward displacement of 

mortality (harvesting) among frail individuals. The observation of delayed 

increases in mortality suggests that air pollution is associated with exacerbation 

of illness, resulting in an increased recruitment into the pool of individuals at risk 

of dying. 

4. Implications of the presented work for public health 

Preterm birth and low birth weight are major causes of neonatal and child 

morbidity and mortality. Worldwide more than 15 million babies (11%) are born 

preterm each year,59 and more than 20 million (15.5%) have a low birth weight.60 

17% of deaths among children under the age of five are due to preterm birth 

complications.61 Next to these short-term effects, preterm birth and birth weight 

are known to be associated with several health problems throughout life. 
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According to the Barker hypothesis, suboptimal intrauterine conditions may alter 

fetal programming during critical periods of growth, causing permanent changes 

in metabolism and cardiovascular or renal structure and function. Low birth weight 

may be due to preterm birth, poor fetal growth, or a combination of both, and is 

associated with increased risk of neurobehavioral problems,62 and 

cardiovascular,63 64 metabolic,65 and renal disease64 later in life. Therefore, the 

public health impact of reductions in the studied birth outcomes is not limited to 

childhood, but projects into adulthood. The same is true for asthma. Asthma is 

the most common chronic disease in children66 and is associated with a reduced 

lung function and COPD in adults.67 Also the public health relevance of a reduction 

in acute myocardial infarction is unambiguous. Acute myocardial infarction and 

angina are the two leading manifestations of ischemic heart disease, which is the 

leading cause of death worldwide, causing 7.4 million deaths in 2012.68  

A recent study suggests that in high-income countries the five most effective 

preventive measures (maternal smoking cessation, progesterone treatment, 

cervical cerclage, decreasing non-medically indicated caesarean section and labor 

induction, and limiting multiple embryo transfer in assisted reproductive 

technology) could maximally reduce preterm births by 5%.69 Compared to this 

estimate, a possible 10% reduction through smoke-free legislation (as estimated 

in our meta-analysis16) is promising.  

The public health impact of smoke-free legislation goes beyond the targeted 

reduction in passive smoking. Restrictions on smoking have made tobacco use 

less socially acceptable,70 and have resulted in a decrease in smoking prevalence, 

a decrease in cigarette consumption among continuing smokers, and a reduction 

in smoking initation.71 72 Therefore it is very likely that a reduction in active 

smoking has contributed to the observed health effects. It is also important to 

note that despite fears that smoke-free policies would lead to more smoking at 

home, studies have shown the opposite to be true.71 73 Strong smoke-free laws 

have changed the social norms around smoking, leading to reduced smoking at 

home, thus having a major impact on child health outcomes.  

Currently, only 16% of the world population is covered by comprehensive smoke-

free laws.74 Our demonstration of beneficial effects of smoke-free legislation on 

adult as well as child health provides further support for the continuation and 
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implementation of smoke-free laws worldwide. Likewise, our finding of detrimental 

effects of PM10 on fetal growth at levels well below current air quality standards 

(EU limit of 40 µg/m3 for annual mean) is important for policy-making. As ambient 

temperatures cannot be modified, our findings indicate that pregnant women 

should protect themselves from temperature extreme. 

On-farm death of adult dairy cows is a significant problem for both economic and 

animal welfare reasons. Adult cow mortality losses on dairy farms have increased 

in recent years and there is large uncertainty about exact causes of death in dairy 

cattle.75 76 The investigation of dairy cow mortality in relation to environmental 

risk factors is not only interesting from a veterinary point of view, but might also 

add to the epidemiological evidence on human health risks. Timely data on dairy 

cow mortality are readily available from mandatory registries of farm animals and 

a routine monitoring of these data might serve as an early warning system for the 

effects of known or new environmental hazards for animal as well as human 

health.   
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